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ABSTRACT 

Fatigue is among the most critical forms of damage potentially occurring in steel 

structures, and therefore it is essential to assess the fatigue damage status as well as 

the remaining fatigue life of steel bridges. As a paradigm of integrating structural 

health monitoring (SHM) data into practical structural condition assessment, the 

continuously measured dynamic strain data from a long-term SHM system are 

significantly useful in assessing the fatigue life and reliability of steel bridges. The 

research presented in this dissertation has been devoted to investigating fatigue life 

assessment and reliability analysis of welded connections of steel bridges using 

long-term monitoring data from the permanently installed bridge health monitoring 

system (BHMS). 

 

A monitoring-based stress-life fatigue evaluation method is firstly developed for 

deterministic fatigue life assessment of steel bridges by use of long-term measured 

dynamic strain data from an on-line SHM system. The proposed method takes the 

benefits of resemblance and consistence in daily stress spectra obtained under normal 

traffic (highway and railway) and wind conditions, and accounts for predominant 

factors which affects the prediction of fatigue life, such as the diversity of daily strain 

data subjected to diurnal and seasonal traffic variations and the typhoon effect. With 

the continuously measured dynamic strain data from the instrumented Tsing Ma 
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Bridge (TMB), the proposed method is exemplified to evaluate the fatigue life of the 

failure-critical welded details of the bridge. 

 

A combined method of finite mixture distributions and hybrid mixture parameter 

estimation is proposed to formulate the multi-modal probability density function 

(PDF) of the stress spectrum acquired from the monitoring data. This method is 

capable of modeling complex probability distributions and enables the statistical 

modeling of random variables with multi-modal behavior where a simple parametric 

model fails to adequately represent the characteristics of observations. The rainflow 

counting algorithm is utilized to obtain the rainflow stress matrix including the 

information such as stress range, mean stress, and number of cycles. The method of 

finite mixture distributions is applied to formulate the PDF of the stress range, while 

the joint PDF of the stress range and the mean stress is derived by means of a 

mixture of multivariate Weibull-normal distributions. The formulated PDF fits the 

measurement data fairly well and thus provides a crucial basis for fatigue reliability 

evaluation. 

 

The determination of stress concentration factor (SCF) and its stochastic 

characteristics for a typical welded bridge T-joint is perceived by conducting 

full-scale model experiments of a railway beam section of the TMB. The strain data 

at the pre-allocated measuring points are acquired and the hot spot strain at the weld 

toe is determined by a linear regression method. The SCF is then calculated as a ratio 
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between the hot spot strain and the nominal strain which is obtained directly from the 

strain gauge. To fully account for the effect of predominant factors on the scatter of 

SCF, the experiments have been carried out under different moving load conditions. 

The statistical properties and probability distribution of SCF are achieved, which 

reveals that the SCF for the welded steel bridge T-joint conforms to a normal 

distribution. 

 

Two reliability-based fatigue life assessment methods are proposed. In the first 

method, the stress cycle of specific stress range is treated as a random variable. The 

statistics obtained for all concerned stress ranges is combined with the S-N 

relationship along with the Miner’s damage cumulative rule to conduct a 

probabilistic fatigue life assessment. In the second method, a fatigue reliability model 

integrated with the probability distribution of hot spot stress range is formulated 

based on the S-N relationship. The joint PDF of the hot spot stress range is 

constructed from the obtained probability distributions of the stress range and the 

SCF. The two methods have been applied for probabilistic fatigue life assessment of 

critical welded details at the TMB by use of the long-term monitoring data, and the 

mean value and the standard deviation of the fatigue life as well as the failure 

probability and reliability index versus fatigue life are achieved. 

 

In summary, the research addressed in this dissertation chiefly contributes to the 

development of a systematic framework for S-N approach-based fatigue reliability 
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assessment of welded joints of steel bridges making use of long-term monitoring data. 

Aiming to narrow the gap currently existing between SHM technologies and 

structural condition assessment practices, the approach developed in this PhD study 

is capable of performing fatigue life and reliability evaluation with taking into 

account uncertainty and randomness inherent in the nature of fatigue phenomenon 

and measurement data. Following this approach, reliable fatigue condition 

assessment can be achieved for instrumented steel bridges and rational strategies on 

bridge inspection and maintenance can be executed in accordance with the 

correlativity between reliability indices and predefined inspection and/or 

maintenance actions. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

Fatigue is a progressive and localized process in which structural damage 

accumulates continuously due to the repetitive application of external loadings such 

as vehicles for steel bridges, winds for high-rise buildings, waves for offshore 

platforms, and temperature for turbine engines; while these applied loadings may be 

well below the structural resistance capacity. This kind of process is extraordinarily 

dangerous because a single application of the load would not create any abnormal 

effects, whereas a conventional structural stress analysis might lead to a conclusion 

of safety that does not exist. In a pervasive perspective of metal fatigue, the fatigue 

process is deemed to initiate from an internal or surface flaw where the stresses are 

concentrated, and originally consists of shear flow along slip planes. Suffering from 

an amount of cycles, this slip generates intrusions and extrusions and ultimately 

results in forming into a crack. With the propagation of cracks, it will eventually lead 

to fatigue failure in the structural components. 
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The most important failure modes for steel structures with welded connections are 

primarily classified as strength failure, including fracture due to overload or 

excessive plastic deformation; serviceability failure, such as large vibration and 

deflection under service-load conditions; and fatigue failure. Over a long period of 

time, the strength and serviceability modes of failure have been well investigated and 

understood in the professional engineering communities. As one of the most critical 

forms of damage and principal failure modes for steel structures, fatigue 

phenomenon is still less understood. It is therefore essential to seek novel 

methodologies and develop advanced technologies for seizing the fatigue 

mechanisms and conducting reliable assessment of fatigue damage status of steel 

bridges which serve as vital components in the transportation infrastructure of a 

nation. 

 

Two approaches are commonly employed for fatigue damage evaluation and life 

prediction of bridge structures. The first approach is the traditional S-N curve method, 

in which the relationship of the constant-amplitude stress range, S, and the number of 

cycles to failure, N, is determined by appropriate fatigue experiments and described 

by an S-N curve. The Palmgren-Miner linear damage hypothesis, also called Miner’s 

rule (Miner 1945), extends this approach to variable-amplitude loading. The second 

method is the fracture mechanics approach which is dominantly dedicated in 

exploring the features and disciplines of crack initiation and growth in consideration 

of stress field at the crack tip. In general, the two approaches are applied sequentially, 
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with the S-N curve method being used at the bridge design stage or preliminary 

evaluation of fatigue life and the fracture mechanics approach for more refined 

crack-based remaining fatigue life assessment or effective decision-making on 

inspection/maintenance strategies (Chryssanthopoulos and Righiniotis 2006). 

 

There have been a lot of investigations and applications on bridge fatigue damage 

evaluation and fatigue life prediction using the traditional S-N method (Schilling et al. 

1978; Moses et al. 1987; Laman and Nowak 1996; DeWolf et al. 1997; Mohammadi 

et al. 1998; Connor and Fisher 2001; Peil et al. 2001; Li et al. 2003; Chan et al. 2005; 

Al-Rubaie 2008) or the fracture mechanics approach (Fisher 1984; Zhao and Haldar 

1996; Agerskov and Nielsen 1999; Lukic and Cremona 2001; Kiss and Dunai 2002; 

Righiniotis and Chryssanthopoulos 2003; Park et al. 2005; Ibrahim et al. 2006a, b; 

MacDougall et al. 2006; Xiao et al. 2006; Imam et al. 2008; Ghidini and Dalle 

Donne 2009). Some specifications (BSI 1980; AASHTO 1990; CEN 1992) adopt the 

traditional S-N method to guide bridge fatigue design or evaluation. According to 

these specifications, the fatigue life prediction of stochastically loaded structures is to 

determine the correlation between the fatigue life, the stress spectra and the material 

endurance. The material endurance is generally given in the form of S-N curves for 

constant-amplitude loading. The stress spectra are generally unknown and need to be 

evaluated by means of experiments or simulations. In the process of fatigue life 

prediction, the stress spectrum is obtained by extracting the stress cycles from a 

measured or simulated stress time history with a suitable cycle counting method. 
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Next, a proper fatigue damage accumulative rule is chosen and the fatigue damage 

caused by individual stress cycle is calculated. The total fatigue damage equals the 

sum of damage resulting from individual stress cycle. One of the most widely used 

damage accumulative rules is the Miner’s linear damage accumulative rule, and a 

rainflow cycle counting method is generally used for extracting the stress cycles 

from the stress time histories. 

 

The nature of fatigue process and uncertainties associated with the load histories and 

the estimation of future loads require field inspection as a necessary tool for fatigue 

damage detection and prevention. The fatigue damage condition and fatigue crack 

growth in bridge components are then assessed with data and information collected 

from regular field inspection. Inspection may involve the visual examination of 

structural components and/or the use of a variety of non-destructive evaluation (NDE) 

techniques, such as dynamic testing method, radiographic inspection, electric 

inspection method, sonic and ultrasonic method, acoustic emission method, and dye 

penetration (Achenbach 2000). They are conducted typically after observing 

deterioration and damage such as fatigue cracking in local areas and often expensive, 

time-consuming, and labor intensive to execute on large-scale bridges. When visual 

inspections without NDE techniques are used, the effectiveness of the inspection 

program primarily depends on the inspector’s experience and the type of damage 

observed in generic classes of structures inspected. In cases where NDE techniques 

are used, the effectiveness of the inspection process, to a great extent, depends on the 
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reliability of the selected technique in damage detection. These tests may reveal a 

snapshot of the operating loads and the corresponding response of the bridge to 

assess fatigue life at fatigue-sensitive (especially at fracture-critical) details. However, 

some of the tests will restrict normal operation of bridges. 

 

Recently, long-term structural health monitoring (SHM) of bridges has been one of 

the major attentions for researchers and engineers in civil, mechanical, material, and 

computer science fields (Balageas et al. 2006). Design and implementation of such a 

system is an integration of analytical skills, instrumentation and information 

technologies with the knowledge and experience in bridge design, construction, 

management and maintenance. On-line SHM system is able to provide reliable 

information pertaining to the integrity, durability, and reliability of bridges. The 

information can then be incorporated into bridge management and maintenance 

system (BMMS) for optimizing the maintenance actions and to improve design 

standards, specifications, codes, and guidelines. SHM is, in fact, an augment but not 

a substitute of current practice in bridge maintenance and management, not only 

through the use of advanced technologies in sensing, data acquisition, computing, 

communication, and data and information management, but also through effective 

integration of these technologies into an intelligent system. An accurate estimation of 

the actual situation in fatigue and remaining life of the critical components is an 

important task of the SHM system, which can be achieved by use of the continuously 

measured dynamic strain/stress data from the long-term SHM system. 
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The nominal stress approach is widely used for fatigue evaluation because most 

design specifications and codes for steel structures contain a standard procedure for 

fatigue analysis based on this approach. However, the nominal stress approach is not 

suitable for the structural joint if the object detail is complicated and incomparable to 

any classified joints, or the loadings are complex to make it difficult or impossible to 

determine the nominal stress (Xiao and Yamada 2004). Moreover, it has an obvious 

drawback in that it largely ignores the actual dimensional variations of a specific 

structural detail (Poutiainen et al. 2004). Therefore, the fatigue life predicted using 

nominal stress may be unreliable. An alternative method for the fatigue analysis of 

complicated welded steel joints is the hot spot stress approach which is more 

reasonable and accurate than nominal stress approach (Han and Shin 2000). The 

advantage of the hot spot stress method is that all kinds of details are related to the 

same hot spot S-N curve determined by the stress concentration factor (SCF) to 

estimate fatigue strength, rather than using numerous curves corresponding to welded 

joint categories of welded structures (Lotsberg and Landet 2005). 

 

Fatigue performance of steel bridges depends on a number of factors such as material 

characteristics, stress history, and environment, and all these factors exhibit 

uncertainty and randomness during the service life of the bridge. On the other hand, 

when the field measurement data are used for fatigue condition assessment, the 

uncertainties related to the field-measured data and the inaccuracies due to data 

processing techniques are subsistent and hardly avoidable. In view of these facts, it is 
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more appropriate to conduct fatigue life assessment in a probabilistic way than 

deterministic procedures. 

1.2 Research Objectives 

The aim of this PhD study is to investigate fatigue life assessment and reliability 

analysis of steel bridges by using long-term monitoring data. The specific objectives 

of this research are: 

(1) To develop a deterministic method for evaluating fatigue life of steel bridges 

based on the stress-life (S-N) approach by making use of long-term monitoring 

data from an on-line SHM system. 

(2) To propose a procedure for modeling the probability density function (PDF) of 

stress range and the joint PDF of stress matrix after rainflow cycle counting using 

the method of finite mixture distributions in conjunction with a hybrid mixture 

parameter estimation approach. 

