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ABSTRACT 
 

Tornadoes are an extremely devastating natural hazard with significant 

consequences but are  not considered in current structural design codes. This is due to 

their low probability of occurrence making them what has been termed a low-occurrence 

high-consequence event. This thesis aims to determine a rational design wind speed for 

tornadoes considering the current state-of-practice construction methods and is achieved 

through application of the fragility methodology.  

Five arche-type buildings are developed to be representative of the typical 

residential structures in tornado-prone regions in the United States. Wind analysis is 

performed using the ASCE 7-10 standard loading in combination with the existing 

literature which provides loading for a tornado on structures. Fragilities are developed for 

the main components along the vertical load path that included roof sheathing, roof-to-

wall connection, and wall-to-foundation anchorage. The results obtained from the 

fragility analysis are validated with the EF scale ratings for residential construction and 

are then used to identify critical components that affect system performance. Based on 

the developed fragilities, (2)16d roof-to-wall connection and wall racking present the 

most critical components. Developing fragilities for all components along the vertical 

load path is essential in identifying critical components and deciding on improving a 

particular component. The effect of component improvement on system performance can 

range from minimal to significant depending on its fragility in comparison to the other 
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components. Based on the analysis conducted in this thesis, it was found that using 

hurricane clips and improving the nail pattern will yield better system performance in an 

EF1 (86-110 mph) tornado. However, typical construction methods and products would 

not prove to be as effective in the case of an EF2 (111-135 mph) tornado with a high 

probability of failure of one or more components of the load path. The methodology 

presented in this thesis can be used in developing new design provisions that will 

essentially help in saving lives and preventing economic losses, assessment of the current 

building stock, post-disaster damage assessment, and provide a quantitative approach to 

more accurate evaluation of tornado ratings.  
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LIST OF ABBREVIATIONS AND SYMBOLS 
 

D Dead load of a member or component 

GCp Product of external pressure coefficient and gust-effect factor to be used in 

determination of wind loads for buildings 

GCpi Product of internal pressure coefficient and gust-effect factor to be used in 

determination of wind loads for buildings 

I  Importance factor 

Kc  Tornado amplification factor 

Kz  Velocity pressure exposure coefficient 

Kd Wind directionality factor 

Kzt Topographic factor 

qh Base pressure evaluated at mean roof height 

R  Resistance capacity 

Rn  Nominal capacity of a member, component, or a connection 
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V Basic wind speed (3-s gust wind speed at 33ft (10m) above the ground in an open 

terrain) 

W Wind load 

γ Load factor that takes into account the uncertainties in the load and varies based 

on the type of load being considered  

λ time effect factor that takes into account the effect of load duration on wood 

strength 

𝜆𝑅 Logarithmic median of capacity R 

𝜉𝑅  Logarithmic standard deviation of capacity R 

𝜙 Resistance factor that takes into account variability in short-term strength 

Φ(. )   Standard normal cumulative distribution function 
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CHAPTER 1: INTRODUCTION 
 

1.1 Background 
 

Tornadoes are a particularly devastating natural hazard that affect communities across the 

United States. Tornadoes have been reported in all of the states, but two regions in particular 

experience very high frequencies, Florida and Tornado Alley in the South-central U.S. Tornado 

Alley is a nickname given to an area in the southern plains that extends from central Texas, 

northward to northern Iowa, and from central Nebraska east to western Ohio (NOAA, 2012).  

Fig.1.1 shows the average annual number of tornadoes per state.  

 

Figure 1.1. Average annual number of tornadoes per state (1981-2010)  
(excerpt from NOAA, 2012) 
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More than 1,000 tornadoes are reported annually in the United States, the majority of 

which (around 77%) are considered weak tornadoes (65-110 mph),  about 95% are below 135 

mph, and the remaining small percentage is identified as greater than 135 mph (NOAA, 2012).  

Tornadoes have resulted in property devastation and significant loss of lives. For example, the 

Tri-State (MO/IL/IN) tornado of March 18, 1925 claimed 695 lives, and the Natchez, Missouri 

tornado of May 06, 1840 claimed 317 lives (Haan et al., 2010; NOAA, 2012). 

2011 was one of the most active years in terms of tornado outbreaks and ranks as the 4th 

deadliest tornado year in U.S. history with the distinction of setting numerous records.  There 

were 1,691 tornadoes reported in 2011 in contrast to the annual average over the preceding 

decade being only 1,274 tornadoes, an increase of 30%. National Weather Service (NWS) 

records indicate that the tornado outbreak during April 25-28 claimed 321 lives in just four days 

and 758 tornadoes were reported in that month.  April 2011 set the record as the most active 

tornado month ever recorded. In addition, the Joplin, Missouri tornado of May 22, 2011 set the 

record as the costliest tornado in U.S. history causing an estimated $2.8 billion in insured losses 

(NOAA National Climatic Data Center, 2011).  

Based on a study by Changnon (2009), the average annual losses due to tornadoes is $982 

million which far exceeds the previous estimate of $462 million based on government records. 

Both of these figures are presented in 2006 dollars for consistency. The insurance-based loss 

estimate of tornadoes currently ranks fourth behind hurricanes, floods, and thunderstorms as the 

severe weather condition resulting in the highest losses (Changnon, 2009). According to some 

estimates from the insurance data, tornadoes, severe thunderstorms, and other related weather 

events, excluding earthquakes, have caused on average, 57% of all insured losses in the United 

States since 1953 (Folger, 2011).  
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Many analysts believe that although fatalities due to natural hazards has decreased as a 

result of improved forecasting and warning systems, the cost of damage still remains a major 

issue and has, in fact, continued to rise. Total losses of $1 billion or more due to a single tornado 

events are becoming more frequent. According to the National Science and Technology Council: 

“Due to changes in population demographics and more complex weather-sensitive infrastructure, 

Americans today are more vulnerable than ever to severe weather events caused by tornadoes, 

hurricanes, severe storms, heat waves, and winter weather” (Folger, 2011). 

Population density in tornado-prone regions is very high, as evidenced in Fig. 1.2. With 

the current population growth, tornadoes will continue to be a natural hazard with significant 

consequences. The Super Tuesday Tornado outbreak of 2008 (Folger, 2011) and the tornado 

outbreak in April 2011 are reminders that changing demographics and other socioeconomic 

factors make our communities, especially mid-South regions, more vulnerable to all natural 

hazards, in particular tornadoes.  

 

Figure 1.2. Tornado tracks and population density (excerpted from NOAA 2012) 
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1.2 Motivation 

Although tornadoes are of great consequence, it is their low probability of occurrence that 

has kept tornado loads from consideration in modern structural engineering design codes.  Light-

frame wood construction comprises the majority of the housing (approximately 90%) in the 

United States (Ellingwood et al., 2004). These buildings are extremely susceptible to wind 

hazards such as hurricanes and tornadoes. Extreme localized wind pressures and devastating 

damage due to tornadoes has made it difficult to rationalize a design process, especially 

considering the financial constraints when weighed against the very low probability of 

occurrence.  When a structure is located at the center of a tornado it experiences the greatest 

degree of damage, making economically viable design with wood impossible.  However, 

extending outwardly perpendicular to the tornado path the level of damage experienced may be 

reduced by applying a different design philosophy  (van de Lindt et al., 2012). This has led many 

researchers to call for a paradigm shift in the design philosophy (Haan et al., 2010; van de Lindt 

et al., 2012) which may be warranted for a number of reasons: 

1- Current design codes do not consider design against tornado induced loads. Tornadoes 

induce extreme localized wind pressures and uplift forces that are higher than straight 

winds (this is explained in detail later). If buildings are expected to perform under 

tornado loads, design provisions must be developed to include wind loads specific to 

tornadoes.    

2- Statistically, about 95% of tornadoes are categorized as an EF2 (111-135 mph) or below 

(NOAA, 2012).  This has led many researchers to believe that designing structures under 

tornado loads might not be as impractical as originally thought for a certain wind 

threshold velocity without a significant increase in cost (Haan et al., 2010; van de Lindt 
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et al., 2012).   This would likely only be considered for at-risk regions such as tornado 

alley and the southeastern U.S.   

3- Most tornado fatalities occur in homes due to the fact that people seek shelter in their 

homes during a tornado. The risk of injury or death is greatly dependent on the type of 

house. A study of tornado fatalities indicated that approximately 25% fatalities occurred 

in permanent houses, second only to mobile homes which accounted for 44% (Ashley, 

2007; Folger, 2011).  It is also believed that meeting minimum code requirements may 

provide a false sense of safety for people who may mistakenly believe that their house is 

properly designed against wind loads not knowing that tornadoes may produce loads 2 to 

3 times higher than straight line winds of the same velocity. 

4- Strength limit states are the primary goal of current code provisions; however economic 

losses due to serviceability failure exceed losses due to inadequate strength (Rosowsky & 

Ellingwood, 2002). Social disruption and economic losses as a result of extreme events 

are very difficult to manage and are becoming an increasingly studied area of concern for 

emergency managers. Application of performance-based design (PBD), a new design 

philosophy that focuses on the performance of structures at different levels, has the 

potential to reduce losses from natural hazards  such as tornadoes (Ellingwood et al., 

2004).  

The concept of PBD considering tornadoes is still in its earliest development stages.  This 

thesis is motivated by a report published on forensic investigation and data reconnaissance 

following the April 2011 tornado that hit Tuscaloosa, Alabama  and a paper that followed 

entitled “A Dual-Objective-Based Tornado Design Philosophy” (van de Lindt et al., 2012). In 
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particular, this thesis focuses on application of the fragility methodology to perform a 

probabilistic assessment of wood frame structures against tornadoes.  

 

1.3 Literature Review 

1.3.1 Tornado Forces on Buildings 
 

Understanding the nature of tornado induced forces on a structure is an essential step in 

developing a design approach. While the effects of boundary-layer straight wind on structures 

have been studied quite comprehensively, the amount of research regarding the assessment of 

tornado-structure interaction and tornado induced loads on structures is meager by comparison. 

From an experimental point of view, it is difficult to study tornado effects using traditional 

methods of wind tunnels since tornadoes, unlike straight winds, change speed and direction 

rapidly (Selvam & Millett, 2003).  

Selvam and Millet (2003) developed computer models to study the effect of tornadoes on 

a cubic building. The authors concluded that for the same reference wind speed, tornadoes result 

in twice the suction force on the roof than straight winds. In a similar study, Alrasheedi and 

Selvam (2011) concluded that the updraft force coefficient studied on a cubic model was twice 

of that obtained for straight wind. This was in agreement with the results obtained from the 

Selvam and Millet.   Sengupta et al. (2008) simulated tornado forces on a cubic building in the 

laboratory and the results were compared with a computer model. Based on the results, the 

authors concluded that the force coefficients for tornadoes are 1.5 times more that the values 

specified in the ASCE 7-05 (Alrasheedi & Selvam, 2011; Sengupta et al., 2008).   
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Recently Haan et al. (2010) simulated tornadoes on a one-story, gable roof building and 

compared the results with the wind provisions of ASCE 7-05. The authors found that the uplift 

coefficients for tornadoes exceeded the values specified in the provisions by a factor of 1.8-3.2 

for the main wind force resisting system (MWFRS). For components and cladding, the pressure 

coefficients obtained from the tornado simulations were found to be 1.4-2.4 times those of a 

straight line wind for the same reference wind velocity.  Results obtained by Haan et al. are 

exclusively used as a basis of comparison between straight winds, e.g. hurricane, and tornado 

winds, in this thesis. These values are used in developing fragility curves for different 

components and structure types, to be discussed in detail in Chapter 2.   

1.3.2 Performance Based Design 
 

In order to accept Performance Based Design (PBD) as a viable design alternative, it is 

first essential to understand the development of predecessor, that is probability-based limit state 

design, also known as Load and Resistance Factor Design (LRFD).  

