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ABSTRACT 

Wind induced damage is observed in different types of civil engineering structures. There 

are several methods in use to predict damage. Researchers and stakeholders rely on these methods 

to quantify damage, which helps to schedule maintenance and to estimate financial loss. These 

damage prediction methods utilize the knowledge on properties of the wind or the wind load 

resistance of the material that constitutes the structure. However, recently, researchers have 

pointed out several shortcomings in these approaches. One such shortcoming is the inability of 

these methods to address the uncertainty in the data. A typical method for damage prediction rely 

on the accuracy of statistic of the wind load or the material property used in the analysis. If 

uncertainty exists in the data, then the statistic obtained from the data will give overconfident 

inferences. As a result the final predicted damage, will be biased and will not reflect the 

uncertainties involved in the actual data. 

In this research, an approach is proposed to enhance the damage prediction model. In order 

to address the uncertainties in damage prediction, the approach integrates monitored data and 

existing knowledge, which gives probabilities of damages rather than a single number. The 

advance in sensors and wireless technologies has enabled much easier access to high-quality 

monitored data. The monitored data can be used to enhance the accuracy of damage prediction. 

While using monitored data, the proposed approach also seeks to fully utilize existing damage 

prediction models. These models provide a strong framework based on theories of mechanics and 

knowledge gained from many years of research. In order to integrate existing damage models and 

additional monitored data, a Bayesian approach is adopted. The Bayesian approach provides a 
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sound framework for integrating the existing model and the additional data. In the Bayesian 

approach the existing model is termed as the prior. The prior is systematically updated using 

additional monitored data, in order to provide the posterior. In this research two case studies are 

considered. These are complete sealant failure of three tab asphalt shingles under wind load and 

fatigue damage of slender structures due to turbulence and wind structure interaction. 

In case of asphalt shingles, wind vulnerability is determined using a sensor based strength 

monitoring and integrating the existing data. The sealant in the shingle, helps to resist the wind 

load acting on the shingle. After installation of asphalt shingle, the sealant deteriorates over time 

and loses bond with the shingle. Consequently the wind uplift capacity is reduced and larger area 

of the shingle is exposed to higher wind load. A complete failure of sealant due to the wind load 

acting on it is defined as the failure of the shingle. A sensor mechanism is proposed to monitor the 

deterioration of the sealant and wind vulnerability of the asphalt shingle. Existing knowledge and 

monitored data is integrated to estimate the uplift capacity and the wind load acting on the shingle. 

The vulnerability of the shingle at each wind speed is expressed in terms of the sensor reading. 

MC simulation is carried out to determine the failure contour on the roof and fragility curves of 

roof at different ages. It is observed that, the fragility curve for a 2% area of roof failure at 100 

mph for a 10 year old roof from this study compares well with the results of fragility of roof cover 

from Cope, 2014. 

In case of long span bridges, the wind data from existing and monitored data are integrated 

to determine the possible statistic of wind data and damage is predicted using this data. Accuracy 

of fatigue damage prediction depends on the accuracy of the wind speed and direction statistic. 

Conventional approaches rely on initial wind statistics only, which result in a single fatigue 
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damage value. The proposed approach systematically updates the prior and wind statistic using the 

monitored data of wind for one year. This is used to determine the possible values of wind speed 

and direction statistic at the location. Fatigue analysis provides the probability distribution of 

different fatigue damage values. A long span bridge and long span beam were studied using the 

conventional and proposed approach. For the long span bridge, the fatigue damage from 

conventional approach is 0.002 and the mean fatigue damage from proposed analysis is 0.002. For 

the long span beam it is 0.392 and 0.397 respectively. The results from the proposed approach will 

give the designers and retrofitters a comprehensive view of the possible values of damage at any 

location on the bridge, thus helping in planning a maintenance task.
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

Prior knowledge and monitored data can be useful tool in tackling wind induced damage 

in structures. Performance evaluation and prediction of future damage are critical in pre-hurricane 

structural evaluation record and maintenance optimization. The random nature of wind, 

uncertainties in limited data size and uncertainty in performance level of elements of a structure 

calls for use of monitored data to predict the future performance. The probabilistic nature of wind 

loads and issues related to uncertainty make it difficult to assess the amount and spread of damage. 

In this context it should be noted that specific data such as field measured wind data using 

anemometers or sensor based data collected from building materials can be useful in detecting 

damage and predicting future performance.  

It is observed that conventional methods of damage prediction uses data of wind or the 

material property collected over time in the past. This data is usually obtained from a small sample 

of observations or from a sample not identical to the location or material in question. Hence the 

statistic (primarily the mean and standard deviation) obtained from these data is not representing 

the actual data. The confidence in the results from these models depend on the accuracy of these 

data. If the data or statistic does not reflect the properties of future data or its statistic, then the 

predicted damage tends to deviate from the observed damage. However, if monitored data from a 

recent observation and specific to the location or material in question is available, monitored data 

and prior knowledge can be integrated using well established mathematical formulations. 
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Therefore the statistic obtained using such an approach will be a better representative of the future 

data. 

Load acting on the structure and load resistance property of the material are the two aspects 

that determine the performance of a structure at any time. Hence a typical structural performance 

evaluation can depend on these two aspects. 1. Determining the deterioration (or change in a broad 

sense) in resistance property of the material and/or 2. Predicting the future wind load on the 

structure. To describe the approach in detail we focus on two problems wind vulnerability of 

asphalt shingles in residential buildings subjected to gradual unsealing and wind induced fatigue 

damage in bridges that focuses on the load aspects of the problem. Although two problems appear 

to be totally different, a common framework will be proposed, with differences appearing in the 

detailed formulations based on material deterioration and loads. In the following subsections the 

significance of the problem to the stakeholders are discussed. 

Significance of asphalt shingles: A roof of a house acts as a barrier against wind and rain. 

From a civil engineering perspective, a roof has three major parts. These are 1.Roof sheathing, 

which is generally a plywood or laminated board (oriented strand board), 2.Water proofing layer 

laid on the sheathing and 3.Roofing cover, which protects the water proofing membrane and 

provides aesthetic appeal to the roof of the house. Although structural support is provided by the 

roof sheathing, typical construction methodology relies on the roof cover to protect the underlying 

water proofing and sheathing from wind and water attack. Asphalt shingles are very common roof 

cover material used in the US. Asphalt shingles are preferred because of their architectural appeal, 

life expectancy and cost of installation. The asphalt roofing manufacturing industry contracts were 

close to $ 2.73 billion in 1997 and it was $4.64 billion in 1998 (McNully, 2000) which shows the 
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popularity of the roofing material in US. The asphalt shingle roofing is one of the cheapest roofing 

materials in terms of labor cost. However most of the shingle installation, fail prematurely causing 

a huge financial burden to the owner (Cope, 2004; Marshall, 2010; Dixon et al., 2012; FEMA 

2005a). A picture of damage to asphalt shingles due to Hurricane Charley, is shown in Figure 1. 

Loss of roof cover results in loss or damage of the water proofing membrane underneath it. This 

results in soaking of the roof sheathing and considerable weakening of the roof sheathing 

membrane. Loss of partial roof sheathing and water intrusion into the house are subsequent threats. 

Hence, asphalt shingle damage can cause financial loss of up to 59% of the interior value of the 

house and replacement cost ratios up to 6% of the value of the house (Florida Public Insurance 

Loss Projection Model 2005). Quality of the material, aging of asphalt shingles and poor 

installation are general culprits to low life expectations. However timely retrofit can improve 

performance of asphalt shingles. Pielke et al. (2008) and Marshall (2010) underscores the 

importance of mitigation action in reducing losses. 

Figure 1 Shingle loss during Hurricane Charley, Florida. Courtesy: FEMA 488 (2005) 
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Significance of fatigue damage determination in long span slender structures: Long span 

structures are the category of bridges which are generally longer than 500m. A perfect definition 

of long span structure is difficult to find. In order to reduce the construction costs of a long 

structure, the structure is generally envisioned to be thin. Hence these structures are sensitive to 

wind induced vibrations owing to the slenderness introduced due to reduce weight of the structure. 

Furthermore, the wind structure interaction phenomenon is observed in slender structures, which 

calls for separate analysis, different from the loads evaluated on rigid structures. Turbulence in 

wind can increase the response of slender structures which is generally classified as buffeting. It 

is observed that wind structure interaction results in vibrations in the long span structures. 

Vibrations at low stress level causes accumulation of fatigue damage in the bridges. The issue with 

fatigue damage is that it needs to be detected on time, before it causes a catastrophic event. Hence 

it is important for an engineer to know ahead the chances of fatigue damage in different locations 

of the structure, especially if the structure is huge. Prediction and timely determination of fatigue 

damage is also important due to possibilities of downtime during the maintenance. Several 

research has been conducted in the past in determining fatigue damage induced in long span 

structures due to wind-structure interaction. These methods use the statistical properties of wind 

speed and direction of the wind attacking the bridge. These conventional approaches assume that 

probability density functions of wind speed and direction, and their parameters, are exact while 

evaluating the fatigue damage. This approach is denoted as deterministic method in statistics. Wind 

data observation obtained from a relatively short period of time is used to predict the statistic of 

the wind for a long term. Such a method can overestimate or underestimate the fatigue damage. 

There are uncertainties associated with the wind data and these uncertainties were not addressed 

in a proper way in the past researches. However the fatigue damage could be dependent on the 
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uncertainties associated with properties of the wind. The change in statistic of wind speed or 

direction can induce a change in the fatigue damage. It will be more appropriate if the stakeholders 

understands the chances that certain damage level will be exceeded during a certain period of time. 

If the uncertainties are considered, the wind fatigue damage may not be a single number. A 

distribution of fatigue damage can be expected at any point of time during the life of the structure. 

It was pointed out by Holmes (1997) that deterministic approaches are commonly used to 

evaluate the wind loads on structures. While this approach was simple, errors occur in determining 

the possible values of the fatigue. Uncertainties associated with wind loads were also studied in 

the past by Caracoglia (2008). Jakobsen and Tanaka (2003) addresses the uncertainties involved 

in determining the response of long span bridges. 

1.2 Problem statement 

It is identified that wind induced damage prediction is important in civil engineering 

structures. Conventional methods of damage prediction rely on probability based approaches 

which take into account certain parameters, like property of the wind data or the property of 

Properties of 
wind

Wind load 
Material 

properties
Damage

Figure 2 Conventional method for damage prediction 
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material in the analysis. It is important to address the uncertainties involved in the data, to improve 

the damage prediction models. Below, these issues will be demonstrated in specific examples – 

asphalt shingle roof cladding and long span bridges. 

What is the problem in determining wind vulnerability of asphalt shingles: In case of 

asphalt shingles, a failure probability evaluation method based on its deterioration is not available 

in literature. Asphalt shingles are manufactured with in-situ sealant on top or bottom surface of the 

shingle. When the atmospheric temperature is sufficiently high, the sealant attaches with the 

shingle above it and this ensures wind resistance of the top shingle. It is observed that the roofing 

shingles undergo certain stages of damage during its life period (Terrenzio et al., 1997). These 

stages are difficult to determine and predict. Roofing shingles deteriorate over time, and one of the 

most significant aspects of the deterioration is gradual detachment of the sealant (Dixon et al., 

2013). The standard methods of design and construction do not consider the reduction in wind 

resistance with aging of the sealant or asphalt shingle material. The unsealed shingles are more 

vulnerable to wind loads and initial unsealing heightens the risk of further unsealing due to action 

of wind. 

The roofing installation contractors prescribe regular inspection of the roof to determine 

the quantity of damage. Figure 3 shows a typical unsealing damage observed in asphalt shingles. 

In the event of inspection, a house owner relies on the roofer who uses his/her experience to find 

out the damaged shingles. A damaged shingle is identified only if the roofer is experienced enough 

to find the damaged shingle. Unsealed shingles usually remain unnoticed until they fail in the 

severe wind event. Dixon et al. (2013) conducted survey of damaged shingles from existing 

buildings. Authors conducted non-destructive inspection method (similar to DeLeon and Pietrasik 
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(2009)). They characterized the damage based on length of unsealing and percentage of shingles 

unsealed in a roof. Romero (2012) investigated the possibility of a destructive, in-site mechanical 

uplift method, to determine the strength of the sealant. These methods are either laborious or 

destructive in nature. Non-destructive, simple and standardized methods, such as a sensor based 

methodology will save time in inspection, recording data, generate data over time that can be used 

for future studies and predicting the future damage in a systematic way.  

What is the problem in fatigue determination method for slender structures: In case of 

slender structures, the probabilities of different fatigue damages is not obtained using the 

conventional methods of analysis. Long span bridges are susceptible to wind induced vibrations. 

These vibrations induce stresses much below the yield stress and results in gradual fatigue 

accumulation over time. Moreover fatigue damage is difficult to determine, and consequences 

Figure 3 Existing sealant damage in asphalt shingles  
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could be catastrophic. Since a longer time span is considered in fatigue evaluation and since 

knowledge of wind speed and direction is required for the entire time span, the probability 

distribution of wind speed and direction is required. Fatigue damage prognosis helps in 

maintenance scheduling and planning. The literature review shows that conventional approaches 

for fatigue damage determination, generally use the probability density functions of wind speed 

and direction. These distributions are obtained by observing the wind data for a particular period 

of time at the location of interest or by using the wind data collected from a nearby observatory 

for a longer period of time. The conventional approach assume that these functions are error-free. 

Hence the statistic of the wind is assumed to be constant for fatigue damage evaluation. This 

assumption leads to a single estimated damage value.  

Error could occur in the statistic of the wind data distribution. The error in the distributions 

may be due to short-term data that are commonly used in these analyses to determine the 

parameters. The sampling error due to the use of short-term data in parameter estimation could 

propagate into significant errors in the predicted fatigue damage. A better choice would be a 

distribution of fatigue damage values, which will give the designer or maintenance team more 

flexibility in choice. If continuous monitored wind data is available, updating of future damage is 

also possible. As and when new wind data is available, the future damage can be updated 

accordingly. This could improve the accuracy of damage prediction and improve efficiency of 

maintenance scheduling. 

1.3 Research objective 

This study focuses on integrating the monitored data and prior knowledge into the existing damage 

prediction models for forecasting the probabilities of damage or failure. Monitoring data 
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continuously will help to build a database over a period of time. The different forms of 

uncertainties associated with the data will be addressed systematically using well established 

mathematical formulations. Hence, the prior knowledge and newly obtained data from monitoring 

can be used to predict the statistic, and then the damage, more comprehensively than the 

conventional methods. This approach increases the confidence in the predicted damage. 

