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INTRODUCTION 

A well-designed structure balances two key aspects 1) adequate strength to resist 

the loads applied to it, and 2) an efficient design so as to not waste unnecessary resources 

or time in construction. To meet these conditions, it is imperative to understand the flow 

of loads through a particular structure so that locations that have the greatest load 

concentrations can be strengthened. Light-frame wood structures are statically 

indeterminate, and often contain very complex structural systems, the behavior of which 

often cannot be captured by simple hand calculations or 2D modeling methods.  

Due to their lightness, one particular concern with these structures is their 

performance under high wind loading. Direct property damage from natural disasters in the 

U.S. each year exceeds $35 billion, and between 1970 and 2012 approximately 70 percent 

of insured losses were from wind damage (Holmes 2017). Hurricanes such as Harvey in 

2017, and tornadoes such as the one in Joplin, Missouri in 2011, reveal that there are still 

deficiencies in the design, construction, and inspection of light-frame wood structures, and 

opportunities for building codes to be updated. 

The failure of roof-to-wall connections, particularly on gable roofs, has been the 

focus of much study, as well as wall-to-foundation connections that have failed under 

extreme wind loading (van de Lindt et al. 2007). Sheathing loss in hip roofs, while less 

common than in gable roofs, has been noted to occur not only via connection failures, but 

also due to structural damage to framing members in the roof (Stevenson 2017). These 

failures can occur in truss framed roofs, but are much more prevalent in stick-framed roofs 

with long unsupported members and toe-nail connections at each end of the members. 

Understanding the behavior of these complex light-frame wood structures can lead 

to proper retrofitting of existing structures, as well as in the design of new structures, in 

areas at risk to severe wind loads. The best method to gain understanding of load flow 

requires physical testing of either full-scale or scale model structures. However, such 

research can be both time consuming and expensive. Computer models have been 

developed to reduce costs and permit study of a wide variety of structures and loadings. 

Martin et al. (2011) used a SAP 2000 model based on research done at the University of 

Florida, with physical tests on a 1/3rd scale rectangular structure, as well as wind tunnel 

testing on a 1:50 scaled model. Pfretzschner et al. (2014) built upon the methods of Martin 
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et al. (2011) and compared results to physical testing conducted by Paevere et al. (2003) 

on an L-shaped building. Thus, these methods can now be used to investigate more 

complex existing and new structures with reasonable confidence that the results will 

accurately reflect the behavior of the actual structure. 

 

OBJECTIVES  

The primary objectives of this project were: (1) to apply the computer modeling 

methods developed by Martin et al. (2011) and Pfretzschner et al. (2014) to analyze an 

existing residential structure with a complex geometry; and (2) to investigate wind and 

gravity load paths for that building and determine geometric features that cause load 

concentrations. 

 

RESEARCH APPROACH 

 The modeling methods used in this study were developed by Martin et al. (2011), 

and further refined by Pfretzschner et al. (2014) using SAP2000 finite-element analysis 

software. As with the previous two projects, an emphasis was put on practical modeling 

procedures, modeling connections simply as either, pinned, rigid, or with a spring. Further, 

all modeling and analysis was done within the elastic range, and thus, no non-linear 

analysis was done. For all materials, industry standard properties were used, with the 

exception of shear stiffness for the plywood sheathing; for this, results from Pfretzschner 

et al. (2014) were adopted. 

 Using these previously developed methods, the model was subjected to: 

1. Gravity Load Investigation: Dead, live, and snow loads, as well as combinations 

thereof, were applied as uniform loads to the shell elements representing the 

sheathing. 

2. Wind uplift investigation: Wind loads, in accordance with the all-heights method 

in the 2014 Oregon Structural Specialty Code (OSSC), were applied as uniform 

loads orthogonal to all of the house’s external surfaces. Due to the building’s 

geometric complexity, wind coming from all four orthogonal directions was 

considered. Once modeled, uplifts at anchor and hold-down points were evaluated. 
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3. Wind base shear investigation: Wind loads were applied in the same manner as 

in the uplift investigation, however, instead of examining the uplift forces, the shear 

forces in the anchor bolts were evaluated. Additionally, a modified structure was 

created by sheathing one of the interior walls, so as to investigate the influence of 

adding an extra shear wall. 

 

Results for these investigations are discussed in the manuscript, and detailed results can be 

found in Appendixes G-I 
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ABSTRACT:   The objective of this study was to investigate load paths in an existing 

light-frame wood structure with complex geometry, using previously established 

computer modeling methods. The structural model is derived from an existing, multi-

level residence located in Corvallis, Oregon. For the purpose of this study, the existing 

structure was simplified in some respects, then analyzed using a commercial finite-

element software. Modeling methods developed in previous research were used for both 

gravity and wind loads in accordance with the 2014 Oregon Structural Specialty Code 

(OSSC), and ASCE 7-10. The modeling and analysis were done using SAP 2000 for 

behavior within the linear elastic range using frame and shell elements. Results from the 

study showed gravity load paths and the governing load combinations for different parts 

of the structure. Wind investigations revealed load concentrations at corners and openings 

due to uplift pressure on the roof, as well as overturning forces from lateral wind loads on 

the walls. Additionally, load concentrations are dependent on wind direction and the 

loading type, as well as the amount of dead load present. Load path investigations show 

that for this asymmetrical structure, the shear carried in each wall is dependent on the 

wind direction, and the stiffness of the wall. By adding an additional shear wall to the 

structure, the base shear redistributes with shear wall loads closest to the added shear wall 

seeing the greatest reductions. Finally, stress concentrations in the roof sheathing under 

wind loads revealed that a truss extending up the slope of the roof, perpendicular to the 

other trusses, can cause high stress concentrations due to the stiffness it adds in 

comparison to the rafters surrounding it.  
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INTRODUCTION 

 Every year in the U.S. direct property damage from natural disasters exceeds $35 

billion, and between 1970 and 1999 approximately 70 percent of insured losses were from 

wind damage (Holmes 2017). Wind storms such as hurricanes Katrina in 2005 and Harvey 

in 2017, as well as tornadoes such as the one seen in 2011 in Joplin Missouri have shown 

that wind damage is still a major issue, particularly for light-framed residential houses, 

even ones built under more recent building codes. Due to their lightweight nature, these 

residential structures are particularly susceptible to uplift forces, so it is important to 

understand where failures tend to occur, and what can be done to help mitigate the damage. 

A well-designed structure is both strong enough to resist the loads applied to it, as 

well as efficiently designed, to reduce cost, materials, and construction time. To 

accomplish this, one needs to understand how the loads flow through the structure so that 

we can strengthen and properly design all of the structural elements and connections along 

that path. Various aspects of the building’s overall geometry, as well as the stiffness and 

orientations of individual elements, affect the building’s response to different types of 

loadings. For wind loads, one needs to investigate how the house’s geometry affects the 

uplift forces, to know which hold-downs must be strengthened. Similarly, the wind-

induced shear force distribution on the foundation is needed to ensure that the anchor bolts 

are sufficient. 

Analyzing the behavior of a structure can be done either using physical tests or 

computer modeling methods. To develop good computer modeling methods, it is important 

to calibrate the model with a (hopefully full-scale) physical test. This was done by Martin 

et al. (2011) modeling a rectangular building that had previously undergone physical wind 

tunnel testing, and also by Pfretzschner et al. (2014) with an L-shaped house that previously  

experienced physical testing as well. Both models were linear-elastic in SAP2000 and 

produced results similar to the physical tests. 

         A one-third scale physical model tested at the University of Florida served as the 

basis for Martin et al. (2011). The material properties for the rectangular building were 

based on industry standards and sheathing was modeled as solid shell elements with its 

stiffness modified for different nail spacing. The computer analysis was consistent with the 

physical tests for both lateral and uplift wind load cases.  
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         Pfretzschner et al. (2014) built upon the methods established by Martin et al. (2011) 

to model an L-shaped house that had undergone full-scale physical model testing by 

Paevere (2002). The house was one-story but included several doors and windows that 

added to the geometric complexity. Pfretzschner et al. (2014) investigated the effects of 

lateral as well as uplift wind loads similar to Martin et al. (2011), and showed that re-

entrant corners and wall openings cause load concentrations. Also, particularly due to the 

asymmetrical nature of the building, load concentrations are affected by wind direction, 

meaning, wind loads from all four directions must be investigated. The modeling methods 

established by Pfretzschner et al. (2014) were the primary source for this current 

investigation with a more complex geometry. 

         Malone (2013) furthered the research by comparing load paths in light-frame versus 

timber frame structures. His model was not based upon any physically tests, rather it relied 

upon the verified modeling methods of Martin et al. (2011) and Pfretzschner et al. (2014). 