(3) To experimentally investigate the determination of SCF and its probability 

distribution and stochastic properties for fatigue reliability analysis through 

full-scale model experiments of a typical welded bridge T-joint. 

(4) To propose a method for probability-based fatigue life assessment by use of 

long-term monitoring data. In this method, the stress cycle for a specific 
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rainflow-counted stress range is treated as a random variable with a probability 

distribution. 

(5) To develop a fatigue reliability model which integrates the probability 

distribution of hot spot stress range with a continuous probabilistic formulation of 

Miner’s damage cumulative rule for fatigue life and reliability evaluation of steel 

bridges with long-term monitoring data. 

1.3 Thesis Organization 

There are seven chapters in this thesis. A brief description of the chapters is given in 

the following. 

Chapter 1 introduces the background of this research and the research objectives to 

be pursued in this PhD study. 

Chapter 2 contains a review of the literature on fatigue analysis methods and fatigue 

reliability models, particularly the research on fatigue life and reliability assessment 

based on the field measured data. After a brief introduction of the fundamentals of 

fatigue, classical fatigue analysis methods including stress-life method, strain-life 

method, and fracture mechanics approach are introduced. Then, the research efforts 

pertaining to the NDE-based and SHM-based fatigue life assessment as well as the 

investigations on fatigue analysis accounting for stress concentration are reviewed. 

Subsequently, the existing fatigue reliability models and studies on the reliability 
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analysis for fatigue damage and life assessment based on the S-N curve method are 

surveyed. These models include fatigue resistance models, fatigue load models, and 

other S-N approach-based probabilistic models. Finally, a discussion on critical 

issues and existent problems related to the existing method of fatigue life assessment 

and reliability analysis is provided. 

In Chapter 3, a monitoring-based method for fatigue life assessment of steel bridges 

is proposed. This method is based on the strain measurement data from the SHM 

system instrumented on the bridge. The daily stress spectra at a specific location are 

attained using field-measured strain time histories and rainflow counting algorithm. 

After examining the stress spectra obtained in different days under normal traffic and 

wind conditions as well as typhoon conditions, a standard daily stress spectrum is 

derived by combining proportionally the strain data under different conditions. The 

optimal number of daily strain data for derivation of a standard daily stress spectrum 

is determined by analyzing the significant factors influencing the predicted fatigue 

life. Making use of one-year monitoring data from the suspension Tsing Ma Bridge 

(TMB), the proposed method is used to predict the fatigue life of the fatigue-prone 

welded details according to the procedure stipulated in BS5400 specification. 

Chapter 4 focuses on how to exploit the long-term monitoring data for modeling of 

rainflow-counted stress spectra that contain the stress range and mean stress, which is 

achieved by making use of the method of finite mixture distributions in conjunction 

with a hybrid mixture parameter estimation algorithm. First, the method of finite 
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mixture distributions which is widely used for PDF generation and a hybrid mixture 

parameter estimation method are briefly introduced. Second, the original measured 

strain data are preprocessed to eliminate the temperature effect by using a 

wavelet-based filtering method. The obtained stress spectra and predicted fatigue life 

by using the original measured and filtered strain data are also compared. Then, a 

representative sample of stress spectrum data is constructed accounting for both 

traffic and typhoon effects. At last, the multi-modal modeling of the stress range is 

performed by use of finite mixed normal, lognormal, and Weibull distributions; the 

joint PDF of stress matrix are also estimated by means of a mixture of multivariate 

distributions. 

Chapter 5 explores the method of determination of SCF and its stochastic properties 

for fatigue reliability assessment, and it is pursued by conducting an experimental 

investigation of a typical welded bridge T-joint. A full-scale test model is designed 

and fabricated, which holds a uniform profile with the railway beam section of the 

TMB in the geometrical dimension and material property as well as the weld detail 

of the welded joint. The strain data of the pre-allocated measuring points are acquired 

and the hot stop strain at the weld toe is determined by using linear regression 

method. The SCF is then calculated as the ratio between the hot spot strain and the 

nominal strain which is derived from the measured data at the location of desired 

strain gauge. Test cases are carried out under moving loading conditions with a 

combination of three load weight grades, two velocities of moving load, and two 

axle-distances of the test bogie. The statistical properties and probability distribution 
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of the SCF for the typical welded T-joint are achieved. 

In Chapter 6, two reliability-based fatigue life assessment methods are proposed. In 

the first approach, the stress cycle of specific stress range is treated as a random 

variable. The statistics obtained for all concerned stress ranges is combined with the 

S-N relationships stipulated in specifications to conduct a probabilistic assessment of 

fatigue life with the use of the Miner’s rule, from which the mean value and standard 

deviation of the fatigue life as well as the failure probability and reliability index 

versus fatigue life are obtained. In the second method, a fatigue reliability model is 

formulated in a continuous probabilistic formulation of Miner’s rule by considering 

both the nominal stress range obtained by measurements and the corresponding SCF 

as random variables. The developed probabilistic model is then illustrated using the 

long-term strain monitoring data from the TMB for evaluating fatigue life and failure 

probability with the aid of structural reliability theory. The global and local finite 

element models (FEMs) of the bridge are developed for numerically calculating the 

SCFs at fatigue-susceptible locations, and the joint PDF of hot spot stress range is 

obtained using the procedure for modeling the PDF of the stress range as addressed 

in Chapter 4 and the results of the statistical distribution of SCF presented in Chapter 

5. The failure probability and reliability index versus fatigue life are accomplished 

from the obtained joint PDF of the hot spot stress range in terms of the nominal 

stress range and SCF random variables. 

Chapter 7 summarizes the conclusions achieved from the theoretical, numerical, and 
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experimental studies in this PhD study. Recommendations for future work are also 

presented. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Basic Aspects of Fatigue 

As a well-known phenomenon in metallic structures, fatigue failures in service were 

already observed in the 19th century. The word “fatigue” was introduced in the 1840s 

and 1850s to describe failures occurring from repeated loads. The first noteworthy 

investigation on fatigue is generally dated from the engineering research work of 

August WÖhler, a technologist in the German railroad system in the early 1850s. 

WÖhler was concerned by the failure of railroad axles after various times in service 

at loads considerably less than the static strength of the structures and undertook the 

first systematic study of fatigue by performing many laboratory fatigue tests under 

cyclic stresses. However, in the 19th century, fatigue was thought to be a mysterious 

phenomenon in the material of an engineering structure because fatigue damage 

could not be seen and failure apparently occurred without any early warning. In the 

20th century, it has been observed that repeated load applications can start a fatigue 

mechanism in the engineering material leading to nucleation of a microcrack, crack 

growth, and ultimately to complete failure of a structure. 
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The history of fatigue covering a time span from 1837 to 1994 was reviewed in a 

survey paper by Schütz (Schütz 1996). Mann (Mann 1970, 1978, 1983, 1990) 

compiled 21,075 literature sources about fatigue problems on engineering materials, 

components, and structures covering the period from 1838 to 1990 in four books 

with an index on subjects, authors, and years. A comprehensive survey of the 

historical development of the contributions to fatigue on metallic materials, 

nonmetallic materials, and composites can also be found in Suresh (1998). Cui (2002) 

carried out a state-of-the-art review of metal fatigue with particular emphasis on the 

latest developments in fatigue life prediction methods. 

2.1.1 Significance of Fatigue 

Fatigue is one of the main causes involved in fatal mechanical failures of a wide 

range of structures and infrastructures, such as aircrafts, ships, vehicles, offshore 

structures, pipelines, machinery, pressure vessels, cranes, power turbines, 

transmission tower, bridges, or other engineering structures of high visibility. Such 

devastating events occur suddenly and result in heavy losses of life and property. 

Even though no exact percentage is available on the mechanical failures due to 

fatigue, many studies have suggested that 50 to 90 percent of all mechanical failures 

are fatigue failures (Stephens et al. 2001). American Society of Civil Engineers 

(ASCE) Committee on Fatigue and Fracture Reliability stated that about 80 ~ 90% of 

failures in metallic structures are related to fatigue fracture (ASCE Committee on 
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Fatigue and Fracture Reliability 1982a, b, c, d). 

 

The fact that most mechanical failures are associated with fatigue is also testified by 

the results of an extensive study reported in 1983 by Battelle Columbus Laboratories 

in conjunction with the National Bureau of Standards (currently NIST, National 

Institute of Standards and Technology) (Reed et al. 1983). As illustrated in Table 2.1, 

it is clear that 141 out of the 230 failures (nearly 61%) were associated with fatigue 

and three main causes of fatigue are improper maintenance, fabrication defects, and 

design deficiencies. The investigation also emphasized that the cost of 

fatigue-induced fracture could be dramatically reduced by using proper fatigue 

analysis methods and technologies. However, fatigue failure of metal materials, 

components, and structures is very recondite and not well understood, nor readily 

predicted, by designers and engineers due to the complex nature of the fatigue 

mechanism. 

2.1.2 Mechanism of Metal Fatigue 

The mechanisms of the fatigue process are quite complicated and controversial 

which are still only partially understood. However, understanding the fatigue 

mechanism is a prerequisite for considering various factors which affect fatigue life 

and fatigue crack growth, such as the material surface quality, residual stress, and 

environmental influence. This knowledge is essential for the analysis of fatigue 
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properties of an engineering structure. Generally, fatigue is understood as a crack 

initiation process followed by a crack growth period, as shown in Figure 2.1. Fatigue 

cracks caused by the repeated application of loads, which individually would be too 

small to cause failure, usually initiate from the surface of a structural component 

where fatigue damage initiates as microscopic shear cracks on crystallographic slip 

planes as intrusions and extrusions, which is the first stage called crack initiation 

(stage I). The crack may then propagate from the localized plastic deformation to a 

macroscopic size in a direction perpendicular to the applied load, which is a crack 

propagation process (stage II). Finally the crack becomes unstable and the 

component may fracture. Usually, it is difficult to make an exact description and 

distinction of the transition between two phases of the fatigue process since this 

distinction depends upon many factors, such as component size, material, and the 

methods used to detect cracks. 

 

Typically, the crack initiation period accounts for most of the fatigue life of a 

component made of steels, particularly in the high-cycle fatigue (HCF) regime 

(approximately larger than 10,000 cycles). In the low-cycle fatigue (LCF) regime 

(approximately less than 10,000 cycles), most of the fatigue life is spent on crack 

propagation. Modern fatigue theories provide separate analyses for each phase of the 

fatigue process. Crack initiation theories are based on the assumption that fatigue 

cracks are initiated by the local strains and stresses concentrating on the surface of a 

structural component due to geometric shapes such as holes, discontinuities, and 
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fillet radii. Crack propagation and final failure stages are analyzed by relating crack 

growth to the stresses in the component using fracture mechanics. 

2.1.3 Classical Fatigue Analysis Methods 

Fatigue process is a very progressive and complicated metallurgical process which is 

difficult to describe accurately and model precisely on the microscopic level. Despite 

these complexities, fatigue analysis methods have been developed for fatigue damage 

assessment for the design of components and structures. Historically two overriding 

considerations have promoted the development of fatigue analysis methods. The first 

has been the need to provide designers and engineers with methods that are practical, 

easily implemented, and cost effective. The second consideration has been the need 

to reconcile these analytical approaches with physical observations. One of the most 

important physical observations is that the fatigue process can generally be broken 

into two distinct phases: initiation life and propagation life. Three primary fatigue 

analysis methods are presented in this section, including the stress-life (S-N) 

approach, the strain-life (є-N) approach, and the fracture mechanics approach. These 

methods have their own region of application with some degree of overlap between 

them. 

 

Stress-life approach is used mainly for long life applications where stresses and 

strains are elastic. This method is best suited for HCF. It does not distinguish 
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between initiation and propagation, but deals with a total life or the life to failure of a 

component. The current stress-life approaches can be divided into different 

categories depending on the type of stress analysis performed on the structural details, 

mainly including the nominal stress approach, hot spot stress approach, and notch 

stress approach (Fricke 2003; Radaj et al. 2006). The strain-life method developed in 

the 1960s is usually considered an initiation approach. It is used when the strain is no 

longer totally elastic, but has a plastic component. Short fatigue lives in LCF 

generally occur under these conditions. The fracture mechanics method is based upon 

linear elastic fracture mechanics (LEFM) principles which are adapted for fluctuating 

loading. This method is used to predict propagation life from an initial crack or 

defect and it is also used in combination with the strain-life approach to predict a 

total life. 