What we want to do for asphalt shingle damage prediction: Since asphalt shingle 

deteriorates continuously, real time data can be collected from the asphalt shingle that can describe 

the amount of deterioration. Monitored data from the asphalt shingles along with prior knowledge 

can be used to evaluate the performance expectation of a shingle. This data can be collected at any 

time and calculations based on probabilistic approach, can be carried out to determine future 

performance. The aim of this research is to describe the amount of damage in terms of failure 

probability of the shingle using the sensor monitored data and prior knowledge. This information 

can be then used to locate shingles with damage, predict future damage, area that needs attention 

and retrofit/maintenance schedule. The data obtained from sample houses can be used as a sample 

of material resistance at any instant of time. This knowledge along with possible loads scenario 

can be used to project the expected loss during an event of hurricane. 

What we want to do for fatigue damage determination in slender structure: This study will 

investigate the possibilities of using a Bayesian approach to predict the future wind data at the 

location of the bridge. The approach will use the wind data collected from the nearby location as 

prior data and observed data. Further, the possible statistics of future wind data are determined 

using a Bayesian approach which can be then used to determine fatigue damage. The result will 

be a probability distribution of fatigue damage, as compared to the single value of fatigue damage 
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from the conventional approach. Moreover, accumulated knowledge about the wind data over time 

can be used to update the statistic of future wind data, and consequently, systematically make the 

fatigue estimation more accurate. 

1.4 Scope 

Damage prediction in asphalt shingles: This research scope is limited to three tab asphalt 

shingles with a single layer of sealant. The deterioration in the sealant is primarily limited to the 

length of detachment of the sealant measured from one end of the shingle. We used a sensor based 

method in determining the length of attachment and wind uplift capacity. The damage will be 

quantified using the fragility equations using the sensor reading. The analysis will consider the 

failure based on failure of component performance and failure of multiple shingles as a single 

entity due to any wind action will not be considered in this study. Any progressive failure 

phenomenon or shingle-wind interaction, flutter instability, wind gust and vortex action are beyond 

the scope of this study. 

Damage prediction in slender structure: The research scope is limited to long span slender 

structures. These structures will exhibit wind structure interaction. Such structures are expected to 

be exposed to wind of low speed for a considerable long period of time.  The analysis will be based 

on buffeting and self-excited forces acting on the structure. Vortex action and flutter instability are 

assumed to be absent under the wind load conditions assumed. Miner’s rule of cycle counting to 

was used to determine the fatigue damage in the slender structure.



11 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Wind flow characteristics and wind loads 

Wind response of a structure can be described by the wind climate, terrain near the 

structure, aerodynamic response of the structure and mechanical response. Davenport (1961) 

described these properties together as a wind load chain to emphasize the interrelation between 

these aspects. It is important to understand the wind flow properties to evaluate the wind loads on 

the structure. 

Wind properties have been studied in the past by several researchers. Mathematical 

expression for wind speed and wind spectra were also studied by Paulson (1970) and wind speed 

frequency distribution estimation has been studied by Justus et al. (1977). Wind speed 

measurements have been conducted in the past to study the stochastic nature of wind and to use 

that knowledge to quantify the load on the structure or structural elements and their response 

(Davenport, 1961; Apperly et al., 1979 and Peterka, 1997). Considerable amount of research exists 

on probability distribution of wind speeds (Luna et al., 1974; Garcia et al., 1998; Zhou et al., 2010, 

Simiu and Hackert (1996); Simiu et al. (2001)). Peterka (1997) and Cochran (1999) describes the 

localized increase in wind speed over the roof of residential buildings, which was found to 

influence roof component failures. 

Stochastic properties of wind: Wind induced forces are stochastic in nature. Gaussian 

distribution has been primarily used to represent majority of the wind related effects (wind speed, 
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pressure etc.) on civil engineering structures (Dyrbye and Hansen, 1999; Cope, 2004). Weibull 

distribution is generally used to describe wind speed in a particular direction at a given location. 

The parameters of Weibull distribution is found from the observed wind speed and direction data 

at a given location. 

Discussions are available on finding the mean and standard deviation of the peak values of 

the normalized variable during the time period T (Dyrbye and Hansen, 1999 and Davenport, 1961). 

The ratio between rate of zero up crossing and rate of local maxim of the normalized process Y (t) 

is called the regularity factor. This factor is used to determine whether a process is wideband or 

narrow band. 

Steady flow and unsteady flow: Steady flow is characterized by the orderly flow in layers, 

where the path of the molecules is predominantly straight line. When the properties of air flow are 

averaged in time, the nature of the flow is referred to as steady flow. The trace of particles follows 

a streamline in a steady flow. The wind speed is measured for 3-10s period for determining the 

wind load on the structural and cladding material. This time is chosen because it takes 3-10s time 

windows for typical civil engineering structure to respond to a wind load (Scruton and Rogers, 

1971). Steady wind load coefficients can be used to determine the static wind force on the structure. 

The nature of unsteady flow is characterized by the time dependency arising due to 

turbulence in the flow or motion induced self-excitation of the structure. The study in this field 

became significant after the collapse of the Tacoma Narrows Bridge in 1940. While conventional 

buildings can be analyzed assuming the steady flow or quasi steady flow, special considerations 

are required for analyzing dynamic response of flexible structures subjected to unsteady flow.  
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Characteristics of turbulent flow: Turbulence is the nature of flow where sudden changes 

in pressure and speed of the wind are observed. The effects of turbulent flows are studied by using 

admittance function (Davenport, 1960), which is predominantly a function of reduced velocity and 

frequency of oncoming flow. In other terms admittance function is used to convert steady flow 

forces to unsteady flow forces. The function filters out high frequency contribution in turbulent 

flow, when the dimensions of the body are small. In a body with larger dimensions, the spatial 

correlation of turbulence should be considered. This leads to the property of integral length scale, 

which can be used to identify the limits of dimensions to study the influence of turbulence.  

Quasi-steady force: Majority of the civil engineering structures are assumed to experience 

quasi-static force. The wind load is assumed to be a constant load acting on the 

structure/component proportional to the square of velocity and air density. Asphalt shingles are 

also treated as a rigid component in evaluating the wind resistance capacity. Wind structure 

interaction phenomenon is absent in case of asphalt shingle sealant failure. Some studies report 

flutter instability observations in asphalt shingles immediately before the shingles are pulled off 

from the fastener and it could be an interesting topic for studies focused on pull through failures 

and progressive failure of shingles. 

Self-excitation: Slender structures are sensitive to wind interaction forces. Self-excited 

forces come into play when the wind structure interaction results in decrease in overall damping 

or stiffness of the structure. The wind flow, around the structure results in modifying the damping 

or stiffness of the single entity, constituting the structure and fluid around it. These are represented 

using the aerodynamic derivatives, which are usually obtained by performing wind tunnel testing 

of models. It has been pointed out in several research works (Davenport, 1964; Scanlan, 1978; and 
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Chen, 2000), that there exist a relation between force coefficients and the aerodynamic derivatives. 

In the case of long span slender structures, three categories of wind structure interaction 

phenomenon were studied in the past. These are vortex vibrations, buffeting and flutter instability. 

These phenomenon are observed at increasing intensities of wind speed.  

Wind load on long span bridges: Wind load causes vibrations of flexible structures like 

long span bridges at all speeds. Vortex phenomenon is a low wind speed vibration triggered at 

certain frequency characteristic to the structure called vortex frequency (Dyrbye and Hansen, 

1999). Turbulence effects on wind load are observed at higher velocities and self-excited forces 

dominate at even higher velocities. This thesis focuses on buffeting phenomenon that causes 

vibration and induce fatigue damage. In an unsteady flow the load characteristic is changed due to 

turbulence in the flow. This has been researched by several authors and popular approaches are 

presented here. Considerable amount of research has been done in the past on the evaluation of 

buffeting forces and self-excited forces on slender structures (Davenport, 1962; Scanlan, 1978; 

Repetto et al., 2004 and Repetto, 2008). These studies considered the influence of aerodynamic 

admittance functions and influence of flutter derivatives. Formulations were proposed in time 

domain or frequency domain. An important observation that can be made in these studies is that 

there are uncertainties regarding different parameters that play a critical role in the analysis. When 

the flow is turbulent, the eddy formed in the flow interact with the structure. If the size of the eddy 

are comparable to the dimension of the structure, it results in increased forces. (Davenport 1961, 

Lynn and Stathopoulos 1985, Repetto 2009). The response is reported as a function of reduced 

velocity or reduced frequency. Uncertainties do exist in the wind load, parameters of the structure 
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or the parameters associated with wind structure interaction. It was pointed out by Holmes, 1997 

that deterministic approaches are commonly used to evaluate the wind loads on structures. 

2.2 Monitored data 

Wind speed and direction measurements: Wind speed and direction are usually measured 

at 3s, 10s interval. The wind speed is then reported as average of 10 minute interval or any other 

chosen interval depending on the requirement. Wind speeds are recorded from observatories which 

are constructed for the sole purpose of wind data recording or at weather stations. 

Sensor data measurement: Sensor based monitoring of structures is practiced in several 

civil engineering structures – long span bridges, tall vertical structures, dams and even wind farms. 

Marsh and Frangopol (2010) describe a sensor based method to determine structural reliability. 

The model takes input from sensor data, incorporates spatial and temporal variation in damage, 

and evaluates the probability of failure at any instant of time. The sensor data is corrosion rate 

which is used in the equations for evaluating the area of corrosion at any given time. The spatial 

variation in the sensor data is considered using MC simulations. This in turn is used to evaluate 

the capacity of the bridge deck. Measurement of strain resulting from extreme wind has been 

conducted by Li et al. (2002) to evaluate the fatigue damage and this was compared with the 

damage due to normal traffic. Strain was measured during the passage of typhoon York on Tsing 

Ma Bridge by making use of the Wind and Structural Health Monitoring System installed in the 

bridge. 

Use of observed data in structural engineering: Ghosh and Padgett (2010) presented 

formulation of time-dependent failure probability for structures subjected to deterioration. The 
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several factors that contribute to deterioration are log-normally distributed and resistance property 

of reinforcement, bearing and anchor bolts are probabilistically evaluated at different time stages. 

The capacity of the analytical model is used to find the fragility curves. Prior knowledge and 

monitored data has been used in predicting future strength in various research (Zheng and 

Ellingwood, 1998; Engelund and Sorensen, 1998; Enright and Frangopol, 1999). Geyskens et al. 

(1998) describes a method to update the prediction of elastic modulus of concrete based on prior 

knowledge and observations. Framework for model updating and the related uncertainties are also 

discusses in Beck and Katafygiotis (1998). Vanik et al. (2000) discusses structural model updating 

using a Bayesian approach. Katafygiotis (1992) studied the uncertainties related to structural 

models, and proposed the updating of structural modal parameters using the Bayesian approach. 

2.3 Wind resistance of asphalt shingles 

Fiber glass asphalt shingles are made of asphalt and glass fiber as a base on which various 

textures and colors of ceramic granules are used for aesthetic purposes. DeLeon and Pietrasik 

(2009) describes that fiberglass asphalt shingles consist of a reinforcing mat with a top and bottom 

layer of asphalt protected by coarse mineral granules on the top surface. Asphalt shingles with a 

higher grade usually have a thicker layer of asphalt which provides resistance to high wind. Two 

layers of shingles are bonded together to prevent water penetration and wind attack. Adhesives or 

sealant required to bond two layers of shingles are generally factory applied as a strip or spots on 

the top of the shingle to assure attachment with the layer of shingle on top of it. Freshwater et al 

(1985, Patent 4559267) describes the system of attachment as stick-down system. The sealant 

melts at a high temperature of 140 F – 160 F and bonds the two layers of shingle. This contributes 

to the primary wind resistance mechanism of the shingles. 
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The standard procedure for evaluating the wind resistance of asphalt shingles were 

investigated in the past. Cullen (1951) reported the uplift and pull through performance of some 

samples of asphalt shingle for different wind speeds. In this test the shingle layout is subjected to 

constant wind force for particular period of time (2 hours) and shingles which are bent or uplifted 

are reported as failed. Lamb and Noe (1980) developed a rating system to quantify the performance 

of unsealed shingles in a testing. Shaw (1991) describes the deficiency of the testing practice of 

asphalt shingles that existed during that period and possibilities of introducing tests of scaled 

models of buildings. 

Extensive research on asphalt shingle was conducted in 1980s and 1990s. Peterka (1983) 

discussed the shortcomings of existing test methods and proposed new wind load model. Peterka 

(1997) confirmed the wind load model of the asphalt shingle using experiments. The author points 

out the deficiencies in ASTM procedure for evaluating the shingle’s resistance to wind loads. 

Author noted that sealant is an important component in shingle wind uplift resistance. Further, the 

sealant shingle bond can be weakened due to dust accumulation or weather. Author also explains 

the mechanics of wind load on the shingle and how the uplift force acts on the shingle. Since the 

shingle is permeable, the air underneath the main portion of the shingle does not cause uplift. The 

author proposes that the air underneath the leading edge of the shingle causes the uplift on the 

leading edge. It is found from this study that the uplift pressure on the shingle is lower than other 

impervious roofing membranes. 

Shiao (2003) investigated the properties of sealant used in asphalt shingles. Authors noted 

that behavior of sealant is complex and difficult to quantify. This is also evident from the past 

research focusing on behavior of viscoelastic material (Kaelble 1971; Mc Ewan et al. 1966; Wu 
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1982, Chapter 10). Shiao (2003) noted the influence of rate of loading on the response of sealant. 

They reported that applying the mechanical uplift loads at higher rates of 10 and 100 times than 

the static load test rates, resulted in twice and thrice the resistance values of the sealant. At higher 

loading rates the sealant failure shows transition from cohesive to adhesive failure due to 

development of cavities. Basically this means that higher the load rate higher the response strength 

of the sealant. A static test will therefore yield a highly conservative resistance values for the 

sealant. Also the tearing strength of sealant is lesser than the static tensile strength. Shiao et al., 

2003 studied the influence of different types of loading like pulling and peeling to the response of 

shingle and sealant. The authors suggest that ASTM D6381 peel test may give conservatively low 

values of sealant performance when considering sudden uplift forces. 

Terrenzio et al. (1997) studied the chemical decomposition of shingle due to thermal aging. 

The authors describe that the aging of the shingle takes place by thermal changes and UV radiation 

which makes the contents of the asphalt soluble in water. This results in loss of material from the 

shingle during precipitation which makes it brittle gradually. Eventually this results in cracking of 

the shingle. The modulus of the shingle was however found to increase for the short period when 

subjected to accelerated aging. The authors were able to establish a comparison of natural and 

artificial aging results. The sealant strength was not studied in this research. Dupuis (2002) 

conducted studies on effect of moisture and heat on tear strength of the shingle. Authors concluded 

that moisture cycle had significant effect in reducing the tear strength of the shingle, while heat 

conditioning helps to regain tear strength. 