Development of the probability-based design began with the American National 

Standards Institute (ANSI) Standard A58 (Ellingwood et al., 1980). LRFD has been widely 

adopted and is currently used in steel, bridge, and some wood design. American Forest & Paper 

Association/American Society of Civil Engineers Standard 16-95 ( AF&PA/ASCE, 1996) for 

engineered wood construction recently adopted the LRFD design methodology (Ellingwood et 

al., 2004; Lee & Rosowsky, 2005; Rosowsky & Ellingwood, 2002). In LRFD, the structural 

safety performance requirement is expressed by the following equation (ASCE Standard 16-95) 

𝜆𝜙𝑅𝑛 >  ∑𝛾𝑖𝑄𝑖      (1.1) 
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where: 𝑅𝑛 = nominal capacity of a member, component, or a connection;  𝜙 = resistance factor 

that takes into account variability in short-term strength; λ = time-effect factor that takes into 

account the effect of load duration on wood strength; 𝑄𝑖 = load effect such as moment, shear, or 

axial load; 𝛾𝑖 = load factor that takes into account the uncertainties in the load and varies based 

on the type of load being considered.  

 
The objective of LRFD is to ensure public safety through preventing collapse under 

extreme events while providing serviceability during normal operating load conditions. While 

this objective has been greatly achieved, there are a number of shortcomings in the current 

design philosophy, especially with regard to natural hazards, that has prompted research on the 

next-generation of design code known as performance-based design (PBD). The major 

limitations of LRFD are (Ellingwood et al., 2004; Lee & Rosowsky, 2005; Rosowsky & 

Ellingwood, 2002) : 

1- LRFD factors are calibrated for individual members, components, and connections. It 

does not take into account system effects for the overall performance of the structure 

which might result in a misleading measure of the integrity of the system.  This becomes 

particularly evident during natural hazard loadings which are often extreme loads 

demanding system performance.  

2- While LRFD has done well to ensure life safety under extreme loading conditions, 

damage during moderate loading still remains a major issue that has not been addressed 

thoroughly. This is imperative considering the fact that many clients are unwilling to 

accept large economic losses even at design loads.  
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3- LRFD is inconsistent in its treatment of natural hazards. PBD, on the other hand, ensures 

that a certain desired level of performance is achieved when a structure is subjected to a 

spectrum of natural hazards.   

PBD is a system design philosophy that accounts for these shortcomings. In addition to 

the strength objective, its focus is performance and serviceability under different loading 

conditions.  PBD initiated in the 1960s; however, it  was not recognized until the 1970s due to a 

lack in technology, liability concerns, and the overall attitude in the building community 

(Ellingwood, 1998; Rosowsky & Ellingwood, 2002).  The U.S Department of Housing and 

Urban Development sponsored a program named “Operation Breakthrough” the purpose of 

which was to improve design and develop product innovation in housing systems (Rosowsky & 

Ellingwood, 2002; van de Lindt et al., 2009).  

According to Ellingwood (1998), PBD is “an engineering approach that is based on 1) 

specific performance objectives and safety goals of building occupants, owners, and the public, 

2) probabilistic or deterministic evaluation of hazards, and 3) quantitative evaluation of design 

alternatives against performance objectives; but does not prescribe specific technical solutions.” 

Rather than a single “design-basis” event that is considered in the current codes, PBD 

considers design for a number of events ensuring that specific expectations of the building 

owner, occupants, and public are met (Ellingwood et al., 2004; Hamburger, 1996). PBD has 

primarily focused on areas such as seismic design, fire-resistant design, and manufacturing 

engineering.  A resurgence of interest in seismic PBD followed the 1989 Loma Prieta and the 

1994 Northridge earthquakes due to the unexpected damage these ground motions caused. While 

buildings meeting minimum code requirements performed well in terms of life safety, the 
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economic ramifications were so high that it led public officials, and all stakeholders to call for 

investigation. A number of projects have been undertaken to develop a general frame work for 

PBD by the Federal Emergency Management Agency (FEMA) and the Structural Engineers 

Association of California (SEAOC) (Hamburger, 1996). Projects such as the CUREE-Caltech 

(Consortium for Universities for Research in Earthquake Engineering—California Institute of 

Technology) sought to identify weaknesses in current design of wood frame construction and 

more recently, NEESWood (Network for Earthquake Engineering Simulation), developed a 

performance-based seismic design philosophy for wood frame construction (van de Lindt et al., 

2009).  

Rosowsky and Ellingwood (2002) proposed a fragility analysis methodology for 

performance-based design of wood frame structures. This new methodology is to be used in 

performance assessment of structures subjected to different levels of natural hazards, condition 

assessment of existing building stock, and post-disaster assessment and damage survey of 

structures following natural disasters. Application of this methodology will ensure long term 

durability of the housing stock and reduction in overall losses due to natural hazards.  

While the previously mentioned study developed a general framework for PBD for wood 

frame structures, Ellingwood et al. (2004) performed a more quantitative analysis for assessing 

the response of light-frame wood structures subjected to wind and earthquake loads. This was 

achieved by establishing a relationship between performance goals and quantitative 

measurements of structural performance. In that study, analyses were performed for a number of 

common building configurations, and fragility curves were developed as functions of 3-s gust 

wind speeds for wind loading and spectral accelerations for earthquake loading. The study 
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articulated the importance of PBD and further emphasized application to the design of structures 

against natural hazards.  

In another study van de Lindt and Dao (2009) used fragility analysis to develop a 

framework for performance-based wind engineering (PBWE). Fragilities for different 

performance expectations, namely, occupant comfort, continued occupancy, life safety, and 

structural integrity were developed as a function of peak 3-s gust wind speed. Analyses were 

performed considering performance objectives that were defined in terms of system or 

component response. The study also determined the effect of different parameters such as truss 

spacing, roof-to-wall connection, and roof sheathing nail pattern on the overall response.  

In any structure, lateral and uplift forces due to wind are transferred through a continuous 

load path from the roof to the wall and then down into the foundation. Any discontinuity in the 

load path will affect the overall performance of the structure as a system. In spite of its 

importance on building performance, lack of continuity in the vertical load path has been a major 

issue in residential structures. This was observed in post hurricane investigation (van de Lindt et 

al., 2007; van de Lindt & Dao, 2009) as well as during site investigation following the April 27th 

, 2011 Tuscaloosa tornado (van de Lindt et al., 2012).   

Three main components within the vertical load path are vulnerable to extreme wind 

load: roof sheathing, roof-to-wall connection, and wall anchorage to foundation. In this thesis, 

fragility analyses are performed for these components. Assessment of roof and roof sheathings 

are very important since damage to these components can lead to enormous economic losses 

(Lee & Rosowsky, 2005). According to one study, insurance claims indicated that once the first 

roof sheathing panel is removed, losses reached nearly 80% of the total insured value of the 
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property due to water intrusion from the roof (Ellingwood et al., 2004; Sparks et al., 1994). 

Investigating the performance of roof-to-wall connections and wall anchorage is important since 

their failure can lead to progressive failure of other components and eventually collapse. The 

uplift forces acting on the roof are the main focus of design for roof-to-wall connections whereas 

the wall anchorage to foundation is studied in terms of wall racking and uplift. 

Probabilistic descriptions of capacity, resistance, and other material properties are 

essential to develop fragilities. A number of theoretical and experimental studies have been 

conducted to understand variability in these parameters. These statistics are obtained from a 

comprehensive review of literature and are summarized as follows: uplift capacity of roof panels 

(Rosowsky & Schiff, 1996; Rosowsky & Cheng, 1999b), roof-to-wall connection capacity (Reed 

et al., 1997; van de Lindt et al., 2012), and dead load statistics for roof panel and roof-to-wall 

connection (Ellingwood et al., 2004; Rosowsky & Cheng, 1999 a,b). In addition, there are 

uncertainties and variability in the wind loads that were investigated using a delphi study by 

Ellingwood and Tekie (1999).   

Literature is replete with numerous studies that have been conducted to investigate the 

performance of light-frame walls under in-plane shear forces. However, during a wind event 

walls are subjected to the combined effect of uplift, racking, and out-of-plane bending forces 

(Winkel & Smith, 2010). Several studies have investigated the effect of combined loading on 

uplift and shear capacities of the walls (NAHBRC, 2005; Winkel & Smith, 2010; Yeh & 

Williamson, 2009).  

The National Association of Home Builders Research Center (NAHBRC) (2005) 

conducted tensile and racking tests on several walls in which the bottom plate cross grain 
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bending and failure of sheathing connections were the observed modes of failure. As part of that 

study, an analytical model to estimate the failure capacity was developed and validated.  Using 

large washers for wall-to-foundation connections was recommended which prevents bottom plate 

failures and yield in full capacity through failure of sheathing connections that is the desired 

mode of failure.  

In this study, the results obtained from Winkel and Smith (2010) are exclusively used for 

wall capacities. The tests were performed on 8ft x 8ft (2.44m x 2.44m) walls made of 2 x 4 

(38mm x 87mm) studs spaced at 24 in. (0.601 mm) on center and sheathed with 7/16 in. (11.1 

mm) OSB panels. 6d nails were used for the sheathing with a nail schedule of 6 in./12 in. 

(150mm/300mm) (6 in. spacing along the edge of the sheathing panel and 12 in. at the interior 

locations). The sill plate was anchored using steel bolts spaced at 24 in. (600mm) and ½ in. 

(6mm) thick steel washers were used to prevent cross grain bending of the bottom plate. The 

study conducted by Yeh and Williamson (2009) provided more realistic data considering the 

current state-of-practice in residential construction in terms of stud spacing, sheathing, nail size, 

anchorage, and use of hold-downs.  However, due to the limited number of tests, inferring 

statistical parameters was not possible.  
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1.4 Research Purpose 
 

The literature review covered in the previous section clearly indicates that buildings 

designed in accordance with ASCE 7 provisions will not be able to withstand tornado induced 

loads, nor were they intended to withstand this type of loading. The purpose of this thesis is to 

apply a fragility formulation for residential wood frame structures subjected to tornado wind 

loading in order to provide insight into what may be considered rational design wind speed for 

tornadoes.  

1.4.1 Scope and Objective 
 

The focus of this study is on residential wood frame structures subjected to tornado wind 

forces. A number of baseline structures are developed to be representative of typical residential 

construction in the United States. This thesis does not specifically address different performance 

objectives essential to PBD, and may serve as a guideline for identifying a realistic wind speed 

for design against tornadoes. The probabilistic assessment of different structures is achieved 

through fragility based methodology that is discussed in detail in Chapter 2.  The objectives of 

this study can be summarized as follows: 

1- Perform probabilistic assessment of arche-types and develop fragilities for different 

components along the vertical load path; 

2- Determine components that are critical in system performance and investigate the effect 

of their improvement on overall system performance; 

3- Determine rational tornado design wind speeds based on the results of this study.  
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1.4.2 Study Limitations 
 

ASCE 7-10 provisions developed for straight line winds are combined with the 

amplification factors for tornadoes suggested by Haan et al. (2010) and provide the basis for the 

wind analysis part of this study. Their testing was conducted on a gable-roofed model subjected 

to a laboratory-simulated tornado at scale.  The majority of the arche-types used in this thesis are 

gable-roofed. However, there is a certain difference between in-situ conditions and a laboratory 

simulation. Little is known about the spatial characteristic of tornadoes and tornado-structure 

interaction in a realistic environment. Therefore, current understanding of tornado wind forces 

serves as a major limitation of this study.  
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CHAPTER 2: FRAGILITY MODELING 
 

2.1 Development of Baseline Structures 
 

An effort is made here to develop five baseline structures that will be representative of 

typical residential structures in the U.S. which serve as arche-types.   The intent of using five 

buildings is to provide a mechanism to generalize the results. For the purpose of this study, 

buildings are referred to as Type 1-5. Properties of these arche-types are given in Table 2.1; the 

dimensions and panel layouts for all arche-types are given in Fig. 2.1-2.5.  