Malone (2013) investigated not only wind, but also gravity loads, something the previous 

studies had not. Dead loads were incorporated into the member’s self-weight, while live 

and snow loads were applied directly to shell elements, similar to how wind loads had been 

applied in previous studies. 

         Aspects of all three studies will be applied in this current investigation. Modeling 

methods are primarily based upon Martin et al. (2011), wind applications are similar to 

Pfretzschner et al. (2014), and gravity loadings similar to that of Malone (2013). 

   

OBJECTIVES  

The two primary objectives of this project were: (1) to apply the computer modeling 

methods with SAP2000, developed by Martin et al. (2011) for a rectangular building, and 

Pfretzschner et al. (2014) for an L-shaped building, to an existing residential structure with 

a complex geometry; and (2) to investigate the effects of wind and gravity loads on a light- 

frame wood structure with a complex geometry to determine load paths and geometric 

features that can cause concentrations of forces. 
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MODELING METHODS 

The Modeled House 

The modeled house in this study was based upon one actually located in Corvallis, 

Oregon (Figure 1). The existing house has three stories, one of which is a daylight 

basement, and was built using light-framed wood construction. 

 

 

Figure 1: Top: Front (left) and back (right) views of the house. 

      Bottom: Front (left) and back (right) views of the computer model. 

 

Several modifications were made during the process of converting the existing 

structure to a computer model. These changes were made either to simplify the modeling, 

or because the house plans were not entirely clear or complete. First, the original house is 

three levels with a daylight basement. This daylight basement was removed because it 

contained a concrete retaining wall. The primary focus of this research is on investigating 

load paths in light-frame wood structures, so the concrete wall would introduce an 

unnecessary complicating factor in several respects.  

Other changes included reducing the height of the first story from 274 cm (9-feet) 

to 244 cm (8-feet) so as to have more consistency in wall stiffness, removing the first floor 
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bay windows located on the “north” face of the house to eliminate some complexity, and 

several other minor dimensional changes to simplify the geometry of the structure and 

make it more consistent for modeling purposes. 

The structure has several interior walls, and with the exception of the garage walls, 

most are not considered sheathed. The west-most interior wall was originally modeled as 

not being sheathed. However, to study the influence of sheathing this wall had on load 

paths, sheathing was added to the wall for a modified version of the structure that is 

compared to the original structure later in this investigation. 

.  

Figure 2: Left: First floor floorplan.   Right: Second floor floorplan. 

 

The house’s diaphragms are the 2nd floor, which consists of 13 mm (1/2 in) 

plywood on top of BCI 90 I-joists, as well as the roofing systems. No sheathing was 

assumed to be in the ceilings to create diaphragms. 

13.0 

11.6 
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Figure 3: Wall lines. 

 

Figure 4: Plan view of roof framing.  

 

 

 

 

Figure 5: Left: Truss 1 in Figure 4. Right: Truss 2 in Figure 2  

Truss 2 

(Figure 5) 

Truss 1 

(Figure 5) 
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The roof system (Figure 4) is made up of various trusses, an example of which can 

be seen in Figure 5 (for details on all trusses see Appendix B). The majority of the trusses 

run north-to-south with the exception of: (1) over the protrusion and garage on the south 

side of the building; and (2) a single truss running east to west up the slope of the eastern 

second story roof (see Truss 2 in Figures 4 and 5). This truss will be important to the results. 

            The framing members for the structure, including all studs, top and bottom plates, 

rafters, and floor I-joists, were modeled using SAP 2000 frame elements, with each 

member being modeled through its centerline. In cases where multiple members were 

nailed together (double studs, top plates, and trusses), they were modeled as one solid 

member. All material properties are based on the National Design Specification (NDS) 

(AWC 2015), with the exception of the I-joists used in the second floor with material 

properties from Boise Cascade. All top and bottom plates, as well as the top and bottom 

chords of all trusses were modeled as continuous members in accordance with both Martin 

et al. (2011) and Pfretzschner et al. (2014). 

 

 Figure 6: Second floor framing plan showing I joists, as well as top plates and 

supporting beams. 
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Sheathing 

Since few details were available on the sheathing used for the house that was 

modeled in this study, the methods and material properties used by Pfretzschner et al. 

(2014) were adopted. Wall and roof sheathing elements were modeled using the SAP 2000 

layered shell feature, which allows for multiple materials and layers within one shell 

element. All wind-resisting walls were modeled with both 9.7 mm (3/8") plywood as well 

as GWB (gypsum wall board) layers, while the roof was modeled using only one 12.5 mm 

(1/2") plywood layer.  When modeled, each shell was not broken into 1.22 m x 2.44 m (4 

ft x 8 ft) sheets as plywood on the typical house would be, but was modeled as if the 

plywood were one continuous sheet, as done in both Martin et al. (2011) and Pfretzschner 

et al. (2014). The shells were then meshed into smaller elements, as seen in Figure 8. It is 

important when meshing that nodes intersect with frame members, and if there are shell 

elements connecting to each other, that the nodes align, so that the stresses may be properly 

transferred. As such, due to the unusual geometry of the house, unlike Pfretzschner et al. 

(2014), a single shell could not be used to model each side of the house, but rather several 

shells were assigned to each wall or roof area so that the above conditions could be met.  

The material properties used for the sheathing and gypsum wall board (GWB) are 

based off of properties calculated by Pfretzschner et al. (2014). Plywood properties were 

calculated using OSULaminates (Nairn 2007) based on the thickness and orientation of 

each layer and the total number of layers. These properties are used for each of the walls 

within the house, with the exception of the G12 shear stiffness; this had to be calculated 

separately. The G12 property varies approximately linearly, based on wall length as 

discussed by Pfretzschner et al. (2014), and shown in Figure 7. See Appendix B for a 

detailed discussion on determining G12. 

 Gypsum wallboard (GWB) properties were assigned based on values from the 

Gypsum Association (2010), and G12 values for GWB were found in a similar manner as 

for the plywood. 
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Figure 7: (Left): G12 stiffness for plywood sheathing vs. wall length. (Right): G12 

stiffness of GWB vs. wall length. (Pfretzschner et al. (2014)) 

 

 

Figure 8: Example of a meshed wall. Vertical lines as well as top and bottom lines 

are frame elements, while the interior horizontal lines divide the shell into smaller 

elements. The vertical springs at each end represent hold downs, while the 

intermediate horizontal and vertical springs represent anchor bolts. 

 

Frame connections 

The connections between all framing members are modeled as either pinned or 

rigid; no partially fixed or spring connections were used. Wall studs are modeled as pinned 

in the “in-plane’ direction with the wall and rigid in the “out-of-plane” direction. This 

allows for lateral load to be transmitted properly through the sheathing.  

Truss web members have pinned connections, while the top and bottom chords are 

continuous. The top members are pinned to each other, as well as to the bottom chord. 

However, the bottom chord has a fixed connection with the wall’s top plate. 
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Wall Anchorage 

Anchor bolts and hold-downs were both modeled using linear springs located at 

joints where studs meet the bottom plate. In an actual house these hold downs and anchor 

bolts would be located slightly off the stud; however, for modeling purposes it is easier to 

locate them beneath the studs, and the stiffness and load flow is not significantly affected. 

Anchor bolts had three orthogonal springs to resist both base shear and vertical loads, while 

hold downs only consisted of a single vertical spring. As with Martin et al. (2011), the 

common Simpson Strong-Tie HUD2 hold down was used; the axial stiffness of which can 

be found in Simpson Strong-Tie (2012). Also in accordance with Martin et al. (2011), the 

shear stiffness of the anchor bolts was based upon a procedure recommended by the 

American Wood Council, and the axial stiffness determined by testing done by Seaders 

(2004). Hold-downs are located at each corner, while anchor bolts are spaced no more than 

1.22 m (4 feet) apart, in accordance with the International Residential Code (IRC) Section 

R403.1.6. 

 

Table 1: Hold-down and anchor bolt stiffness (Martin et al. 2011) 

Item X-Direction 

- Shear 

(kN/cm) 

Y-Direction 

- Shear 

(kN/cm) 

Z-Direction 

- Axial 

(kN/cm) 

 

Source 

Hold-Down --- --- 61.3 Simpson Strong Tie (2008) 

Anchor Bolts 114 114 61.3 NDS (AWC 2015 and  

Seaders 2004) 

 

Material Properties: 

 All framing members, except for the I-joists used in the second floor diaphragm, 

are considered to be either Douglas Fir #1 & Better, or Douglas Fir #2. The material 

properties were taken from the NDS (AWC 2015) with incision, wet service, and 

temperature factors applied (all of which were 1.0 in this case). 
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Table 2: Material properties of framing members 

Item Species – 

Grade 

MOE (GPa) Poisson’s 

Ratio 

Density 

(kg/m3) 

Poisson’s Ratio 

and Density 

source 

Truss top chords DF- #1 & 

Btr 

12.4  

 

 

NDS 

(AWC 

2015) 

.374 510  

Wood Handbook 

(USDA 1999) Studs, top and bottom 

plates, posts and beams, 

other truss members 

DF- #2 11.0 .374 510 

Glulams Western 

Species  

24F-V5 

11.7 .295 600  

 

Sheathing values for the plywood and GWB can be found below in Table 2, and in Figure 

7 for G12 properties. 