Jones et al. (1999) describes the wind uplift model and the use of individual pressure 

coefficients for shingles based on the physical properties of the shingle. An example problem 
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describes that a wind speed of 100mph can cause an uplift force of 1.96lb on one tab on a shingle 

with Cp value of 0.4. 

Cullen (1993) reported that bond strength increased with increased area and thickness of 

sealant. Wind uplift tests at 40, 50 and 60 mph were used to obtain a pass or fail criteria for the 

shingles. Staples performed poorly compared to nails against wind uplift forces. The author reports 

the results of uplift tests using mechanical methods to measure the resistance of the sealant 

conducted at Colorado State University, by the Asphalt Roofing Manufacturer’s Association 

Studies conducted by Dixon et al. (2014a) were focused on accelerated aging of the factory 

applied sealant bond and the asphalt shingles. Studies were conducted on the aging of shingles due 

to heat, UV radiation and water. The specimens were first prepared by conditioning at a 

temperature of 158F to ensure the sealant bonds. The exposure method was designed to mimic the 

natural exposure conditions. The exposure methods include continuous cycles of heat at 158F, 4 

hours of UV light and water spray for 15 minutes which lasts for 20 weeks. They followed the 

ASTM experimental methods (D6381) to test the shingles subjected to different exposures as 

mentioned above. Natural aging procedure was also conducted where the shingles are exposed to 

natural weather conditions for 5 years. 

Dixon, 2014b conducted survey of damage shingles from the existing buildings and 

characterized the damage. A non-destructive plan to determine whether the asphalt shingle has a 

sealant bonding is demonstrated. A person has to manually inspect each shingle by gently lifting 

the shingle up to ensure there is bonding. In site nondestructive survey by applying finger pressure 

on twenty seven houses to identify the sealant detachment discovered two distinct non-random 

patterns of damage – diagonal for diagonal installation and vertical for racked installation. 
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Hurricane post damage surveys also show a similar damage pattern thus confirming the role of 

sealant in wind resistant property of the shingles. Drastic increase in percentage of shingles with 

sealant detachment was observed with increasing age. The wind uplift model of the asphalt shingle 

has been revisited and validated in this study. 

Liu et al. (2010) observed that older roofs performed poorly during hurricane Ike and 

Gustav. Modern practices and codes in construction, have contributed in better performance of 

recent roof shingles. Shingle uplift was observed in zones where low roof uplift forces are obtained 

using ASCE07, suggesting the equalization of pressure concept used in asphalt shingle wind 

resistance model. Rash (2006) conducted post damage survey of hurricane Ivan on a building 

complex which had shingle installation of age varying from 30 years to 15 years. The author found 

that the repaired portions of old shingles performed well during the hurricane. Missing nails and 

high nails were the observed deficiency at the location of shingle loss. Marshall (2010) conducted 

a post hurricane damage survey after hurricane Andrew in Florida. The team observed failure of 

asphalt shingles which led to loss of water proofing underlayment and subsequent water 

penetration. 

DeLeon and Pietrasik (2009) classified the typical damage to roof shingles due to high 

wind as partially or fully un-adhered shingles, bent shingles, missing shingles, punctured and 

scuffed shingles. The categorization of damaged shingles is based on simple methods such as 

observation and hand lifting. Authors also describe a method to quantify the amount of damage in 

an area of the roof. 

Pinelli (2004) proposed an approach to predict the damage due to hurricane using certain 

defined damage modes. The damage modes are obtained by Monte Carlo simulation on a 
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component level. These damage modes are then combined to form certain damage states. The 

probability of the damage states is then evaluated based on the wind speeds. The probability of 

total damage at a particular wind speed is then obtained as the summation of all the probabilities 

at a particular speed. 

Cope (2004) reiterates that loss of shingle causes severe insurance loss. Author reviewed 

the research carried out on the performance of the shingles under severe winds. Author mentions 

the limitation of uplift test methods by FM (Factory Mutual) and UL (Underwriters Laboratory), 

that these tests does not induce turbulence nor has a limitation in wind speed. Dade county method 

is considered more reliable as the wind speed prescribed in this method is 110mph. Also the author 

concludes that the mean failure capacity of roof covering (includes tiles and shingles) for site built 

houses should be 70psf with a COV of 0.4 and for manufactured houses it should be 63psf with a 

COV of 0.4. The author used the NAHB data to validate the simulated structural damage Also 

author mentions that the data regarding decrease in wind load resistance with age is not available 

for asphalt shingles. 

Considerable amount of research has been conducted to study the aging of shingles. Studies 

were also conducted on sealant response to different types of load and aging induced changes, like 

in Shiao et al. (2003) and Dixon (2014b). The above studies use crude and laborious damage 

quantification methods. They do not address a non-destructive method to determine the in-site 

capacity or detect failure probability with partial sealant detachment. Hence, a non-destructive 

method, which can give the failure probability of the shingle against wind load at any time, will 

be helpful. This research focuses on performance evaluation of in-site asphalt shingles during their 

life period, which is a missing element in most of the research. A general view exists on the topic 
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that shingles get unsealed anywhere between six and twenty years. The length of unsealing and 

number of shingles that get unsealed in a roof, or which location of the roof suffers more damage 

are not known at any instant of time. We expect that this research will be able to answer this 

question. 

2.4 Fragility 

Li and Ellingwood (2007) describe a fragility method for determining the failure 

probability of the failure of immediate occupancy, life safety and collapse prevention. A relation 

between spectral acceleration at the fundamental period of the structure and maximum drift of 

certain type of shear walls used in residential wood frames is first obtained based on regression 

analysis on the available analysis data. � = ��  

The method assumes that the conditional seismic demand can be described by a lognormal 

distribution with the median as per above equation and logarithmic standard deviation using the 

scatter around the median one can determine the probability of exceeding the performance levels 

given a specific acceleration (S). A fragility curve is then obtained for acceleration and demand 

drift. The seismic hazard is determined as the probability that a particular acceleration is exceeded 

ie: S>x. The probability of exceeding the demand drift when a particular value of acceleration is 

obtained is the framework of this analysis. Coupled analysis of both the probabilities is used as the 

frame work.  

Li and Ellingwood (2009) describes a framework for multihazard risk assessment which 

incorporates hurricane and earthquake. Hurricane damage is modeled as a lognormal function 

using wind speed, median and logarithmic standard deviation of wind resistance component 
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capacity. Earthquake damage is also modeled as lognormal function which is a function of spectral 

acceleration. A comparison of damage from both the cases is made on the basis of three criterion 

- Using the stipulated return period, using design wind speed and spectral acceleration stipulated 

for design and using annual probability of damage. 

Ellingwood et al. (2004) describes a fragility analysis methodology for assessing the 

lightweight wood frame response to stipulated extreme windstorms and earthquakes. The authors 

have conducted a review of the performance of residential construction during natural disasters 

and identified the performance goals and limit states. Risk analysis is carried out for selected 

common building configurations. It is also reported that the building envelope suffered more 

damage than any other component during hurricane Hugo and Andrew. Fragility models were 

developed for single-family light frame residential houses. Choe et al. (2006) developed 

probabilistic capacity models for RC columns by addressing the uncertainties in the variables. 

Marsh and Frangopol (2010) describe a sensor based method to determine structural 

reliability. The model takes input from sensor data, incorporates spatial and temporal variation in 

damage, and evaluates the probability of failure at any instant of time. The sensor data is corrosion 

rate which is used in the equations for evaluating the area of corrosion at any given time. The 

spatial variation in the sensor data is considered using MC simulations. This in turn is used to 

evaluate the capacity of the bridge deck. 

Ghosh and Padgett (2010) presented formulation of time-dependent fragility for structures 

subjected to deterioration. The several factors that contribute to deterioration are log-normally 

distributed and resistance property of reinforcement, bearing and anchor bolts are probabilistically 
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evaluated at different time stages. The capacity of the analytical model is used to find the fragility 

curves. 

  Kind et al. (1982) observed that notable difference existed between uplift pressure on roof 

sheathing and loosely laid material on the roof. (2010) Peterka et al. (1983, 1997) described a wind 

uplift model of the asphalt shingle. The authors validated the model with laboratory experiment 

and in-site data. The peak uplift measured from the site is enveloped by the peak value predicted 

by the load model. Also the author has observed the difference in uplift pressure in the attached 

shingles and partially attached shingles. The authors claim that the model cannot accurately predict 

the directional effect of the wind, because the sensor that is used to record the velocity cannot 

record the direction. Liu et al. (2010) reported that shingle uplift was also observed in zones where 

low roof uplift forces are obtained using ASCE07. Cochran et al. (1999) studied the wind speed 

variation on roofs of typical geometry. Authors observed that failure of porous roofing material 

like shingles are largely controlled by local mean and peak wind speeds. 

Sensor based damage detection and quantification do exist for many critical elements of 

buildings and infrastructures (Xu et al., 1998). Roof cover is a critical element of the building but 

at the same time it is sensitive to weather conditions and installation errors (Pita, 2012). In the 

context of minimizing severe wind damage and optimization of retrofit expenses, accurate 

quantification of roof cover damage is inevitable (DeLeon and Pietrasik, 2009) A sensor based 

approach to detecting roof cover damage will enhance knowledge on real time fragility updating.    

A sensor based fragility updating approach is followed in this research.  This study is 

expected to reveal possibilities of quantifying damage as fragility functions based on real time 

sensor data. In the backdrop of harvesting solar energy, roofing shingles with solar cells are gaining 
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popularity. Roof is the most exposed and least used area of a house and it makes perfect sense to 

utilize the area for energy harvest. Potential exists for shingles with built-in solar cells. The 

importance of the research would then be augmented, because inspection of such shingles might 

be more laborious than the existing method. 

2.5 Wind induced fatigue damage in long span bridges 

Slender structures are sensitive to wind induced vibrations. Effects of buffeting forces and 

self-excited forces were studied in the past. Buffeting theory was investigated in detail by 

Liepmann (1952). Davenport (1962) discusses the response of slender line-like structure to gusty 

wind loads. Author applied the statistical approach to wind load analysis on tall buildings and 

suggested considerable improvements on the concept of gust load factors.  Davenport (1964) 

studied the applications of statistical approach to different types of structures. Flutter instability of 

long span bridge at relatively high wind speeds, was a popular area of study following the collapse 

of Tacoma Narrows Bridge. Wind induced vibrations like vortex and buffeting were also studied 

in detail during this period. Scanlan (1978, 1984, and 1988) discusses the formulation of buffeting 

and self-excited forces primarily in the frequency domain. Scanlan and Jones (1999) studied the 

effects of turbulence and wind structure interaction on long span bridges.  Costa (2002) Recent 

developments in buffeting phenomenon include influence of skew winds, properties of integral 

length scale and spectrum (Xu and Zhu, 2005; Li et al., 2012). 

Hosomi et al. (1992) conducted a numerical stochastic method to estimate fatigue damage 

in bridges due to buffeting. Gu et al. studied the significance of higher wind speeds and the 

associated probabilities on fatigue damage. Simplified approach to fatigue analysis for slender 

structures is also available in Holmes (1997). Li et al. (2002) studied the fatigue damage of Tsing 
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Ma Bridge using actual strain data measured from the bridge during the passage of a typhoon. 

Pourzeynali and Datta, 2005 studied the reliability of suspension bridges against fatigue failure. 

Repetto and Solari studied the effects of along wind and across wind induced fatigue damage on 

vertical slender structures. The Miner’s rule was used to determine the fatigue damage in most of 

the wind induced fatigue damage studies. Material fatigue curves (S-N curves) are standardized 

and readily available in standards and specifications (AASHTO, 2004). Xu et al. (2009) studied 

the Continuum Damage Mechanics (CDM) based method for fatigue estimation. Ko and Kim, 

(2007) investigated the wide band nature of the stress process and the rain flow method of stress 

cycle counting. Uncertainties associated with wind loads in wind structure interaction problems 

were studied by Caracoglia (2008). Jakobsen and Tanaka (2003) addressed the uncertainties 

involved in determining the response of long span bridges in a qualitative manner. 
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CHAPTER 3 

THEORY 

A conventional approach as described before relies on damage prediction using data either 

not specific to the problem or the sample size of the data obtained for the specific problem is small. 

A conventional approach in damage prediction is carried out without considering the uncertainty 

in the statistics obtained from small wind data sets, that is, the wind probability density functions 

and their parameters are assumed to be known exactly. The parameters estimated from small 

sample size are subject to sampling uncertainty, i.e., they may vary significantly from sample to 

sample. Given the uncertainty in the single probability distribution of wind speed and direction 

obtained from the data, a single damage prediction computed from this probability distribution 

may lead to incorrect description of damage. Hence a Bayesian approach is proposed, that will 

estimate the damage as a distribution rather than a single value by considering the uncertainty in 

the probability models and parameters. The proposed method is applicable when the prior 

knowledge is not specific to the problem in question. For example, suppose we need to find the 

statistic of the wind speed at a particular location A. Let us assume that we have collected the wind 

speed data at A for a short period of time and we have the long term wind data from a nearby 

location B. This problem, often solved using a subjective judgment can possibly be solved using 

the Bayesian approach. Given below are the conditions under which the proposed theory can be 

applied. 

1. Existing data regarding wind load or material property at a nearby location or from past 

is available and 
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2. New data regarding the wind load or the material property is collected from the specific 

location or the material that is used, specific to the point of interest. 

 

For example, if we need the mean and variance of wind speed at a particular location, we 

can adopt the proposed method. We will use existing data from a nearby location and monitored 

wind data specifically at the location. 

3.1 Bayesian statistics 

Bayesian statistics uses the Bayes’ theorem which is shown below. The theorem gives the 

probability of a particular event A, given the observation that another event B, has already 

happened. 

 
)(
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(1) 

 

Here left hand side gives the probability of the event A given the condition that B has already 

happened. )(AP  refers to the probability of event A, )(BP  refers to the probability of event B and 

)|( ABP  gives the probability of the event B given the condition that event A has already 

happened. The concept belongs to the category of conditional probability. 

 In real world problems the Bayesian inference is used as a modification of the above 

equations. The probability distribution that we already have before making any observations is 

called as prior. Theoretically, it is possible to choose any form of prior (for example, a uniform 
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distribution) if we follow Bayesian updating. The observation that we make, which is the new data, 

gives us the likelihood function. Likelihood function determines the probability of a parameter 

given that a particular data is observed. The posterior probability is the distribution that we obtain 

after considering the prior distribution and likelihood. In a concise form it can be explained that 

posterior is equal to the product of prior and likelihood. Figure 4 below is a pictorial representation 

of the above statements. 