2.2 Fatigue Condition Assessment Based on Field Data 

When the stress-life approach is adopted for bridge fatigue damage evaluation and 

fatigue life prediction, the engineer must have the most realistic and precise load and 

resistance information to make an accurate fatigue assessment, particularly when the 

live load stresses are used in cubic equations (Sartor et al. 1999). In this type of 

analysis, a small variation in live load stress range will induce drastically different 

fatigue assessment results. Analysis using computational models of load and 

structure cannot attempt to mimic the variation in stress range that a typical structural 
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element will experience. Additionally, it would be extremely time-consuming and 

almost impossible to attempt to account for all of the variables in a conventional 

simulation analysis. The only way to obtain precise information that accounts for 

these variables is through field measurement, where sensors are attached to the 

bridge elements and the actual stresses and distribution of stresses that the structural 

element experiences can be measured and recorded. Consequently, it is considered 

that the field-measured data would provide the simplest and most accurate basis for 

fatigue assessment. This section provides a comprehensive overview of fatigue 

analysis of bridge structures based on field-measured data from load-controlled 

diagnostic load testing and short-term in-service monitoring using NDE techniques 

and long-term monitoring strategy dominated by SHM technologies. 

2.2.1 NDE-Based Fatigue Assessment 

As the traffic volume and truck weight continue to increase, and as bridge conditions 

continue to deteriorate, a lot of existing steel bridges need to be strengthened, 

repaired, or reconstructed to insure an acceptable level of safety considering present 

and future traffic conditions (Zhao and Haldar 1996). Furthermore, because of lack 

of funds and the high cost of reconstruction, NDE technology has been developed to 

improve the accuracy of bridge condition evaluation (Russo et al. 2000; Shenton et 

al. 2003). Among the methods, diagnostic load testing with controlled loadings and 

short-term in-service monitoring under normal traffic loadings currently are mainly 
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used and the fatigue condition of bridges is then assessed with the obtained data and 

information from the deployed sensors and data acquisition systems. 

 

The load-controlled diagnostic load testing has the advantages of using known 

loadings, which allows relatively accurate quantification of bridge response and the 

determination of a fairly comprehensive baseline model for a bridge. The limitation 

to this type of testing, as opposed to in-service monitoring, is that one must use some 

level of traffic control during testing. The time used for setup is longer, and the 

response represents only a snapshot in time. The short-term in-service monitoring, on 

the other hand, has the advantages of not requiring traffic control during monitoring; 

having a very rapid setup time; recording the response due to ambient traffic, thereby 

providing statistical information about actual responses; and allowing the response to 

be tracked over time. The limitation of in-service monitoring is that the weight and 

the classification of the truck loadings are not specifically known, and the limited 

data will not allow bridge parameters to be evaluated explicitly (Chajes et al. 2000). 

 

Some investigations on bridge fatigue analysis through use of NDE techniques have 

been made in recent years. For example, Hahin et al. (1993), and Mohammadi et al. 

(1998) presented the application of field strain data to condition assessment and 

prediction of fatigue life of fifteen highway bridges located in Illinois, and the results 

were further used to study the significance of truck weight increase and traffic 

volume growth on fatigue life of the bridges. DeWolf et al. (1997, 2002), and 
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Bernard et al. (1997) evaluated fatigue life for a variety of bridges using field 

monitoring data by a portable computer-based strain gauge data acquisition system 

which has been extensively used in Connecticut to assist the Department of 

Transportation in the evaluation and renewal of the state’s bridge infrastructure, and 

identified cost-effective maintenance, repair, and replacement strategies 

(Chakraborty and DeWolf 2006). Peil et al. (1997, 2000, 2001) studied the precision 

on life cycle prediction of steel bridges under live loading using strain monitoring at 

the real critical points. 

 

Chajes and Mertz (2003) discussed the diagnostic load tests performed at various 

stages throughout the process on determining the circumstances leading up to the 

fatigue crack and its cause, and presented the temporary and permanent repair 

strategies. Zhou (2003, 2004, 2005, 2006) proved that the fatigue evaluation based 

on field-measured stress range histograms under actual traffic load was a more 

accurate and efficient method for existing bridges, and applied this approach in 

assessing the remaining fatigue life of aged riveted steel bridges. Ermopoulos and 

Spyrakos (2006) identified the structural components in need of strengthening or 

replacement for a 19th century railway bridge through static and dynamic field 

measurements as well as laboratory tests, and proposed the strengthening schemes 

and predicted the remaining fatigue life of the bridge in its present condition and 

after the suggested strengthening. Investigations into fatigue evaluation of steel 

bridges by use of NDE techniques were also reported by Moses et al. 1994, Roeder 
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et al. (2000), Abdou et al. (2003), Lund and Alampalli (2004), Spyrakos et al. (2004), 

Wang et al. (2005), Alampalli and Lund (2006), and Malm and Andersson (2006). 

2.2.2 SHM-Based Fatigue Assessment 

To secure structural and operational safety throughout the bridge life-cycles and issue 

early warnings on any deterioration or damage of bridges prior to costly repair or 

even catastrophic collapse, the significance of implementing long-term SHM systems 

for bridges has been increasingly recognized in USA (Pines and Aktan 2002; Chang 

et al. 2003; Peil 2005; Feng 2009), European (Casciati 2003; Brownjohn 2007; 

Matos et al. 2009), Japan (Mita 1999; Fujino 2002), Korea (Koh et al. 2003; Yun et 

al. 2003), Hong Kong (Ko 2004; Ko and Ni 2005; Wong 2007), Chinese mainland 

(Xiang 2000; Ou 2004; Zhang and Zhou 2007), Canada (Cheung et al. 1997; Mufti 

2002; Desjardins et al. 2006), among others. A review of the literature indicates that 

there is a growing trend in incorporation of computer- and sensor-based long-term 

health monitoring systems into bridges especially for long-span bridges due to their 

large investments, their significant roles in economics, and innovative techniques 

used to design and construct such bridges. 

 

An important function of SHM systems is to monitor structural health and 

performance, as well as accurately estimate the actual status in fatigue and remaining 

life of the bridge (Chan et al. 2001). It has become an important issue of high 
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research interest with the development of SHM systems for large complicated 

structures. However, little work on fatigue analysis and condition assessment of 

bridge structures based on long-term monitoring data has been made in the past 

decade because SHM is a relatively new technology for applications in civil 

engineering communities, and even a comprehensive definition of SHM and the 

system design guidelines have yet to be standardized; Another important reason is 

that such a complicated system has not been extensively installed in most of the 

bridges worldwide due to high cost. 

 

However, investigations on fatigue condition assessment based on long-term 

monitoring data still can be found. Chan et al. (2001), and Li et al. (2001) developed 

a methodology and strategy for fatigue damage analysis and life prediction, and 

fatigue condition assessment of bridge-deck sections of the TMB was carried out 

taking full advantage of the on-line SHM data. Connor et al. (2003) developed and 

implemented an in-depth instrumentation, testing, and monitoring program on the 

Bronx-Whitestone Bridge as part of a comprehensive fatigue evaluation for the 

replacement orthotropic bridge deck. Ni et al. (2006a, b) presented a study on fatigue 

life assessment of the TMB using the standard daily stress spectrum method and also 

proposed a method for fatigue reliability analysis based on long-term monitoring data. 

Xu et al. (2009) developed a systematic framework for assessing long-term 

buffeting-induced fatigue damage to a long suspension bridge by integrating a few 

important wind/structural components with continuum damage mechanics 
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(CDM)-based fatigue damage assessment method. 

2.3 Fatigue Analysis Accounting for Stress Concentration 

Steel bridges are usually composed of lots of longitudinal and transverse plate-type 

structural members with welded joints at their intersections, for example, joints of 

main girders and floor beams, floor beams and stringers in plate girder bridges, and 

longitudinal ribs and transverse ribs in steel deck plates. Investigations on the fatigue 

behavior of welded joints as well as fundamentals of the fatigue strength assessment 

together with design rules and applications are numerous (e.g., Gurney 1979; van 

Delft 1981; Maddox 1991; Hobbacher 1996). The welded joints contain some form 

of geometrical or microstructural discontinuities, while the weld toes in welded joints 

are the positions with the maximum local stresses where fatigue cracks are most 

likely to occur. Hot spot stress is the value of the structural stress at the hot spot 

usually located at a weld toe, which can be calculated by multiplying the nominal 

stress by a SCF commonly obtained from the finite element analysis or experimental 

measurements using strain gauges or experiential formulae (Pilkey 2008). 

2.3.1 Determination of SCF and Hot Spot Stress 

Numerical analyses have the distinct advantage of giving the exact positions, 

directions and magnitudes of high stresses and the patterns of stress distribution in 
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the entire zone of the specific joint being considered. When using the finite element 

method to analyze the SCF, the structural behavior can be analyzed by a global FEM. 

A part of the structure including the studied detail is extracted for a more detailed 

analysis where is large enough to prevent boundary interaction on the stress 

distribution at the welded joint with adequate boundary conditions. This selected area 

should be newly modeled, in which the meshing is refined to obtain enough fine 

meshes at the welded connection provided with the boundary conditions from the 

global FEM calculation. The local stress concentrations at the weld toe are heavily 

dependent, in physical models, on the local weld profile and, in numerical analysis, 

on the mesh refinement (Morgan and Lee 1997). Therefore, it is necessary to find a 

compromise between the refinement of the meshing and the size in degrees of 

freedom of the numerical model. 

 

When tests are performed and strain measurements are used to determine the SCF, an 

elaborate and reasonable instrumentation scheme of strain gauges is crucial. The 

selection of hot spot locations for instrumentation with strain gauges was improved 

and refined based on experience from a number of finite element analyses of the 

typical details such as rib-to-diaphragm, rib-to-bulkhead, rib-to-stiffener, and 

diaphragm-to-deck connections (Kaczinski et al. 1997; Barth and Bowman 2001; 

Tsakopoulos and Fisher 2002; Connor 2004; Al-Emrani 2005; Connor and Fisher 

2006). The hot spot stress is calculated by extrapolation or regression of the stress 

distribution outside of the weld to the weld toe. For example, Puthli et al. (1988) 
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investigated strain/stress concentration factors numerically and experimentally on X, 

T, and K joints using square hollow steel sections and obtained parametric 

strain/stress concentration factor formulae using regression analyses. Fung et al. 

(2002) studied the SCFs of double plate reinforced tubular T-joints subjected to 

various types of basic loading such as axial tension, axial compression, and in-plane 

and out-of plane bending by using numerical and experimental methods. Similar 

investigations can also be found in Iida (1984), Karamanos et al. (2000), Gho et al. 

(2003), and Gao et al. (2007). 

 

In general, the actual values for hot spot stress cannot be determined easily and 

accurately, alternatively it can be introduced as an estimated value calculated through 

the extrapolation of the stresses at adjacent points where the stresses can be 

determined easily. Numerous research efforts have been made on hot spot stress 

evaluation, and many suggestions given are based on the surface extrapolation 

technique and fewer on other techniques. The International Institute of Welding (IIW) 

recommendations for determining the structural hot spot stress are based on the 

principle of surface extrapolation. Niemi (1995), and Niemi et al. (2003) gave 

detailed recommendations concerning stress determination for the fatigue analysis of 

welded components and proposed distances of 0.4 and 1 times plate thickness T from 

the weld toe, also distances 0.5 and 1 times plate thickness for coarser meshes. Yagi 

et al. (1991) proposed a definition of hot spot stress for fatigue design of plate-type 

structures, and the hot spot stress should be obtained by means of the linear 
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extrapolation of the specific two points at 1.57 4 3T and 4.9 4 3T to the weld toe. 

Nonlinear extrapolation instead of the linear extrapolation is occasionally applied by 

considering that the structural stress increase in front of the welded joint occurs with 

various gradients and nonlinearities (van Wingerde et al. 1995). 

 

The second method for determining structural hot spot stress is through thickness-at- 

weld-toe method. Radaj (1996) demonstrated that structural hot spot stress could be 

evaluated either by surface extrapolation or by linearization through the pate 

thickness. Dong (2001) proposed an alternative structural hot spot stress computation 

method combining the features of the surface extrapolation methods with those of the 

through thickness methods. Doerk et al. (2003) explained and compared various 

procedures for evaluating structural hot spot stress at different types of welded joints. 

Poutiainen et al. (2004) investigated the limits and accuracy of different methods for 

hot spot stress determination and compared them with finite element analysis results 

from simple 2D and precise 3D models. Xiao and Yamada (2004) proposed a new 

method of determining structural hot spot stress in welded constructions based on the 

computed stress 1 mm below the surface in the direction corresponding to the 

expected crack path. This method has an additional advantage of being able to 

account for the size and thickness effects observed in welded joints when compared 

to the surface extrapolation technique for structural hot spot stress evaluation. 

 

A lot of research investigations have been carried out in the determination of SCF 
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and hot spot stress for welded tubular joints. Morgan and Lee (1998a, b) carried out 

an extensive parametric study of the distribution of SCF for the in-plane moment 

loading and out-of-plane moment loading cases in tubular K-joints commonly found 

in offshore platforms and proposed a new equation to determine SCF on the chord 

and brace. Gandhi and Berge (1998) conducted fatigue tests on seven different 

T-joints made of circular brace and rectangular chord in constant amplitude axial 

loading and compared the SCF measured experimentally with those by various 

existent parametric formulae. 