Table 3: Material Properties of sheathing elements 

Material Properties Source 

Plywood Sheathing 

(Roof) 

E1 = 8280 MPa (1201 ksi) 

E2 = 2393 MPa (347 ksi) 

U12 = 0.011 

G12 = 482 MPa (70 ksi) 

Pfretzschner et al. (2014) 

OSULaminates (Nairn 2007) 

(Flexural Properties) 

Plywood Sheathing 

(Walls) 

E1 = 7017 MPa (1018 ksi) 

E2 = 3657 MPa (530 ksi) 

U12 = 0.016 

Pfretzschner et al. (2014) 

OSULaminates (Nairn 2007) 

(In-Plane Properties) 

Gypsum Wallboard 

(Walls) 

E1 = 1820 MPa (264 ksi) 

U12 = 0.3 

Gypsum Association (2010) 

 

Flooring 

 The second floor diaphragm consists of plywood sheathing over I-joists serving as 

floor beams. Since no details were available, the properties of these I-joists were also used 

to model the edges of the diaphragm between the first and second floors. 

 

Loadings 

The loadings considered in this study include: dead, live, snow, and wind. The ASD 

load combinations used can be seen in Table 4. 
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Table 4: Loading combinations used in this study 

ASD Gravity Load Combinations ASD Wind Load Combinations 

D 

D + L 

D + S 

D + 0.75L + 0.75S 

0.6D + 0.6W 

1.0D + 0.6W 

 

 

Building dead loads were incorporated into the SAP 2000 model of the structure in 

the self-weight of the materials, as well as with uniform area loads applied to each shell as 

extra weights for walls, roofs, windows and doors based on building weight estimates from 

Boise Cascade.  

Table 5: Additional uniform dead loads applied to shell elements (Boise Cascade). 

Item Walls Doors & Windows Floor Roof 

Loading 239 Pa (5 psf) 143 Pa (3 psf) 192 Pa (4 psf) 192 Pa (4 psf) 

  

Live loading was only considered for the 2nd story, and was applied as a uniform 

1.92 kPa (40 psf) in accordance with the ASCE 7-10 Chapter 4 (ASCE 2010) . For snow 

loading, a uniform minimum of 978 Pa (20 psf) was applied to the entire roof. This loading 

was considered over a projected area. Sliding snow and unbalanced loading scenarios were 

not considered for this study 

 Wind loading analysis was done in accordance with the 2014 OSSC, using the “All-

Heights Method” that can be found in section 1609.6. This method is similar to the 

Directional Procedure in the ASCE 7-10 (ASCE 2010). The ASCE 7-10 wind speed for 

this region is 120 mph, and the house is considered to be exposure category B on flat 

terrain. 

In this procedure, a uniform area wind pressure is applied perpendicularly to each 

external surface of the house. The pressure on each surface is determined by equation 16-

35 in the 2014 OSSC, and using the Cnet factor found on Table 1609.6.2. Both positive and 

negative internal pressure cases were investigated, as well as conditions 1 and 2 for both 

of these. Furthermore, due to the asymmetry of the structure, these wind loads had to be 

applied from each direction. This results in there being a total of 16 different wind load 
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applications. For the purposes of this study, the wind direction refers to the direction from 

which the wind is coming and which will be considered the “windward wall”.  

 

Table 6: Wind loads applied perpendicular to wall and roof elements. A positive 

internal pressure is considered to be pushing outward from the interior of the 

building, while a negative internal pressure is a suction. 

 

  

Windward 

Wall 

(kPa) 

Leeward 

Wall 

(kPa) 

Side 

Wall 

(kPa)  

Windward 

Roof 

(kPa) 

Leeward 

Roof 

(kPa) 

Parallel to 

Ridge 

(kPa) 

Positive Internal 

Pressure 
Condition 1 -0.49 0.58 0.75 0.53 0.75 1.23 

Condition 2 -0.49 0.58 0.75 -0.07 0.75 1.23 

Negative 

Internal Pressure 
Condition 1 -0.82 0.24 0.40 0.18 0.40 0.89 

Condition 2 -0.82 0.24 0.40 -0.42 0.40 0.89 

 

 

Figure 9: (Left): Wind load directions. (Right: Positive and negative internal load 

cases, as well as conditions 1 and 2.   

 

Model Verification 

 Verification of the modeling methods was done in previous studies by Martin et 

al. (2011) and Pfretzschner et al. (2014). To ensure that the current model exhibited 

N 
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correct behavior, several wall elements were looked at independently to confirm their 

behavior was consistent with walls in Pfretzschner et al. (2014). Additionally, several 

lateral and horizontal loads were placed on the structure to confirm equilibrium of 

reaction forces and applied loads. 

RESULTS AND DISCUSSION 

Gravity loads 
 The purpose of the gravity load investigation is to evaluate where gravity loads for 

this structure concentrate, and which load combinations govern different reactions. 

Additionally, the stresses on roof and floor shells are examined to evaluate stress 

concentrations there as well.  

 

Figure 10: Plots of reactions for each individual gravity load type (dead, live, and 

snow). Larger bubbles represent larger reactions at that location. 

Gravity load reactions are seen in Figure 10.  Dead loads are spread proportionally 

throughout the structure with loads under the second story being greater, and 
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concentrations near corners, with decreases under windows. Live load reactions are most 

heavily concentrated at the interior walls and columns, while there is little to no loading 

under the east- and west-most portions of the house that are not under the second story, 

thus having no live loading on top of them. Snow load reactions are relatively evenly 

distributed on the exterior walls, but there is little to no loading on the interior walls under 

the second story, aside from the garage walls 

These loadings then can be combined using the load combinations in Table 3 to 

produce each of the plots in Figure 11. Figure 12 was then generated by comparing these 

three plots and taking the maximum reaction. From this, the governing load combination 

at each point can be seen. The east- and west-most portions of the house, which have no 

second story, and thus no live loads on top of them, are governed by the D + S combination. 

Interior walls and columns on the first floor are generally governed by the D + L 

combination, while exterior walls surrounding the second floor are governed by the D + 

0.75L + 0.75S combination. There are a few notable exceptions, however: (1) The eastern 

half of the north garage wall (wall line B in Figure 3) supports a second story interior wall, 

which in turn supports a truss going up the slope of the east-facing second story roof, and 

as such carries a lot of snow load as well. (2) The west-most interior wall (wall line 2 in 

Figure 3) has the two roofs meeting here, supplying additional snow load, and the wall is 

not supporting much live load, as it runs parallel to the floor joist. (3) Probably the largest 

oddity at first glance is that the D + 0.75L + 0.75S combination governs the reactions 

between the two garage doors. This is due to a truss that spans north to south over the 

garage and carries much of the second floor live loads that overhang the garage (see Figure 

5).  
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To evaluate the stress concentrations in the roof and floor sheathing, Von Mises 

stress maps were created. The roof stress map in Figure 13 is based upon the D + S loading 

combination, while the floor stress map is based on the D + L combination. The largest 

stresses on the roof are concentrated around the truss going up the slope of the eastern 

upper roof (Truss 2 in Figures 4 and 5). For the second floor sheathing, the stresses tend to 

concentrate around walls. 

Figure 11: Plots of each gravity load combination. Larger bubbles represent larger 

reactions at that location. 
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Figure 12: Plot showing the maximum load and governing load combination at each 

reaction. Larger bubbles indicate larger reactions. Colors indicate the governing 

load combination. 

 

 

 

Figure 13: Left: Plot of maximum stresses in the roof shell based on D + S loading 

combination. Right: Plot of maximum stresses in the second story floor shell based 

on D + L loading combination. Von Mises stresses are in kPa 

kPa 
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Wind Loads 

 Three primary aspects of wind load paths were investigated during this study: 1) 

vertical uplift reactions; 2) horizontal base shear reactions; and 3) stress concentrations in 

the sheathing on the roof. For all three, all 16 wind load cases were investigated using both 

the 0.6D + 06W and 1.0D + 06W loading combinations. 