Applications of Bayesian approach in various structural engineering problems has been 

reviewed in the previous section. In a typical Bayesian framework, the parameters of the 

probability model used in an analysis is assumed to follow a distribution. It is assumed that there 

are no true parameters involved. The observed data is used to get the distribution of the parameters. 

The final results are obtained using the updated parameters. 

A simple example will be shown below to demonstrate the application. This example is 

based on Ang and Tang, 1975. It is required to determine the average rate of accidents at an 

Data
Prior 

knowledge

Posterior

Monitored 

data

Posterior 

model

Figure 4 Representation of proposed theory 
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improved intersection. Let us assume that the occurrence of accidents is a Poisson’s process. Let 

ν denote the average rate of accidents at the improved intersection. Also from past knowledge we 

know that the value should be between 1 and 3, with average 2. Suppose an accident occurred 

during the first month after completion of the intersection. 

Table 1 Example for Bayesian approach: Prior and likelihood 

Number of accidents per year 1 2 3 

Prior probability 0.300 0.400 0.300 

Probability of occurrence 

(Poisson’s distribution) 

0.0767 0.1411 0.1947 

So the updated probability of accidents are  

� � = = P �|ν = P′ ν =� �|� = �′ � = + � �|� = �′ � = + � �|� = �′ � =  

� � = = . .. . + . . + . . = . 66 

Table 2 Example for Bayesian approach: Posterior 

Number of accidents per year 1 2 3 

Posterior probability 0.166 0.411 0.423 
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The updated value of ν (number of accidents per year) is 

� �|� = . 66 + . + . = . 6 

So the above example shows that the initial probability about the number of accidents can 

be modified using the latest observation. The latest observation shows that it is more likely that 2 

accidents per year can occur. The probability of higher number of accidents increases if we 

incorporate the latest observation. 

3.2 Monitoring uplift capacity of shingles 

In this section, the concept behind the process of collecting material deterioration data from 

the asphalt shingles will be presented. As already described, we investigate a new approach of 

1     2               3  
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Figure 5 Example: Bayesian approach 
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using a sensor to determine the failure probability of a roof shingle. If the sensor is installed under 

a shingle tab, the sensor reading can be obtained at any instant of time. The sensor reading can be 

used to determine the prior and monitored capacity. The posterior uplift capacities can be 

determined using this information. The fragility function can be then evaluated, to obtain the 

failure probability of the shingle, at any particular wind speed. Since the deterioration of the sealant 

is monitored the posterior uplift capacity will be more accurately predicted, using the sensor 

reading. This will give more accurate evaluation of the performance level of shingles. We expect 

that a labor intensive and error prone inspection can be replaced by accurate (and objective) sensor 

based approach. We acknowledge that, installing sensor under each tab will be an expensive task. 

However, we believe that future reduction in cost of the sensor, and additional studies on sensor 

placement optimization, can tackle the cost issue. Below, the tasks involved are explained briefly. 

Sensor reading 
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 Test results 

Mean 
capacity  

Standard 
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Figure 6 Schematic illustration of the relation between uplift capacity and sensor reading 
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The force sensor is installed into the sealant location at the center of the width of the 

shingle. The sensor reading increases with increase in sealant attachment length, because the force 

applied on the sensor increases with sealant attachment length. Since the attachment length is 

proportional to the uplift capacity, the increase in sensor reading reflects an increase in uplift 

capacity.  However it is highly likely that the sensor reading will not give a unique uplift capacity 

value. As shown in the Figure 6, when we consider multiple specimens with identical sensor 

reading, their load capacities will show scatter due to uncertainties. 

In order to account for these uncertainties, we assume that the load capacities 

corresponding to a specific sensor reading follows a lognormal distribution. While this assumption 

is based primarily on the previous research data carried out on civil engineering structures, validity 

of an alternate distribution that fits the observed data or a different approach to uncertainty cannot 

be ruled out. However in order to simplify our analysis and highlight the overall approach, we 

assume the distribution to be lognormal. 

3.3 Wind load on asphalt shingles 

This section explains the concepts and calculations for wind load acting on the shingle. 

Conventional methods for evaluating the wind load use the formula for completely sealed asphalt 

shingle subjected to wind load. Since this study focuses on gradual detachment of the sealant, it 

will be reasonable to consider the partial detachment of the sealant in evaluating the wind load.  It 

should be noted that, researchers have observed the increased exposure of partially unsealed 

shingle to wind, thus increasing the total load acting on the shingle. Moreover, wind shingle 

interaction phenomenon is also reported to be observed in full scale tests and it is plausible 

statement considering the flexible nature of shingles. However, a detailed study on this topic is 
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beyond the scope of this research. A simplified formula for partially unsealed shingle based on the 

sensor reading will also be presented. The shingles are pervious in nature. Hence the wind load 

mechanism of the shingle is different from impervious roofing material or sheathing. Negative 

sign shows uplift pressure on the shingle.  

The peak pressure on the shingle is given below: 

 
p

ref

roof

ref CD
U

U
Up

2

2

2

1













   

(2) 

Here p


 is the peak pressure acting on shingle,   is the air density, 
refU  is the one hour average 

wind speed at the roof level, 
roofU


 is the peak wind speed at the location of the shingle, and 

pCD  

is the pressure coefficient for the shingle. The peak wind speed ratio 
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Figure 7 Flow across the shingle (Peterka, 1997) 
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shingle can be obtained from data available through wind tunnel experiments. The wind load acts 

on very limited area of the shingle. The half width of the shingle on the leeward side of the sealant 

and the exposed length of the shingle on the windward side of the sealant are subjected to wind 

force. Unlike other cladding material, the area involved in contribution is reduced. The formula 

used by Peterka (1997) is further modified in ASTM D7158 2012, by introducing the pressure 

coefficients on either side of the sealant. 

The net force acting on unit length of the shingle will be: 

Here 1L  is the distance measured from the center line of sealant to windward edge of the shingle 

(inches) and 
1pCD is the pressure coefficient at this windward portion in front of the sealant. Here 

2L  is the distance measured from the center line of the sealant strip of target shingle to windward 

edge of the shingle directly above the shingle (inches), 2pCD  is the pressure coefficient at the 

location between sealant and windward edge of the shingle directly above the shingle.  

The shingle becomes more sensitive to wind loads owing to greater exposure to wind when 

the sealant detachment increases. When the sealant loses bond the air is capable to seep in and 

deforms the detached region of the shingle. Due to wind load, gradual deformation of the detached 

region owing to flexible shingle is also observed by researchers. The angle of attack on the shingle 

at the deformed region (which is already detached) also changes. Although we do not have detailed 
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study available on this phenomenon, it will be incorporated into this analysis by a suitable 

assumption. 

Figure 8 Wind load acting on the shingle (ASTM D7158) 
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Figure 9 Pressure coefficients for the completely attached shingle tab (ASTM D7158) 
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We assume that the pressure coefficient, in the detached region will be 2pCD for partially 

unsealed shingles in accordance with Peterka (1997) and Dixon et al. (2013). Alternate assumption 

on the increment rate might not influence the analysis results significantly. 

Based on the above explanations, the pressure coefficients are assumed to be as shown in 

Figure 10. For a partially detached shingle, the force acting on the shingle can be evaluated using 

the assumed pressure coefficient distribution as shown above. The force on the shingle can be 

found using the modified equation as shown below. It is assumed that the coefficients are same in 

the wind ward portion and the leeward portion where the sealant is lost. This formula does not 

consider the deformation in the shingle at the detached region and wind shingle interaction. The 

new equation for total force is as shown below. 

Wind 

Detached region 

δ 

Windward 
portion 

DCp1 

0.5L2 

L1 

DCp1 DCp2 
Leeward 
portion 

Sealant 

0.5L2 

Figure 10 Pressure coefficients for a partially detached shingle tab (not to scale) 
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 (4) 

Here  is the length of detachment of the shingle. To obtain the force on the shingle, we need to 

estimate the detachment length. As explained in section 2.2, the detachment length can be obtained 

from the sensor reading. 

3.4 Buffeting formulations for long span slender structures 

In order to evaluate the wind induced fatigue problems, the wind load analysis of the slender 

structures using the concepts of wind structure interaction should be reviewed. This section gives 

a brief description of the equations involved in evaluating standard deviation of stress as a function 

of wind speed. Wind structure interaction is observed generally in structures with relatively low 

frequency. Different forms of wind structure interaction phenomenon have been identified by 

x – Longitudinal, y – Lateral, z – Vertical 

Deck 
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y z 
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Figure 11 Coordinate axis on the deck and wind direction 
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researchers which are briefly discussed in section 2.1. This study focuses on the wind structure 

interaction under turbulent flow called buffeting. 

Buffeting theory was investigated in detail by Liepmann (1952), Davenport (1960), 

Scanlan and Jones (1999), Costa (2002) Recent developments in buffeting phenomenon include 

influence of skew winds, properties of integral length scale and spectrum ( Xu and Zhu, 2005;  Li 

et al., 2012). This study primarily concentrates on the buffeting formulations suggested by the 

authors mentioned above. In this analysis the forces acting on the bridge are classified as 1. 

Buffeting forces – the force generated due to oncoming flow fluctuations and 2. Self-excited forces 

– the forces due to wind-structure interaction. We assume that the bridge is a line-like structure 

that has horizontal, vertical, and torsional components of displacements and the bridge is within 

the elastic limit under the loads used in this study. The forces described in this section are evaluated 

assuming that the wind is directed normal to the longitudinal direction of the bridge (along y axis). 

The equation of motion is described in the time domain using the modal properties and natural 

coordinates as shown below (Chopra, 2007). 

Details of the theory and the formulations that follow can be found in (Davenport, 1960; 1961; 

Scanlan; 1978; Jain, 1996 and Strømmen, 2008). RHS of the above equation shows the buffeting 

and self-excited forces into two separate entities. The equation of motion can be transformed to 

the frequency domain using the Fourier transform. For brevity, only the important equations are 

discussed here. Detailed explanations are available in Strømmen (2008). 

 �̃o� � + ̃o� � + �̃o� � = �̃ � + �̃ae �, �, �, �  
(5) 
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The response has the background part and the resonant part. The background part of the covariance 

of moments is obtained using the following equation. 

 �� � � = �� � ∬ � {B̂�[Iv Δ� ]̂��} � � �� ��  
(6) 

The resonant part of the load is determined by using the load spectrum and the frequency response 

function (FRF). The load spectrum matrix ��̂�  contains the flow induced part of the load (which 

depends on the turbulence and wind spectra). The equation for each term in the load spectrum for 

the mean wind speed � along the y axis is given below. 

 S�̂ �̂ V,ω = � ��̃ � ��̃ ��� ��� �̂  (7) 

The frequency response function contains the motion induced part of the load. 

 ̂
η � = { − � � − � ����[� ] + ��  ����[� ] − � }−  (8) 

The resonant part of the response spectra of moment is obtained using the equation shown below. 

We need to evaluate the transformations to find the variance of internal forces using the variance 

of displacements. This can be done using the properties of the cross section. The covariance �� � �  of the moment is evaluated by integrating the response spectrum of moment as 

shown below in (6). 
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 � � �, � = �� [̂�∗ � ��̂� ̂�� � ]���� (9) 

 �� � � = ∫ � ��
� �, � �� 

(10) 

Sum of the covariance of background and resonant moments gives the total moment. Assuming 

the structure to be a simply supported beam, we can find the standard deviation of the stress at any 

point using the standard deviation of moments �  and �  at that point as shown in equation (11). 

 �� = � �� + � ��  
(11) 

The standard deviation of the stress �� can be obtained for each wind speed � along the y axis. 

The standard deviation of the stress will be used to determine the probability of peak stress values. 

3.5 Probability distributions of wind and stress 

In order to evaluate the fatigue damage during a specific time period, the number of stress 

cycles in that period is required. This can be obtained using the probability distribution of wind 

speed, direction and stresses. This section explains the probability distribution of the wind speed, 

direction and stress cycles. Further the procedure for fatigue damage evaluation available from 

literature is also presented. 

Studies has been conducted in the past to identify the wind speed and wind direction 

distributions. Literature is available on the use of lognormal distribution for long term wind speed 
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(Luna et al., 1974; Garcia et al., 1998; Zhou et al., 2010). In this study, we assumed a lognormal 

distribution for the wind speed data in order to simplify the formulation in the Bayesian model 

while maintaining good fit to the observed data, but it can be changed to any other distribution if 

necessary. In order to compare the results between conventional and proposed approaches, the 

lognormal distribution was also used for the conventional method. 

For the conventional method, the entire wind speed data at the location is assumed to fit 

with log-normal distribution irrespective of the direction. The distribution is shown in below. 

 � � = �� ��, �� = ���√ � e�p [− ln � − ���� ] (12) 

Here � is the wind speed at the location irrespective of the direction, �� is the standard deviation 

of wind speed and �� is the mean value of wind speed in all directions, both of which are unknown 

but are estimated from the observed sample.  

The direction of approaching wind is measured with respect to the y axis on the bridge deck 

as shown in Figure 11. Hosomi et al. (1997), noted that the direction of the wind follows a normal 

distribution, which was employed in this study. 

 � � = � �� , �� = ��√ � ��� [− (� − ���� ) ] (13) 

Here �� is the mean of the directions and  �� is the standard deviation of the observed sample. 
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The stress response in this study is conservatively assumed to be a narrow band process (Holmes 

et al. (2002) and Li et al. (2002)). Other approaches considering wide band nature of the response 

are available in (Holmes (2002) and Repetto (2009). Hence, the stress distribution in this study is 

assumed to follow a Rayleigh distribution given as: 

 � �� = ���� ��� [− (����) ] (14) 

Here �� is the amplitude of the stress and �� is the standard deviation of the entire stress history. 

The probability distributions of wind speed and direction are assumed to be independent of each 

other. Hence, the joint probability distribution of a particular wind speed and direction following 

Hosomi et al. (1997) and Holmes (1998) is the product of marginal distributions 

 � �, � = � � � �  (15) 

Suppose we divide the range of peak stress into � non-overlapping intervals. The probability of 

having the peak stress �� fall into the kth interval can be computed using equation: 

 � = �� ∬ � �, � � �� ���� ≅ �� ∑ ∑ � �, � � �� ���� (16) 

Here �  is the probability of having the stress in kth interval � = , , … , � . This probability will 

be used to determine the number of stress cycles. 
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Fatigue damage evaluation: Miner’s rule (Holmes, 1998; Hosomi et al., 1997; Li et al., 2002) is 

used for fatigue analysis. The total number of cycles for the stress amplitude �� can be found using 

equation (17). 