Table 2.1. Properties of arche-types 
 
Properties Type 1 Type 2 Type 3 

Plan  dimension 53' 4" x 23' 6" 45' 4" x 40' 4" 41' x 57' 

No. of  stories 1 2 1 

Roof type 
N-S Slope E-W Slope E-W Slope N-W Slope E-W Slope Main N-S Slope E-W Small roof 

Gable Gable Gable 

Roof  slope 7: 12 
(~31◦) 

11:12 
(~42◦) 

8:12 
(~35◦) 

4:12 
(~20◦) 

12:12 
(45◦) 

8:12 
(~35◦) 

4:12 
(~18◦) 

Roof framing  
spacing 24" 24" 24" 

Overhang 1' 6" 1' 6" 1' 0" 
Type 4 Type 5 

53' x 30' 70' x 45' 

2 2 
Longitudinal Transverse N-S Slope E-W Slope 

Hip Roof Gable 

4:12 
(~18◦) 

~4:12 
(17◦) 

9:12 
(~37◦) 

~17:12 
(56◦) 

24" 24" 
6" 1' 6" 
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Figure 2.1. Structure Type 1 
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Figure 2.2. Structure Type 2 
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Figure 2.3. Structure Type 3 
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Figure 2.4. Structure Type 4 
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Figure 2.5. Structure Type 5 
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2.2 Fragility Analysis 
 

The probability of a function or a limit state subjected to loading can be expressed as 

𝑷(𝑳𝑺)  =  ∑𝑷(𝑳𝑺 | 𝑫 = 𝒙) 𝑷( 𝑫 = 𝒙)     (2.1) 

where P(D=x) is the probability that demand will have a value of x, and P(LS|D=x) is the 

conditional probability of the function. Demand can be any random variable describing intensity 

based on the type of analysis performed, e.g., 3-s gust wind speed for wind analysis, or spectral 

acceleration for earthquake analysis. The conditional probability of the limit state given a certain 

demand is defined as the fragility.  If variables in the equation above are expressed as a 

continuous function, then the summation will take the form of an integral and the probability can 

be obtained using a convolution integral (Ellingwood et al., 2004; Rosowsky & Ellingwood, 

2002).  The limit state can be any type of performance expectation that is defined in terms of 

component or system response. For example, the limit states investigated in this thesis are roof 

sheathing failure, roof-to-wall connection, and wall-to-foundation anchorage.  

Eq. 2.1 defines a fully coupled risk analysis that takes into account variability in the 

function as well as demand. According to Rosowsky and Ellingwood (2002), fragility analysis is 

less informative than a fully coupled risk analysis; however, the former has a number of 

advantages over the latter. System analysis is less complex than a fully coupled risk analysis and 

is performed independent of the hazard analysis. This becomes convenient particularly when a 

probabilistic description of the hazard is not yet available or is likely to be improved in the 

future.  
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The fragility of a structural system or component is often modeled using a lognormal distribution 

(Ellingwood et al., 2004; Lee & Rosowsky, 2005; Rosowsky & Ellingwood, 2002)  

𝐹(𝑥) = Φ�𝑙𝑛(𝑥)−𝜆𝑅
𝜉𝑅

�        (2.2) 

where Φ(. ) = standard normal cumulative distribution function, 𝜆𝑅= logarithmic median of 

capacity R, and 𝜉𝑅 = logarithmic standard deviation of capacity R.  

In order to perform risk analysis, hazard curves can be obtained from statistical analysis 

or from responsible agencies. For example, data regarding wind can be obtained from the 

National Weather Services (NWS), or in the case of seismic hazard, spectral acceleration can be 

acquired from the U.S. Geological Survey (Ellingwood et al., 2004).  Fig. 2.6 shows a suite of 

fragilities that is provided only for illustration purposes. The fragilities are developed as a 

function of a certain demand which in this study is 3-s gust wind speed.    

 

Figure 2.6. Suite of fragilities for illustration  
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2.3 Limit States  
 

Wind induced uplift forces can result in failure of roof sheathing panels or roof-to-wall 

connections. Structural performance of these components is influenced by three main 

parameters: dead load, wind load, and resistance. The limit state can be written as   

g(x) = R - (W - D)      (2.3) 

where D is the dead load; W is the uplift force due to wind acting on the roof sheathing, roof-to-

wall connection, or wall; and R is the  uplift resistance capacity of the nailed roof sheathing, 

roof-to-wall connection, or wall.  

It is observed that the dead load counteracts the wind load indicating its beneficial effect 

on performance. Based on Eq. 2.3, a fragility curve can be obtained as the conditional probability 

of g(x)<0(Lee & Rosowsky, 2005). The wall anchorage to the foundation is studied in terms of 

both wall racking and uplift. Eq. 2.3, shown above, is also applicable to the wall anchorage 

analyzed for uplift. However, for racking, the limit state can be defined by the following 

equation: 

g(x) = R – W       (2.4) 

where R= racking resistance of the wall, and W= uniform shear load applied on the wall 

This equation is similar to Eq. 2.3; however, the effect of dead load does not apply in this case.  
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2.4 Resistance Statistics 

2.4.1 Panel Uplift Capacity 
 

Uplift capacity of a roof sheathing panel is influenced by a number of factors such as type 

and size of the sheathing, type of nail, and nail spacing. Uplift capacity of the roof panels has 

been extensively studied by Rosowsky and Cheng (1999 b) and Rosowsky and Schiff (1996). 

For the purpose of this thesis, the uplift capacity was obtained for 4 ft x 8 ft (1.22 m x 2.44 m), 

15/32 in. (12 mm) plywood, attached with smooth-shank hand-driven 8d common nails (0.131 

in. (3.33 mm) diameter, 2.5 in. (63.5 mm) long). The sheathing was assumed to be attached to 2 

in. x 4 in. (50mm x 100mm) spruce-pine-fir (SPF) rafters spaced at 24 in. (610 mm) on-center. 

Two types of nailing schedule are considered in this study, 6 in./12 in. (150 mm/300 mm) and 6 

in./6 in. (150 mm/150 mm). The first number in the nail schedule indicates spacing along the 

edge of the sheathing panel while the second number indicates spacing at the interior locations 

(Lee & Rosowsky, 2005; Rosowsky & Cheng, 1999 b), i.e., field nailing.  The capacity statistics 

for a 6- in./6 in. nail schedule was obtained from a numerical analysis explained in van de Lindt 

and Dao (2009). The simulation is based on a number of nail tests and detailed finite element 

models. Statistics for roof uplift capacity used in this study is summarized in Table 2.2 shown 

below.  

 

Table 2.2. Panel uplift capacity statistics 
 
Nail type/spacing Mean COV Distribution Type Source 

8d nail 57.7 psf 0.2 Normal ( Rosowsky & Cheng, 1999 b) 
(Lee & Rosowsky, 2005) @ 6 in./12 in. 2.76 kPa 

       
8d nail 139.5 psf 0.21 Normal (van de Lindt & Dao, 2009) @ 6 in./6 in. 6.67 kPa 
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2.4.2 Roof-to-wall Connection Resistance 
 

Two types of roof-to-wall connections, (2)16d and H2.5 hurricane clips, that are common 

in residential construction are considered in this study. The first type is a connection in which the 

rafter is connected to the top plate using (2)16d common nails (0.162 in. (4.11 mm) diameter x 

3.5 in. (88.9 mm) long). In the second type, the rafter is connected to the wall using an H2.5 

hurricane clip, a method common in hurricane-prone regions and is installed per manufacturer 

recommendations. A schematic for this type of connection is shown in Fig. 2.7. Similar to the 

study by van de Lindt et al. (2012), the analysis is also performed for an ideal connection with 

two H2.5 hurricane clips. The capacity for this ideal connection is merely obtained by doubling 

the capacity of a single H2.5 and keeping the coefficient of variation (COV) constant in the 

analysis. A major assumption in this case is that rafters or trusses are expected to resist the full 

force developed in the connectors. The statistics for roof-to-wall connection used in the analysis 

are given in Table 2.3.  

 

Table 2.3. Roof-to-wall connection resistance statistics 
 
Connection type Mean COV Distribution Type Source 

 
 1,312 lbs 

(5.84 kN)     
H2.5 clip   0.12 Normal (Reed et al., 1997) 
      

   
(2)H2.5 clip 2,624 lbs 

(11.68 kN) 0.12 Normal (van de Lindt et al., 2012) 

  
350 lbs 

(1.83 kN) 

  
(van de Lindt et al., 2012) (2)16d toe nails 0.16 Normal 
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Figure 2.7. Truss and rafter connections to wood top plates 
 

2.4.3 Wall Racking and Uplift Capacity 
 

Results obtained from Winkel and Smith (2010) were used to determine the racking and 

uplift capacities for the walls. As seen in Table 4 below, the capacity provided for the combined 

effects of racking and uplift is only based on an uplift to racking aspect ratio of 1:1. However, in 

many cases these forces vary depending on the wind load and the aspect ratio is often not 1:1. 

Therefore, based on the data provided in Table 2.4, a capacity curve, shown in Fig. 2.8, is 

developed which can be used to determine capacities for different uplift to racking ratios. 

  

Table 2.4. Test results obtained from Winkel and Smith (2010) 

 

Force applied Base framing condition Peak test resistance (kN/m) 
Average COV (%) 

Racking only 
Unreinforced 5.5 7 

Reinforced 7.0 6 

Racking plus uplift Unreinforced Racking=3.2 - 

Nominally (1:1) Reinforced Uplift=5.1 - 

Uplift only Unreinforced or reinforced 9.8 9 
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Figure 2.8. Wall capacity curve for unreinforced condition (values in lb/ft) 

 
A similar curve is developed for the reinforced condition. Reinforcement in this case is 

3mm thick mild steel plates that are used to connect the studs to the bottom plate.  Fig. 2.9 shows 

elevation of a test specimen and details of steel reinforcements. Racking and uplift forces are 

determined for a certain velocity using the mean of the variables and their ratio is calculated. The 

calculated uplift to racking ratio is then used on the plot to determine the corresponding 

capacities.  

 
Figure 2.9. Interior face elevation of a test specimen - dimensions in meters (excerpted from 

Winkel and Smith, 2010) 
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2.4.4 Dead Load Statistics 
 

The dead load is defined as the self-weight of the members and is assumed to be constant 

in time. Dead load statistics are summarized in Table 2.5 shown below. For the roof sheathing 

panel, the mean is taken as 3.5 psf, (168 N/m2) based on estimated weights of the materials, and 

the COV as 0.10 (Lee & Rosowsky, 2005). For the roof-to-wall connection, the dead load is 

taken as 15 psf ( 0.717 kPa) with a COV of 0.10 (Ellingwood et al., 2004; Rosowsky & Cheng, 

1999 b). In addition, the dead load for wall racking and uplift analysis is obtained based on 

minimum design dead loads specified in Table C3-1, ASCE 7-10 (ASCE, 2010). In the case of a 

one story structure, only loads due to roofing and exterior stud walls are considered in the 

calculation. However, for a two story structure, additional dead loads due to hardwood flooring 

and floor joist are also considered in the analysis. Dead load statistics are then obtained based on 

mean-to-nominal ratio of 1.05 and COV of 0.10 (Ellingwood et al., 1980; Lee & Rosowsky, 

2005). 

 

Table 2.5. Summary of dead load statistics 
 
Connection type Mean COV Distribution Type Source 

Roof Panel 
 

3.5psf 0.10 Normal (Lee & Rosowsky, 
2005) 

 
( 0.168 kPa) 

 
 

 
   

 
Roof-to-Wall 15 psf 0.10 Normal (Ellingwood et al., 

2004) Connection 
 

(0.717 kPa) 
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2.5 Wind Load Statistics 
 

Recall that Haan et al. (2010) investigated tornado induced loads on the structures and 

determined tornado amplification factors in comparison to straight line winds of equivalent 

velocity.  Wind load statistics are mainly based on studies performed for straight line winds.  

This, combined with the data obtained from Haan et al. (2010), will provide basic load statistics 

for tornado analysis.   