Uplift 

Table 7 displays the total uplift on the structure due to wind for each wind loading 

case. Positive internal pressure with condition 1 (in bold) provides the largest total net 

uplift, though this may not be true for each individual base reaction. Wind from the east 

and west directions also result in greater uplift than wind from the north and south for this 

particular structure. This is due to the fact that the greatest uplift loads are applied to roofs 

parallel to the wind direction, and in this structure, which is wider in the E-W direction 

than in the N-S direction, there is more roof surface area facing north and south than east 

and west. Further, it can also be seen that wind from the north and the east produces greater 

uplift than wind from the south and west, respectively. This is due to more roof surface 

area, and less wall surface area, on the south and west sides of the building. 

Table 7: Total uplift on entire structure for each wind loading case and wind 

direction. A negative load indicates an uplift on the structure while a positive force 

indicates a downward force. 

Direction Positive Internal 

– Cond. 1 (kN) 

Positive Internal 

– Cond. 2 (kN) 

Negative Internal 

Cond. 1 (kN) 

Negative Internal 

Cond. 2 (kN) 

North -144 -121 -90 -67 

South -142 -115 -88 -61 

West -148 -123 -95 -69 

East -151 -134 -97 -80 

 

 To evaluate the uplift reactions on a more localized level, the plots below in Figures 

14-16 display the uplift force at each reaction, with empty bubbles representing positive 

uplift forces and solid bubbles downward forces, for both the north and east wind 

directions.  
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Figure 14: On the left is a plot of reactions from wind loads only applied on the 

walls, and not on the roof. On the right is a plot of reactions from wind loads only 

applied on the roof. Wind loading is using positive internal pressure and condition 1 

and is from the north. 

 

Figure 15: On the left is a plot of the reactions from both wall and roof wind loading 

using the positive internal pressure, condition 1 loading scenario from the north. On 

the right is the 0.6D + 0.6W case. 
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Figure 16: On the left is a plot of the total reactions from both wall and roof wind 

loading using the positive internal pressure, condition 1 loading scenario from the 

east. On the right is the 0.6D + 0.6W case. 

From the plots in Figures 14-16, certain general patterns can be seen, as well as 

load concentrations specific to this structure. Also, when combined with dead loads, the 

resulting uplifts look significantly different.  

Looking at the wind load-only plots, it can be seen that:  

1) For walls that are parallel to the wind direction, uplift tends to be higher on the 

windward corners. This is due to overturning moments which result in uplift reactions 

closest to the windward corner, and downward reactions closer to the leeward corner. This 

is largely the result of overturning moments created by wind pressure on the walls as can 

be seen in Figure 15. The uplift from roof pressure is generally less at the corners; however 

to counterbalance the overturning moments from wind pressure on the walls, uplift is 

produced at the windward corners, and downward forces at the leeward corner, with 

reaction forces varying between them. Note that the wind pressures on the walls always 

result in zero net uplift.  

2) Uplift is reduced under windows, and increased around doorways. This can be 

seen most prominently at the corners of the garage (Figure 16). 

Due to the floor rafters running north and south, the incorporation of the dead load 

in the 0.6W + 0.6D plots has the greatest influence on the north and south exterior walls 

under the second story, as well as the north garage wall. The east- and west-most exterior 
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walls carry less dead load resulting in higher net uplift. The western interior wall (wall line 

2), which is under the second story and thus carries greater dead loads, also experiences 

net uplift. This is due to this particular wall experiencing uplift both from the upper roof to 

the east of it, as well as the lower roof to the west of it. 

 One particular reaction stands out in the wind load-only plots. This reaction located 

in the southern part of the west garage wall (see the maximum uplift note for the wind load-

only plots in Figures 14 and 16), is the result of uplift forces from both the upper roof, as 

well as the truss spanning east to west over the top of the garage, who’s loads 

predominantly flow down to that reaction as well. This large tributary area results in both 

high uplift from wind loads, but also greater dead loads, making the net uplift using the 

0.6W + 0.6D load combination minimal. 

The 0.6W + 0.6D and 0.6W + 1.0D load combinations can be applied using all four 

wind load cases, with wind in all four directions to result in the maximum and minimum 

plots shown in Figure 17. These plots show the absolute maximum downward force at each 

reaction from all 32 possible cases, and the maximum uplift from all 32 cases (Note: not 

all reactions have an uplift force for their minimum reaction).  

 

Figure 17: Left: Absolute maximum downward force at each reaction considering 

all 32 wind and dead loading cases. Right: Absolute maximum upward force at each 

reaction considering all 32 loading cases and both wind load combinations (note: not 

all reactions experience uplift). For both plots, solid bubbles indicate a downward 

force, while empty bubbles indicate an uplift force 
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As can be seen in Figure 17 above, corners and ends of walls tend to have the 

highest uplift reactions, as well as around openings such as the garage door. This is 

consistent with the findings of Pfretzschner et al. (2014). The maximum downward 

reactions are concentrated around the exterior walls under the second story, and the garage 

wall, due to the increased dead loads on these walls. Also note that the maximum 

downward force is significantly less than the maximum downward force seen for the 

gravity loads only in Figure 12, thus gravity loads control in downward forces. 

 

Lateral Loads 

 The base shear created by wind loads is shown in Table 8. For lateral loading only, 

the 0.6W + 0.6D load case was investigated. Conversely to uplift loads, the greatest total 

base shear generally occurs for wind directions perpendicular to the longer side of the 

building and under condition 2 loading. Additionally, the greatest base shear occurs when 

the side of the house with the greater wall area compared to roof area is considered to be 

the windward wall. This means for this model the wind from the north with negative 

internal pressure and condition 2 loading results in the greatest base shear (see Table 8). 

Table 8: Total base shear from 0.6W + 0.6D load case   

Direction Positive Internal 

– Cond. 1 (kN) 

Positive Internal 

– Cond. 2 (kN) 

Negative Internal 

– Cond. 1 (kN) 

Negative Internal 

– Cond. 2 (kN) 

North 50.4 61.9 51.7 63.2 

South 46.3 60.0 45.0 58.7 

West 32.2 44.4 32.6 44.8 

East 39.3 48.0 38.9 47.3 

 

Base shear is divided among up into six wall lines for the north and south wind load 

cases, and 4 wall lines for east and west wind load cases, as seen in Figures 17 and 18. 

Base shear for the negative internal pressure and condition 2 loading case for winds from 

both the north and south can be seen in Figure 18. Shear along walls 1, 2, 4 and 6 remained 

relatively constant between the north and south loadings, however, for the northern wind 

wall 5 experiences greater base shear, and for the southern wind wall 3 carries more of the 

base shear. This is because, for cases where negative internal pressure is used, and for walls 
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that do not go extend through the entire building, such as walls 3 and 5, the shear will be 

higher when the windward wall is on their side of the building. The effect for walls that go 

from the windward wall to the leeward wall is significantly less. 

 

Figure 18: (Left): Base shear from northern wind. (Right): Base shear from 

southern wind 

 

Figure 19: Comparison of base shear for an eastern vs. western wind. Positive loads 

indicate a higher base shear from an eastern wind, while negative loads indicate a 

higher base shear from a western wind. 
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 The east and the west wind-induced base shears show little difference Δ along any 

of the four wall lines. The northern garage wall (wall line B) shows the largest difference 

since the wall is not continuous through the building as are most of the other wall lines. In 

addition, since positive internal pressure produced the controlling load, the wind loads are 

more balanced on the windward and leeward walls, which balances the wind shear 

distribution.  

Figure 20: Comparison of the base shear in the original structure vs. the modified 

structure with an additional shear wall. The positive values indicate an increase in 

base shear in the modified structure compared to the original structure, while the 

negative values indicate a decrease in the base shear. 

 

To investigate the changes in base shear flow, an additional shear wall was added at Wall 

2 for just this portion of the study. Despite being an interior wall, this wall is now assumed 

to have the same material properties as the other shear walls, as described in the Materials 

and Methods section. Figure 20 shows a comparison of the base shear distribution for the 
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original model of the house without sheathing for Wall 2, and the modified model with 

sheathing for Wall 2. Unsurprisingly, Wall 2 sees the greatest increase in the percentage of 

the base shear it carries. The walls closest to Wall 2, particularly Walls 1 and 3, experience 

as much as a 25% reduction in the base shear they are carrying. Walls 4, 5 and 6 experience 

some reduction in their base shear as well, but the further from Wall 2, the less of a 

reduction they receive.  

Roof Shell Stresses 

Von Mises stresses produced in the roof shell are shown in Figure 21. It must be 

noted that due to the OSSC (2014) codified and simplified method being used to represent 

wind loads in this study, with wind pressures uniform over each surface, the results will 

not reflect the some of the roof stress concentrations actually found under severe wind 

loading conditions, where wind pressure concentrations are seen at the edges and corners 

of the roof. However, these stress plots do reveal behavior about the roof and the locations 

where stresses concentrate even under more uniform loading. For both the northern wind 

and eastern wind plots, positive internal pressure with condition 1 loading was used with 

the 0.6 D + 0.6 W load combination. The northern wind plot reveals one very bright spot 

on the eastern slope of the upper roof. This stress concentration is due to the sudden 

increase in stiffness provided by Truss 2 in Figures 4 and 5 that extends up the slope there. 