 

Analytical expressions for SCFs of circumferential welds in tubular joints under 

consideration of fabrication tolerances were given by Lotsberg (1998). van Wingerde 

et al. (2001) presented simplified design formulae and graphs to facilitate the 

SCF-determination of K-shaped connections. Mashiri et al. (2002, 2004a, b) carried 

out fatigue tests to investigate the SCF and fatigue behavior of welded thin-walled 

T-joints made of circular hollow section (CHS) braces welded onto square hollow 

section (SHS) chords under in-plane bending (IPB). Bian and Lim (2003) determined 

experimentally hot spot stress and the SCF through the test on hollow section T-joint 

subjected to both axial and IPB loads. Chiew et al. (2004, 2007), and Lie et al. (2004) 

investigated experimentally and numerically the fatigue performance of a cracked 

tubular T-joint subjected to IPB only, a combination of IPB and out-of-plane bending 

(OPB), and a combination of axial loading, IPB and OPB, respectively. The hot spot 

stress distribution along the intersection of chord and brace was carried out by static 
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tests to determine the peak hot spot stress and its location when the joints were 

subjected to various load cases. Pang et al. (2009) described the determination of 

SCF of dragline tubular joints through laboratory testing of four full-size dragline 

tubular joints. 

2.3.2 Fatigue Assessment Using Hot Spot Stress Method 

Analysis and assessment of the hot spot stress with respect to fatigue has had a rather 

long history. Pioneering investigations were made in the 1960’s by several 

researchers to relate the fatigue strength to local strain/stress measured at a certain 

point close to the weld toe (Radaj et al. 2006). In 1970’s, the development of the hot 

spot stress approach with the definition of reference points for stress evaluation and 

extrapolation at certain distances away from the weld toe was reviewed by van 

Wingerde et al. (1995), which was particularly successful for the fatigue strength 

assessment of tubular joints. First attempts to apply the approach to welded joints at 

plates were seen in the early 1980’s, and CEN (1992) extended the hot spot stress 

approach to plate-type structures due to the increasing demand although only limited 

guidance was provided (Poutiainen et al. 2004). Up to now, the hot spot stress 

approach has been well accepted and recommended by several national and 

international codes and standards (ECCS 1985; CEN 1992; API 1993; BSI 1993; 

AWS 1998; IIW 2000). 
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Little research has been performed on the application of the hot spot stress approach 

to fatigue damage evaluation of the welded plate joint of steel structures, especially 

for cable-supported steel bridge fatigue evaluation (Chan et al. 2005). Miki and 

Tateishi (1997) studied the fatigue strength and local stress for cope hole details 

existing in I-section beams by fatigue test, stress measurement and stress analysis 

and proposed a simple equation for estimation SCF based on the results of finite 

element analysis which was verified by experimental results and confirmed to be 

accurate. Savaidis and Vormwald (2000) investigated numerically and 

experimentally the hot spot stress and fatigue life of four different welded joints from 

the floor structure of city buses under bending and tensional cyclic loadings. Han and 

Shin (2000) derived a consistent and unified S-N curve by using the hot spot stress 

approach through a numerical and experimental analysis which can be applied for 

fatigue strength estimation and fatigue design for general welded steel structures. 

Chan et al. (2003, 2005) reported that the hot spot stress approach gave a more 

appropriate fatigue life prediction than the nominal stress approach for a steel 

suspension bridge. 

2.4 Reliability-Based Fatigue Condition Assessment 

In October, 1945, a paper entitled “The Safety of Structures” appeared in the 

Proceedings of the ASCE. This historical paper was written by A. M. Freudenthal, 

and its purpose was to analyze the safety factor in engineering structures in order to 
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establish a rational method of evaluating its magnitude. It was selected for inclusion 

with many discussions in the 1947 Transactions of the ASCE (Freudenthal 1947). 

The publication of this paper marked the beginning of structural reliability studies in 

the United States (ASCE Committee on Fatigue and Fracture Reliability 1982a). 

Over the past several decades, the concepts and methods of structural reliability have 

developed rapidly and become more widely understood and accepted. There have 

been a lot of studies and applications (Rackwitz and Fiessler 1978; Liu and 

Kiureghian 1991; Das 1998; Frangopol et al. 1998; Frangopol and Imai 2000; Imai 

and Frangopol 2000; Stewart 2001; Ang and DeLeon 2005) and comprehensive 

books (Benjamin 1970; Ang and Tang 1975; Thoft-Christensen and Baker 1982; Ang 

and Tang 1984; Kececioglu 1991a, b; Ditlevsen and Madsen 1996; Haldar and 

Mahadevan 2000a, b; Ayyub and McCuen 2003; Hurtado 2004) on reliability-based 

structure analysis. 

 

Fatigue reliability evaluation is a very important task for the design and management 

of bridges. For highway and railway bridges, the techniques of fatigue reliability 

have been applied mainly in (Lukic and Cremona 2001): (i) condition assessment 

and estimation of the remaining lifetime of bridges, where probabilistic methods can 

be used to obtain estimates of the adequacy of the existing structure, need for 

increased inspection in the future to prevent failure, and approximate remaining 

fatigue lifetime based on projections of the future loads; and (ii) development of 

probability-based design stress ranges for fatigue-critical bridge components, where 
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accurate traffic load data can be acquired through weigh-in-motion (WIM) systems, 

from which an extensive amount of data are available showing distribution of load by 

its time of appearance, transversal position, speed, number of axles, gross weight of 

axles, and distance between axles. 

 

Most of the research work on reliability-based fatigue analysis has focused on steel 

bridges. A comprehensive literature review on the existing fatigue reliability 

approaches for reassessment of steel structures, including railway and highway 

bridges, is available in Byers et al. (1997a, b). The general approach for analyzing 

reliability against fatigue failure is first to formulate a mathematical model, whether 

on the basis of mechanics or extensive observations of the phenomenon, which 

incorporates as many of the variables as practical that are known to affect fatigue 

behavior. The probabilistic and statistical analysis method then is performed within 

this provided analytical framework. 

2.4.1 Fatigue Reliability Assessment from Field Data 

Field monitoring has proven to be an effective method for the evaluation of integrity 

and estimation of fatigue reliability of structures. In most applications, it requires a 

complete live load history of the structure achieved through a comprehensive field 

data compilation for the reliability analysis of fatigue-critical structures. A 

continuous monitoring process used to compile load data and update the information 
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on fatigue reliability is costly and may not be easily applicable or economically 

viable for all types of structures. An alternative process will be a limited amount of 

data that can be assumed to represent the load population. 

 

An effective method for computing fatigue damage to critical bridge components is 

through field stress range data. The data generally contain a reasonable pool of all 

potential stress ranges applied on the bridge which constitute a major component of 

fatigue reliability assessment process (Mohammadi and Polepeddi 2000). The 

installation of gauges at critical locations on steel girders of the bridge requires no 

alteration to the bridge and can be achieved without closing the bridge to the traffic. 

The strain data compiled can be converted into stress ranges and arranged in the form 

of frequency diagrams as the data acquisition process is in progress by means of a 

data compression and reduction process with a cycle counting technique. A major 

issue in compiling data to construct stress range frequency is the duration of the data 

acquisition process. In highway bridges, a two- or three-day period is satisfactory 

and five- to ten-day period for railway bridges (Mohammadi et al. 1998). During this 

period nearly all stress ranges, experienced by a critical component in a bridge, are 

captured. 

 

Preferably, the data acquisition device should be left running continuously to capture 

the effect of day and night traffic, and empty and full trucks. To include seasonal 

changes in traffic patterns, the data acquisition process may have to be conducted in 
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several two- or three-day sessions at various times during a year. Longer periods of 

data compilation will be needed when a bridge is subject to frequent overload 

conditions. However, if the complied data are only for a limited number of days, 

fatigue damage estimation for a given period of time requires additional information 

pertinent to the bridge and roadway. The average daily traffic, annual traffic growth 

and distribution of trucks by lanes are among important information needed to 

complete the fatigue damage estimation. 

 

Issues in conducting a fatigue reliability analysis from field data have been 

summarized as follows (Mohammadi 1995; Mohammadi 2001): (i) the method of 

fatigue damage estimation; (ii) the number of parameters for which data must be 

compiled; (iii) type of data needed; (iv) data processing method; and (v) the duration 

of data acquisition session. Although the live load stress data appears to be the most 

important parameter for which data must be compiled, fatigue reliability analysis can 

benefit from data on other parameters as well. With a careful planning, other 

structural parameters can also be included in a data acquisition process with a 

marginal additional cost and extra effort. A reliability-based inspection scheduling 

procedure can yield an optimal inspection schedule and can maintain a specified 

safety level for fracture-critical members in steel bridges through their planned 

service lives. This procedure is based, in sequence, on a stress range analysis, a 

fatigue reliability analysis, and an optimization analysis (Chung et al. 2003; Chung et 

al. 2006). 
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2.4.2 Stress-Life Fatigue Analysis Models 

Fatigue data are obtained by cycling test specimens at constant-amplitude stress until 

visible cracking occurs. Such tests are repeated several times at different stress levels 

to establish the S-N curves. Running fatigue tests is an expensive and 

time-consuming process and curve fitting of fatigue data is also time-consuming. 

Fatigue analytical models can link theoretical ideas with the observed data to provide 

a good prediction of future observations. WÖhler was the pioneer researcher who 

tried to quantify fatigue strength based on the results of experiments on the 

endurance of metals, and investigated the fatigue failure in railroad axles for German 

Railway Industry. His work also led to the characterization of fatigue behavior as the 

applied stress versus the cycles to failure and to the concept of fatigue limit 

(Al-Rubaie 2008). 

 

Basquin (1910) represented the finite life region of the WÖhler curve as logN on the 

abscissa and logS on the ordinate. The Basquin function can be represented 

mathematically as 

ANS m =                            (2.1) 

or 

ASmN logloglog +−=                     (2.2) 
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where m and A are positive empirical material constants. Obviously, logA and m are 

the intercept on the logN axis and constant slope of Equation (2.2), respectively. 

Considering the existence of fatigue limit, Stromeyer (1914) modified Equation (2.2) 

by introducing an extra parameter Fl as 

( ) AFSmN l logloglog +−−=                   (2.3) 

In cases where the optimum value of the parameter Fl is negative or insignificant, it 

should be omitted since Fl represents the fatigue limit stress. 

 

To show the effect of stress ratio Rs or mean stress Sm on fatigue life, Walker (1970) 

proposed the equivalent stress Sq model which is given by 

( ) AFSmN lq logloglog +−−=                  (2.4) 

where 

C
sq RSS )1( −=                        (2.5) 

Since 

( )sm RSS += 1
2

                       (2.6) 

substituting Rs in Equation (2.5) with Sm, gives 

Cm
q S

SSS )22( −=                      (2.7) 
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where C is a constant parameter. 

2.4.3 Fatigue Reliability Assessment Using S-N Approach 

Fatigue load and resistance are two main variables when the S-N method is chosen 

for developing fatigue reliability analytical models. The S-N curves are the most 

traditional way to define the fatigue strength of a material. There has always been a 

great deal of scatter in the data characterizing the fatigue strengths of various details. 

The scatter resulting from the experimental tests available allows statistical treatment 

of the results and helps propose the best-fit S-N curve for a required safety level. In 

the fatigue tests carried out under variable-amplitude stress increments, the 

Palgrem-Miner hypothesis may be used due to its simplicity although it may err in 

neglecting loading sequence. The failure happens when the final summation of the 

elementary damage reaches a determined value, which is a random variable and 

generally equal to unit as a deterministic value. The fatigue load is generally obtained 

by means of measurements or simulations. In the process of S-N curve-based fatigue 

life analysis, the stress spectrum is obtained by extracting the stress range and cycle 

from a measured or simulated stress time history with a suitable cycle counting 

method. Figure 2.2 illustrates the fatigue reliability analysis framework based on the 

S-N curve method. 

 

The fatigue load model should be determined not only by magnitude but also by 
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frequency of occurrence which can be obtained by WIM measurements (Wang et al. 

2005; Chotickai and Bowman 2006), and resistance model should be derived from a 

lot of fatigue tests under varying amplitude loading (Nowak and Szerszen 1999; 

Szerszen et al. 1999). Usually, the lognormal distribution and the Weibull 

distribution are used for load and strength probability distribution (Wirsching and 

Yao 1970; Ellingwood 1982; Zheng et al. 1995; Yan et al. 2000; Jakubczak et al. 