 � = � ��  (17) 

Here � is the time during which damage accumulates in the bridge, �  is the fundamental vibration 

frequency of the aerodynamic response. 

 �� = ∑ ��  (18) 

The material is assumed to be in elastic range. A linear curve on a log-log scale is assumed 

for the S-N graph. Following the Miner’s rule the total damage for kth amplitude of the stress is as 

given in equation (17). 

As shown above, fatigue damage evaluated using a single set of statistic of the wind speed 

and direction gives a single damage index value.  
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CHAPTER 4 

APPROACH IN DAMAGE PREDICTION 

The proposed approach focuses on the shortcoming of the conventional method. It is 

observed that overconfidence in prior knowledge or observed data can result in biased damage 

prediction. The proposed model systematically updates the prior knowledge using the monitored 

data, and provides an updated prediction model termed the posterior. The proposed damage 

prediction model is as shown in Figure 12. Table 1 summarizes the prior, the data, and the posterior 

of both examples. 

Table 3 Prior, monitored data and posterior of case studies 

 

 Prior Monitored data Posterior 

Roof example 

Uplift capacity with 

respect to age from 

literature. 

Sensor based uplift 

capacity recorded 

from laboratory 

specimens. 

Updated uplift 

capacities 

Bridge example 

Wind speed and 

direction statistic 

from long term 

recorded data. 

Wind speed and 

direction data 

monitored for past 

one year 

Updated wind speed 

and direction 
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The proposed method employs the Bayesian approach explained in section 3.1 but expands 

it to be suitable to wind engineering applications. Some information or data about the prior is 

necessary in using this approach. If information or data is not available, then a suitable assumption 

can be made regarding the prior distribution. Generally, the prior is obtained from literature or 

previous experiments conducted on similar problems. Monitored data on the other hand is obtained 

specifically for the problem. For example, to obtain the posterior wind speed, the wind speed 

distribution at a nearby location can be used as the prior, whereas the monitored data will be the 

wind speed measured specifically at the location. Prior capacity of the material can be the capacity 

obtained from the study conducted on material similar to the material under consideration (for 

example same age, or physical properties).  

Properties of 
wind 

Wind load  Material 
properties Damage 

Posterior 
model 

Posterior 
model 

Prior 
knowledge 

Prior 
knowledge 

Monitored 
data 

Monitored 
data 

Figure 12 Schematic representation of proposed damage prediction model 
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4.1 Fragility 

In this section the approach to determine the fragility as a function of sensor reading will be 

explained. First, the sensor reading and its relation with the attached length and uplift capacity will 

be described. Then the Bayesian approach to obtain posterior uplift capacities will be explained. 

This will be followed by concepts on fragility as a function of sensor reading. 

Prepare partially detached 

shingle samples 

Obtain sensor data from 

the samples 

Determine load capacity 

of the samples 

Obtain available data 

from literature (prior 

knowledge) 

Obtain fragility function 

using a Bayesian 

approach 

(a) (b) 

Collect sensor data from the shingle 

n = n +1 

Obtain the demand wind load for the 

shingle 

Use fragility function to get the failure 

probability (Pf) 

Pf > 0.5 

Report the location and number of shingles failed  

n = N? 

YES 

YES 

NO 

NO 

Obtain total number (N), location and wind speed ratio for 

all shingles. Set c = 0, n = 0. 

c 
=

 c
 +

 1
 

Figure 13 Proposed approach in determining a) Component fragility b) System fragility 
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4.1.1 Mechanics of change in sensor reading with the attached length  

In this section, the proportionality between sensor reading and attached length will be 

discussed. We propose to use a piezoelectric based sensor which measures the force applied on it 

as an electrical signal. The force sensor can be installed into the sealant location at the center of 

the width of the shingle. 

During the sensor-puck installation the sealant is stretched and tensile stress is developed 

in the sealant. The shingle is pulled down by the tensile force developed in the sealant. The shingle 

passes this force on to the puck which is transferred to the sensor underneath it. 

The mechanism can be explained as a free body diagram shown in Figure 14. Let us assume that 

the force per unit length of the sealant is a constant. If W is weight of shingle, k is the force per 

unit length exerted by the sealant, L is the sealant length,   is the detached length then the force 

Target shingle Location of puck 

L L 

P 
Bottom shingle 

Detached region 

2L – δ 

 

Pδ 

δ 

(a) 

(b) 
Figure 14 Free body diagram of the shingle after the sensor puck arrangement is placed in location: 
(a) Fully attached shingle, (b) Partially attached shingle 
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P acting on the sensor-puck arrangement will be as follows. For a fully attached shingle the force 

on the sensor will be 

 )( LLkWP   (19) 

For shingle with detached length , the force on the sensor will be 

 )2(   LkWP  (20) 

The force exerted on the sensor-puck arrangement is linearly proportional to the length of sealant 

attachment. Hence, the sensor reading is expected to increase with increase in sealant attachment 

length. The validity of these equations will be shown when we present the experimental data in 

section 3. 

4.1.2 Posterior uplift capacities using Bayesian approach 

Uplift capacity testing of shingle specimens (described in detail in section 3) empirically 

is expected to show a direct proportionality of sensor reading to ultimate capacity. However, as 

schematically illustrated Chapter 3, experimental observations have the scatter due to aleatoric and 

epistemic uncertainties associated with sensor data and experimental results. We employed a 

Bayesian approach to address these uncertainties. 

Bayesian analysis takes into account available knowledge or prior (in this case, knowledge 

available from literature) and observations made about an outcome of an event (in this case our 

experiments: sensor data collection and uplift capacity testing) (Ang and Tang, 1975; Gelman et 
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al., 2004). The observed data and prior knowledge can be used to generate posterior data, which 

are representative of possible outcomes. In other words, the posterior data is a weighted outcome 

of prior and observed data. 

The prior and posterior are assumed to be conjugate pair distributions. The conditional 

distribution of the mean of the uplift capacities follows a log-normal distribution. 

Here 1R  is the prior data of uplift capacity of the partially attached shingle with sensor reading P . 

The variance of uplift capacity at any sensor reading follows Inverse Gamma distribution. 

Here  ,  are the parameters of the distribution obtained from the prior data. 

 ),()|( 1 baLNRp R   (21) 

 ),(),( 1
2

nnR IGRp    (22) 

4.1.3 Fragility using sensor reading 

The concept of fragility is popular in wind and earthquake engineering application. It 

describes failure probability of failure in terms of external load or a representation of external load 

acting on the system. Here the concept is extended to incorporate sensor reading, so that the failure 

probability can be described in terms of a measured quantity. Fragility can be defined as the 

conditional probability of failure of a structural member or system for a given set of input variables 

(Kennedy and Ravindra, 1984). Ellingwood (1998) and Lee and Rosowsky (2005) describes that 

fragility of damage which is dependent on multiple factors, can be modeled using lognormal 
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distribution. Li and Ellingwood (2006, 2009) describes fragility of structural system with demand 

variable y , median capacity Rm  and logarithmic standard deviation R , subjected to severe wind 

events using the following equation. 
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Here   represents standard normal probability integral. Ghosh and Padgett (2010, 2011) also 

describe a similar method to determine the fragility for a damage state. Marsh and Frangopol 

(2010) used sensor data in calculating the variables used to determine the system fragility at any 

time. This approach can be used to determine the component fragility of the asphalt shingle.  
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Here )|( FPf
is the probability of failure at demand load F given the sensor reading ,  m  is the 

median and   is the logarithmic standard deviation of the posterior capacities for sensor reading

 . Here  represents the cumulative distribution. The demand load can be converted to demand 

wind speed based on the wind uplift model described in the chapter 3. Hence the probability of 

failure can be described in terms of the wind speed.  

  If we get the sensor reading of the shingles on the roof, the probability of failure of each of 

the shingles can be evaluated. If the peak wind load acting on each shingle is obtained, we can find 
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out the probability of failure of each shingle. If multiple simulations are carried out using the 

failure probability of each shingle, we can obtain the fragility curve for a roof in general. 

4.2 Fatigue damage evaluation 

In this section the approach for obtaining probabilities of damage index value will be 

presented. First, the Bayesian approach using a sampling method to find the posterior wind speed 

and direction samples will be discussed. After that the Monte Carlo simulation based fatigue 

damage evaluation will be presented. A sampling approach is adopted here. In each Monte Carlos 

simulation, samples of wind speed and direction will be first generated. The samples of peak stress 

values are obtained and damage index is evaluated. Each simulation yields one damage index 

value. If several MC simulations are carried out we get the probability distribution of the damage 

index. 

4.2.1 Wind speed and direction prediction 

Suppose we have collected vn  wind speed data )...,( 21 nvvvnV  and n  wind direction data

)...,( 21 nnα . As explained in Section 2.2 the probability density functions (PDFs) of the wind 

speed and direction are lognormal and normal distributions, respectively: ),()( 2
vvLNvp  and

),()( 2
  Np  . In the conventional approach, the parameters of the PDFs ),,,( 22

  vv   are 

considered as “exact” and they remain as constants. 

In the Bayesian approach, the parameters of the PDFs are considered as uncertain and they 

are described probabilistically. In this study, the parameters are the mean and variance of the 

different distribution and a suitable distributions are assumed on the parameters based on literature. 
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The inference on the unknown parameters is made based on the posterior distribution obtained by 

applying the Bayes’ rule. The posterior of the wind speed parameters is 

 ),(),|()|,( 222
vvvvvv ppP  nn VV   (25) 

Here, ),( 2p  is the prior distribution that is used to reflect any available knowledge (or prior 

experience) before collecting any data, ),|( 2
vvp nV  is the likelihood of observing the obtained 

data nV  given the parameters 2, vv  , and )|,( 2
nVvvp   is the posterior after observing the data nV .  

The first step in the proposed approach is to obtain the posterior distributions of wind speed 

and wind direction. For the wind speed model, we used a lognormal prior for mean, and an inverse-

gamma for the variance, which gives a joint prior density function ),( 2
vvp  as a product of the 

lognormal and inverse-gamma distributions (Gelman et al., 2004).  It can be shown that by 

following the Bayes’ equation (24), the joint posterior )|,( 2
nVvvP   of these parameters is also a 

product of lognormal and inverse-gamma distributions, with parameters updated with observed 

wind data (Gelman et al., 2004; Ang and Tang, 1975). The marginal posteriors from this 

distribution individually are 

Here, the parameters nnnn ba  ,,,  are obtained by updating the parameters of the prior distribution 

using observed data nV . Details of the updating can be found from (Gelman et al., 2004). To make 

 ),(| nnv baLNnV  (26) 

 ),(|2
nnv IG  nV  (27) 
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inference on an individual future wind speed, we use the posterior distribution of a new 

observation, also a lognormal with parameters 2, vv   given as 

 ),(),,|( 22
vvvv LNVp  nV  (28) 

 The wind direction model is very similar to the wind speed model. A normal prior for 

mean, and an inverse-gamma for the variance are used, giving a normal-inverse gamma joint 

density function ),( 2
 p  for the prior. The posterior )|,( 2

nα p  of the parameters is obtained, 

as a normal-inverse gamma product, by updating the parameters of the prior with observed wind 

direction data n .  Inference on future wind direction is made by simulating the posterior of the 

wind direction conditional on the posterior of its parameters  

 ),(),,|( 22
  Np nα  (29) 

Finally, by assuming that the quantities are independent we get the joint posterior as the product 

of the marginal posteriors. 

 )|()|()|,( nnnn αVα,V  pVpVp   (30) 

The posterior distributions reflect the uncertainties inherent in real-world data. Since their 

parameters are also probability functions (vs. constants of the conventional approach), numerical 

simulations are necessary to study their effects on the fatigue damage estimation. As it can be seen, 

the Bayesian approach adds a layer of probability model to the conventional approach, by 
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assuming that the parameters of the wind PDFs themselves are random before determining the 

posterior of the wind speed and wind direction. The numerical simulations will lead to a 

distribution of damage index values. The next section explains details of the numerical simulation. 

4.2.2 MC based fatigue damage evaluation 

A Monte Carlo algorithm (Gelman et al., 2004, Section 3.2) was employed to numerically 

simulate the probability distribution of the damage index as follows: 

1. Set sample sizes M1, M2, M3, and M4. 

2. Draw M1 samples from )|( nVVp . Draw M1 samples from )|( nαp . We obtain 

samples V1…VM1 and α1… αM1 from the posterior distributions. 

3. For each of the pairs determine the value of σs (Section 4.2.1). 

4. For each of the Vi and αi pairs obtained in Step 1 draw M2 samples from the 

distribution ),|( iiVsp   given by equation (10). We obtain samples s1, sM1M2. 

5. Estimate the probability of peak stress equation as )(
1ˆ

3

3
ij

M

j
i SsI

M
p   for each 

stress amplitude ),...,1( miai   where M3 = M1M2 and I(.) is an indicator operator and 

ia  is the stress amplitude range of interest. 

6. Evaluate number of cycles for stress amplitude ia    as  0ˆˆ Tfpn ii   

7. Go to Step 1. Repeat M4 times. We get the samples 
4

ˆ,...ˆ 1 iMi pp  and 
4

ˆ,...ˆ 1 iMi nn  for each 

stress amplitude. 

8. Evaluate fatigue damage  
m

i i

ij

j
N

n
DI  to get j=1… M4 samples of the damage. 
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A flow chart showing the procedure described in this section is given in Figure 15.

NO 
Is j = MC

max
? 

Generate posterior sample of wind speeds and direction using eqns. (16) through 
(20) 

Find �� (standard deviation of stress) for all wind velocity vectors 

YES 

Generate sample peak stresses, from Rayleigh distributions using each �� 

Find probability of each stress bin. 
Determine the number of cycles of each stress bin using eqn. (13) 

  

Determine DI using eqn. (14) 

Obtain the observed data sample.  
Set total number (MC

max
) of Monte Carlo simulations required.  
Set count j = 1 

Print damage index values 

j = j + 1 

Figure 15 MC simulation for fatigue damage prediction 
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The proposed approach takes into consideration different sets of statistic of wind data and 

use that to find different possible values of fatigue damage. As described above, if a series of 

simulations are run with the available set of statistic, then a probability distribution of the damage 

index values will be obtained. This is schematically shown in Figure 16. The Bayesian approach 

to find the wind speed and direction values are given in next section. The procedure to find damage 

index values from different sets of statistic is given in 4.2.5.  
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CHAPTER 5 

CASE STUDY: FAILURE PROBABILITY ASSESSMENT IN 

RESIDENTIAL BUILDINGS 

The probability of failure of shingles on a roof under given set of sealant conditions will 

be evaluated using the proposed method. Also, it will be shown how to evaluate the failure 

probability of shingles of a roof in general. This will be achieved using a Monte Carlo based 

simulation method. In this section the probability of failure of roof shingles at four different ages, 

five, ten, fifteen and twenty year will be evaluated. This analysis procedure will consider the failure 

based on component performance. 