For the eastern wind, there is no single spot of intense stress concentration, however, there 

are several locations that see large stresses. On the upper roof of the northern side of the 

building, two areas of increased stress can be seen. These occur in an area where the trusses 

are getting longer, but do not yet extend to the center ridge.  But, why do these 

concentrations not occur on the south side of the roof also? For the western stress 

concentration, this is due to the asymmetry of the roof. A portion of the southwest part of 

structure and roof protrudes, which changes the stress concentrations for the entire side of 

the roof. For the eastern hotspot, on the east side of the roof, several of the trusses before 

the center ridge do not span the full length of the roof, but rather are broken in half, with 

each half resting on the wall that also supports the truss going up the eastern slope. This 

along with the influence of the protrusion in the roof is what creates the asymmetry in stress 

concentrations.  
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Figure 21: Von Mises Stress contour maps for a northern wind (Left) and Eastern 

wind (Right). For both, positive internal pressure and condition 1 were used.  

 

 

Conclusions:  

 Following the linear-elastic modeling methods developed using SAP 2000, and 

verified with physical testing by Martin et al. (2011) and Pfretzschner et al. (2014) for 

light-framed wood structures, an actual light-frame wood residential structure with 

considerable geometric complexity was analyzed and load paths in the structure examined 

for both gravity and wind loads.   

Three different load path investigations were performed to observe the effects of 

gravity loads and wind uplift and lateral loads. Conclusions drawn from these three load 

path investigations are as follows: 

1. Gravity load paths in the structure revealed some trends as to which load 

combinations govern the design of different elements in the structure. The D + 

0.75L + 0.75S load combination governs most of the reactions, while interior 

reactions under the second floor tend to be governed by the D + L combination 

(since no snow load is supported), and many of the reactions under the exterior 

walls are governed by the D + S combinations. (See Figure 12) 

kPa 
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2. The uplift created by the wind loads varied both locally at each reaction, as well 

as globally, for the net uplift on the structure, based on wind direction and 

loading case. The greatest uplift is generally concentrated at the corners of the 

structure, as well as around doorways and openings. Conversely, the least uplift 

is seen under windows, and on interior walls that do not have a direct load path 

from the roof. 

3. The base shear created by wind loads is also influenced by wind direction and 

load case. For walls that do not extend through the entire structure, the greatest 

loadings occur when they are connected to the windward wall.  

4. When an additional shear wall is added as an interior wall, the base shear 

redistributes with the walls closest to the new shear wall seeing the greatest 

reduction in load; however, walls further away do still see a reduction in their  

base shear reactions.  

5. Under both snow and wind loadings, the truss extending up the slope of the 

eastern second floor roof creates the highest stress concentrations in the roof 

sheathing, due to its stiffness compared to the rafters beside it. From this it can 

be seen that anomalies in the structure, and particularly the roof structure, can 

cause stress concentrations.  

6. The model generally behaved in a similar manner to those simpler house models 

created by Martin et al. (2011) and Pfretzschner et al. (2014), and the results  

validate and further develop several conclusions from their research, 

particularly in regards to stress concentrations around openings and at corners. 

In future studies, more refined and accurate methods of modeling wind forces in 

ASCE 7 can be used to further investigate load paths and the effects of geometric 

irregularities and wind pressure concentrations. 
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CONCLUSIONS AND RECOMMENDATIONS 
 

 Understanding load paths in light-framed wood houses and understanding the 

impact of geometric features particularly in regards to wind loading is important in helping 

to update existing building codes to be more effective and to guide the design of specific 

buildings. In Martin et al. (2011) and Pfretzschner et al. (2014), linear-elastic modeling 

methods for simple light-framed wood buildings were developed. In this study, those 

methods were applied to investigate wind and gravity load paths in an existing residential 

structure of greater geometric complexity. 

  The gravity load path investigation included comparisons of three main load 

combinations: D + L, D + S, and D + 0.75L + 0.75S, then determined which controlled at 

each anchor both in the foundation. The D + S load combination controlled at most anchor 

bolts not located under the second story, and D + L controlled for several locations not 

under an exterior wall. The remaining anchors were controlled by the D + 0.75L + 0.75S 

combination.   

 Wind loadings were investigated using the all-heights method found in the 2014 

Oregon Structural Specialty Code (OSSC). Due to the geometric complexity of the 

structure, the wind loads were applied from all four orthogonal directions. The first part of 

the investigation involved uplift load paths. The wind load combinations examined were: 

0.6W only, to evaluate only the flow of wind loads in a structure, then 0.6W + 0.6D, and 

0.6W + 1.0D as realistic load cases. It was seen that the wind direction and wind loading 

case influenced both uplift at particular anchors and hold-downs, as well as the total global 

uplift force. However, regardless of direction, some patterns as to where loads concentrated 

emerged. When looking at the 0.6W only load case, higher uplift forces around corners, 

doorways, and other large openings, as well as less uplift under windows were observed. 

While many of these patterns remained when dead loads were introduced, anchor bolts 

under the second story, particularly on the north and south sides of the structure saw less 

uplift, due to the flow of the dead loads.  
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 The second part of the wind investigation involved examining the base shear 

created by the wind loadings. In this case as well, both the base shear at individual anchor 

bolts, as well as the global base shear were dependent on wind direction and load case. It 

was discovered, however, that the wind load case that created the greatest base shear in 

each direction was for negative internal pressure and load case 2 on the roof. In this loading 

case, walls that do not extend fully through the structure in the direction of the wind tend 

to see higher base shear if they are on the windward side of the house compared to being 

on the leeward side. Additionally, to examine the effects of adding another shear wall, 

sheathing was added to an interior wall, and the base shear from the modified structure was 

compared to the original structure. The addition of a shear wall most impacted the base 

shear of the wall lines closest to it, however, the addition also slightly decreased the base 

shear of even wall lines further away. 

 Finally, an analysis of the roof was conducted to evaluate Von Mises stress 

concentration points. Under the simulated wind pressure conditions, stresses were largest 

on the upper portion of the roof, particularly at the ridge. In addition, likely due to the 

asymmetry of the roof, the northern side of the roof experienced higher stress 

concentrations from E-W winds than did the south side. The greatest stress concentration 

however was observed on the eastern slope of the roof near a truss that runs east to west. 

This is the only truss in this part of the roof structure to run in this direction, and the 

additional stiffness it provides compared to the surrounding rafters creates the stress 

concentration. 

 There are still many aspects of both this structure, as well as with investigating load 

paths in light-frame residential structures in general, that could be subject to future 

research. For this model, wind loadings from different angles of attack, as well as using 

more refined methods from ASCE 7, could be used. The use and development of more 

comprehensive wind analysis procedures, particularly for buildings with irregular 

geometry, is essential to more accurately model wind load paths. Additionally, the 

investigation of seismic loads could be also be investigated with future models. Finally, 

the development of modeling methods that allow for the investigation of structures using 
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multiple structural materials, particularly concrete in addition to wood, could be useful in 

evaluating residential structures with such as this one with a daylight basement under wind 

and seismic loading. 
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APPENDIX A:  

EXTENDED LITERATURE REVIEW 

 

Full Building Behavior 

 For evaluating the response of a given structure, the most accurate method of 

evaluating and understanding its behavior under various loading conditions is to perform 

physical testing on full-scale models, or to a lesser extent, scaled-down physical models. 

However, since this can be time consuming and cost prohibitive, computer modeling of 

these structures can provide an efficient alternative. First, due to the highly indeterminate 

nature of light-framed wood structures, proper modeling methods must be established. This 

requires the verification of the models and procedures against physical testing data. For 

this study, the modeling methods were primarily established by Martin et al. (2011) and 

Pfretzschner et al. (2014) whose models and loading scenarios were based upon wind 

tunnel testing and physical testing of a 1/3rd scale model, conducted by the University of 

Florida, and scale model testing conducted by Paevere et al. (2003). Malone (2013) then 

applied the methods used in these previous studies to investigate an existing timber frame 

house located in Vermont, and a theoretical light-frame version of the same structure.  

Sub-assemblies 

Members 

 As with all three previous studies noted above, the material properties for all 

members were determined using industry standards. For places where the exact member 

size and grade were not known, they had to be assumed. The joint connections, particularly 

in roof trusses, in reality have some level of partial fixity, and several studies have been 
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conducted considering them as such; however, Limkatanyoo (2003) offered the simplest 

solution and that is to consider each joint either rigid or pinned, and led to good results. 