Wind loading on a structure can be expressed using the following equation (ASCE, 

2010): 

𝑊 = 𝑞ℎ[𝐺𝐶𝑝 −  𝐺𝐶𝑝𝑖]      (2.5) 

where 𝑞ℎ= base pressure evaluated at mean roof height, 𝐺 = gust factor, 𝐶𝑝 = external pressure 

coefficient, and  𝐶𝑝𝑖 = internal pressure coefficient. The product of the gust factor and pressure 

coefficient is treated as a single variable and can be found in ASCE 7-10. The base pressure is 

calculated using the following equation: 

𝑞ℎ  =  0.00256 𝐾𝑐 𝐾𝑧𝐾𝑧𝑡𝐾𝑑𝑉2𝐼      �𝑢𝑛𝑖𝑡𝑠: 𝑙𝑏 𝑓𝑡2� ;  𝑉 𝑖𝑛 𝑚𝑝ℎ�     (2.6 a) 

𝑞ℎ =  0.613 𝐾𝑐 𝐾𝑧𝐾𝑧𝑡𝐾𝑑𝑉2𝐼          �𝑢𝑛𝑖𝑡𝑠:𝑁 𝑚2� ;  𝑉 𝑖𝑛 𝑚/𝑠�      (2.6 b) 

where Kc= the tornado amplification factor, Kz = the velocity pressure exposure coefficient, Kd = 

wind directionality factor, Kzt =  the topographic factor, V = the basic wind speed ( 3-s gust wind 

speed at 33ft (10m) above the ground in an open terrain), and I =  the importance factor.  

ASCE 7-10 considers two types of structural elements in the design for wind loads: the 

main wind force resistance system (MWFRS), and components and cladding (C&C). These 

elements vary in terms of their tributary area as well as pressure coefficients found in ASCE 7-

10.  A main wind-force resisting system is defined as the assemblage of structural elements that 
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provide support and stability for the overall structure. Components and cladding, on the other 

hand, are the part of the building envelope that transfers the load to MWFRS. Roof-to-wall 

connections and walls are modeled as MWFRS; however, roof sheathing panels are modeled as 

C&C.   

For the purpose of reliability analysis, each of the variables defined in Eqs. 2.5 and 2.6a 

are treated as random variables determined using information provided by Ellingwood and Tekie 

(1999) and Lee and Rosowsky (2005). Statistics for wind load parameters are summarized in 

Table 2.6 below.   

Table 2.6. Summary of wind load statistics 
 

Parameters Category Nominal Mean COV Distribution 
Type 

Kc 
Tornado wind 
amplification 
 factor 

C&C 1.4-2.4 - - 
Uniform 

MWFRS 1.8-3.2 - - 

GCpi* enclosed 0.18 0.15 0.33 Normal 
 partially enclosed 0.55 0.46 0.33 

Kz see Table 2.7 
GCp  see Table 2.8 
Kd deterministic (1.0) 
Kzt deterministic (1.0) 
I deterministic (1.0) 

*values based on Lee and Rosowsky (2005) 

The wind directionality factor, Kd, is taken as unity assuming that the wind direction is 

known. The topographic factor, Kzt, is also set equal to unity so the results will be independent of 

the local topography. For the purpose of this study, the tornado amplification factor, Kc, is treated 

as a random variable with a uniform distribution. For C&C, the uniform distribution range is 

assigned as [1.4 to 2.4] and for MWFRS it is assigned a range of [1.8 to 3.2]. The analysis 

performed by Haan et al. (2010) was based on an open terrain condition; therefore, the velocity 
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pressure exposure coefficient, Kz, in this study is only evaluated for Exposure C (the open terrain 

condition). In addition, since tornado winds, in contrast to straight line winds, are not dependent 

on the fetch length, exposure type does not have an effect.  Kz values for all structure types are 

summarized in Table 2.7 where Kz has a normal distribution.  

Table 2.7. Summary of Kz statistics for all structure types 
 

Structure Type Roof type Nominal Mean COV Distribution Type 

Type 1 
N-S slope 0.91 0.85 0.14 

Normal 

E-W slope 0.87 0.81 0.14 

Type 2 
N-S slope 0.95 0.89 0.14 

E-W slope 0.95 0.89 0.14 

Type 3 

E-W slope, large roof 0.9 0.84 0.14 

N-S slope 0.9 0.84 0.14 

E-W slope, small roof 0.85 0.79 0.14 

Type 4 Main roof 0.88 0.82 0.14 

Type 5 
Main roof 0.95 0.89 0.14 

Small roof 0.91 0.85 0.14  

 

Note: Mean-to-nominal ratio and COV based on Lee and Rosowsky (2005) 

The product of the gust factor and external pressure coefficient, GCp, depends on the 

location of the building envelope being considered and is evaluated separately for the MWFRS 

and C&C. The zone classification for roof sheathing panels is shown in Fig. 2.10. Sheathing 

panels at the ridge, eave, and corners, corresponding to zones 2 and 3, experience higher wind 

pressures than the other zones.  Interior panels are subjected to relatively low wind pressures. A 

roof sheathing panel can be located in different wind zones, each having a different coefficient. 

In this case, GCp for the panel is calculated based on a weighted average method. The coefficient 
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for each zone is multiplied by the percentage of sheathing panel area over which the pressure 

acts. GCp values for structure Type 1 are summarized in Table 2.8 as an example and the values 

for other structure types are provided in Appendix A for brevity.  

 

 

 
Table 2.8. External wind pressure coefficient, GCp, summarized for structure Type 1 

 

 

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0
nominal mean COV

a -1.66 -1.577 0.12
b -1.344 -1.2768 0.12
c -1.166 -1.1077 0.12
d -1.128 -1.0716 0.12
e -1.252 -1.1894 0.12
f -1.002 -0.9519 0.12
g -1.1 -1.045 0.12
h -0.9 -0.855 0.12

nominal GCp (ASCE 7-10)

Figure 2.10. External pressure coefficients, GCp for gable/hip roofs (excerpted from 
ASCE 7-10) 
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For the roof-to-wall connection, the gust factor, G, and the external pressure coefficient, 

Cp, were calculated using the directional procedure for the main wind force resisting system 

explained in ASCE 7-10. Once the values were calculated based on this standard, the mean-to-

nominal ratio and COV were used from Ellingwood and Tekie (1999) to obtain the required 

statistics.  As specified in ASCE 7-10, calculations were performed for two different wind 

directions: parallel to the ridge, and normal to the ridge. Since some structure types consisted of 

more than one roof system, G and Cp values were calculated for a combination of roof systems 

and wind directions, and only the critical case is considered in the analysis. The calculated 

critical values for GCp are summarized in Table 2.9.  

 

 

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0
nominal mean COV

a -2.316 -2.2002 0.12
b -1.521 -1.445 0.12
c -1.337 -1.2702 0.12
d -1.626 -1.5447 0.12
e -1.461 -1.388 0.12
f -1.1 -1.045 0.12
g -0.964 -0.9158 0.12

nominal GCp (ASCE 7-10)
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Table 2.9. Summary of GCp values for roof-to-wall connection and wall uplift 
 

Structure Type Nominal Mean COV Distribution Type 

Type 1 -1.144 -0.92 0.17 

Normal 

Type 2 -0.937 -0.75 0.17 

Type 3 -0.933 -0.75 0.17 

Type 4 -0.924 -0.74 0.17 

Type 5 -0.974 -0.78 0.17 

 

Wall-to-foundation anchorage was analyzed for the uplift as well as racking forces. The 

uplift forces are transferred from roof-to-wall connection to the walls; therefore, GCp values used 

for roof-to-wall connection shown in the Table 2.9 are also applicable to the wall uplift analysis. 

Racking forces are obtained from external wind pressure coefficients for the walls, as specified 

in ASCE 7-10. Wind forces applied to the walls in one particular direction are translated into 

shear forces on the walls in the direction perpendicular. These forces are then transferred to the 

foundation through shear action.  In a similar manner as described earlier, the wall coefficients 

were evaluated for different wind directions and only the critical case is considered in the 

analysis.  A summary of GCp values for the wall racking analysis of different structure types is 

provided in Table 2.10.  

Table 2.10. Summary of GCp values for wall racking 
 

Structure Type Nominal Mean COV Distribution Type 

Type 1 0.98 0.78 0.17 

Normal 

Type 2 1.14 0.91 0.17 

Type 3 1.11 0.89 0.17 

Type 4 1.14 0.91 0.17 

Type 5 1.19 0.95 0.17 
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2.6 Fragility Analysis of Roof Sheathing 
 

2.6.1 Individual Roof Sheathing Fragilities 
 

One of the main objectives of this study is to develop fragilities for roof systems 

comprised of a number of sheathing panels. However, in order to achieve this, it is first essential 

to perform fragility analysis for each individual roof sheathing panel prior to combining them 

probabilistically. Lee and Rosowsky (2005) developed roof sheathing fragilities for three 

different wind directions: parallel-to-ridge, normal-to-ridge, and all possible directions. The 

study showed that the latter case that is based on the ASCE 7-02 provisions was the most critical 

of the three. Therefore, the values specified in ASCE 7-10 that are based on the envelope of the 

worst case for all possible directions are used in this study to develop roof sheathing fragilities. 

Use of these values is also justified by the fact that tornadoes have rotational symmetry; this 

ensures that all locations on the roof will experience critical pressures in a single wind event (Lee 

& Rosowsky, 2005).  

Fragilities for the individual roof sheathing failures as defined in Eq. 2.3 were evaluated 

using Monte-Carlo simulation. This was performed using the statistics for wind, dead load, and 

uplift resistance explained in the previous sections. The analysis was performed using capacity 

statistics for full size 4 ft x 8 ft (1.22 m x 2.44 m) sheathing panels. Although some panels might 

be of smaller size, their uplift resistance is believed to be greater than a full size panel; therefore, 

statistics based on a full size panel would represent the most critical case. Once individual roof 

sheathing fragilities are obtained for each structure type, the data is analyzed based on the 

discussion presented in the next section to evaluate system fragilities for the entire roof. 
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2.6.2 Evaluating Roof System Fragilities 
 

Similar to the study performed by Lee and Rosowsky (2005), system reliability concepts 

are used to study multiple roof sheathing failures on a roof. Two main assumptions are involved 

in developing system fragilities that are as follows: 

1- Individual roof sheathing panel failures are considered to be independent; 

2- The internal pressure condition is assumed to remain “enclosed” throughout the entire 

analysis. “Partially enclosed” condition is assumed to occur only if elements of the 

building envelope such as doors or windows are breached- which in this case are assumed 

to remain intact.  

In order to maintain consistency with the study by Lee and Rosowsky (2005), four 

different damage levels are investigated as part of the roof system failure: (1) no roof sheathing 

failure (2) 1 or less than 1 roof sheathing panels fail (3) 10% or less of the roof sheathing panels 

fail (4) 25% or less of the roof sheathing panels fail. For the ease of reference, these are referred 

to as Damage Level 1-4.  

The fragility for the system safety (no roof sheathing failure) can be determined using the 

following equation: 

𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚(𝑠𝑎𝑓𝑒𝑡𝑦|𝑉) =  𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓�𝑉� =  ∏ (1 − 𝑃𝑖(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑉))𝑛
𝑖=1    (2.7) 

where V= wind speed, Nf= number of failed panels, n= total number of panels, and 

𝑃𝑖(𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑉)= failure probability of panel i given wind speed V.  

In a similar manner, the system failure for the second condition (1 or less than 1 roof sheathing 

panels fail) can be calculated using the following equation: 

𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓 ≤ 1�𝑉� =  𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓 = 0�𝑉� + 𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓 = 1�𝑉�   (2.8) 
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The relationship or the pattern is easily observed in the equations above; hence system 

fragility for the case of fewer than j roof panels can be obtained using the following equation: 

𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓 ≤ 𝑗�𝑉� =  ∑ 𝑃𝑟𝑠𝑦𝑠𝑡𝑒𝑚�𝑁𝑓 = 𝑖�𝑉�𝑗
𝑖=0      (2.9) 

Depending on the structure type being investigated, the total number of roof sheathing panels can 

reach approximately 100. This makes the analysis cumbersome, especially considering the 

number of combinations required to study roof damage levels 3 and 4. Therefore, numerical 

simulation is used for the analysis. Simulations performed using Eq. 2.9 would result in roof 

system fragilities, as shown in Fig. 2.11. The figure is presented only for illustration purposes 

and as indicated, each curve corresponds to a certain level of damage.   