First the sensor was calibrated using standard weights. Second, the component fragility 

will be evaluated as a function of sensor reading. Third, the wind speed ratio on the roof is used to 

Considering uncertainties 
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Figure 16 Effect of uncertainties on damage index from fatigue 
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evaluate the failure probability of shingles on the roof. Since actual sensor readings are not 

available, a simplified aging assumption is used to generate sensor readings. 

5.1 Component fragility 

This section explains the process of determining the component fragility. For this we need 

the monitored uplift capacity. First, the process to create different samples with different degrees 

of damage will be discussed. This will be followed by determining the sensor reading uplift 

capacity. 

All the samples used for the experiment were produced by a single manufacturer. The 

samples were purchased from a local store. ASTM D3161 (2012), ASTM D6381 (2012) and 

ASTM D7158 (2012) were used as guidelines to obtain uplift capacity of the shingles. Since the 

sensor will ultimately be used in the field, the specimens should relate to the dimensions and 

properties of the shingles used in the field site. Sensor installation and sensor data collection is not 

feasible with a specimen of dimensions described in ASTM D6381 (2012). Also, the dimensions 

used in the ASTM standards are too small to determine uplift capacity of partially detached 

shingles. Hence, the specimen dimensions and test set up used in this study are adapted from the 

ASTM standards, but not identical to those of the ASTM. 

The shingle specimens are first assembled as shown in Figure 18. Two different types of 

experiments were conducted. The first was to obtain the relation between the sensor measurement 

and the detachment length. 
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5.1.1 Experiments and sensor reading 

The details of the experiments are explained in this section. The experiment has mainly 

three parts. 1. Preparation of the shingle sample 2. Determining the sensor reading of the sample. 

3. Determining the uplift capacity of the sample. The procedure for the above three steps are 

detailed below. 

Preparation of the shingle samples 

All the samples used for the experiment, produced by a single manufacturer, were 

purchased from a local store. A typical shingle has length of 36” and width of 12”. Each tab of the 

shingle is 12” wide. For this experiment a sample is obtained from each half of the tab. Therefore 

the width of a sample is 6”. This is as shown in figure below. It is obvious from the literature 

review that the sealant deterioration starts from one end of the tab and progresses towards the other 

end of the tab. Laboratory samples of shingles with various degrees of sealant attachment are 

prepared. The detailed procedure on preparation of specimens and the testing process are available 

in ASTM D3161 (2012) and ASTM D6381 (2012). The specimens are prepared using the 

guidelines from the above standards. The dimensions of the samples are different from the ASTM 

specifications. This is because we intend to use a sample which will replicate the actual shingle, 

so that we can obtain sensor reading which would depend on the length of sealant attachment (as 

described in Chapter 3). Three pieces of half widths (6”) of a shingle are laid on top of each other 

as shown in figure above. Standard 8d fasteners are used to fix the shingles on plywood of ¾” 

thick. Plywood specifications meet the requirements of external applications as per Florida 

Building code and are produced by a single manufacturer. After that, the sealant is thermally 

activated by heating in a closed chamber at 68°C for 16 hours. During the thermal activation 
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process, only a particular length of the sealant is permitted to attach. Different lengths of 

attachment represents shingles at different amount of sealant deterioration. Degree of sealant 

attachment is measured from one end of the sample along the length of sealant. So the length of 

attachment was 1.5”, 3”, 4.5” and 6”. Here 6” of sealant attachment corresponds to the shingle 

which is perfectly attached. 

Determining the sensor reading from the sample 

  The sensor is a piezoelectric based material and it sends electric signal when a force is 

applied on it. This signal is proportional to the force applied on the sensor. The sensor, data 

acquisition device and the software to record the reading from the sensor was obtained from the 

manufacturer. Details can be found in Appendix B. The circuit of the sensor is connected to the 

data acquisition device which is connected to the computer. 

 Sensing area 

 Circuit to DAQ 

Compressible 

puck 

Figure 17 Force sensor with puck attached on the sensing area 
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  The load applied on the sensor is displayed on the computer monitor. A continuous output 

from the sensor is obtained in .csv format using the software. The sensor is calibrated to determine 

the amount of small forces applied on it (0 – 1lb) using standard weights. A deformable puck is 

firmly attached on the sensor using an adhesive. This puck when installed under the shingle, will 

transfer the force applied by the sealant and weight of the shingle on to the sensor. Component 

fragility determination starts with calibration of the sensor which will be used to record data about 

the uplift capacity of shingles. The sensor was calibrated to measure the forces applied on it (0 – 

1lb) using standard weights of 0.10lb, 0.25lb, 0.5lb and 1lb. A deformable puck was firmly 

attached on the sensor as shown in figure above. This puck will transfer the force applied by the 

Figure 18 Sensor installed under the shingle for data collection in lab 

 

 Target shingle 

Sensor and sealant 

location 

 Bottom shingle 

 DAQ device 
Piezoelectric 

sensor 

b) Magnified view 

a) Sensor installation 

Compressible puck 

DAQ 

device  



63 

 

sealant to the sensor. The sensor was then used to obtain the sensor readings from the samples of 

shingles, with different degrees of detachment. 

  After the sample is prepared, the sensor-puck combination is installed. The sensor-puck 

combination has to be installed in such a way that a force will be applied on the shingle after 

installation. The shingle will be initially hand lifted by stretching the sealant. The sensor-puck 

combination will be then inserted in the sealant location. The sensor is installed at the center of the 

sealant location under the shingle as shown in Figure 19. The front view of the arrangement will 

be similar to the free body diagram discussed in Chapter 3. When the shingle is released after 

installing the sensor-puck combination, the deformable puck is compressed between the shingle 

and the sensor. The self-weight of the shingle and elasticity of initially deformed sealant will be 

applying a force on the deformable puck which in turn will act on the sensor. This force will 

produce the sensor reading. The sensor reading will be fluctuating in the beginning and it will 

stabilize with time. This stabilized reading is noted as the sensor reading associated with the 

sample. For this purpose the moving average of 30 seconds of the signal is evaluated. When the 

moving average is less than 10% of the moving average value from previous 30 seconds, the latest 

Figure 19 Descriptive damage cases 100%, 50% and 0% attachment (left to 
right) 
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moving average is recorded as the sensor reading of the sample. The figure below shows the sensor, 

deformable puck, handle for data acquisition and software used in obtaining the sensor reading 

from the shingle. A perfectly attached shingle has no damage and shows the highest sensor reading 

(average 0.245lb). A shingle with no attachment gives a reading corresponding to the self-weight 

of the shingle. Hence a shingle with no attachment will give the lowest sensor reading (average 

0.03lb). 

Length of attachment vs sensor reading 

The first experiment was to determine a relation between the sensor reading and the 

attached length. The attached length is measured using a standard measurement tape and it is 

created when the sample is being prepared as described in the preparation of samples section. The 
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Figure 20 Sensor reading vs attached length 
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sensor reading is obtained for each sample as described before. The table below shows the number 

of samples of each specific attachment length that was used in this experiment. 

Table 4 Description of Samples used in experiment 1 

Length of attachment (in.) 1.5 3 4.5 6 

Number of samples 13 10 7 6 

 

A plot is obtained between the sensor reading and the attached length measure in inches. 

A linear best fit curve (R2 = 0.87) is used to obtain a relation between the sensor reading and 

attached length. Table above shows the number of specimens of each category that were used for 

this experiment. In order to obtain a relation between sensor reading and attachment length, a total 

of 36 samples were used. For the purpose of determining the relation between the two quantities, 

the lower limit and upper limit of the sensor reading are assumed to be fixed due to the following 

reasons. The sensor reading should be positive for a condition of completely detached sealant, 

because the self-weight of the shingle acts on the sensor. The maximum sealant elastic force on 

the sensor can also be considered as a fixed value, if we assume that the variability in the sealant 

force is negligible. Hence the maximum sensor reading for any shingle sample is a fixed quantity 

of 0.24lb. The minimum sensor reading is assumed to be 0.1lb. These assumptions were used in 

obtaining the best fit curve. The obtained best fit and the raw experimental data are shown in Figure 

20. Alternate methods can be utilized, for example the concepts of beam on continuous foundation. 

However the approach used here simplifies the process and justifies the experimental results. It 

should be noted that alternate formulations can influence the results of analysis. 
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Uplift capacity vs sensor reading 

The second experiment was separately conducted to measure the relation between the 

sensor reading and the uplift capacity. A total of 32 samples were used for this experiment. Table 

below shows the details of the samples that were used for this experiment. 

The sensor was installed in each of these sample shingles and the sensor reading was 

obtained. After that, the sensor was uninstalled and a monotonic load testing was carried out on 

each of the shingle samples. The maximum load at which each shingle failed was noted. Then, a 

relation between sensor reading and capacity was obtained from this data by fitting a polynomial 

curve.  

Loading point 
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5 ½ ” 

5 ¾ ” 

12 ” 

2 ¾ ” 

2 ¾ ” 

Sealant 

Fastener 

Target shingle 

Figure 21 Top view of the sample shingle assembly: Not to scale 
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Figure 23 Picture showing failure in uplift capacity determination 
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Figure 22 Side view of the sample shingle assembly: Not to scale 
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Uplift capacity testing is done by loading the shingle with a tensile force applied at the center of 

the exposed length of the shingle tab. The load is applied at a constant rate of 15mm/min. We 

assume that at any time during the process of loading, the fastener and sealant carry equal loads. 

So the equivalent load on one tab of the shingle will be equal to the load as measured from the 

testing machine. Loss of entire sealant is defined as failure of the shingle. Ultimate load capacity 

of any attached shingle is the maximum load the sealant attachment of the shingle can carry during 

the load test procedure. 

Table 5 Description of samples used in experiment 2 

Length of attachment (in.) 1.5 3 4.5 6 

Number of samples 10 8 8 6 

Figure 24 Load vs displacement graph 
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A typical load displacement graph for the shingle is shown in Figure 24 Load vs 

displacement graph. The load displacement graph has a nearly constant slope till failure. It is 

observed that the sealant does not yield during the loading process. Sealant failure is observed to 

be abrupt. The load reaches the maximum value when the sealant starts to fail. Once the sealant 

completely failed, it led to the failure of the entire shingle. The maximum load capacity of each 

sample is plotted against the sensor reading of the sample. In order to simplify the analysis, the 

deformation in the shingle is assumed to be negligible. At this point it should be recalled that this 

is an assumption to simplify the analysis. Researchers have shown that the stiffness of the shingle 

influences the uplift capacity.  
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Figure 25 Sensor reading vs. uplift capacity of shingle specimens 
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The relation between sensor reading and mean maximum load capacity will be used to find 

the performance level of sealant mechanism during the life period of the shingle. In order to 

determine the load capacity at any sensor reading, the relation between the sensor reading and 

maximum load capacity is assumed to be a polynomial. Using the least squares method, a best fit 

second degree polynomial (R2 = 0.68) is obtained. This curve between sensor reading   and 

capacity P  is shown below. 

We assume that this curve gives the median load capacity m  for any sensor reading. Hence 

the sensor reading and mean load capacity (in pounds) are related by the equation as given below. 

 1871.0264.31.102)( 2  m  (31) 

The lower limit and upper limit of the sensor reading are assumed to be fixed due to the following 

obvious reasons. The sensor reading should be positive for no sealant attachment, because the self-

weight of the shingle always acts on the sensor reading which gives a positive sensor reading. The 

maximum sealant elastic force on the sensor is also a fixed value. Hence the maximum sensor 

reading is also fixed. 

Although good care is taken in creating samples with required length of sealant attachment, 

there is always a possibility of variation in creating the exact damage. The load resistance capacity 

achieved for a particular length of sealant attachment may not be same in each sample. Same sensor 

reading observed in two different samples can have two different load capacity values. Hence 

variation in load capacities for a given sensor reading should be addressed. The samples were 

divided into groups of four based on the sensor reading. The standard deviation of each of the 
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groups is evaluated. A linear fit between the standard deviation and sensor reading is obtained. 

Using the standard deviation from each case, and the fact that fully detached case does not have 

any uncertainties, the equation for standard deviation in terms of sensor reading   are obtained: 

 062.0092.4)(      (32) 

If the sensor readings are obtained from the shingles in site, the functions of mean and standard 

deviation of the capacity will be used to obtain the monitored capacity of the shingles. This will 

be explained in the next section.  From the above experiments a plot between the length of 

attachment and uplift capacity was obtained which is shown below. A polynomial fit is also shown 

for the data (R2 = 0.75). 
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5.1.2 Prior capacity 

Dixon et al. (2014b) gives a data of uplift capacities which were obtained from roofs of 

buildings of different age. The capacities of shingles on all the roofs are divided into three age 

groups and the mean and standard deviation of each group is found out. This study is based on a 

sensor based approach. In order to demonstrate the benefit of the approach, an assumption is made 

here to describe the prior data in terms of the sensor reading. It is assumed that sensor reading is 

varying linearly between 0.24 and 0.1 for age 0 to 20 years. Hence, the prior knowledge can be 

plotted as a function of sensor reading. A best fit curve is used to determine the mean and variance 

for the houses in this example. Figure below shows the mean and standard deviation of the data 
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Figure 27 Sensor reading vs uplift capacity (Dixon et al., 2014b) 
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obtained from Dixon et al. (2014b). The relation between sensor reading, mean and standard 

deviation is as shown in equations below. 

 929.1841.265)(_  priorm  (33) 

 44.62.90)(_   prior  (34) 

5.1.3 Posterior uplift capacity 

As described earlier, the uplift capacity obtained from the experiments and the uplift 

capacity available from the literature (mean and variance) will be combined to obtain posterior 

uplift capacities. It is assumed that the capacities follow lognormal distribution with mean and 

standard deviation obtained from the respective data. 

Example calculation of the posterior capacity: 

Let us say the sensor reading is 0.20 lb. This gives the following 

 lbm 1.4  

lb8.2  

lbpriorm 33_   

lbprior 11_   

0  Weightage to prior data. 
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  Sample size of observed data 

We need to evaluate the parameters , to describe the distribution of the variance. 