2006). Murty et al. (1995) proposed a method to deal with the derivation of the 

fatigue strength distribution as a function of number of cycles to failure. Zhao et al. 

(2000) developed an approach to determine an appropriate distribution from four 

possible assumed distributions of the fatigue life under limited data. Loren (2004) 

presented a model for calculating the fatigue limit distribution based on the inclusion 

size. 

 

Research efforts have been devoted by a number of investigators for modeling the 

stress range data by using various single theoretical probability distributions. Based 

on 106 recorded stress range histograms, Yamada and Albrecht (1976) presented that 

the probability distribution of dimensionless stress range normalized by the 

maximum stress range could be expressed by a polynomial distribution. In order to 

select a single non-dimensional mathematical expression that can be used to 

represent the stress histogram of highway bridges, a continuous two-parameter 

Rayleigh curve was used to model the probability distribution of stress range in the 

fatigue test program (Schilling et al. 1978). Wirsching (1984) assumed that the 
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long-term stress range data were Weibull distributed and Madsen (1984) took the 

nominal stress range as a random variable with normal distribution. Beta distribution 

has been suggested as a theoretical stress range distribution model to describe the 

field data by Ang and Munse (1975) and Walker (1978). Park et al. (2005) 

successfully expressed that the stress range frequency distribution of 400 block 

loadings by a lognormal probability distribution. 

 

There have been a number of studies on the reliability analysis for fatigue damage 

and life prediction of bridges (Crespo-Minguillon and Casas 1998; Cho et al. 2001; 

Kim et al. 2001; Pourzeynali and Datta 2005) and other types of structures (Ricles 

and Leger 1993; Zhao et al. 2000; Ang et al. 2001; Tovo 2001; Amanullah et al. 

2002; Liu et al. 2008). Deoliya and Datta (2001) presented a reliability analysis of 

antenna towers against cumulative fatigue damage failure for the gustiness of wind 

by the S-N curve approach using the Miner’s fatigue damage rule and the reliability 

against fatigue damage failure was obtained using both the first-order 

second-moment method and a full distribution procedure. Park and Tang (2006) 

developed an algorithm which combined the accumulated damage analysis with 

first-order reliability method (FORM) to evaluate fatigue reliability by determining a 

reliability factor using an inverse reliability analysis which could then be used to 

generate a reliability related S-N curve family for evaluating the relationship between 

mission life and desired reliability. Goode and van de Lindt (2007) presented the 

process and results for the development of a reliability-based design procedure for 
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high-mast lighting structural supports subjected to wind load. Imam et al. (2008) 

presented a probabilistic fatigue assessment methodology for riveted railway bridges 

and applied this method to a typical, short-span, riveted U.K. railway bridge under 

historical and present day train loading. 

2.5 Identified Key Issues 

Steel bridges are subjected to a large number of repetitive loadings of different 

magnitudes caused mainly by the passage of vehicles. They are expected to be 

vulnerable to fatigue-related damage and failure, and it is therefore essential to assess 

the fatigue behavior of structural components especially welded details in steel 

bridges. Among the current fatigue analysis methodologies, the nominal stress-life 

(S-N) approach has widely been used for fatigue-related design and evaluation of 

aircraft, offshore structures, and steel bridges (Schilling et al. 1978; Moses et al. 

1987; Mohammadi et al. 1998; Connor and Fisher 2006; Albrecht and Lenwari 2009). 

When the nominal stress-life approach stipulated in specifications is adopted for 

bridge fatigue damage and life evaluation, it is necessary to know the stress spectra 

of welded details in critical locations and the S-N curves of the details. 

 

The stress spectra can be acquired from a theoretical stress analysis by assuming a 

fatigue loading model and a structural model. Currently, most of the existent fatigue 

load models usually are assumed based on the specifications or obtained from the 
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measured data for a relatively short time, and seldom constructed according to the 

statistical treatment of the long-term measured data under actual traffic conditions. 

As to the structural model, the uncertainties in the material properties, geometrical 

configurations, and boundary conditions cannot be entirely considered although the 

finite element technique provides a powerful tool in structural modeling and analysis. 

Therefore, the accuracy of the simulated stress may be very limited and a significant 

discrepancy between the theoretical stress analysis results and field measured data is 

existing (Mohammadi and Polepeddi 2000). The consequence of inaccurate 

estimation of the stress spectra would be significant in view of the fact that the 

predicted fatigue life is inversely proportional to at least the cube of the stress range 

(Gurney 1992). 

 

Experience from bridge engineering practices has indicated that fatigue analysis 

based on specification loads and distribution factors usually underestimates the 

remaining fatigue life of existing bridges by overestimating the live load stress 

ranges. Fatigue evaluation based on field-measured stress range histograms under 

actual traffic load proves to be a more accurate and efficient method for existing 

bridges. This can be achieved by using NDE technologies such as the load-controlled 

diagnostic load testing and short-term in-service monitoring. However, most of these 

strategies are encountered with the problems either in disturbing the normal 

operation of the tested bridge or only procuring limited data under normal traffic 

conditions with a designated time period. Particularly, the NDE technologies are 
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impossible to be performed and thus incapable of recording the field strain time 

history data under extreme conditions, such as typhoon, earthquake, and ship 

collision. 

 

Long-term SHM has increasingly become an important tool for diagnosing and 

prognosing the structural health condition and safety evaluation of bridges. With an 

instrumented bridge health monitoring system (BHMS), the continuously 

field-measured dynamic strain data are attained and transferred into the stress spectra 

resulting from the actual traffic and environmental conditions. The achieved stress 

spectra will provide the most authentic and practical data for fatigue performance 

assessment especially for decision-making on bridge inspection and maintenance 

actions. Unfortunately, a review of the literature indicates that the research work on 

fatigue life assessment of bridges based on long-term monitoring data is limited. 

 

After transforming the stress time histories into stress spectra, the fatigue damage can 

be estimated by use of the Miner’s damage cumulative rule in combination with the 

inherent structural fatigue endurance if the recorded stress time histories are long 

enough so as to contain adequate stress cycles with high stress ranges. When 

relatively short stress time histories are exclusively available, it is necessary to model 

the distribution of the stress range in the rainflow domain with a continuous PDF in 

order to adequately represent the stochastic stress states and extrapolate to the region 

which was not covered by the measured data. Also, the development of stress range 
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distribution function is a fundamental requirement for conducting the structural 

reliability evaluation of the structural component under stochastic loadings, in 

particular in the fatigue reliability assessment by making use of a continuous 

probabilistic formulation of the Miner’s rule. While the stress distribution function is 

not easily formulated due to the scatter of the data, a common theoretical distribution 

model is usually assumed (Ang and Munse 1975; Yamada and Albrecht 1976; Walker 

1978; Madsen 1984; Wirsching 1984; Park et al. 2005). On the other hand, when the 

mean stress also needs to be considered in the estimation of the fatigue damage 

(Susmel et al. 2005), the extraction of the stress spectra from the stress time histories 

is performed with a two-parametric rainflow method and each stress cycle is then 

represented with two components: the stress range and the mean stress. Then, the 

stress spectrum is defined by the corresponding rainflow stress matrix with relative 

frequencies in the two-dimensional space, and a continuous multivariate PDF is 

needed to be explored for modeling the distribution of the extracted stress spectra. 

 

Due to the limitation of sensor implementation techniques and specific in-situ 

conditions, however, the sensors for strain monitoring usually are not deployed at the 

most critical locations where fatigue cracks are expected to occur and thus only the 

nominal strain/stress is obtained. To handle such a critical problem, the hot spot 

stress approach which takes into account the dimensions and stress concentrating 

effects at the critical details has been well investigated. As a significant factor in 

fatigue design and life prediction of welded structures using the hot spot stress 
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method, a theoretical SCF is traditionally defined as the ratio of the hot spot 

strain/stress in the area of a discontinuity or other stress raiser to the corresponding 

nominal strain/stress, and it is an indication of the effect of stress concentrators on 

structural components and members. In the past years, a significant number of 

studies have been conducted on the determination of SCF and the derivation of its 

experiential formulae for different kinds of structural joints by means of the finite 

element analyses and experimental measurements, and most of which are focused 

upon the modeling and analysis of welded offshore tubular joints. Only little research 

has been devoted to investigating the properties of SCF for the welded plate joints of 

large-scale civil engineering structures, especially for cable-supported steel bridges. 

 

Moreover, the determination of SCF is an extraordinarily complicated process 

involving considerable effects and sources of uncertainties such as geometrical and 

material parameters, weld irregularity and quality, and loading cases and 

combinations, so that the SCF has a nature of randomness subjected to the stochastic 

behavior of the complex operating conditions. Unfortunately, it is not a topic that has 

received a great deal of attention from the research community especially on the 

quantitative descriptions of the stochastic characteristics and distribution functions of 

SCF. Alternatively the SCF is presumed to be a random variable with an assumed 

probability distribution (Madsen 1984). Generally, its exact distribution can be 

obtained and verified by conducting FEM simulation and local laboratory model 

experiment or field test with a combination of a hot spot stress extrapolation or 
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regression procedure. 

 

In recognition of uncertainty and randomness inherent in the nature of fatigue 

phenomenon and field measurement data, investigations for probabilistic assessment 

of fatigue life have been carried out and most of them have focused on the usage of 

the S-N curve procedure (Crespo-Minguillon and Casas 1998; Szerszen et al. 1999; 

Cho et al. 2001; Kim et al. 2001; Pourzeynali and Datta 2005). Only a very limited 

amount of research is available on monitoring-based fatigue reliability assessment. 

The lack of such studies is mainly due to the challenging nature that a continuous 

monitoring process for compiling external load and structural response data and 

updating the structural performance against fatigue is costly and may not be easily 

applicable or economically viable for all types of structures (Mohammadi 2001; Ni et 

al. 2006). Furthermore, most fatigue reliability probabilistic models catering for the 

S-N curve method have been developed on such as fatigue resistance, stress range, 

and stress cycle. However, the incorporation of SCF in fatigue reliability modeling 

for probabilistic fatigue life assessment has scarcely been addressed. 
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Figure 2.1 Illustration of the two-stage mechanism of fatigue failure 
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Figure 2.2 Framework for S-N curve-based fatigue reliability analysis 
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Table 2.1 Summary of type and number of failures of 230 failed components 

Type of Failure 
Cause 

Fatigue Overload Stress corrosion or 
hydrogen embrittlement Corrosion Stress 

rupture 
High-temperature 

oxidation 
Wear or excessive 

deformation Total 

Improper 
maintenance 52 18 11 4 0 2 15 102 

Fabrication 
defects 31 6 0 1 0 1 0 39 

Design 
deficiencies 24 5 4 1 1 1 1 37 

Defective 
material 10 3 1 0 0 0 1 15 

Abnormal 
service 13 7 1 0 2 0 0 23 

Undetermined 11 2 1 0 0 0 0 14 

Total 141 41 18 6 3 4 17 230 

 



 48

CHAPTER 3 

MONITORING-BASED FATIGUE LIFE ASSESSMENT OF 

STEEL BRIDGES ACCOUNTING FOR BOTH TRAFFIC AND 

TYPHOON EFFECTS 

3.1 Introduction 

In the past decade, a sophisticated long-term SHM system, named wind and 

structural health monitoring system (WASHMS) (Wong 2004; Wong and Ni 2009), 

has been devised and implemented by the Highways Department of the Hong Kong 

Special Administrative Region Government to monitor and evaluate the structural 

health conditions of five cable-supported bridges in Hong Kong, including the 

suspension TMB, the cable-stayed Kap Shui Mun Bridge (KSMB), the cable-stayed 

Ting Kau Bridge (TKB), the cable-stayed bridge on HSWC (Hong Kong – Shenzhen 

Western Corridor), and the cable-stayed Stonecutters Bridge (SCB). 

 

This on-line monitoring system is devised based on modular architecture, and is 

composed of six functional modules, namely: (i) module 1 – sensory system (SS), (ii) 

module 2 – data acquisition and transmission system (DATS), (iii) module 3 – data 
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processing and control system (DPCS), (iv) module 4 – structural health evaluation 

system (SHES), (v) module 5 – structural health data management system (SHDMS), 

and (vi) module 6 – inspection and maintenance system (IMS). 

 

The durability of a steel bridge is mainly dominated by fatigue behavior of its critical 

components since they are subjected to a large number of repetitive loadings of 

different magnitudes caused mainly by the passage of vehicles. Therefore, an 

accurate estimation of the actual status on fatigue damage and remaining life of the 

critical components of bridge structures is of vital importance, which is necessary for 

the bridge administration to make cost-effective decisions regarding inspection, 

maintenance, and repair. The instrumented SHM system on a bridge is capable of 

continuously providing huge amounts of monitoring data for reliably assessing the 

structural health and condition of the bridge. As a paradigm of integrating SHM data 

into structural condition evaluation practice, the measurement data of dynamic 

strain/stress are of great value in achieving the authentic field-based stress spectra for 

conducting fatigue life assessment of steel bridges. 