  

Figure 2.11. System fragilities for illustration 
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2.7 Fragility for Roof-to-wall Connection 
 

For the roof-to-wall connection, only a single connection failure is investigated and the 

fragility is developed. Roof systems generally have a reasonable degree of redundancy 

associated with them; however, it is assumed in this study that a single connection failure would 

result in progressive failure of the entire roof system during a tornado.  

Similar to the previous section, the fragility for a roof-to-wall connection is developed as 

defined in Eq. 2.3. The analysis is performed using Monte-Carlo simulation with the statistics for 

wind, dead load, and uplift resistance already covered in the previous sections. It is important to 

note that the rafters are assumed to be spaced at 24 in. (610 mm) on center. This is a major 

parameter in the analyses since it can greatly influence roof-to-wall connection and roof 

sheathing fragilities. The uplift force on the roof-to-wall connection is based on the tributary area 

that is equal to the product of the rafter spacing and the span of the rafter. For a specific nail 

pattern, the roof sheathing capacity is directly influenced by the rafter spacing. For example, if 

rafters are spaced closely, this results in more sheathing connections which in turn increase the 

uplift capacity of the roof sheathing.  
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2.8 Fragilities for Wall Racking and Uplift 
 

Fragilities for wall racking and uplift are developed under a combined loading of shear 

and uplift. Fig. 2.12 illustrates simultaneous application of these forces on a wall segment of a 

low-rise building. Uplift forces are transferred from the roof-to-wall connections to the wall and 

eventually to the foundation.  In the case of a two-story building (structure Type 2, Type 4, and 

Type 5 in this study), a continuous vertical load path is assumed to exist. This assumes that the 

connection between frames on the first and second floors is able to transfer the applied uplift 

forces to the foundation.   Shear forces are evaluated based on wall pressure coefficients. Wind 

pressures applied on a wall in a particular direction are translated into shear force on the walls in 

the perpendicular direction, as shown in Fig. 2.12.   

 
 
 

Figure 2.12. Racking and uplift forces acting on a wall segment of a low-rise building  
 

External pressure coefficients for racking and uplift forces were calculated for different 

wind directions and roof types, in the case of multiple roof types of a structure. Since any 

combination of uplift and racking can occur anywhere on a structure, fragilities are only 
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developed for the combination resulting in the worst possible case. Load calculation and the 

fragility analysis is performed for a foot length of the wall and  in order to have a more realistic 

approach,  70% of the wall lengths are assumed to be shear wall. This is to discount any door or 

window openings. Although the loads are considered to act simultaneously on the building, 

fragilities for racking and uplift were developed separately since they represent two different 

limit states. Eq. 2.3 is used for reliability analysis of the wall uplift and Eq. 2.4 is used for 

reliability analysis of the wall subject to racking.    
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CHAPTER 3: RESULTS AND DISCUSSION 
 

The methodology for developing fragilities for different components of the vertical load 

path was thoroughly explained in the previous chapter. This chapter provides a general 

explanation of the results followed by an in-depth discussion.   

Recall that fragility of a structural system can be modeled using a lognormal distribution  

𝐹(𝑥) = Φ�
𝑙𝑛(𝑥) − 𝜆𝑅

𝜉𝑅
� 

where Φ(. ) = standard normal cumulative distribution function, 𝜆𝑅= logarithmic median of 

capacity R, and 𝜉𝑅= logarithmic standard deviation of capacity R.  This procedure is employed to 

fit the results of the fragility analyses. Figure 3.1 shown below is an example of the best-fit used 

for system fragilities obtained for structure Type 1.  

  
Figure 3.1. Lognormal-fitted roof system fragilities  

(Structure Type 1, 8d nail- 6 in./12 in. spacing) 
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Fragilities along with the lognormal best-fit data obtained for different components of the 

vertical load path, namely, individual roof sheathing fragilities, roof system fragilities, roof-to-

wall connection, and wall anchorage are discussed in order below. 

 
 

3.1 Individual Roof Sheathing Fragilities 
 

The following figures provide examples of individual roof sheathing fragilities developed 

for the different structure types introduced earlier. Each fragility curve represents the probability 

of the associated sheathing panel being lost as a function of 3-sec wind gust speed for a 

particular roof.  The fragilities are based on the use of 8d common nails (0.131 in. (3.33 mm) 

diameter, 2.5 in. (63.5 mm) long) with a 6 in./12 in. (150 mm/300 mm) nail pattern that is, 6 in. 

nail spacing along the edges and 12 in. spacing within the interior of the sheathing panel. Panels 

shown in the figure experience different uplift pressures based on their location that translates 

into different fragility curves; for example, in Fig. 3.2 panel “a” has the highest pressure 

coefficient and therefore the most severe fragility curve, i.e. shifted farthest to the left in the 

figure.  This trend is evident based on Figs. 3.2-3.6. Referring to the panel locations shown in the 

lower right corner of the figures, the severity of the panel’s fragility is illustrated. It is important 

to keep in mind that fragilities are probability distributions and so there would be no guarantee 

that the corner panel fails first, thus any combination must be done probabilistically which will 

be discussed later in this thesis.  
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Considering the number of panel types present for a certain structure type, only some 

sample fragilities are shown in the figures below. It is unreasonable to present all the results via 

graphical representation; however all of the lognormal distribution parameters are determined so 

that any desired fragility plot may be developed.  Lognormal parameters for structure Type 1 are 

given in Table 3.1 and data for the remaining structure types can be found in Appendix B of this 

thesis.  

 
 

Figure 3.2. Fragilities for individual roof sheathing failure  
(Structure Type 1-NS, 8d nail- 6 in./12 in. spacing) 

50 70 90 110 130 150 170 190
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Basic wind speed (mph)

P
ro

ba
bi

lit
y 

of
 fa

ilu
re

110 140 170 200 230 260 290 320
Basic wind speed (kph)



 
 

  - 45 - 

 
Figure 3.3. Fragilities for individual roof sheathing failure  

(Structure Type 2-NS, 8d nail- 6 in./12 in. spacing) 

 
Figure 3.4. Fragilities for individual roof sheathing failure  

(Structure Type 3-EW, 8d nail- 6 in./12 in. spacing) 
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Figure 3.5. Fragilities for individual roof sheathing failure 

 (Structure Type 4, 8d nail- 6 in./12 in. spacing) 

 
Figure 3.6. Fragilities for individual roof sheathing failure 

 (Structure Type 4, Exposure C, 8d nail- 6 in./12 in. spacing) 
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Table 3.1. Lognormal parameters for individual roof sheathing fragilities 
 

Roof Sheathing 
Nail type and  

spacing 
Roof type Parameters 

λ ξ 

8d nail 6 in./12 in. 

NS slope 
4.534 0.155 
4.629 0.155 
4.692 0.154 
4.706 0.155 
4.661 0.154 
4.758 0.155 
4.718 0.155 
4.804 0.155 

EW slope 4.404 0.155 
4.598 0.155 
4.656 0.154 
4.567 0.155 
4.616 0.155 
4.742 0.155 
4.799 0.155 

8d nail 6 in./6 in. 

NS slope 
4.958 0.160 
5.052 0.160 
5.115 0.160 
5.130 0.160 
5.085 0.160 
5.182 0.160 
5.142 0.160 
5.228 0.160 

EW slope 
 

4.827 0.161 
5.021 0.160 
5.079 0.160 
4.990 0.160 
5.039 0.161 
5.165 0.160 
5.222 0.160 

 
 
 
 
 
 
 



 
 

  - 48 - 

3.2 Roof System Fragilities 
 

As stated earlier, roof system fragilities are developed for four different levels of roof 

damage.  Fig. 3.7 demonstrates roof system fragilities developed for structure Type 1 considering 

a roof nail pattern of 6 in./12 in.  As seen in Fig. 3.7, for a tornado wind speed of 100 mph there 

is near certainty that at least 5 panels will fail for this particular structure. In addition, one can 

surmise that an EF2 tornado (111-135 mph) would result in at least 25% roof sheathing panel 

loss in this structure type. Table 3.2 summarizes lognormal parameters that can be used to 

develop roof system fragilities for various structure types and nailing patterns.  

 

 
Figure 3.7. Roof system fragilities (Structure Type 1, Exposure C, 8d nail- 6 in./12 in. spacing) 
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Table 3.2. Lognormal parameters for roof system fragilities 
 

Structure Type 

Roof System Fragilities 
Nail type and  

Spacing 
Roof Damage  

Level 
Parameters 

λ  ξ 

Structure Type 
1 

8d nail 6 in./12 
in. 

Level 1 4.281 0.0904 
Level 2 4.361 0.0640 
Level 3 4.483 0.0424 
Level 4 4.592 0.0303 

8d nail 6 in./6 in. 

Level 1 4.688 0.0919 
Level 2 4.771 0.0680 
Level 3 4.899 0.0419 
Level 4 5.012 0.0325 

Structure Type 
2 

8d nail 6 in./12 
in. 

Level 1 4.166 0.0872 
Level 2 4.241 0.0623 
Level 3 4.378 0.0384 
Level 4 4.484 0.0321 

8d nail 6 in./6 in. 

Level 1 4.570 0.0952 
Level 2 4.651 0.0666 
Level 3 4.795 0.0405 
Level 4 4.905 0.0322 

Structure Type 
3 

8d nail 6 in./12 
in. 

Level 1 4.152 0.0843 
Level 2 4.224 0.0621 
Level 3 4.373 0.0365 
Level 4 4.502 0.0273 

8d nail 6 in./6 in. 

Level 1 4.574 0.0932 
Level 2 4.653 0.0663 
Level 3 4.811 0.0376 
Level 4 4.943 0.0286 

Structure Type 
4 

8d nail 6 in./12 
in. 

Level 1 4.290 0.0826 
Level 2 4.360 0.0588 
Level 3 4.471 0.0381 
Level 4 4.580 0.0318 

8d nail 6 in./6 in. 

Level 1 4.694 0.0906 
Level 2 4.770 0.0639 
Level 3 4.889 0.0420 
Level 4 5.002 0.0326 

Structure Type 
5 

8d nail 6 in./12 
in. 

Level 1 4.108 0.0849 
Level 2 4.180 0.0597 
Level 3 4.401 0.0275 
Level 4 4.531 0.0217 

8d nail 6 in./6 in. 

Level 1 4.510 0.0931 
Level 2 4.588 0.0643 
Level 3 4.818 0.0293 
Level 4 4.947 0.0244 
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3.3 Roof-to-wall Connection Fragilities 
 

Fig. 3.8 illustrates fragilities developed for roof-to-wall connections of structure Type 1. 

Fragilities for three types of connections are presented in this figure:  (2)16d (0.162 in. (4.11 

mm) diameter x 3.5 in. (88.9 mm) long) nails, a single H2.5 hurricane clip, and two H2.5 

hurricane clips. Lognormal parameters for roof-to-wall connections for the five different 

structure types are given in Table 3.3.  

 

 

Figure 3.8. Fragility curves for roof-to-wall connections (Structure Type 1) 
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Table 3.3. Lognormal parameters for roof-to-wall connections 
 

Structure Type 

Roof-to-wall Connection 
H2.5 (2)H2.5 (2)16d 

Parameters 
λ ξ λ ξ λ ξ 

Structure Type 1 4.755 0.145 5.041 0.139 4.339 0.144 
Structure Type 2 4.623 0.143 4.888 0.139 4.270 0.143 
Structure Type 3 4.889 0.144 5.174 0.139 4.479 0.144 
Structure Type 4 4.755 0.144 5.035 0.139 4.361 0.143 
Structure Type 5 4.879 0.144 5.171 0.139 4.447 0.144 

 
 
 

3.4 Wall Racking and Uplift Fragilities 
 

Since a number of combinations for racking and uplift are possible considering the wind 

direction and roof types, only the critical combination was considered for the analysis. Fig. 3.9 

shows fragility curves for wall racking and uplift of structure Type 1. The wall segment 

presenting the worst condition is highlighted in the figure. Fragilities are developed for both 

unreinforced and reinforced conditions.  As discussed in Chapter 2, reinforcement in this case is 

achieved using 3 mm thick mild steel plating (straps) to connect the studs to the bottom plate. 