2)2/0(    

Here 0  is the weightage of the prior and  is the sample size of observed data. 

The distribution of the variance will be a Gamma distribution. 

),(/1 2  Gamma  Where ,  are evaluated as shown above. 

The distribution of the mean will be a Normal distribution.  

),(~/1 2  Gamma  Where ,  are evaluated as shown above. 

)/,(~ 0
2

0 KN  Gives the Normal distribution of the mean. 

The posterior distribution is obtained using the above two distributions.  

5.1.4 Component fragility using posterior capacity 

Once the parameters of posterior distribution of the uplift capacity is obtained, we can find out the 

probability of each capacity value. Thus a fragility function will be developed for the shingles, as 

a function of sensor reading, based on the experimental results, assumed distribution of uplift 

capacity and data available from literature. If a sensor is installed in a shingle in the site, the sensor 

reading can be obtained at any time, provided that the sensor reading is not disturbed by any 

external conditions such as a strong wind. For any wind speed at the site, the maximum force 
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acting at the shingle location will be found out. The sensor reading and the fragility function will 

be used to determine the failure probability of the shingle for this wind speed. 

The uplift capacity of the shingle is assumed to follow a lognormal distribution with mean 

and standard deviation obtained from previous section. The fragility for different sensor readings 

is evaluated using equations discussed in Chapter 4. As an example the resulting component 

fragility for certain sensor readings are shown in Figure 28. 

5.2 System fragility 

In order to determine the probability of failure of all the shingles in the roof, we have to address 

two concerns. First we should be able to know how many shingles are deteriorated and second we 

should be able to determine the amount of pre-existing deterioration in the shingles. This will be 

discussed in detail in the following part of the paper.  

Figure 28 Component fragility, for different sensor readings 
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A fragility analysis of a hypothetical residential structure for one particular wind direction 

is presented in this section. We consider two houses with exactly same geometry as shown in above 

figure, at age 5, 10, 15 and 20 years, respectively. The geometry of the house is adopted from 

Peterka (1997). The roof has a slope of 5:12. 

Figure 29 Roof plan of single story residential building 
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5.2.1 Sensor data 

The amount of sealant damage that exists in each shingle will be measured using the sensor 

data from the shingles. Sensors are assumed to be installed at all sealant location in the shingles. 

Since we do not have a sensor data from actual roof, we have to generate the data based on some 

logical assumptions. For this purpose we use the observations from a site survey presented in 

Dixon et al. (2014b). This survey covered the asphalt shingles of different types and roofs of 

different ages. The inspection was carried out by lifting the shingles by hand and ensuring the 
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sealant bond is adequate or not. We generate the sensor data based on assumptions concluded from 

the data available in the above article. 

Figure 31 Percentage of shingles damaged vs. age of roof (Dixon et al. 2014b) 

Figure 32 Standard deviation of damage percentage with age. (Dixon et al. 2014b) 
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The survey covered houses of age varying from 1 month to more than 20 years.  Figure 31 

shows the scatter plot of percentage area of the roof damaged at different ages. Note that the 

standard deviation is calculated with very small sample size, so it needs to be improved in the 

future as we gain more data. We assume that the percentage of shingles of the roof that are damaged 

in each sample roof is log normally distributed. We assume that a best fit second degree polynomial 

gives the mean of percentage damage. The standard deviation is assumed to be linearly varying 

with age. Moreover we assume that the location of damaged shingles is randomly distributed. We 

assume a linear decrease in the mean value of the percentage damage with age. For a damaged 

shingle, if the damage is less, a higher sensor reading is assigned. For the shingle with higher 

degree of damage, a low sensor reading is assigned. For example tow normal distributions are 

used. For example a 20 year old roof has mean and standard deviation of 0.20 and 0.02 for the 

good shingles. One that represents the damaged shingles has mean and variance of 0.16 and 0.016. 

For a 10 year old roof the good shingles has a mean and standard deviation of 0.22 and 0.022. The 

minimum sensor reading corresponding to no attachment is 0.03 and maximum sensor reading is 

0.245.  

5.2.2 Wind load calculations and failure probability contour 

The demand wind load for each shingle has to be evaluated to determine the failure 

probability. In this section sample calculations for the demand wind load for a shingle will be 

presented. 

We use 3-second gust wind speed, on open terrain conditions at the location of the houses 

for this analysis. The buildings are assumed to be in Category C as per ASCE-07 (2002). An 

example calculation is shown for a 3-second gust wind speed of U = 100 mph at the location. We 
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first convert the 3-second gust to hourly wind speed in order to use the equations provided in 

Peterka (1997). Hourly wind speed using the Durst curve in ASCE-07 (2002) is 

7.665.1/1001 hrU mph. Since the mean roof height is 12 feet, the wind speed at the mean roof 

level is determined using wind profile from ASCE-07 (2002) as 8.57
8.32

12
7.66

143.0







refU  

mph. The mean roof wind speed will be used to find the peak wind speed over each shingle based 

on the spatial distribution of peak roof speed to mean wind speed ratio adopted from Peterka 

(1997). 

A sample calculation to determine the force is shown here. Assume that the peak wind 

speed ratio is 2.5 for this shingle. Let us also assume that 1L = 1.5” and 2L = 5.5” for the shingle 

size 36”x12” used in this roof. Here 1pCD is the differential pressure coefficient in windward 

portion of the sealant and 2pCD is the pressure coefficient in the leeward side of the sealant. 

Since 0.1 and 0.4 are two extreme values of that are chosen based on the ASTM D7158 

2012 data, in this analysis we assume 2pCD  to increase linearly from 0.1 to 0.4 with increasing 

sealant detachment. Hence 2pCD is evaluated as function of the attached length. 

Therefore, the force per unit width of the shingle using equation (3) is: 
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The probability of failure is found using equations given in chapter 4. The probability of failure is 

evaluated for 3-second gust wind speeds from 5 mph to 250 mph for each shingle. One thousand 
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simulations are run for each wind speed to find out the spatial distribution of failure considering 

uncertainties. Figure 30 is used to determine the local wind speed at the location of shingle of eac  

h shingle. A shingle is assumed to be failed when the probability of failure exceeds 0.5. 

  

 

A sample calculation gives the possible damage scenario in the example house at any 

particular wind speed. A series of simulations can be used to represent a set of possible results data 

for the particular shingle category. This results can be used as a set of system fragility curves. Such 

fragility curves can be used for loss projection depending on the category of house and shingle 

manufacturer. 
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Figure 33 Failure probability of 10 year old roof at 100 mph 
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Figure 34 Failure probability of 20 year old roof at 100 mph 

Figure 35 Sensor reading and wind speed ratio at the of shingles of 10 year roof 
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Figure 37 Fragility curve for 10 year old roofs 

Figure 36 Sensor reading and wind speed ratio at the of shingles of 20 year roof 
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Simulations are run in the following way. For the example described above, a total number 

of 1300 shingles are assigned. For each house for each simulation, 1300 sensor readings are 

generated as described in the previous sections. At any particular wind speed, the uplift load on 

the shingle is calculated using the details given in section 5.2.2.  

The failure probability of the shingle is checked using the sensor reading, uplift load and 

the uplift capacity as described in 5.1.5. If a shingle has a failure probability of 0.5 or more, it is 

counted as a failed shingle. Else the shingle is counted to be not failing at the given wind speed. 

This is repeated for 1000 simulations. To find the probability of 2% of roof area failing, the number 

of simulations in which 2% or more of the roof area is failing is counted and divided by the total 
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number of simulations. This is repeated for percentage area like 10%, 20% and 50%. More than 

50% of roof shingle failure suggests that the entire shingles on the roof have to be replaced. 

5.2.3 Results and discussion 

The following figures show the sample results obtained from the study. Figure 33 and 

Figure 34 shows the failure probability contour of houses at ages 10 and 20 years at 3s gust wind 

speed of 100mph. The failure probability contour reveals significant influence of the unsealing 

and wind speed increment on the failure patterns. In general it can be concluded that at low wind 

speeds, the failure is dominant in the unsealed shingles, while at high wind speeds the failure is 

dominant in the region where wind speed ratio is higher. This result is in agreement with the 

observations made at site by several post damage survey teams and researchers. If the shingle has 

lost the sealant strength it is vulnerable even at low wind speeds. However if the sealant strength 

is higher, the shingle withstands high speed winds. It was reported by Dixon et al. (2014b) that 

capacity of some the shingles were as high as four times the recommended levels to resist 110 mph 

winds. If such shingles are investigated using the proposed study, even the unsealed shingle may 

show good performance. 

The results confirm significant influence of the local wind speed on failure probability of 

the shingles, when the level of existing damage is low. However, when existing damage levels are 

higher (as in the case of the 20 year old roof), the failure is prominent even in the locations with 

low local wind speed. This is in agreement with the observation that damaged shingles fail at low 

wind speeds, made by Dixon et al. (2014b) and Liu et al. (2010). The failure probability contour 

as given above can aid inspection and retrofit procedure by helping to locate the vulnerable 

shingles more accurately. Also from the obtained results a possible relation of high failure rate in 



86 

 

certain locations of the roof can be observed. If the database of sensor reading is large enough, and 

wind speed ratios on different types of roof are available, then interesting patterns can be obtained 

between sensor reading and local wind speed, which are actually unrelated items. The failure 

probability can be  

The proposed analysis gives result that are comparable with the observations in hurricane 

post damage survey reports as evident from Marshall (2010) and post damage reports. In these 

figures, the percentage given in the legend represents the percentage loss of the roof area. For 

example, 10% curve represents the probability that the house will lose at least 10% of the roof 

area. The simulations show that there is a drastic decrease in performance level of roof with age. 

At any wind speed, the percentage area failed in a 20 year old roof is more than that observed in a 

10 year old roof. The higher percentage area failure is observed to be rapidly reaching probability 

of 1 in all examples. This is probably due to breaching of the maximum capacity of the shingle 

samples that constitute the fragility function. 



87 

 

CHAPTER 6 

CASE STUDY: FATIGUE DAMAGE ASSESSMENT IN SLENDER 

STRUCTURES 

This section discusses two examples of fatigue damage evaluation using the conventional 

approach as discussed in Holmes (1997) and the proposed approach. The first example discusses 

the analysis of a long span beam and second example discusses the analysis of a long span bridge 

– Yi-Sun Sin Bridge. 

6.1 Fatigue damage in a long span beam 

In this section the fatigue estimation using both the conventional and the proposed method 

will be discussed using a hypothetical beam. The structure is a simply supported beam of 500 m 

in length, with a rectangular cross section. The beam was modeled after the example given in 

(Strømmen 2008). The properties of the beam and wind turbulence are given in Table 1. When 

computing the fatigue damage, AASHTO Category B steel was used (AASHTO 2004). The 

coordinate axis are as shown in figure below. 

Both approaches followed the frequency domain analysis explained in Chapter 3. Mean 

wind speeds along y axis, up to 70 m/s at increments of 5 m/s were used to determine the standard 

deviation of stress, acting along longitudinal direction of the bridge. The first three lateral mode 

shape values and the aerodynamic derivatives of the beam are shown in Figure 39 and Figure 40. 

Other parameters such as turbulence, decay constants and integral length scale are shown in Table 

6. Kaimal spectra was used for this analysis. Each analysis was carried out considering three mode 
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shapes and wind loading frequency starting from 0.02 rad/s to 100 rad/s at an increment of 0.02 

rad/s. 
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Figure 39 Mode shapes for the Example 1 – Simply supported beam 
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The standard deviation of the stress at the point A (bottom) of cross section, at the mid 

span, is shown below. This result can be used as a look up data for determining the standard 

deviation of the stress for any mean wind speed perpendicular to the longitudinal direction of the 

bridge. As explained in Section 2.2, the wind probability distribution at the location is required to 

evaluate the cycle count for each stress amplitude. 

 

A different set of calculations were conducted using a spectrum generated in the lab. The results 

from that analysis along y, z direction and rotation were obtained. These results were compared 

with the results obtained from the experiments conducted by KOCED, Chonbuk National 
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Laboratory, Korea. The models were 1/100 and 1/70 in scale. The model was The difference was 

within 15% for wind speeds up to 25 m/s. Vortex vibrations where not considered in this analysis.  

Table 6 Aerodynamic properties of long span beam 

 

 

6.1.1 Conventional approach 

Although the beam structure is hypothetical, actual measured wind data was used to include 

uncertainties inherent in real data. The data was obtained from a tower constructed near the Yi-

Sun Sin bridge site (Kwon 2010a). Sample data points are shown in Table 2. The raw wind 
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directions were measured from 0º to 360º, but these were converted to 0º to 90º measured from 

+/– y-axis in order to simplify the probability distribution of the direction. This conversion was 

possible because in the analysis only the component acting normal to the longitudinal direction of 

bridge contributes to damage (for example, wind vector of magnitude 10 m/s acting at 60º 

measured in clockwise direction to y axis and wind vector of magnitude 10m/s acting at 120º 

measured in clockwise direction to y axis cause the same amount of fatigue damage). 

Fatigue damage was calculated using the wind data of one year. The mean and standard 

deviation of the wind speed and direction were first obtained from the data. A random sample of 

one million wind speeds were obtained using the log-normal distribution of wind speeds. Similarly 

a random sample of one million angles were obtained using a normal distribution curve. The 

component of the wind perpendicular to the longitudinal axis of the bridge was obtained. The 

Rayleigh distribution shown in equation (14) was used to determine the probability of peak stresses 

using 100,000 random samples. These sample sizes were determined to ensure accurate numerical 

integration. The number of cycles for each peak stress for 50 years was found out and damage 

index was calculated using the Miner’s rule. 

The damage index was found to be 0.392 using the conventional method. Also as an 

additional check, the simplified approach proposed by Holmes (1997), was followed, which gave 

a damage index of 0.345. These damage index values indicate that the beam is safe (damage index 

< 1) in fatigue during the period of 50 years. However this estimate may be less conservative if we 

consider uncertainty in the wind data. 
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6.1.2 Proposed approach 

The proposed approach considers the effect of uncertainties in wind speed and direction. 

The annual mean wind speed and variance from a nearby weather station (Yeosu city) were used 

to define the prior distribution (Kwon 2010b). Then, the data obtained from the tower was used 

for the main part of the proposed Bayesian approach as explained in Section 3. One thousand 

Monte Carlo simulations were carried out to generate posterior samples of wind speed and 

direction. Each of these samples has a unique set of mean and variance. Figure 42 compares wind 

speed probability density functions (PDFs) of the conventional approach and the proposed 

approach. Figure 43 shows a similar comparison for the wind direction. 