 

In this chapter, long-term monitoring data from the instrumented TMB carrying both 

highway and railway traffic are used to carry out fatigue life assessment of the 

fatigue-prone welded details. The daily stress spectra at a specific location are 

procured using field-measured strain time history data and rainflow counting 

algorithm. It is found that the stress spectra obtained in different days under normal 
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traffic and wind conditions are similar, and thus a standard traffic-stress spectrum is 

obtained by averaging an appropriate number of daily stress spectra. A standard 

typhoon-stress spectrum is also derived using the field-measured data during typhoon 

periods. Then, a standard daily stress spectrum accounting for highway traffic, 

railway traffic, and typhoon effects is achieved by synthesizing the two kinds of 

stress spectra in accordance with the proportion of typhoon days in one year. The 

optimal number of daily strain data for derivation of a standard daily stress spectrum 

is determined by examining the effect of different influencing factors on the 

predicted fatigue life, including the number of daily strain data, weekend and 

workday traffic variations, and seasonal changes in traffic patterns. With such an 

obtained standard daily stress spectrum, the fatigue life of the welded detail in 

concern is evaluated according to the fatigue life assessment procedure stipulated in 

BS5400 specification. 

3.2 TMB and its SHM System 

The TMB, as shown in Figure 3.1, is a steel suspension bridge with a main span of 

1377 m and an overall length of 2160 m. It carries a dual three-lane highway on its 

upper level of the bridge deck while two railway tracks and twin single-lane 

sheltered carriageways are located on the lower level within the bridge deck. As a 

combined highway and railway transport connection between Tsing Yi Island and 

Lantau Island, it forms a key part of the most essential transportation network linking 
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the Hong Kong International Airport to the urban areas. 

 

After completing construction in 1997, a long-term monitoring system has been 

installed and operated on the TMB, which consists of 283 sensors in eight types, 

namely, anemometers, servo-type accelerometers, temperature sensors, dynamic 

strain gauges, global positioning systems (GPSs), displacement transducers, level 

sensors, and dynamic WIM sensors. As part of this monitoring system, 110 weldable 

foil-type strain gauges were installed to measure the change in strain of structural 

members under different loading conditions. As shown in Figure 3.1, the locations of 

strain gauges include the rail track section at Chainage (CH) 24662.5, bridge-deck 

trough section at CH24664.75, deck at tower and rocker bearing links at CH23623, 

and bridge-deck section at CH23488. Most of the strain gauges were attached to the 

fatigue-prone portions which were identified during the design of WASHMS (Flint 

and Neil Partnership 1998). 

3.3 Strain Measurement Data from SHM System 

In order to assess the fatigue condition of the whole bridge, one-year (the year of 

1999) monitoring data of dynamic strain from all the 110 strain gauges have been 

acquired for strain-based fatigue and condition assessment. The fatigue life 

evaluation for the monitored detail by the strain gauge SSTLS13 on the rail track 

section at CH24662.5 is presented herein. Figure 3.2 illustrates the location of the 
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strain gauge SSTLS13 which was installed under the bottom flange of the railway 

beam composed of two inverted T-beams welded to the top flange plate, denoted as 

Detail H in Figure 3.2(a). Figure 3.2(b) shows the sectional view of Detail H. 

3.3.1 Strain Measurement Data under Normal Traffic and Wind Conditions 

The strain data were recorded continuously at a sample frequency of 51.2 Hz. Figure 

3.3 illustrates four typical daily strain time histories obtained from the strain gauge 

SSTLS13 under normal traffic and wind conditions. Figure 3.4 shows one-hour 

strain data on September 24, 1999. By examining the measured data, the following 

observations are made: 

(i) The amplitude of strain cycles is varying from time to time, indicating that 

the bridge is subject to variable-amplitude loadings during its service time. 

Each pulse in the strain-time curve corresponds to a stress cycle which will 

generate accumulative fatigue damage; 

(ii) The daily strain-time curves exhibit some common characteristics in the 

shape of curves and magnitude of cycles, and there are almost no strain 

pulses from 1:30 am to 5:30 am since the airport railway ceases its daily 

service during this time period; 

(iii) Many strain pulses with large amplitudes are observed in each daily strain 

time history, which are the strain responses caused by train traffic; and 

(iv) The overall drift of the strain-time curve is significant, which is attributed to 
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the environmental factors such as temperature and solar radiation. This drift 

does not influence the calculation of stress range since the stress range 

depends only on the difference between the peak and the valley of each stress 

cycle. 

3.3.2 Strain Measurement Data under Typhoon Conditions 

The TMB is located at a region with typhoon wind climate. In 1999, totally five 

typhoons named “Leo”, “Maggie”, “Sam”, “York”, and “Dan” buffeted Hong Kong 

as illustrated in Figure 3.5. Table 3.1 lists the typhoon warning signals in 1999 

issued by the Hong Kong Observatory. The wind response data under typhoon 

conditions were measured by the digital ultrasonic anemometers which were 

deployed on the north and south sides of the bridge deck at the middle of the main 

span of the TMB. Each ultrasonic anemometer is able to measure three components 

of wind velocity simultaneously. 

 

Figure 3.6 shows the 10-minute mean wind speed and direction, respectively, 

obtained from the north anemometer denoted as WITJN01 on August 22, 1999 

during typhoon “Sam”. The wind direction is measured from east anti-clockwise. It 

is seen from Figure 3.6 that the maximum 10-minute mean wind speed was 24.03 

m/s at about 15:40, August 22, 1999 during typhoon “Sam”. 
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The strain time history data were recorded by the monitoring system for the bridge 

during typhoon attacks. These data are invaluable for the analysis of 

typhoon-induced fatigue because they are very limited up to now. It is difficult to 

carry out field testing when a typhoon passes over the bridge since usually all actions 

on the bridge have to be stopped during a typhoon. For the TMB, trains across the 

bridge to the Hong Kong Airport are still in service during a typhoon attacking Hong 

Kong. 

 

Figure 3.7 gives typhoon “Sam” induced strain time history on August 22, 1999 at 

the location of the strain gauge SSTLS13. It is observed that the strain time history 

due to typhoon, when the road was closed, has a pattern different from that under 

normal traffic and wind conditions as shown in Figure 3.3. A further observation into 

Figure 3.7 reveals that the strain values obtained during 12:30 ~ 16:00 are larger 

than others, which matches the track and the time of typhoon “Sam” passing over the 

TMB. Figure 3.8 shows one-hour strain data on August 22, 1999, which reveals that 

the typhoon induced strain-time curve has much more cycles of strain range with 

large amplitudes than that obtained under normal traffic and wind conditions as 

illustrated in Figure 3.4. 

3.4 Statistical Analysis of Stress Spectrum 

3.4.1 Rainflow Cycle Counting Technique 
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When the strain time histories recorded by the strain gauge SSTLS13 are available, 

the stress time histories at the same location are obtained through simply multiplying 

the measured strain data by the elasticity modulus of steel since the strains are elastic. 

As illustrated in the above sections, it can be easily observed that the strain time 

histories are composed of many pulses of strain due to the random and dynamic 

characteristics of the loadings applied on the bridge, and hence it is difficult to define 

a stress cycle directly. In order to predict the fatigue life of the structural component 

monitored by the strain gauge SSTLS13, it is therefore necessary to use a cycle 

counting method to perform a data reduction process by transferring the complex 

irregular stress histories into a set of constant stress range frequency data (stress 

spectrum). A stress spectrum contains two elements which are referred to as the 

stress range (S-value) and the number of cycles corresponding to each specified 

stress range (n-value). 

 

Some cycle counting techniques are available, including peak counting, 

mean-crossing peak counting, level-crossing counting, simple range counting, 

range-mean counting, and rainfow cycle counting (Dowling 1972). Among them the 

rainflow cycle counting method is the most widely used which was first presented by 

Matsuishi and Endo to the Japan Society of Mechanical Engineers in 1968 

(Matsuishi and Endo 1968). Downing and Socie (1982) developed one of the most 

widely referenced and utilized rainflow counting algorithms in 1982, which was 

included as one of the cycle counting algorithms in the American Society for Testing 
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and Materials (ASTM) specification. The rainflow cycle counting method has a 

fundamental physical characteristic of its compatibility with the corresponding 

stress-strain relation by simply extracting stress amplitudes and cycles in the stress 

time history associated with closed hysteresis loops, as shown in Figure 3.9. 

 

Figure 3.10 illustrates the schematic of rainflow cycle counting method. The basic 

procedures of rainflow cycle counting method are as follows: (i) reduce the stress 

time history to a sequence of tensile peaks and compressive troughs; (ii) imagine that 

the stress time history with lines joining the peaks and valleys is a template for a 

rigid sheet (pagoda roof); (iii) turn the sheet clockwise 900 (earliest time to the top) 

and the stress time history is plotted so that the time axis is vertically downwards; (iv) 

each tensile peak is imagined as a source of virtual rain that “drips” down the pagoda 

and a complete cycle or a half cycle of stress is defined by the path of the rain flow; 

(v) count the number of half-cycles by looking for terminations in the flow occurring 

when either: (1) it reaches the end of the stress time history, (2) it merges with a flow 

that started at an earlier tensile peak, or (3) it flows opposite a tensile peak of greater 

magnitude; (vi) repeat step (v) for compressive troughs; (vii) assign a magnitude to 

each half-cycle equal to the stress difference between its start and termination; and 

(viii) pair up half-cycles of identical magnitude (but opposite sense) to count the 

number of complete cycles. Typically, there are some residual half-cycles. 

3.4.2 Derivation of Standard Daily Stress Spectrum 
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In this section, the rainflow counting algorithm is used to obtain the daily stress 

spectra using the strain time histories from the strain gauge SSTLS13. After 

specifying a resolution for the stress range interval, a histogram of the stress 

spectrum is obtained. The resolution for the stress range interval is chosen as 1 MPa 

and 0.1 MPa herein, and four typical daily stress spectra under normal traffic and 

wind conditions are illustrated in Figure 3.11. The stress cycles with amplitudes less 

than 2 MPa are discarded because the lower valid limit of the strain gauge is 10 

micro-strains. In fact, the resolution for the stress range interval is not sensitive to 

evaluating the fatigue life because it only affects the shape of the spectrum but does 

not affect the effective stress range as defined by Schilling et al. (1978). 

 

An insight into Figure 3.11 reveals that the daily stress spectra are similar for 

different days experiencing normal traffic and wind conditions. It is therefore 

reasonable to average a number of daily stress spectra resulting from different days 

to obtain a standard traffic-stress spectrum, as shown in Figure 3.12. Also, a standard 

typhoon-stress spectrum can be derived using the strain measurement data obtained 

under typhoon conditions, which is shown in Figure 3.13. It is observed from Figure 

3.13 that the stress spectrum under typhoon conditions has a pattern of approximate 

Rayleigh distribution which is different from that under normal traffic and wind 

conditions, as observed by Li et al. (2002). 

 

After obtaining the standard traffic-stress spectrum and the standard typhoon-stress 
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spectrum, a standard daily stress spectrum can be achieved by proportionally 

combining the two standard stress spectra accounting for both traffic (highway and 

railway) and typhoon effects. With such a standard daily stress spectrum, the fatigue 

life of the structural component monitored by the strain gauge SSTLS13 can be 

evaluated by regarding that the monitored detail is suffered from a block of daily 

repeated cycles corresponding to the obtained standard daily stress spectrum. The 

determination of optimal number of daily strain data for derivation of a standard 

daily stress spectrum will be described in the following section. 

3.5 Monitoring-Based Fatigue Life Assessment 

3.5.1 Presentation of Procedure 

BS5400 Part 10 (BSI 1980) is a commonly adopted standard for bridge design, 

which specifies methods for fatigue damage and life assessment. The TMB was 

designed according to this standard. Therefore, the fatigue life evaluation will also be 

carried out based on BS5400 Part 10. All methods for fatigue design and assessment 

described in BS5400 Part 10 are based on the Miner’s rule for fatigue damage 

accumulation, which is expressed by 

∑=
i i

i
N
nD                            (3.1) 

where D is the fatigue damage accumulation index; ni is the specified number of 



 59

cycles for the ith stress range, Si; and Ni is the corresponding number of cycles to 

failure for the ith stress range. 