Due to the simplicity and adequate accuracy, this was the method adopted by Martin et al. 

(2011), Pfretzschner et al. (2014), and Malone (2013). 

Shear walls 

 In light-frame wood structures, shear walls transfer lateral loads between 

diaphragms and the ground. Typically, shear walls consist of either oriented strand board 

(OSB) or plywood, and possibly with gypsum wall board as well. However, unlike for  

frame members with widely available material properties, there is more complexity in 

determining the stiffness of a shear wall.  

 Doudak (2005) conducted several physical tests on shear walls to determine the 

effects of openings. Using SAP 2000, Doudak (2005) then modeled the walls using a 

complex procedure to model each fastener. Since this is generally an impractical method 

for modeling all the shear walls in an entire structure, Martin et al. (2011) examined an 

equivalent energy method developed by Kasal and Leichti (1992), then did a corollary 

study to determine the effects of nail spacing, comparing results to studies on physical 

shear walls conducted by Sinha (2007), Langlois (2002), and Lebeda (2002). Finally, since 

the study conducted by Martin (2010) only included plywood sheathing modeled as a thick 

shell element, Pfrezschner et al. (2014) modeled shear walls using a layered shell element 

that allows for both the sheathing and the GWB to be modeled as part of one element.  A 

similar technique was used in this study as well. 
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Roof 

 Roof sub-systems have often in the past been modeled as a system rather than 

having each member modeled. Kasal (1992), Collins (2005 a,b) and Doudak (2005)  all 

modeled their roofing systems as large elements, which neglects the individual stiffness of 

each truss, and leads to inaccurate load distributions. This method becomes impossible with 

increasingly complex roof systems, so would not be applicable for this current study. 

However, Martin et al. (2011) and subsequent OSU studies modeled each individual truss 

member, and while more time consuming, it has produced results with greater accuracy 

while modeling complex roofing systems. 

 

Modeling Methods Verification 

 Accurately modeling wind loads can be difficult, and there is no single method. The 

three main approaches involve either using results from wind tunnel testing, physical 

testing, or using codified methods. 

 Most codified wind load analysis base their wind pressures on three-second gust 

wind speeds. However, due to their destructive nature, and the difficulty in measuring wind 

speeds, research continues to refine our understanding of hurricanes and tornadoes, and the 

design wind speeds and pressure distributions that should be used in design. Lombardo et 

al. (2015) investigated the Joplin tornado and compared the wind speed estimates based on 

tree fall patterns to the Enhanced Fujita (EF) scale, which estimates the intensity of the 

tornado based on the severity of building damage, finding that the tree fall results showed 

much higher wind speeds than previously predicted. For design purposes, most localities 



 

 

44 
 

in hurricane regions use hurricane wind speeds produced by a Monte Carlo simulations 

developed by Vickery et al (2009).   

 In 1997 the Florida Coastal Monitoring Program was started to gather wind 

pressure data on full-scale, low-rise buildings mainly located in Florida, as well as a few 

in the Carolinas. These houses allow pressure transducers to be mounted to the wall and 

roofs immediately before a hurricane hits, and record real-time pressures on actual houses 

with complex geometries. Liu et al. (2009) compared results from several of these 

structures to wind tunnel testing and found that the ASCE 7-05 wind provisions 

underestimate, sometimes dramatically, peak uplift pressures.  

 The research conducted by Martin et al. (2011) was based on wind tunnel and 

physical testing at the University of Florida by Datin (2009). The wind load testing 

involved simulated hurricane winds on a 1:50 scale model of the building, and from these 

results Martin et al. (2011) was able to examine three critical loading scenarios: 1) the 

maximum uplift at a corner, 2) the maximum uplift on the ridge, and 3) the global 

maximum uplift at all points.  The physical testing was done on a one-third scale model 

that Martin et al. (2011) then modeled as a full-scale building. Datin (2009) used a grid of 

pneumatic actuators to simulate wind loads on the roof and load cells to measure roof-to- 

wall and wall-to-foundation loads. Martin et al. (2011) then compared these loads to results 

from a SAP 2000 model to validate the overall behavior. 

 Pfretzschner et al. (2014) used similar modeling methods as Martin et al. (2011), 

but based the model on physical testing done by Paevere et al. (2003). Paevere et al. (2003) 

conducted static and cyclical physical testing on a relatively simple, full-scale, L-shaped 
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structure which included interior walls, large openings and windows, increasing the 

geometric complexity from the rectangular one modeled by Martin et al. (2011).  

Pfretzschner et al. (2014) then took the basic L-shaped design and investigated the effects 

of changing the length on one end of the wings of the “L”.  Both physical and model results 

showed that the effects of the re-entrant corner were dependent on the wind direction as 

well as the locations of in-plane shear walls.  

Wind Damage 

 In recent years in the U.S., the annual wind and surge damage has been 

approximated to be $10 billion or more (Li et al. 2012), and as population increases, and 

more people move towards the coasts, this number will rise. Recent hurricanes such as 

Andrew in 1992, Katrina in 2005, and Harvey in 2016, and tornados such as the Bridge 

Creek-Moore Tornado in 1999 and the one in Joplin in 2011, only serve to underscore the 

need for more robust wind-related code provisions and construction details, and a better 

understanding of wind load paths in structures. 

 Keeping roof sheathing from being torn off is vitally important. Loss of roof 

sheathing can: 1) lead to interior property damage; 2) create greater internal pressures, as 

the house becomes only a partially enclosed structure; and 3) weaken the roof diaphragm 

for lateral load resistance. Various roof features can lead to more or less damaged roof 

sheathing or even structural damage in other locations.  According to a report by the U.S. 

Department of Agriculture, upon inspecting damage caused by hurricane Camille (U.S. 

Department of Agriculture), there was significantly less damage to hip roofs than gable 

roofs, even for houses within the same neighborhood. Roof-to-wall connections are 
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particularly a concern in houses with gable roofs, though are not as common of an issue in 

houses with hip roofs. Stevenson (2012) found from damage in several tornadoes that hip 

roofs, while seeing some damage from sheathing connections or roof-to-wall connections, 

also can experience more failures from framing members, leading to sheathing failures. 

Ahmad et al. (2002) investigated the impact of varying overhang ratios on hip roofs with a 

30-degree pitch, finding that larger overhangs lead to higher overall pressure on the roof. 

Additionally, increasing the elevation of the overhangs leads to increased pressure as well.  

Wind Load Investigation 

 Accurately investigating wind load paths can be very complex, and because of the 

strong impact geometry has on wind loadings, often requires wind tunnel testing to be truly 

accurate. Building codes, as noted above, can often under-estimate wind speeds and 

pressures, and do not offer much help with regards to structures with complex geometries. 

A possible solution to the geometry problem would be a design-assisted database (DAD). 

Proposed by Mensah (2010), this database would allow for a realistic and validated method 

of simulating wind loads for various building components. However, while very likely 

more accurate and conservative, there is still a significant amount of work to be done before 

such a database could be used in design for an actual complex roof structure. 

 For this study, the all-heights method from the 2014 OSSC was used due to its 

simplicity to apply to a complex structure. Using this method, a uniform wind pressure was 

applied to each wall or roof without any edge or corner load concentrations. This is in 

contrast to Pfretzchner et al. (2014) who used the ASCE 7-05 MFWRS method 1, and 

Malone (2013) who used the ASCE 7-05 MFWRS envelope procedure. However, like 
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Pfretzschner et al. (2014), to deal with the geometric complexity of the structure, this study 

also used an example in Mehta and Coulbourn (2010) as a basis for wind load 

investigations, and considered wind loading for all four orthogonal directions. Pfretzschner 

et al. (2014) also investigated the effects of corner wind loads, particularly looking at wind 

blowing into the building’s re-entrant corner. Jameel et al. (2015) concluded that maximum 

wind pressures typically occur when wind comes from an angle of incidence between 15- 

and 75-degrees with the corner of the structure, depending on the structure’s geometry. 

However, while only wind loadings orthogonal to the structure were investigated in this 

study, wind loadings from other angles could be investigated in future studies. 

 

Gravity Loads 

 In addition to wind loading scenarios, Malone (2013) investigated several gravity 

load cases. In addition to dead loads, which had been modeled using material weights in 

each previous study at OSU, Malone (2013) investigated load paths including snow and 

live loads. Like Malone (2013), in this current study snow and live loads were applied 

directly to the roof and floor sheathing elements respectively. In addition, in this current 

study, uniform dead loads were applied to the sheathing elements to account for additional 

dead load from architectural elements, something that was not done in previous studies.  
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APPENDIX B: 

 ORIGINAL BUILDING PLANS 

 

-Pages 49-77: Truss Details 

-Pages 78-104: Building Floorplans and Details 

-Page 105: Elevation View 
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Appendix C: Building Model Details 

Building Layout: 

 The house that was modeled for this study was modified from the original plans 

found in Appendix B. The modified building dimensions can be found below in Figures C-

1 and C-2. The biggest change is the removal of the daylight basement. 