 

Once the set of wind speeds and angles were obtained, normal wind velocity evaluated for 

each pair of wind speed and directions. The standard deviation of the stress corresponding to each 

Figure 42 Wind speed PDF: conventional vs. proposed (the first 50 simulations only) 
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normal wind velocity component was computed using the results from buffeting analysis. Each 

standard deviation of the stress gives one Rayleigh distribution curve that describes peak stresses. 

The peak stress amplitudes from all the Rayleigh curves are put into bins of stress, so that the 

histogram of stresses can be obtained. The probability of each stress amplitude was computed 

using equation (13). The number of cycles for each stress amplitude was then found out using 

equation (16). 

The stress values less than 10 MPa were neglected since they do not contribute to fatigue 

damage. The damage index was calculated using the equation (17). Therefore, except the 

difference in the wind PDFs and the Monte Carlo simulation, the rests of the steps are similar to 

the conventional approach. Parameters used for the simulation were M1 = 10,000, M2 = 10,000, 

M3 = M1M2, and M4 = 1000. 
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Figure 43 Wind direction.PDF: conventional vs. proposed (the first 50 simulations only) 



94 

 

 

 

6.1.3 Comparison of proposed and conventional methods 

As already shown, the main difference between the proposed approach and the 

conventional approach begins from the modeling of the wind speed and direction. The proposed 

approach assumes that the parameters for the wind PDFs are uncertain. It generates a new set of 

PDFs for each simulation. 

The effect on number of cycles of stresses upon using PDFs with uncertainties is shown in 

Figure 44, which plots the stress magnitude vs. the number of cycles. A single S-N curve was 

obtained in the conventional approach whereas multiple S-N curves were obtained in the proposed 
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approach. The damage index using the conventional method was 0.392. The damage index using 

the proposed method is a distribution as shown in Figure 45. 

 
 

The percentage difference between the mean of proposed approach (0.397) and the single 

value of conventional approach (0.392) is 1.2% indicating that the results of the proposed approach 

are centered on the result of the conventional approach. The histogram clearly shows that there is 

a good chance of exceeding the fatigue damage limit (DI = 1) if the uncertainties are included. 

The distribution of the damage index provides useful information to bridge designers or 

the owner. For example, the conventional approach gave a damage index of 0.392 for the 50 year 

period, while the proposed method provides a probability of exceedance of 36% for the prescribed 
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damage level of 0.392, for the period of 50 years. Conversely, the damage index for a specified 

exceedance probability can be obtained. For example, for the 5% exceedance probability, damage 

index is 0.920 which is more than twice the damage obtained by using conventional approach. 

Likewise, lower and upper bounds of damage indices for the specified exceedance probability can 

be easily found. 

6.2 Fatigue damage in Yi-Sun Sin Bridge 

The proposed method was applied to the fatigue damage estimation of an actual bridge. Yi 

Sun-Sin Bridge shown in Figure 46 was constructed in 2012 near Yeosu, South Korea. It is a 

suspension bridge with one of the longest span lengths in the world, or the span length of 1545 m. 

The bridge was named after an admiral, who was born in 1545 and defended the country 

successfully. The bridge has towers made of concrete and the deck of steel. The tower of the bridge 

Figure 46 Yi-Sun Sin Bridge 
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is also one of the highest of its kind among the long span bridges. The height of the bridge is 80 m 

from the sea level, and the total length is 2260 m. The cross section is twin box with flutter velocity 

at 70m/s. The shape was chosen to avoid vortex vibration at low wind velocities. Studies were 

conducted to understand the behavior of the cross section of at low and high wind speeds at 

KOCED Wind Tunnel Center, Chonbuk National Laboratory, Korea. Some of the data from these 

studies were used for the analysis in this analysis. 

The fatigue damage is evaluated at the middle of the long span at three locations on the 

cross section, shown as points A, B and C in Figure 47. As before, AASHTO Category B steel was 

used. The deck width is 29.1 m and the depth of the cross section is 3 m. The fatigue damage is 

evaluated at the middle of the long span at three locations on the cross section, shown as points A, 

B and C in Figure 47. As before, AASHTO Category B steel was used. The deck width is 29.1 m 

and the depth of the cross section is 3 m. 
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Figure 47 Cross section of the bridge (dimensions in meters, not to scale) and location of points 
A, B and C where damage is determined 
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Figure 48 Mode shapes of the Yi Sun-Sin Bridge obtained from the finite element model 

0 10 20 30 40 50
0

5

10

15

20

25

30

35

Wind speed (m/s) 

S
td

. 
d

e
v
. 

o
f 

st
re

s
s
 (

M
P

a
) 

 

 

Point A

Point B

Point C

Figure 49 Standard deviation of stress at center of long span on the cross section 

 



99 

 

6.2.1 Proposed approach 

Wind tunnel tests were conducted (Kwon, 2010a) to obtain the parameters for the buffeting 

and self-excited forces. Parameters for the buffeting forces are shown in above table along with 

the properties of the deck. The aerodynamic derivatives are obtained from Kwon (2010a). The 

mode shapes are obtained from the finite element model of the bridge. Following Section 2.1, the 

standard deviation of the stress due to the wind forces were first computed. The bridge was 

designed conservatively, and the magnitude of the stress due to the wind forces alone was relatively 

low. 

Next, parameters for the posterior distributions of the wind were obtained, and then 

simulations were conducted to estimate the fatigue damage. The wind data used in Example 1 were 

also used in this example. Using the obtained distribution of damage index values, exceedance 

Figure 50 Experimental model used to determine the parameters for the buffeting and self-excited 
forces (Kwon 2010b) 
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probability plots were obtained as shown in Figure 51. As expected, the damage index is low and 

does not exceed 0.01. The obtained damage index is comparable to those of other long-span 

bridges. 

Another feature of the Bayesian approach is systematic updating of the damage prediction. 

The framework of the prior and the posterior provides a statistically valid approach to obtain 

“updated” results from “previous” results. During the life of bridge, wind data can be continuously 

recorded and updated. Using the proposed approach and updated data, prediction of future damage 

can be updated continuously, which is illustrated in Figure 53. Table 4 lists some of the percentiles 

and corresponding damage index values. Although such updating is possible with the conventional 

approach, the proposed approach is a better framework for two reasons. First, updating of 

distribution of damage provides a more complete perspective of the associated uncertainties than 

updating of single-valued damage indices alone. Second, the Bayesian approach enables 

systematic improvement of the prediction rather than arbitrary revision of the prediction. For 

example, suppose the wind data of the year 1 and that of the year 2 show quite different 

distributions. The Bayesian approach uses the preliminary data (prior; year 1 data) and additional 

data (year 2 data) to update the wind distribution systematically (posterior), and then provides an 

updated prediction of the damage. 

Table 7 Aerodynamic properties of Yi-Sun Sin Bridge 
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6.2.2 Influence of data size 

The proposed approach considers uncertainties in the limited size of measured data sets, 

but if the size of data is too small, the obtained damage estimation may not be reliable. To quantify 

the influence of the data size, simulations were conducted while increasing the size of the measured 

data sets but using the mean and variance of one year data. To isolate the data size issue of observed 

samples from scatters in real-world data, the statistics of the data were kept constant. The sample 

data size used in the Bayesian formulation was increased in each simulation. Bayesian approach 

assigns more confidence in samples of larger size. So effectively the PDF remains the same in all 

cases, but the confidence in the sample data increases due to increase in sample size. 
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103 

 

The results are presented as boxplot In Figure 52 without the outliers. For certain data size, 

the boxplot shows the 25th (q1), 50th (q2), and 75th (q3) percentile limits. The whiskers are at q1 – 

1.5(q3 – q1) and q3 + 1.5(q3 – q1). The results show that the damage index values are less volatile 

beyond the data size of 2 days. 

 

 

  

Figure 53 Systematic updating of the fatigue damage as more data became available over time for 
point A of Yi-Sun Sin Bridge 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

Wind induced damage or failure is a problem observed in civil engineering structures. 

Researchers and stakeholders are interested in predicting the future damage. This helps in 

quantifying the damage or predicting failure in advance which in turn can assist in improving the 

performance of the structure or component and planning the maintenance or precautionary 

measures. Yet another beneficiary will be the catastrophe modeling industry where loss estimation 

during a wind event is important. 

7.1 Summary 

In this research, the conventional wind induced damage prediction methods on rigid and 

slender structures are reviewed. This include wind load acting on the structures, response of the 

structure and effects on the structural properties of the component due to aging. It is identified that, 

the conventional methods of damage prediction uses data available from literature or experience. 

The data however has uncertainties involved with it. Hence, the damage predicted using this data 

will not represent the possible damage accurately. This research focus on addressing the 

uncertainty in the data. A Bayesian approach is adopted to integrate prior knowledge and 

monitored data. This approach addressees the uncertainties to get the future probabilities of 

damage. 

Two different examples were considered in the study. First one being the residential 

building component - asphalt shingles and second being the fatigue damage induced in long span 

structures. In conventional method for the residential buildings, the damage is generally expressed 
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in terms of the fragility functions. The capacity of the material is obtained from data collected over 

time, which could reduce the accuracy of damage prediction. This study proposed a method to 

monitor the decrease in capacity and incorporate the monitored capacity using Bayesian approach 

to obtain the posterior capacities. Then the fragility functions are calculated at different wind 

speeds, which gives the failure probability of the component. Using the failure probability of the 

component the failure probability of the entire roof is evaluated. At any instant of time the 

proposed method can give failure probabilities of the specific building. MC simulation yields the 

possible bounds of failure probabilities of shingles on the buildings with similar exposure and 

component properties. 

In case of the long span structures, the conventional damage prediction methods rely on 

the statistic of the wind data obtained from a short period of time or from a nearby location which 

may not reflect the wind statistic at the exact location of the structure. This issue is addressed by 

incorporating recent wind flow measurements and existing data from nearby location to evaluate 

fatigue damage. A wind load analysis of the structure is carried out in frequency domain and then 

the fatigue damage is evaluated using MC simulation. The proposed method is found to give 

probabilities of fatigue damage unlike the conventional approach which gives a single fatigue 

damage value. The proposed method can give us the exceedance probability of any particular 

fatigue damage value, and the probabilities can be further updated depending on recent monitored 

data available to us. This gives more comprehensive view of the damage scenarios. 

7.2 Impact of research 

 This research focuses on incorporating data obtained from different sources in damage 

prediction. If data is incorporated from different sources, the uncertainties involved in the prior 
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and the monitored data are carried forward into the posterior. This will result in damage predictions 

that will represent the possible values of damage more accurately than the conventional methods. 

It was learned from this study that the uncertainties in the quantities can be addressed and passed 

on to the final results of damage prediction. 

Literature based knowledge is readily available, and monitoring wind properties or material 

properties is increasingly becoming popular. As the quantity of monitored data increases, 

integrating data from different observations will become necessary. This research will be helpful 

to researchers who focuses on integrating prior knowledge and monitored data to improve their 

models. 

Monitoring the roof cover and incorporating the monitored data in damage prediction is a 

new approach in this context. The proposed methodology and this study will be helpful for future 

studies on monitoring roof components and addressing the capacity deterioration. Probabilities 

associated with fatigue damage in slender structures will be useful for researchers focusing on 

quantifying uncertainties in wind induced fatigue. 

7.3 Benefits of the research and future work 

Monitoring the gradual unsealing and predicting the failure of asphalt shingles could 

potentially be developed as a rapid shingle evaluation method. If data is collected over time 

following the proposed sensor approach, from the buildings in use, it can be used to generate more 

accurate fragility curves. This method can be used by researchers or manufacturers to study the 

behavior of shingles over time and thus improve the performance of the shingles. A long term 

vision would be a condition monitoring system that can aid a house owner, to understand the 
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vulnerability of roof shingles or possible energy harvesting devices which are gaining popularity. 

The framework described in this research will be useful to researchers focusing on damage 

prediction in structural engineering problems. 

Evaluation of fatigue damage in long span bridges, reveals us the probability that particular 

fatigue damage quantity will be exceeded with certain probability in a given period of time. Such 

an information will be important to make decisions on design, inspection and retrofit on long term 

basis. A single damage index value may be misleading as was shown in section 6.1. Updating of 

the probabilities is always possible using the Bayesian approach. The effects of observed wind 

data from recent history can also be reflected in the results by using the Bayesian approach. Also 

the effect of data size on the results can be investigated. A larger wind data size, significantly 

improved the confidence in predicted fatigue damage.



108 

 

APPENDIX A 

CALIBRATION OF THE SENSOR 

This part gives specification and calibration of the sensor used in collecting data from the 

asphalt shingles. Further the sensor data measurement is also detailed. 

The sensor was obtained from Tekscan Inc., Boston, MA. The sensor was termed 

Flexiforce sensor. The sensor is connected to computer using a handle device obtained from the 

same supplier. The software used for reading the data is also obtained from the supplier. A wireless 

sensing device is also available from the supplier. However the cost issues have prevented 

investigating the effectiveness of a wireless handle. The sensor can read the amount of force 

applied on it and displays the force on the computer monitor. The data can be continuously saved 

as .csv file with the help of software and is convertible to MS excel or text format. 

The sensor was 7.75 inches long. The sensor has approximately 9.53mm diameter sensing 

area. An incompressible metal puck was used to transfer the force from weights to sensor. The 

sensor has to be conditioned before calibrating. In this process load was applied on the sensor by 

means of testing machine to load beyond the limit of sensor capacity by 10 percentage. The sensor 

was calibrated using standard known weights of 0.5lb, 1lb and 5lb. The calibrated sensor was 

checked for accuracy using intermediate weights within the calibration limits. These being 1.5lb, 

2lb, 3lb and 4lb. 

A compressible puck is attached firmly on top of the sensor with standard adhesive. The 

sensor is connected to the handle which is connected to the computer. The location where the 
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sensor should be placed to record the data is previously marked on the asphalt shingle. The sensor 

is then placed in the location from where the data needs to be obtained. The location of sensor is 

shown in the figure below. After placing the sensor, the data recording is initiated through the 

software. Data is recorded at a frequency of 10Hz. The data recording is continued till the data 

becomes uniform consistently or in other words variation in data is negligible. This is assured by 

plotting the moving average of last 200 readings. When the moving average is found to be 

unchanged the mean reading of the last 200 readings is noted as the reading from the sensor. This 

sensor reading is associated with the asphalt shingle, which denotes the percentage damage that 

has occurred in the sealant. It takes more than 150 seconds for the reading to stabilize. After the 

data is recorded the sensor is removed from the sample.  
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APPENDIX B 

PICTURES OF SEALANT FAILURE 

 

Figure 55 Sealant after failure in base shingle 

Figure 54 Target shingle after failure 
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