 

As described in the above sections, the stress ranges and the corresponding number 

of cycles suffered by the structural components are obtained by rainflow cycle 

counting of the strain measurement data. It is found from the stress spectra, as 

illustrated in Figure 3.11, that the TMB is subjected to a very large number of 

relatively small stress ranges. This is a common situation for bridge structures 

(AASHTO 1990). The method to treat the low stress ranges recommended by 

BS5400 is to reduce the number of repetitions of each stress range less than the 

fatigue limit, S0, by multiplying a reducing factor, λi, which is defined as 
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In order to calculate the cumulative fatigue damage on the structural component by 

the Miner’s rule, the number of repetitions to failure of the specified stress range is 

needed and obtained from the S-N curves or S-N relationships, which are established 

from the experimental results for different materials or connection details. In BS5400 

the S-N relationships have been established from statistical analyses of available 

experimental data (using linear regression analysis of logS and logN) with minor 

empirical adjustments to ensure compatibility of results between various categories. 

The equation is given as 
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dm KSN Δ×=× 0                        (3.3) 

where m is the inverse slope of the mean-line logS-logN curve; K0 is a constant 

relating to the mean-line logS-logN curve; Δ is the reciprocal of the anti-log of the 

standard deviation of logN; and d is the number of standard deviations below the 

mean-line logS-logN curve, which is also called the probability factor of which 

different values correspond to different probabilities of failure. 

 

For the purpose of fatigue assessment, each construction detail subject to fluctuating 

stress should, where possible, have a particular class designated in BS5400. The 

detail of the weld joint near to the strain gauge SSTLS13 is shown in Figure 3.2. It is 

categorized as class F2. The S-N relationships designated in BS5400 for different 

detail classes are shown in Figure 3.14. 

 

By use of the Miner’s rule, the total cumulative fatigue damage generally should not 

be greater than unity; otherwise the structural component will be considered to have 

fatigue failure. As the standard daily stress spectrum is an average value on daily 

stress cycles, the Miner’s summation will represent the cumulative fatigue damage 

generated per day on the structural component. The fatigue life is a period for the 

fatigue damage to reach a critical value, if the critical value of the fatigue damage is 

equal to 1, the fatigue life, F, in the number of year, will be expressed by 
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In summary, a flowchart of monitoring-based fatigue life assessment method in 

accordance with BS5400 is shown in Figure 3.15. 

3.5.2 Determination of Optimal Number of Daily Strain Data 

A major issue in converting the field strain data to construct stress range frequency is 

the duration of the data acquisition process. In general, a two or three-day period for 

highway bridges and five to ten-day period for railway bridges is satisfactory since 

during this period nearly all stress ranges experienced by a critical component in a 

bridge are captured (Mohammadi et al. 1998). For the TMB, which contains not only 

highway but also railway traffic, the strain data have been recorded continuously by 

the long-term SHM system. It will provide a good chance for establishing a realistic 

representation of all stress ranges and their frequencies. However, it is impractical 

and impossible to take all the daily strain data into account for the fatigue life 

evaluation. Therefore, it is essential to investigate the influence of number of daily 

strain data on the predicted fatigue life and seek an optimal number of daily strain 

data for derivation of a standard daily stress spectrum. 

 

The measurement for 80 typical days under normal traffic and wind conditions 

obtained from the strain gauge SSTLS13 are selected for fatigue life analysis. 
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Theoretically, each daily stress spectrum can be used to predict a fatigue life at this 

detail. Figure 3.16 shows the predicted fatigue life from the measured daily stress 

spectra sorted in an ascending order. It is evident that the predicted fatigue life is 

different from different daily stress spectra, ranging from 620 to 1001 years. The 

reason which can be easily found is because each day has different daily stress 

spectrum although it is similar. 

 

Figure 3.17 shows the predicted fatigue lives with different number of daily strain 

data extracted from the above mentioned 80 typical days. Firstly, 5 daily strain data 

are used and drawn out randomly from 80 typical daily strain data, and the 

mentioned dates will be included in the next calculation, the rest may be deduced by 

analogy. From Figure 3.17, it is seen that fatigue lives are little changed for more 

than 10 daily strain data and almost the same when more than 20 daily strain data are 

taken into account. Therefore, it is reasonable to assess the fatigue life by using a 

standard daily stress spectrum obtained from adequate daily strain data. For the TMB 

as a specific case study, it is appropriate to assess the fatigue life by using 20 daily 

strain data to obtain a standard daily stress spectrum. 

 

Preferably, it should take the effect of weekend and workday traffic variations as well 

as seasonal changes in traffic patterns into consideration for the fatigue life 

evaluation. Figure 3.18 shows the results of the influence of weekend and workday 

traffic variations together with seasonal changes in traffic patterns on the predicted 
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fatigue life when taking different combinations of traffic patterns include (i) 20 daily 

strain data on weekend, (ii) 20 daily strain data on workday, (iii) 10 daily strain data 

on weekend and 10 daily strain data on workday, (iv) 20 daily strain data in summer, 

(v) 20 daily strain data in winter, and (vi) 10 daily strain data in summer and 10 daily 

strain data in winter. It is seen from Figure 3.18 that these two factors only have 

little effect on the results of the predicted fatigue life. The main reason is that the 

TMB plays a very important role in the transportation between the Hong Kong 

International Airport and downtown, and the traffic is substantive and little change 

during one whole year on the bridge excluding some disastrous issues such as 

typhoon. 

3.5.3 Fatigue Life Assessment of TMB 

As has been validated in the aforementioned section, the stress spectra under typhoon 

conditions should be included for fatigue life evaluation when using the standard 

daily stress spectrum method. It is observed from Table 3.1 that a total of 22 days out 

of 365 days were under typhoon conditions in 1999. According to this proportion, the 

strain data acquired from 20 days including one day under typhoon conditions are 

chosen to construct a standard daily stress spectrum, as illustrated in Figure 3.19. 

With such an obtained standard daily stress spectrum, the fatigue life of the welded 

detail monitored by the strain gauge SSTLS13 is evaluated. 
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Since the weld joint near the strain gauge SSTLS13 is categorized as F2, the values 

of parameters K0, Δ, and m are determined as K0 = 1.23×1012, Δ = 0.592, and m = 3.0. 

When the probability factor is assumed as d = 2 which corresponds to the failure 

probability of 2.3% and the standard S-N design curve (BSI 1980), the fatigue life of 

the welded detail monitored by the strain gauge SSTLS13 is calculated as 718 years. 

It is slightly different from the calculated fatigue life by using the standard 

traffic-stress spectrum, as illustrated in Figure 3.17. This is because the strain data 

under typhoon conditions account for a small portion in one year in comparison with 

the strain data under normal traffic and wind conditions. The fatigue damage is 

mainly caused by the highway and railway traffic for the TMB. 

 

Table 3.2 lists the predicted fatigue lives of the welded detail monitored by the strain 

gauge SSTLS13 with different probabilities of failure by using the achieved standard 

daily stress spectrum, which is also illustrated in Figure 3.20. It is observed from 

Figure 3.20 that the values of the predicted fatigue life are decreased with the 

decreasing failure probabilities. In addition, the predicted fatigue lives for the welded 

detail near the strain gauge SSTLS13 are much longer than 120 years, the design life 

of the TMB. This is because a great attention has been paid on the issue of fatigue 

due to the railway traffic during the design stage of the bridge. Another important 

reason is that most of the stress ranges in the standard daily stress spectrum are 

below the fatigue limit of the joint class F2, with a value of 35 MPa. As a 

consequence, it can be concluded that the bridge would not be failed by fatigue 
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within its design life. 

3.6 Summary 

SHM has become an increasingly accepted technology for diagnosing and 

prognosing bridge condition and safety. The continuously measured strain data from 

a long-term monitoring system can be used to assess the status of fatigue which is 

among the most critical forms of damage potentially occurring in steel bridges. In 

this chapter, a standard daily stress spectrum method for fatigue analysis of steel 

bridges instrumented with SHM system has been developed and successfully applied 

to conduct fatigue life assessment of the fatigue-prone weld details of the TMB 

according to the procedure for fatigue life evaluation stipulated in BS5400 

specification. 

 

Based on the statistical analysis of the stress spectra and the fatigue life evaluation 

results using the strain measurement data from the TMB, the following specific 

conclusions can be obtained: 

(i) A standard daily stress spectrum can be achieved for fatigue life evaluation 

by combining the standard traffic-stress spectrum and standard typhoon-stress 

spectrum proportionally. The results demonstrate that the predicted fatigue 

life using the standard daily stress spectrum has not much different in 

comparison with the calculated fatigue life by using the standard traffic-stress 
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spectrum under normal traffic and wind conditions. The reason is that strain 

data under typhoon conditions account for little portion in one year compared 

with those under normal traffic and wind conditions. Thus, for the TMB, the 

fatigue damage is mainly attributed to the highway traffic and railway traffic; 

(ii) In applying the standard daily stress spectrum method for fatigue life 

assessment of the TMB, the fatigue lives do not change much when using 

more than 10 daily strain data and are almost the same when more than 20 

daily strain data are taken into account. Therefore, it is reasonable to assess 

the fatigue life by using a standard daily stress spectrum obtained from 

adequate daily strain data, and strain data acquired from 20 days including 

one day under typhoon conditions are adequate for constructing a standard 

daily stress spectrum. The influence of weekend and workday traffic 

variations and seasonal changes in traffic patterns has little effect on the 

results of the predicted fatigue life; and 

(iii) Assessment of fatigue life by using field measured data from the SHM 

system instrumented on the bridge gives a practical and accurate estimation 

of the fatigue life of bridge components, from which the bridge 

administrative authority and managers can make an appropriate decision on 

fatigue-related inspection, maintenance, and management of the bridge. 
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Figure 3.1 Layout of strain gauges on TMB 
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Figure 3.2 Location of strain gauge SSTLS13 on rail track section at CH24662.5: 

(a) Deck cross-section at CH24662.5; (b) Sectional view of Detail H 
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Figure 3.3(a) Measured daily strain time histories under normal traffic and 

wind conditions by strain gauge SSTLS13 
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Figure 3.3(b) Measured daily strain time histories under normal traffic and 

wind conditions by strain gauge SSTLS13 
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Figure 3.4 One-hour strain data measured by strain gauge SSTLS13 on 

September 24, 1999 

 

Figure 3.5 Tracks of typhoon affecting Hong Kong in 1999 (Hong Kong 

Observatory) 
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(b) 

Figure 3.6 Mean wind speed and direction from anemometer WITJN01: (a) 

10-minute mean wind speed; (b) 10-minute mean wind direction 
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Figure 3.7 Measured daily strain time history by strain gauge SSTLS13 on 

August 22, 1999 during typhoon “Sam” 
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Figure 3.8 One-hour strain data measured by strain gauge SSTLS13 on August 

22, 1999 during typhoon “Sam” 

 



 73

Time  Strain

St
re

ss
 

 

Figure 3.9 Stress time history and stress-strain hysteresis loops 
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Figure 3.10 Schematic of rainflow cycle counting method 
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Figure 3.11 Histograms of daily stress spectra under normal traffic and wind 

conditions with different resolutions 
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Figure 3.12 Standard traffic-stress spectrum 
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Figure 3.13 Standard typhoon-stress spectrum 
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Figure 3.14 S-N relationship designated in BS5400 

 
Collection of data from SHM 

Preparation of strain time history

Convert the strain time history 
into stress time history

Elasticity modulus 
of material 

Determine the stress range and 
number of cycles

Rainflow counting 
algorithm 

Obtain the standard stress spectrumIdentify the joint detail Establish the S-N curve

Calculate the fatigue life of the 
structural component

Miner’s rule 

Statistical analysis

 

Figure 3.15 Flowchart of monitoring-based fatigue life assessment method 
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Figure 3.16 Fatigue life predicted from different daily stress spectra 

5 10 15 20 25 30 80
700

720

740

760

780

800

Number of daily strain data

Fa
tig

ue
 li

fe
 (y

ea
r)

 

Figure 3.17 Predicted fatigue lives with different number of daily strain data 
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Figure 3.18 Influence of traffic pattern on fatigue life 
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Figure 3.19 Histogram of standard daily stress spectrum 
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Figure 3.20 Predicted fatigue lives with different probabilities of failure 
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Table 3.1 Typhoon warning signals in 1999 (Hong Kong Observatory) 