Fragilities for wall racking in both reinforced and unreinforced conditions, shown by the curves 

on the left side, present worst cases, as evidenced in the figure. Lognormal parameters for wall 

racking and uplift are given in the Table 3.4.  
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Figure 3.9. Fragilities for anchorage racking and uplift 

 
 

 
Table 3.4. Lognormal parameters for wall racking and uplift 

 

Structure type 

Wall-to-foundation  anchorage 

Force type 
Unreinforced Reinforced 

Parameters 
λ ξ λ ξ 

Structure Type 1 Racking 4.167 0.141 4.288 0.138 
Uplift 4.504 0.184 4.519 0.206 

Structure Type 2 Racking 4.225 0.137 4.343 0.131 
Uplift 4.463 0.190 4.484 0.218 

Structure Type 3 Racking 4.406 0.094 4.530 0.116 
Uplift 4.431 0.243 4.497 0.294 

Structure Type 4 Racking 4.398 0.129 4.511 0.120 
Uplift 4.560 0.202 4.588 0.237 

Structure Type 5 Racking  4.408 0.109 4.511 0.102 
Uplift 4.515 0.202 4.549 0.239 
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3.5 The Effect of Wind Type and Major Influencing Parameters on the Fragilities 
 

It is important to note that there are many variables and uncertainties involved in the 

fragility analysis. A number of factors that influence roof sheathing fragilities are roof slope and 

height, nail size and schedule. It is essential to discuss the effect of these variables on the 

fragility curve and understand their relative importance on the roof system’s performance in 

order to determine which provide worthwhile design improvement. A parametric sensitivity 

analysis is important since it provides an insight into areas that would require further 

improvement in terms of modeling and data collection (Li, 2005). The effect of different 

variables such as roof height and slope,  nail type, nailing schedule, and type of roof-to-wall 

connection on fragility performance have been well investigated in previous studies (Ellingwood 

et al., 2004; Lee & Rosowsky, 2005; Li, 2005)  from a straight wind perspective.  The latter three 

are more critical variables and therefore it is essential to discuss them from a tornadic wind 

perspective. 

 
Nail size and schedule are two dominant factors in roof sheathing fragility analysis since 

they directly influence the uplift resistance of the roof sheathing. 8d common nails are generally 

used in roof sheathing of residential construction while 6d nails are becoming obsolete. 

Therefore only 8d common nails are analyzed in this thesis. Fig. 3.10 shows fragility curves for a 

roof panel of structure Type 1 considering different nail schedules under different types of wind 

loads (straight winds and tornado winds).  The furthest curve on the right presents the lowest risk 

of failure that corresponds to the panel subjected to hurricane wind with a 6 in./6 in. nail 

schedule. As one can see in Fig. 3.10, the panel can withstand a wind velocity of 150 mph with a 

very small probability of failure.  However, if the same panel is subjected to tornado wind, there 

is more than a 60% probability that the panel will be uplifted.   
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Roof sheathing panels in hurricane-prone regions are commonly constructed with a 6 

in./12 in. nail pattern and are usually designed for a wind speed of 90 mph.  Looking at Fig.3.10, 

one can observe that the probability of failure of a panel with a 6 in./12 in. nail pattern, subjected 

to 90 mph hurricane winds, is essentially zero. However, the probability of failure increases to 

40% if the same panel is subjected to tornado wind. 

 

Figure 3.10. Panel "a" roof sheathing fragility (Structure Type 1, 8d nail) 
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under different types of wind loads. These figures provide a better insight regarding the influence 

of nail pattern and wind load type on the overall performance of the roofing system. For 

example, considering Fig. 3.11, for an EF2 tornado (111-135 mph) there is essentially a 100% 

probability of reaching a damage level 4 (no. of sheathing failures ≤ 25%). However, if the nail 

schedule is changed to 6 in./6 in., the probability of reaching damage level 4 in an EF2 tornado is 

reduced to zero.  
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Figure 3.11. Roof system fragilities under tornado winds  

(Structure Type 1, 8d nail- 6 in./12 in. and 6 in./6 in.  spacing) 

 
Figure 3.12. Roof system fragilities Hurricane winds 

 (Structure Type 1, 8d nail- 6 in./12 in. and 6 in./6 in.  spacing) 
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Fragilities for roof-to-wall connections for structure Type 1 under hurricane and tornado 

loads are shown in Figs. 3.13a and b, respectively. As observed in Fig. 3.13a, (2)16d roof-to-wall 

connections have approximately a 90% probability of failure for a straight wind velocity of 140 

mph. However, this probability of failure can be reduced to almost zero by using an H2.5 

hurricane clip.  

Considering an EF2 tornado (111-135 mph), a (2)16d roof-to-wall connection has 

virtually a 100% probability of failure. However, if trusses or rafters are connected using an H2.5 

hurricane clip, the probability of failure can be reduced to 35%-86%. Using two H2.5 

connectors, assuming that the connecting members could develop enough capacity, would 

further reduce the failure probability to 0-18%.  
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 (b) 
Figure 3.13. Fragilities for roof-to-wall connection (a) Hurricane and (b) Tornado  

(Structure Type 1)   

60 80 100 120 140 160 180 200 220 240
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Basic wind speed (mph)

P
ro

ba
bi

lit
y 

of
 fa

ilu
re

110 140 170 200 230 260 290 320 350 380
Basic wind speed (kph)

(2)16d Toe Nails 

H2.5 

2H2.5 

Hurricane Clip 



 
 

  - 58 - 

3.6 Validation of Tornado Fragility Model 

The fragility models developed for different components of the vertical load path must be 

validated before further analysis is performed on the overall system performance and conclusions 

based on their values offered. The validation is performed by comparing the data obtained from 

fragility analysis with the Enhance Fujita (EF) scale (Texas Tech, 2006).  The EF scale provides 

a method to rate the intensity of the tornadoes based on observed damage of different types of 

structural and non-structural systems. The degree of damage (DOD) can range from visible 

damage to the total destruction of a particular damage indicator (DI). One of the DI’s covered in 

the EF scale rating is “One- and Two-Family Residences”. Table 3.5 shows different DODs and 

their corresponding wind velocity for this particular DI as indicated in the EF scale. Wind speed 

values indicated in the table are based on traditional construction that is in compliance with local 

building codes.  

 
Table 3.5. DODs for one- and two-family residence 

 
DOD Damage description Exp* LB UB 
1  Threshold of visible damage 65 53 80 
2  Loss of roof covering material (<20%), gutters and/or  

awning; loss of vinyl or metal siding 
79 63 97 

3  Broken glass in doors and windows  96 79 114 
4 
 

Uplift of roof deck and loss of significant roof covering material 
(>20%); collapse of chimney; garage doors collapse inward or 
outward; 
Failure of porch or carport 

97 81 116 

5 Entire house shifts off foundation 121 103 141 
6 Large sections of roof structure removed; most walls remain standing 122 104 142 
7 Exterior walls collapsed 132 113 153 
8 Most walls collapsed in bottom floor, except small interior rooms 152 127 178 
9 All walls collapsed 170 142 198 
10 Destruction of engineered and/or well-constructed residence: slab 

swept clean 
200 165 220 

*Wind speed values are in mph 
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Although the results are validated by merely comparing these two sets of data, it is 

important to note that results of this study are probabilistic and quantitative and there are many 

uncertainties and variables involved in the analysis. However, EF ratings are based on expert 

elicitation and more qualitative. Since tornado wind speeds are not measured in general, this 

approach is offered for verification of the fragility methodology applied in this study.  

Figure 3.14. Roof damage level 3 and damage level 4 for all structure types 

Fig. 3.14 shows fragilities for roof damage level 3 (no. of sheathing failures ≤10%) and 

damage level 4 (no. of sheathing failures ≤25%) for all five structure types used in this study. 

These fragilities are developed for a nail pattern of 6 in./12 in. which is common in residential 

construction.  Based on Table 3.5, DOD 2 is defined as the loss of roof covering material less 

than 20%. Looking at the figure above, the fragility for this condition would lie between damage 

level 3 and damage level 4.   Considering the wind speed range corresponding to DOD 2, 

fragilities developed for the roof system are in good agreement with the EF scale rating and the 
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results are validated. It should be noted that no construction quality is accounted for in this study 

so all nails are assumed to be installed properly. As seen in the figure, poor construction quality 

would result in fragilities shifting to the left corresponding to lower bound of the indicated wind 

speed range.  

In a similar manner, fragilities developed for H2.5 roof-to-wall connection are compared 

to the damage descriptions of the EF scale. EF scale indicates that “Use of hurricane clip or other 

positive anchorage devices suggest a wind speed of 122 mph but not greater than 142 

mph”(Texas Tech, 2006). This is evident in the fragilities developed for H2.5 roof-to-wall 

connection for all the structure types, as shown in Fig. 3.15. Fragilities for structure Types 3 and 

5 are somewhat stronger than expected; however, fragilities for the other structure types show 

good agreement with the EF descriptions.  

 

Figure 3.15. H2.5 roof-to-wall connection for different structure types 
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Figure 3.16. Wall racking, reinforced and unreinforced, for all structure types 

 

Based on the discussion provided in Section 3.4, wall racking presents a more critical 

case than the uplift. Fig. 3.16 shows wall racking fragilities for both reinforced and unreinforced 

cases for all the structure types. Comparing the figure above with the DODs defined in Table 3.5, 

it is observed that even the reinforced condition, which represents the stronger condition of the 

two cases, only matches the lower bound of the wind speed range.  This can be mainly attributed 

to the capacity statistics used in the analysis which may not represent traditional construction in a 

hurricane-prone region. This warrants a more detailed discussion and it is important to 

investigate the use of a more realistic capacity and determine its effect on the overall 

performance of the structure for practical application.  

In terms of capacity statistics for this specific case, mean values are based on the sample 

data obtained from Yeh and Williamson (2009). However, a COV could not be inferred due to 
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the limited number of tests and therefore, the COV is adopted from the study by Winkel and 

Smith (2010).  The data is summarized in Table 3.6 below. Mean capacity values are given for 

an 8 ft x 8 ft (2.44 m x 2.44 m) wall made of 2 in. x 4 in. (50 mm x 100 mm) studs spaced at 16 

in. (0.601 mm) and sheathed with 7/16 in. (11.1 mm) OSB panels. 8d nails were used for the 

sheathing with a 6 in./12 in. (150 mm/300 mm) nail schedule. 

Table 3.6. Capacity statistics for alternative wall performance 
 

Force applied Mean (lb/ft) COV (%) 
Racking  596 7 
Uplift  1350 9 

 

Wall racking fragilities developed based on the modified statistics are shown in Fig. 3.17 

below. The wall parameters used in this analysis are more practical which yield more realistic 

results, as evidenced in the Fig. 3.17.  Since the newly developed fragilities confirm well with 

the EF description, these results were used in determining system level performance discussed in 

the next section.  

Figure 3.17. Wall racking for all structure types 
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Lognormal parameters for wall racking and uplift based on modified statistics are given in Table 

3.7 below.  