 

Figure C 1. Second floor layout. (dimensions in meters) 
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Figure C 2. First floor layout (dimensions in meters) 
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Framing Members 

Members used in this study include those found in Table C-1, as well as all member 

sizes and grades found in the truss details Appendix B. The BCI joists used for the second 

floor are assumed to be 11-7/8” BCI 90, the property values of which can be found in BCI’s 

Western Species Guide. 

 Table C 1. Member usage and sizes. Does not include roof truss members, or BCI 

joists. 

Member Usage 

Member Size     

W x H (mm) 

Material 

Wall Stud 38 x 140 DF #2 

Double Wall Stud (used at corners and next to windows 76 x 140 DF #2 

Roof Rafters 38 x 184 DF #2 

Angle Rafter on Roof 38 x 235 DF #2 

Window and door headers + Window sills 76 x 184 DF #2 

First floor Bottom plate 140 x 38 DF #2 

Top plate (not used between 1st and 2nd floors) 140 x 76 DF #2 

Glulams spanning over garage doors 171 x 254 24F-V5 

 

 

Figure C 3. Example of wall. (First floor, eastern side of north wall. View from 

exterior.). 
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APPENDIX D  

SHELL MODELING 

 

Modeling shells 

The shell modeling procedure used for this study is based upon the methods used 

by and the results of Pfretzchner et al. (2014). Pfretzchner et al. (2014) used a similar 

process to Martin et al. (2011), while incorporating a layered shell element that allows for 

both the plywood and gypsum wall board stiffnesses to be taken into account. 

Both Martin et al. (2011) and Pfetzchner et al. (2014) used a single shell element 

for each wall and roof section, but due to geometric complexity, in this study walls and 

roofs are modeled using multiple shell elements.  

 

 

Figure D 1. Top: wall with single shell element. Bottom: Wall with several shell 

elements. Both walls have the same deflection when subjected to similar loading.   
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Wall Stiffness 

Due to limited information for plywood sheathing, for sake of consistency and ease, 

the material properties for shell elements used in this study were taken from Pfretzschner 

et al. (2014). All properties aside from the G12 stiffness in the walls are consistent 

throughout. 

Table D 1. Material properties of plywood and gypsum wall board. 

Material Properties Source 

Plywood Sheathing 

(Roof) 

E1 = 8280 MPa (1201 

ksi) 

E2 = 2393 MPa (347 ksi) 

U12 = 0.011 

G12 = 482 MPa (70 ksi) 

Pfretzschner et al. (2014) 

OSULaminates (Nairn 2007) 

(Flexural Properties 

Plywood Sheathing 

(Walls) 

E1 = 7017 MPa (1018 

ksi) 

E2 = 3657 MPa (530 ksi) 

U12 = 0.016 

Pfretzschner et al. (2014) 

OSULaminates (Nairn 2007) 

(In-Plane Properties) 

Gypsum Wallboard 

(Walls) 

E1 = 1820 MPa (264 ksi) 

U12 = 0.3 

Gypsum Association (2010) 

 

The G12 stiffness for walls varies relatively linearly with the wall’s length and is 

modeled based on a calibration procedure outlined in Pfretzchner et al. (2014). Figure D1 

shows the results of this procedure for 9.5 mm plywood with 152 mm nail spacing from 

Pfretzschner et al. (2014), which is used for all walls in this study. Figure D2 simillarly 

gives the G12 stiffness for the wallboard relative to the wall length, again from Pfretzschner 

et al. (2014). 
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Figure D 2. Wall stiffness and required G12 for 9.5mm plywood with 15.2 cm nail 

spacing   (Source: Pfretzchner et al. 2014) 

 

 

 

Figure D 3. Wall stiffness and required G12 for 13mm gypsum wall board (Source: 

Pfretzchner et al. 2014) 
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APPENDIX E  

SNOW LOAD INVESTIGATION 

 

 Snow loading for this study was based on Section 1608 of the 2014 OSSC, in 

accordance with Chapter 7 of ASCE 7-10 and the Snow Load Analysis for Oregon (2011). 

The ground snow load based on the location of the house being modeled is 19.0 psf. The 

“Use of Map” Part I lays out adjustments that may be used for sites in steep terrain, as well 

as for site-specific case studies, neither of which apply here. Part II defines the minimum 

roof snow load as 20 psf, which will govern (see notes on ASCE 7-10 section 7.3 below). 

The criteria for applying a 5 psf rain-on-snow surcharge are defined in Part III: 

1) All roofs with a slope less than 1:12. 

2) Roofs of any slope that constrain runoff. 

Since the all roof slopes are greater than 1:12, and the house has a continuous gutter system, 

which is not considered to constrain runoff, the 5 psf rain-on-snow surcharge does not 

apply. 

 Section 7.3 of ASCE 7-10 defines the flat roof snow load for a building, and Section 

7.4 defines the Sloped Roof Snow Load. Since both are less than the minimum 20 psf , the 

20 psf minimum will govern. Section 7.5 is not applicable as the roof of this structure does 

not contain continuous beam systems. Sections 7.6-7.9 contain several loading cases that 

may be applicable to this structure, but will not be investigated in this study. Section 7.6 

provides provisions for unbalanced snow loadings. These provisions apply for hip roofs 

with a slope of less than 7:12, so they would be applicable in a complete design. Since 

there are lower roofs on this structure, Drifts onto Lower Roofs as detailed in Section 7.7 
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and Sliding Snow Loads could also be investigated, but will not be for this study. The rain-

on-snow surcharge load in Section 7.10 is addressed above in the 2014 OSSC, and Sections 

7.11 and 7.12 are not applicable. Thus, 20 psf was used as the roof snow load. 
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APPENDIX F 

WIND LOAD INVESTIGATION 

 

 The wind loading procedure used in this study is the all-heights method found in 

section 1609.6 of the 2014 OSSC. For this method, a uniform pressure is applied over each 

surface based on Equation F-1 below. While wind tunnel testing shows that wind loads 

concentrate towards the corners, this method was selected because it is both simple and 

should produce reasonable results for the overall load flow through the structure.   

 The structure must meet the following conditions specified in section 1609.1 to use this 

method: 

1) The structure is  

a. Less than 22.9 m in height. (This structure is approximately 7.5 m tall, so 

this condition is met. OK) 

b. Has a height-to-least-width ratio of 4 or less. (No height-to-width ratio 

exceeds 1 for this structure. OK) 

2) The structure is not sensitive to dynamic effects. (OK) 

3) The structure is not located on a site with channeling effect. (No channeling effects 

at the site of this structure. OK) 

4) The building must be a simple diaphragm building. (The code definition of a simple 

diaphragm building is somewhat unclear, but assumed to be true. OK) 

5) Only applies for roofs with a slope less than 45 degrees. (OK) 
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Loadings 

Similar to Pfretzschner et al. (2014), due to the asymmetry of the house, wind 

loading must be considered from all four directions. Only orthogonal loadings 

perpendicular to the major axes of the building are investigated in this study with corner 

wind loads are not considered. The loading on each surface is defined by Equation F-1 

below (Equation 16-35 in the 2014 OSSC). 

𝑃𝑛𝑒𝑡 = 0.00256𝑉2𝐾𝑧𝐶𝑛𝑒𝑡𝐾𝑧𝑡   (Equation F-1)  

Table F 1. Coefficient definitions. 

Coefficients Value Source 

Risk Category II ASCE 7-10 

Site B ASCE 7-10 

V (wind speed) 52.8 m/s (120 mph) Figure 1609A in the 2014 OSSC 

Kz  0.64 ASCE 7.10 Table 27.3-1 

Kzt 1.0 ASCE 7.10 Section 26.8 

 

 

Table F 2. Cnet coefficients and resultant pressures for each wind loading case. Cnet 

coefficients from Table 1609.6.2 in the 2014 OSSC. 

  
    

Windward 

Wall 

Leeward 

Wall 

Side 

Wall 

Windward 

Roof 

Leeward 

Roof 

Parallel 

to Ridge 

Positive 

Internal 

Pressure 

Condition 

1 

Cnet 0.43 -0.51 -0.66 -0.47 -0.66 -1.09 

P (kPa) 0.49 -0.58 -0.74 -0.53 -0.74 -1.23 

Condition 

2 

Cnet  0.43 -0.51 -0.66 0.06 -0.66 -1.09 

P (kPa) 0.49 -0.58 -0.74 0.07 -0.74 -1.23 

Negative 

Internal 

Pressure 

Condition 

1 

Cnet 0.73 -0.21 -0.35 -0.16 -0.35 -0.79 

P (kPa) 0.82 -0.24 -0.39 -0.18 -0.39 -0.89 

Condition 

2 

Cnet  0.73 -0.21 -0.35 0.37 -0.35 -0.79 

P (kPa) 0.82 -0.24 -0.39 0.42 -0.39 -0.89 
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APPENDIX G:  

WIND UPLIFT 

Maximum UPLIFT force displayed on each chart. 