Table 3.7. Lognormal parameters for wall racking and uplift 
 
 

Structure type 

Wall-to-foundation  anchorage 
Racking Uplift 

Parameters 
λ ξ λ ξ 

Structure Type 1 4.396 0.140 5.140 0.141 
Structure Type 2 4.455 0.141 4.996 0.140 
Structure Type 3 4.686 0.141 5.215 0.141 
Structure Type 4 4.631 0.142 5.165 0.140 
Structure Type 5 4.651 0.141 4.994 0.140 
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3.7 System Failure for the Vertical Load Path Components 
 

Once fragility analysis is performed for different components of the vertical load path, 

probabilistic analysis for a series system is performed to develop fragilities for various system 

level performances.  Fig. 3.18 illustrates an evaluation of system performance for a sample 

structure. Considering different components of the vertical load path, a total number of 8 

combinations can be determined for each structure type. However, before such an analysis is 

performed for a structure, a set of plots are developed (Fig. 3.19-3.28) that are intended to 

provide insight into the performance of a structure under tornado loading. This will indicate the 

component that would act as a controlling factor in system level performance so that the analysis 

may be focused on the most critical components.   

 
 

 
Figure 3.18. System level performance evaluation chart 
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Two plots are given for each of the five structure types analyzed in this study. For 

example the first plot for structure Type 1, Fig. 3.19, presents fragilities developed for all 

components of the vertical load path with the roof system fragilities using a 6 in./12 in. (150 

mm/300 mm) nail schedule. The second plot, Fig. 3.20, is similar to the first except that roof 

system fragilities are developed for a 6 in./6 in. (150 mm/150 mm) nail pattern. As seen in Figs. 

3.19-3.28, where an 8d common nail with 6 in./12 in. nail pattern is used for the roof sheathing, 

roof system performances (damage level 1 and damage level 2) present the most critical cases. 

However, when higher damage levels are considered for the roof sheathing (damage level 3 and 

damage level 4), roof system damage along with (2)16d roof-to-wall connections are observed to 

represent the most critical cases. For example, assuming that a 50% probability is considered an 

acceptable probability for damage level 4 (no. of roof sheathing failures ≤25%, meaning that 

75% of the roof sheathings will remain intact), this corresponds to a wind velocity of 

approximately 95 mph, as observed in Fig. 3.19. This also yields a failure probability of 

approximately 90% for the wall racking and 95% for the (2) 16d roof-to-wall connection. Failure 

of roof-to-wall connection or a shear wall would likely result in progressive failure of the whole 

system. This represents a case where the entire roof will be removed without further damage to 

the roof sheathing.    
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The effect of nail pattern is evident for all structure types being considered. When the nail 

pattern is changed to 6 in./6 in., roof system fragilities corresponding to all levels of roof damage 

shift to the right, as expected; representing a lower probability of failure.  In this case, wall 

racking and the (2)16d roof-to-wall connection are more critical to the overall system 

performance, specifically the (2)16d connection.  This is evident due to their fragilities being on 

to the left side of the plot.  For example in the case of structure Type 1, for an 80 mph wind 

speed, the probability of a panel being uplifted is essentially zero. However, the probability of 

failure for wall racking and (2)16d connection is 50% and 60%, respectively.  The effect of nail 

pattern on system performance is further discussed at the end of the chapter. 

 
Figure 3.19. Fragilities for vertical load path components 

 (Structure Type 1, 8d nail- 6 in./12 in. spacing) 
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Figure 3.20. Fragilities for vertical load path components  

(Structure Type 1, 8d nail- 6 in./6 in. spacing) 

 
Figure 3.21. Fragilities for vertical load path components  

(Structure Type 2, 8d nail- 6 in./12 in. spacing) 
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Figure 3.22. Fragilities for vertical load path components  

(Structure Type 2, 8d nail- 6 in./6 in. spacing) 

 
Figure 3.23. Fragilities for vertical load path components 

 (Structure Type 3, 8d nail- 6 in./12 in. spacing) 
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Figure 3.24. Fragilities for vertical load path components  

(Structure Type 3, 8d nail- 6 in./6 in. spacing) 

 
Figure 3.25. Fragilities for vertical load path components  

(Structure Type 4, 8d nail- 6 in./12 in. spacing) 
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Figure 3.26. Fragilities for vertical load path components 

 (Structure Type 4, 8d nail- 6 in./ 6 in. spacing) 

 
Figure 3.27. Fragilities for vertical load path components  

(Structure Type 5, 8d nail- 6 in./12 in. spacing) 
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Figure 3.28. Fragilities for vertical load path components 

 (Structure Type 5, 8d nail- 6 in./6 in. spacing) 
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evidenced in the figures above. It is important to note that regardless of nail pattern used for the 

roof system or the fragility for wall racking and uplift, H2.5 hurricane clips for roof-to-wall 

connection has, in most cases, the curve further to the right representing the lower probability of 

failure.  The plots shown above clearly indicate that using a hurricane clip would change a roof-
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common construction methods. Determining a desired level of performance along with the 

effects of improving some of the components are also investigated herein.  

The vertical load path in a wood frame building is analogous to a series system; therefore, 

overall system performance is obtained by probabilistic analysis of the data using this concept. In 

a series system, for any component, failure to satisfy its intended purpose results in failure of the 

entire system. In this analysis, failure probabilities for all the components are considered to be 

independent.  Fragilities for the system level performances are given in Figs. 3.29-3.32. Fig. 

3.29, is developed considering a roof damage level 1with a nail pattern of 6 in./12 in., and (2)16d 

roof-to-wall connection. Fig. 3.30 is developed considering the same components; however, roof 

damage is taken as level 4 in this case.  

 

Figure 3.29. System performance fragilities  
(8d nail- 6 in./12 in. spacing, Roof damage level 1, (2)16d connection) 
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Figure 3.30. System performance fragilities  

(8d nail- 6 in./12 in. spacing, Roof damage level 4, (2)16d connection) 
 

Comparing Fig. 3.29 and 3.30, it can be observed that a better performance level is 

obtained when a higher level of damage (25%) to the roof system is considered. For example, 

considering an EF1 (86-110 mph) tornado, the probability of exceedance for the system 
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100%] depending on the structure type.  

Continuing with the assumption that roof damage level 4 (no. of sheathing failures ≤ 

25%) is considered an acceptable case in the event of a tornado, system fragilities are developed 

for improving (2)16d roof-to-wall connection to an H2.5 hurricane clip, and presented in Fig.  

3.31. This presents a more practical case in terms of traditional construction practices in 

hurricane-prone regions that is 6 in./12 in. nailing pattern for the roof sheathings along with H2.5 

hurricane clips to strengthen the roof system. 
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Comparing Figs. 3.30 and 3.31, improvement is observed in the fragilities given for all 

the structure types. For example, for an 80 mph tornado, there is approximately an 80% and 85% 

probability of failure for the structure Type 1 and 2, respectively. However, these probabilities 

are reduced to 45% and 40% for the structure Type 1 and 2, respectively.   This improvement is 

observed for all structure types; however, for structure Type 3 and 5 the fragilities are also 

observed to be steeper. This is mostly attributed to the fact that components other than roof-to-

wall connection are controlling the system performance. For the purpose of this discussion 

readers are referred to Figs. 3.19-3.28. The improvement for structure Type 1 and 2 is not as 

significant mainly because wall racking is controlling the system level performance, as seen in 

Figs. 3.19 and 3.21. On the other hand, for structure Type 3 and 5, improvement is observed in 

lower wind speeds. However, as the wind speed increases, the roof sheathing becomes the 

controlling component, as evidenced in Fig. 3.23 and 3.27, and therefore results in steeper 

system performance curves, shown in Fig. 3.31. Structure Type 4 demonstrates a desired level of 

performance. For example, consider EF0 (65-85 mph) and EF1 (86-110 mph) tornadoes, 

structure Type 4 performs well under both of these events. 
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Figure 3.31. System performance fragilities  
(8d nail- 6 in./12 in. spacing, Roof damage level 4, H2.5 hurricane clip) 

 

System performance fragilities similar to Fig. 3.31 are developed and shown in Fig. 3.32 

below for all five structure types used in this study. However, in this case the nail pattern is 

changed to 6 in./ 6in. As observed, the effect caused by the nail pattern can range from a minimal 

difference (structure Type 1 and 2) to a very significant change in system performance (structure 

Type 3-5). Referring to the previous discussion, the improvement in the case of structure Type 1 

and 2 is minimal mainly due to the wall racking controlling the system performance. In addition, 

structure Type 3 and 5 experience significant improvements since previously roof sheathing 

fragility was a critical component and a controlling factor in their original system performance.  

Comparing Figs. 3.29-3.32, it is observed that improving certain components along the vertical 

load path does not necessarily ensure the desired level of performance; other components that 

have critical fragilities might be the controlling component in system level performance.  
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Figure 3.32. System performance fragilities  
(8d nail- 6 in./6 in. spacing, Roof damage level 4, H2.5 hurricane clip) 
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 
 
 

Currently, design codes do not consider tornado induced loads, particularly due to their 

low probability of occurrence. Structures are designed based on straight wind provisions and are 

expected to withstand tornado design loads. However, research has shown that for the same 

reference velocity tornadoes produce larger forces than straight line winds.  This study 

demonstrates the application of the fragility based methodology in an effort to identify a rational 

tornado design wind speed using typical wood frame construction methods. 

Five structure types were developed to be representative of the residential construction in 

the mid-south, mid-west, or central plains region of the United States. Wind analysis was 

performed using loads computed based on the ASCE 7-10 standard. However, since tornadoes 

result in significantly higher pressures than straight winds, amplification factors were adopted 

from existing literature to determine tornado induced pressures on the structures. Fragilities were 

developed for the main components along the vertical load path, namely, roof sheathing, roof-to-

wall connection, and wall racking and uplift. The effect of nail pattern, type of roof-to-wall 

connection, and wall capacity was also investigated as part of this study. The results obtained 

from fragility analysis, though being probabilistic and quantitative, were validated with the 

descriptions provided by EF scale ratings for residential construction. The fragility model 

appeared to be in good agreement with the EF descriptions.  
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Considering that damage level 4 (no. of sheathing failures ≤25% of roof) is a condition 

that occupants would likely survive with proper in-building shelter (i.e. a small interior room) in 

the case of a tornado event, (2)16d roof-to-wall connection and wall racking present the  most 

dangerous fragilities. It was shown that use of hardware such as H2.5 hurricane clip can change 

roof-to-wall connection from a weak link in the vertical load path to a strong one. Utilizing 

hurricane clips also proved to have significant influence on system performance. The effect of 

the nail pattern was also evident on system performance. However, it is critical to develop 

fragilities for all components along the vertical load path before any decision is made regarding 

improvement of a particular component. These fragilities provide information regarding the 

critical components and controlling factors in overall system performance. Depending on the 

fragility of the system with regard to the other components, the effect of improvement can range 

from minimal to very significant.   

Based on the limited number of arche-type buildings used in this study the use of 8d 

common nails with a 6 in./6 in. nail pattern for roof sheathing panels, a hurricane clip (e.g., 

H2.5), and typical anchorage for shear and uplift one can expect to have approximately a 50% 

probability of a vertical load path failure or loss of approximately 25% of the roof sheathing in 

an EF1 (86-110 mph) tornado.  Using these typical products would not be as effective in an EF2 

tornado wind speed (i.e. center of tornado path) based on the analysis conducted in this thesis.  

Although there would be a small probability of keeping the vertical uplift load path intact, it is on 

the order of 0-25%; too low to be considered reasonable for design.    

The presented methodology has potential to be applied as a useful tool in improving the 

reliability of structures against tornadoes and can lead the way for development of new design 

provisions that will help save lives and prevent economic losses. In addition, this methodology 
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has numerous other applications. It can be used in assessment of the current building stock. The 

results can be used to determine weak links in the structure and implement a systematic retrofit 

option. Moreover, the study has application in post-disaster damage assessment and can be used 

in accurate evaluation of tornado ratings.    

The effects of boundary-layer straight wind on structures have been studied 

comprehensively in the past. However, significantly less is known regarding the tornado-

structure interaction and tornado induced loads on structures. Understanding these topics is 

essential in developing and applying a design philosophy. It is important to note that tornado 

induced pressures on a structure were studied from a straight wind perspective where only an 

amplification factor was used to take into account the effect of tornadoes and little is known 

about the spatial characteristic of tornado loadings. This is an area for further research and there 

is currently on-going work at several universities on this topic.  

The current study is exclusively presented from a technical perspective.  Future research 

should be based on a financial perspective such that feasibility of different products and retrofit 

options should be examined. This would require a close collaboration with industry that would 

pave the way for innovative design, new construction, and retrofit methods.  
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APPENDICES 
 
 

Appendix A. GCp values for structure types 
 

Table 1. External wind pressure coefficient, GCp, summarized for structure Type 2 
 

 
 

 
  

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0
nominal mean COV

a -1.65 -1.57 0.12
b -1.52 -1.45 0.12
c -1.44 -1.37 0.12
d -1.54 -1.46 0.12
e -1.44 -1.36 0.12
f -1.46 -1.39 0.12
g -1.66 -1.58 0.12
h -1.10 -1.05 0.12
i -1.69 -1.61 0.12
j -1.47 -1.39 0.12
k -1.10 -1.05 0.12

nominal GCp (ASCE 7-10)

Zone 3 Zone 2 Zone 1
Roof -2.3 -1.5 -0.9 nominal mean COV

Overhang -3.1 -2.2 0 a -1.71 -1.63 0.12
b -1.75 -1.66 0.12
c -2.26 -2.15 0.12
d -0.86 -0.82 0.12
e -0.85 -0.81 0.12
f -1.73 -1.64 0.12
g -1.41 -1.34 0.12
h -0.90 -0.86 0.12
i -1.41 -1.34 0.12
j -1.37 -1.30 0.12
k -1.77 -1.68 0.12
l -1.45 -1.38 0.12
m -2.02 -1.92 0.12

nominal GCp (ASCE 7-10)



 
 

  - 84 - 

Table 2. External wind pressure coefficient, GCp, summarized for structure Type 3 

 

 

  

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0
nominal mean COV

a -1.57 -1.49 0.12
b -1.11 -1.05 0.12
c -1.24 -1.17 0.12
d -1.21 -1.15 0.12
e -1.15 -1.09 0.12
f -1.44 -1.37 0.12
g -1.53 -1.46 0.12
h -0.95 -0.90 0.12
i -1.08 -1.02 0.12
j -1.10 -1.05 0.12
k -1.09 -1.03 0.12
l -1.11 -1.05 0.12

m -1.08 -1.02 0.12

nominal GCp (ASCE 7-10)

Zone 3 Zone 2 Zone 1
Roof -2.3 -1.5 -0.9

Overhang -3.1 -2.2 0 nominal mean COV
a' -1.96 -1.86 0.12
b' -1.70 -1.61 0.12
c' -1.24 -1.18 0.12
d' -2.56 -2.44 0.12
e' -0.85 -0.81 0.12
f' -1.45 -1.38 0.12
g' -1.62 -1.54 0.12
h' -0.91 -0.86 0.12
I' -1.66 -1.58 0.12
j' -1.15 -1.09 0.12
k' -2.30 -2.19 0.12

nominal GCp (ASCE 7-10)

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0 nominal mean COV
a -1.90 -1.81 0.12
b -1.90 -1.81 0.12
c -1.73 -1.65 0.12
d -1.11 -1.05 0.12
e -1.15 -1.09 0.12
f -1.75 -1.66 0.12
g -1.08 -1.03 0.12
h -1.02 -0.97 0.12
i -1.43 -1.36 0.12
j -1.90 -1.81 0.12
k -1.30 -1.24 0.12

nominal GCp (ASCE 7-10)
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Table 3. External wind pressure coefficient, GCp, summarized for structure Type 4 
 

 
 
 
 

Table 4. External wind pressure coefficient, GCp, summarized for structure Type 5 
 

 
 
 

Zone 3 Zone 2 Zone 1
Roof -1.5 -1.5 -0.9

Overhang -2.2 -2.2 0
nominal mean COV

a -1.58 -1.499 0.12
b -1.35 -1.286 0.12
c -1.45 -1.378 0.12
d -1.44 -1.368 0.12
e -0.89 -0.847 0.12
f -1.67 -1.584 0.12
g -1.49 -1.413 0.12
h -1.42 -1.345 0.12
i -0.85 -0.808 0.12
j -1.00 -0.950 0.12
k -0.85 -0.808 0.12
l -1.36 -1.292 0.12

nominal GCp (ASCE 7-10)

Zone 3 Zone 2 Zone 1
Roof -2.3 -1.5 -0.9

Overhang -3.1 -2.2 0

nominal mean COV
a -2.14 -2.03 0.12
b -1.80 -1.71 0.12
c -2.10 -1.99 0.12
d -1.27 -1.21 0.12
e -1.20 -1.14 0.12
f -1.38 -1.31 0.12
g -0.85 -0.81 0.12
h -1.77 -1.68 0.12
i -1.00 -0.95 0.12
j -2.16 -2.05 0.12
k -1.31 -1.25 0.12
l -1.13 -1.08 0.12

nominal GCp (ASCE 7-10)
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Zone 3 Zone 2 Zone 1
Roof -2.3 -1.5 -0.9

Overhang -3.1 -2.2 0
nominal mean COV

m -2.16 -2.06 0.12
n -1.45 -1.38 0.12
o -2.26 -2.14 0.12
p -1.66 -1.58 0.12
q -1.77 -1.68 0.12
r -1.44 -1.37 0.12
s -1.97 -1.87 0.12
t -1.05 -1.00 0.12
u -1.70 -1.61 0.12
v -2.23 -2.12 0.12
w -1.76 -1.67 0.12
x -2.02 -1.92 0.12
y -2.23 -2.12 0.12

nominal GCp (ASCE 7-10)

Zone 3 Zone 2 Zone 1
Roof -1.1 -1.1 -0.9

Overhang -1.9 -1.9 0
nominal mean COV

a -1.50 -1.43 0.12
b -1.30 -1.24 0.12
c -1.25 -1.19 0.12
d -1.58 -1.50 0.12
e -1.10 -1.05 0.12
f -1.10 -1.05 0.12
g -1.25 -1.19 0.12

nominal GCp (ASCE 7-10)
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Appendix B. Lognormal parameters for individual roof sheathing fragilities  
 

Table 5. Lognormal parameters for individual roof sheathing fragilities structure Type 2 
 

Nail type and  
spacing 

Roof type Parameters 
λ ξ 

8d nail 6 in./12 in. 

EW slope

 

4.513 0.155 
4.550 0.155 
4.574 0.155 
4.545 0.155 
4.576 0.154 
4.569 0.155 
4.511 0.155 
4.695 0.154 
4.502 0.155 
4.567 0.154 
4.695 0.155 

NS slope

 

4.496 0.156 
4.486 0.155 
4.368 0.155 
4.800 0.155 
4.805 0.156 
4.493 0.156 
4.584 0.154 
4.779 0.155 
4.585 0.155 
4.599 0.155 
4.483 0.155 
4.572 0.155 
4.421 0.154 

8d nail 6 in./12 in. 

EW slope

 

4.936 0.160 
4.973 0.160 
4.998 0.160 
4.968 0.160 
5.000 0.160 
4.992 0.160 
4.934 0.160 
5.118 0.160 
4.926 0.160 
4.990 0.161 
5.119 0.160 

NS slope

4.920 0.160 
4.910 0.160 
4.791 0.161 
5.223 0.160 
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5.228 0.160 
4.916 0.160 
5.007 0.160 
5.203 0.160 
5.009 0.160 
5.023 0.160 
4.906 0.160 
4.995 0.160 
4.844 0.160 

 
Table 6. Lognormal parameters for individual roof sheathing fragilities structure Type 3 

 
Nail type and  

spacing 
Roof type Parameters 

λ ξ 

8d nail 6 in./12 in. 

EW slope main roof

 

4.535 0.155 
4.691 0.155 
4.644 0.155 
4.655 0.154 
4.676 0.155 
4.574 0.155 
4.547 0.155 
4.759 0.155 
4.705 0.155 
4.695 0.155 
4.701 0.155 
4.691 0.154 
4.705 0.154 

EW slope small roof

 

4.495 0.156 
4.560 0.155 
4.702 0.155 
4.369 0.156 
4.865 0.155 
4.632 0.155 
4.583 0.155 
4.836 0.155 
4.569 0.155 
4.736 0.155 
4.419 0.156 

NS slope 
4.449 0.155 
4.449 0.154 
4.491 0.155 
4.691 0.155 
4.675 0.154 
4.487 0.155 
4.703 0.155 
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4.728 0.155 
4.579 0.155 
4.448 0.155 
4.621 0.155 

8d nail 6 in./6 in. 

EW slope main roof

 

4.988 0.160 
5.143 0.160 
5.096 0.160 
5.107 0.160 
5.129 0.160 
5.026 0.161 
4.999 0.160 
5.211 0.160 
5.157 0.160 
5.147 0.160 
5.152 0.160 
5.143 0.160 
5.157 0.161 

EW slope small roof

 

4.918 0.160 
4.983 0.161 
5.126 0.160 
4.792 0.160 
5.288 0.160 
5.055 0.160 
5.005 0.160 
5.259 0.160 
4.993 0.160 
5.159 0.160 
4.843 0.160 

NS slope

 

4.901 0.161 
4.901 0.160 
4.944 0.160 
5.143 0.160 
5.128 0.160 
4.939 0.160 
5.155 0.160 
5.180 0.160 
5.031 0.160 
4.901 0.160 
5.074 0.160 
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Table 7. Lognormal parameters for individual roof sheathing fragilities structure Type 4 
 

Nail type and  
spacing 

Roof type Parameters 
λ ξ 

8d nail 6 in./12 in. 

Main roof 

 

4.575 0.154 
4.644 0.155 
4.613 0.155 
4.616 0.155 
4.826 0.155 
4.550 0.155 
4.602 0.155 
4.624 0.155 
4.846 0.154 
4.777 0.155 
4.846 0.155 
4.642 0.155 

8d nail 6 in./6 in. 

Main roof

 

4.998 0.160 
5.067 0.160 
5.036 0.161 
5.040 0.160 
5.250 0.160 
4.973 0.160 
5.025 0.160 
5.048 0.159 
5.270 0.160 
5.201 0.160 
5.270 0.160 
5.065 0.160 
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Table 8. Lognormal parameters for individual roof sheathing fragilities structure Type 5 
 

Nail type and  
spacing 

Roof type Parameters 
λ ξ 

8d nail 6 in./12 in. 

NS slope

 

4.394 0.155 
4.473 0.155 
4.403 0.155 
4.631 0.154 
4.655 0.155 
4.595 0.155 
4.806 0.155 
4.481 0.156 
4.736 0.155 
4.389 0.155 
4.618 0.155 
4.682 0.155 
4.389 0.154 
4.572 0.154 
4.370 0.155 
4.510 0.156 
4.482 0.154 
4.575 0.155 
4.432 0.155 
4.716 0.155 
4.500 0.155 
4.374 0.155 
4.484 0.155 
4.420 0.155 
4.374 0.154 

EW slope 4.580 0.155 
4.644 0.155 
4.661 0.155 
4.556 0.153 
4.718 0.155 
4.718 0.155 
4.662 0.155 

8d nail 6 in./6 in. 

 
 
 
 
 

NS slope

4.817 0.161 
4.896 0.161 
4.827 0.160 
5.055 0.161 
5.078 0.160 
5.019 0.160 
5.229 0.160 
4.904 0.160 
5.159 0.160 
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4.813 0.160 
5.040 0.160 
5.106 0.161 
4.812 0.160 
4.995 0.160 
4.792 0.161 
4.934 0.160 
4.906 0.160 
4.998 0.160 
4.855 0.160 
5.139 0.160 
4.924 0.160 
4.798 0.161 
4.908 0.161 
4.843 0.160 
4.798 0.160 

EW slope 5.003 0.160 
5.068 0.160 
5.084 0.160 
4.980 0.160 
5.141 0.160 
5.141 0.160 
5.084 0.160 
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