North: 

Wind Only 

 

Figure G 1: North Wind Only. Positive internal pressure, Condition 1 

 

Figure G 2: North Wind Only. Positive Internal Pressure, Condition 2 
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Figure G 3: North Wind Only. Negative internal pressure, Condition 1 

Figure G 4: North Wind Only. Negative internal pressure, Condition 2 
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Figure G 5: North 0.6W + 0.6D. Positive internal pressure, Condition 1 

Figure G 6: North 0.6W + 0.6D. Positive internal pressure, Condition 2 
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Figure G 7: North 0.6W + 0.6D. Negative internal pressure, Condition 1 

Figure G 8: North 0.6W + 0.6D. Negative internal pressure, Condition 2 
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Figure G 9: North 0.6W + 1.0D. Positive internal pressure, Condition 1 

 

Figure G 10: North 0.6W + 1.0D. Positive internal pressure, Condition 2 
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Figure G 11: North 0.6W + 1.0D. Negative internal pressure, Condition 1 

Figure G 12: North 0.6W + 1.0D. Negative internal pressure, Condition 2 
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South:  

Figure G 13: South Wind Only. Positive internal pressure, Condition 1 

Figure G 14: South Wind Only. Positive internal pressure, Condition 2 
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Figure G 15: South Wind Only. Negative internal pressure, Condition 1 

Figure G 16: South Wind Only. Negative internal pressure, Condition 2 
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Figure G 17 : South 0.6W + 0.6D. Positive internal pressure, Condition 1 

Figure G 18: South 0.6W + 0.6D. Positive internal pressure, Condition 2 
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Figure G 19: South 0.6W + 0.6D. Negative internal pressure, Condition 1 

Figure G 20: South 0.6W + 0.6D. Negative internal pressure, Condition 2 
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Figure G 21: South 0.6W + 1.0D. Positive internal pressure, Condition 1 

Figure G 22: South 0.6W + 1.0D. Positive internal pressure, Condition 2 
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Figure G 23: South 0.6W + 1.0D. Negative internal pressure, Condition 1 

Figure G 24: South 0.6W + 1.0D. Negative internal pressure, Condition 1 
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Figure G 25 : East Wind Only. Positive internal pressure, Condition 1 

Figure G 26: East Wind Only. Positive internal pressure, Condition 2 
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Figure G 27: East Wind Only. Negative internal pressure, Condition 1 

Figure G 28: East Wind Only. Negative internal pressure, Condition 2 
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Figure G 29: East 0.6W + 0.6D. Positive internal pressure, Condition 1 

Figure G 30: East 0.6W + 0.6D. Positive internal pressure, Condition 2 
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Figure G 31: East 0.6W + 0.6D. Negative internal pressure, Condition 1 

 

Figure G 32: East 0.6W + 0.6D. Negative internal pressure, Condition 2 
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Figure G 33: East 0.6W + 1.0D. Positive internal pressure, Condition 1 

Figure G 34: East 0.6W + 1.0D. Positive internal pressure, Condition 2 
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Figure G 35: East 0.6W + 1.0D. Negative internal pressure, Condition 1 

Figure G 36: East 0.6W + 1.0D. Negative internal pressure, Condition 2 
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Figure G 37: West Wind Only. Positive internal pressure, Condition 1 

Figure G 38: West Wind Only. Positive internal pressure, Condition 2 
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Figure G 39: West Wind Only. Negative internal pressure, Condition 1 

Figure G 40: West Wind Only. Negative internal pressure, Condition 2 
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Figure G 41: West 0.6W + 0.6D. Positive internal pressure, Condition 1 

Figure G 42: West 0.6W + 0.6D. Positive internal pressure, Condition 2 
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Figure G 43; West 0.6W + 0.6D. Negative internal pressure, Condition 1 

Figure G 44: West 0.6W + 0.6D. Negative internal pressure, Condition 2 
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Figure G 45: West 0.6W + 1.0D. Positive internal pressure, Condition 1 

Figure G 46: West 0.6W + 1.0D. Positive internal pressure, Condition 1 
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Figure G 47: West 0.6W + 1.0D. Negative internal pressure, Condition 1 

Figure G 48: West 0.6W + 1.0D. Negative internal pressure, Condition 1 
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APPENDIX H 

WIND BASE SHEAR 

Figure H 1: North, 0.6W Base shear. Positive internal pressure, condition 1 

Figure H 2: North, 0.6W Base shear. Positive internal pressure, condition 2 
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Figure H 3: North, 0.6W Base shear. Negative internal pressure, condition 1 

Figure H 4: North, 0.6W Base shear. Negative internal pressure, condition 2 
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Figure H 5: South, 0.6W Base shear. Positive internal pressure, condition 1 

Figure H 6: South, 0.6W Base shear. Positive internal pressure, condition 2 
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Figure H 7: South, 0.6W Base shear. Negative internal pressure, condition 1 

Figure H 8: South, 0.6W Base shear. Negative internal pressure, condition 2 
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Figure H 9: East, 0.6W Base shear. Positive internal pressure, condition 1 

Figure H 10: East, 0.6W Base shear. Positive internal pressure, condition 2 
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Figure H 11: East, 0.6W Base shear, Negative internal pressure, condition 1 

 

Figure H 12: East, 0.6W Base shear. Negative internal pressure, condition 2 
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Figure H 13: West, 0.6W Base shear. Positive internal pressure, condition 1 

 

Figure H 14: West, 0.6W Base shear. Positive internal pressure, condition 2 

 

 

 

 

 

 



 

 

147 
 

Figure H 15: West, 0.6W Base shear. Negative internal pressure, condition  

 

 

Figure H 16: West, 0.6W Base shear. Negative internal pressure, condition 2 
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Modified Structure with a shear wall added to “Wall 2” 

Figure H 17: Modified structure base shear. North 0.6W, positive internal pressure, 

condition 1. 

Figure H 18: Modified structure base shear. North 0.6W, positive internal pressure, 

condition 2. 



 

 

149 
 

Figure H 19: Modified structure base shear. North 0.6W, negative internal pressure, 

condition 1. 

Figure H 20: Modified structure base shear. North 0.6W, negative internal pressure, 

condition 2. 
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Figure H 21: Modified structure base shear. South 0.6W, positive internal pressure, 

condition 1. 

Figure H 22: Modified structure base shear. South 0.6W, positive internal pressure, 

condition 2. 
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Figure H 23: Modified structure base shear. South 0.6W, negative internal pressure, 

condition 1. 

Figure H 24: Modified structure base shear. South 0.6W, negative internal pressure, 

condition 2. 
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APPENDIX I 

ROOF SHELL STRESSES 

Figure I 1: 0.6W from North. Positive internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 2: 0.6W from North. Positive internal pressure, condition 2. Max Von 

Mises shell Stress. 

 



 

 

153 
 

 

Figure I 3: 0.6W from North. Negative internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 4: 0.6W from North. Negative internal pressure, condition 2. Max Von 

Mises shell Stress. 
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South:   

Figure I 5: 0.6W from South. Positive internal pressure, condition 1. Max Von Mises 

shell Stress. 

Figure I 6: 0.6W from South. Positive internal pressure, condition 2. Max Von Mises 

shell Stress. 
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Figure I 7: 0. 6W from South. Negative internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 8: 0.6W from South. Negative internal pressure, condition 2. Max Von 

Mises shell Stress. 
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East:  

Figure I 9: 0.6W from East. Positive internal pressure, condition 1. Max Von Mises 

shell Stress. 

 

Figure I 10: 0.6W from East. Positive internal pressure, condition 2. Max Von Mises 

shell Stress. 
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Figure I 11: 0.6W from East. Negative internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 12: 0.6W from East. Negative internal pressure, condition 2. Max Von 

Mises shell Stress. 
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West: 

 

Figure I 13: 0.6W from West. Positive internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 14: 0.6W from West. Positive internal pressure, condition 2. Max Von 

Mises shell Stress. 
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. 

Figure I 15: 0.6W from West. Negative internal pressure, condition 1. Max Von 

Mises shell Stress. 

Figure I 16: 0.6W from West. Negative internal pressure, condition 2. Max Von 

Mises shell Stress. 