Issuing Canceling 
Name Signal 

hh mm dd/mon/yyyy hh mm dd/mon/yyyy 

Leo 1 09:40 29/Apr/1999 16:15 30/Apr/1999 

Leo 3 16:15 30/Apr/1999 13:30 02/May/1999 

Leo 8 NE 13:30 02/May/1999 17:30 02/May/1999 

Leo 3 17:30 02/May/1999 20:45 02/May/1999 

Maggie 1 23:45 05/Jun/1999 14:15 06/Jun/1999 

Maggie 3 14:15 06/Jun/1999 00:30 07/Jun/1999 

Maggie 8 NW 00:30 07/Jun/1999 02:45 07/Jun/1999 

Maggie 9 02:45 07/Jun/1999 05:45 07/Jun/1999 

Maggie 8 NE 05:45 07/Jun/1999 10:30 07/Jun/1999 

Maggie 3 10:30 07/Jun/1999 14:45 07/Jun/1999 

Maggie 1 22:30 07/Jun/1999 00:45 08/Jun/1999 

Maggie 3 00:45 08/Jun/1999 13:45 08/Jun/1999 

Sam 1 16:15 20/Aug/1999 02:30 22/Aug/1999 

Sam 3 02:30 22/Aug/1999 12:30 22/Aug/1999 

Sam 8 NW 12:30 22/Aug/1999 20:10 22/Aug/1999 

Sam 8 SW 20:10 22/Aug/1999 03:50 23/Aug/1999 

Sam 3 03:50 23/Aug/1999 21:00 23/Aug/1999 

York 1 10:45 13/Sep/1999 10:15 15/Sep/1999 

York 3 10:15 15/Sep/1999 03:15 16/Sep/1999 

York 8 NW 03:15 16/Sep/1999 05:20 16/Sep/1999 

York 9 05:20 16/Sep/1999 06:45 16/Sep/1999 

York 10 06:45 16/Sep/1999 17:45 16/Sep/1999 

York 8 SW 17:45 16/Sep/1999 22:10 16/Sep/1999 

York 3 22:10 16/Sep/1999 00:45 17/Sep/1999 

Dan 1 20:45 05/Oct/1999 05:35 07/Oct/1999 

Dan 3 05:35 07/Oct/1999 16:15 07/Oct/1999 

Dan 1 16:15 07/Oct/1999 09:25 09/Oct/1999 
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Table 3.2 Predicted fatigue lives with different probabilities of failure 

Probability of failure (%) Probability factor, d Fatigue life (year) 

50 0 3,836 

31 0.5 2,528 

16 1.0 1,664 

2.3 2.0 718 

0.14 3.0 323 
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CHAPTER 4 

MULTI-MODAL STRESS SPECTRUM MODELING USING 

LONG-TERM MONITORING DATA AND FINITE MIXTURE 

DISTRIBUTIONS 

4.1 Introduction 

In the stress-life fatigue analysis of stochastically loaded structures, one of the 

critical issues is to transform the simulated or measured stress time histories into 

stress spectra. A rainflow counting method is generally used by extracting the stress 

ranges and the corresponding number of stress cycles from the stress time histories. 

The parameters of the stress spectra include: the stress range, the mean stress, and the 

number of stress cycles. Usually, fatigue damage is estimated with the one-parameter 

rainflow method on the basis of the stress range with the corresponding cycle 

amounts under the assumption that the influence of the mean stress can be neglected. 

 

However, if the fatigue failure occurs due to a large number of stress cycles with 

small amplitudes and very different means, the influence of the mean stress should 

not be underestimated. When the mean stress needs to be considered in the 
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estimation of fatigue damage, the extraction of the stress cycles from the stress time 

histories is performed with a two-parameter rainflow method. A stress cycle is then 

represented with two components: the stress range and the mean stress. The stress 

spectrum is then defined by the corresponding rainflow stress matrix of relative 

frequencies in the two-dimensional space. Fatigue damage caused by individual 

stress cycle then depends on the stress range and mean stress. 

 

A good estimation of fatigue damage of a structure can be obtained using the Miner’s 

linear damage rule and rainflow cycle counting method only if a recorded stress time 

history is long enough, so that it will contain adequate stress cycles with high 

amplitudes. In the case of random stress states that are composed of relatively short 

random stress time histories, it is necessary to conduct statistical modeling of stress 

spectrum with the measured data and extrapolate the distribution of stress cycles to 

the region where there are no data recorded. 

 

In this chapter, the research efforts for modeling of the rainflow-counted stress 

spectra are presented using the method of finite mixture distributions in conjunction 

with a hybrid mixture parameter estimation algorithm. With the long-term strain 

monitoring data from the instrumented TMB, a wavelet-based filtering method is 

used to eliminate the temperature effect from the original measured data. The stress 

spectra are obtained by extracting the stress range and mean stress data from the 

stress time histories with the aid of rainflow counting algorithm. The obtained stress 
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spectra and predicted fatigue life by using the original and filtered strain data are also 

compared. Based on the features captured from the daily stress spectra under normal 

traffic and wind conditions, a representative sample of stress spectrum accounting for 

highway traffic, railway traffic, and typhoon effects is derived. Then, the 

multi-modal modeling of the stress range is performed by use of finite mixed normal, 

lognormal, and Weibull distributions. The joint PDF of the stress range and mean 

stress is also estimated by means of a mixture of multivariate Weibull-normal 

distributions. 

4.2 Finite Mixture Distributions 

The finite mixture distributions are commonly employed for modeling complex 

probability distributions and enable the statistical modeling of random variables with 

multi-modal behavior where a simple parametric model fails to depict the 

characteristics of the observations adequately (McLachlan and Peel 2000). It has 

attracted strong and sustained attention since the late 1950s and been widely used in 

statistical data processing particularly for capturing specific properties of real data 

such as multimodality, skewness, kurtosis, and unobserved heterogeneity (Snoussi 

and Mohammad-Djafari 2007). 

4.2.1 Structure of Finite Mixture Distributions 
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The basic structure of finite mixture distributions for independent scalar or vector 

observations y can be written as (Richardson and Green 1997) 

)|(),,|(
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l
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where f (y | c, w, θ) is a predictive mixture density; fl(y | θl) is a given parametric 

family of the lth predictive component densities indexed by the scalar or vector 

parameters θl. The objective of the analysis is inference about the unknowns which 

include the number of components or groups, c, the component weights, wl, summing 

to 1, and the component parameters, θl. 

 

Thus, for instance, the finite mixed normal distributions, the finite mixed lognormal 

distributions, and the finite mixed Weibull distributions can be expressed 
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Then, the cumulative distribution functions (CDFs) are obtained respectively by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
Φ=∑

= l

l
c

l
l

ywcF
σ
μ

1
),,|( θwy                   (4.6) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
Φ= ∑

= l

l
c

l
l

ywcF
σ

μln),,|(
1

θwy                  (4.7) 

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−= ∑

=

l

l

c

l
l

ywcF
β

θ
exp1),,|(

1
θwy               (4.8) 

where μl and σl are the mean values and standard deviations of normal mixture 

parameters; βl and θl are the Weibull shape parameters; and Φ(·) is the standard 

normal CDF. 

4.2.2 Hybrid Mixture Parameter Estimation 

From an algorithmic point of view, the mixture problem can be formulated as an 

incomplete data problem (Steiner and Hudec 2007), and the identification of the 

mixture parameters as a latent variable problem is generally based on the well known 

expectation maximization (EM) algorithm albeit other methods are available 

(Titterington et al. 1985). In this study, a hybrid mixture parameter estimation 

approach (Nagode and Fajdiga 2006) is used for estimation of the parameters of the 

finite mixture distributions, which is a hybrid between non-parametric and 

parametric probability density estimation techniques and can be used either 
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independently or in combination with the renowned EM algorithm. 

 

The specific features of the hybrid parameter estimation approach are: (i) an arbitrary 

set of observations from an unknown number of classes are treatable, and the initial 

weights and component parameters are not required; (ii) the preprocessing of 

observations can be accomplished either by the histogram, Parzen window or 

k-nearest neighbor approach; (iii) the predictive component densities can be 

alternatively picked out of normal, lognormal, and Weibull parametric families; (iv) 

the numerical procedure is computationally fast, stable, and insensitive to the number 

of components and singularities; and (v) the optimal number of components, weights, 

and component parameters are gained iteratively by using the Akaike’s information 

criterion (AIC) (Akaike 1974) as a measure of the goodness-of-fit of an estimated 

statistical model (Nagode et al. 2006). 

4.2.2.1 Overview of hybrid mixture parameter estimation method 

The synopsis of the hybrid mixture parameter estimation method is illustrated in 

Figure 4.1. Firstly, the set of independent scalar or vector observations is counted 

into a finite number of bins and meanwhile empirical densities are calculated. Then 

component weights and component parameters are estimated. This process consists 

of rough and enhanced component parameter estimation and the separation of 

observations, which is repeated till the discrepancy between the densities is beyond 
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an acceptable limit. Thus the convergence of the predictive component density to the 

empirical one is the theoretical ground for the validation of the procedure. 

Subsequently, residual frequencies are distributed between the components by the 

Bayes decision rule (Duda and Hart 1973). Finally, optimal AIC is searched for 

iteratively, where the optimal number of components, optimal weights and optimal 

component parameters always coincide with minimal AIC. 

 

There are three key ideas in the treatment of this hybrid parameter estimation method. 

Firstly, the most deviating observations are transferred between the component and 

the residue. In other words, the observations belonging to the predictive component 

density are kept, whilst the rest of observations belonging to other components join 

the residue. This enables a successive procedure instead of simultaneous mixture 

estimation. When the convergence criterion is fulfilled, it is presumed that the 

separation of observations is completed. Secondly, the number of components equals 

one and the residue is void initially. Only when the separation phase for the 

predictive component density is completed, the number of components is increased if 

the number of observations in the residue is beyond a critical value. The number of 

components thus determined is influenced by both the convergence criterion and the 

critical size of the residue. Finally, the critical size of the residue is initiated in order 

to restrain the appearance of insignificant components in the mixture. When the 

number of observations in the residue is below the critical value, the remaining 

observations are assigned to the existing components although they might form new 
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components with a low probability of occurrence. 

4.2.2.2 Procedure of hybrid mixture parameter estimation 

 Preprocessing of observations 

Assuming that f (y | c, w, θ) is continuous and does not vary appreciably over the jth 

bin region, Rj, of the jth bin volume, Vj (in case of one random variable, Vj stands for 

the width of the bin of histogram), the probability for a new independent observation, 

yj, which falls inside Rj is given by (Bishop 1995) 

n
k

Vcfdycf j
jj

R j

=≈∫ ),,|(),,|( θwyθwy               (4.9) 

where n stands for the total number of independent scalar or vector observations; and 

kj is the fraction of observations falling into Rj. 

 

The total number of p-dimensional independent scalar or vector observations may be 

counted into a finite number of non-overlapping, equally sized, and regularly 

distributed bins initially. Assuming that bin, meaning yj = [y1j,…,ypj]T, is given by 

+= 0iij yy ’an arbitrary integer’ ijh×  pi ,,1…=          (4.10) 

and the fraction of observations kj for j = 1,…, k falling in region Rj is counted out. 

Region Rj is taken to be a hypersquare with the sides of length hj = [h1j,…, hpj]T 
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centered on yj (in case of one random variable, Vj = hj). Its volume is then 

∏
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whilst y0 stands for an arbitrary origin; and k depicts the number of bins. 

 Global mode detection 

The global mode coincides with yq where empirical density flj takes on a maximum 

value 
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then 

,1

jl

lj
lj Vn

k
f =  kj ,,1…=                    (4.13) 

where klj is the observation frequencies of component l in the jth bin; while the 

frequencies for the first component are all set to kj, and the total number of 

observations in the lth component, nl, is 
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The component weight is 
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 Rough component parameter estimation 

To separate the observations corresponding to the lth component from the rest of the 

observations, it is necessary to decide which one to extract. Reasonably, those 

surrounding the global mode are extracted first, as at least one component is 

supposed to be in its vicinity. Thus it has to prevent the component to flow away 

from the mode by introducing restrains. The first restrain is to ensure the equivalence 

of probability densities at yq by 

( )lqlq ff θyy |==                       (4.16) 

The second is to make the mode of component density coincide with yq by 
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By inserting Equation (4.3) into Equations (4.16) and (4.17), rough normal 

component parameters are obtained as 
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Similarly, rough lognormal component parameters 
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and rough Weibull component parameters 
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can be calculated by, e.g., using the Newton-Raphson method. 

 Enhanced component parameter estimation 

As ym is affected by the neighboring components, the global mode position does not 

necessarily coincide with ym. Therefore, maximum likelihood is applied to get 

enhanced component parameters. When the histogram is applied, enhanced normal 

component parameters are given by 
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Likewise enhanced lognormal component parameters 
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and enhanced Weibull component parameters 
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are estimated. 

 Component mean and variance calculation 

Component means and variances of the normal distributions 

llm μ=                           (4.30) 
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lognormal distributions 
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or Weibull distributions 
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are calculated to enable the classification of the remaining observations, in which 

)(⋅Γ  is the Gamma function. 

 Bayes classification of the remaining observations 

With an increase in the number of components, the number of the remaining 

observations decreases. When the component weight is below the critical value, wmin, 

minw
n
nl ≤                           (4.36) 

it is assumed that the remaining observations belong to the existing classes and do 

not form the new ones. 

 

The correlation between the critical component weight, wmin, and the critical absolute 

relative deviation, Dmin, exists as (Nagode and Fajdiga 2006) 

2
min

min
Dlw ×

=                        (4.37) 

To gain an optimal estimate for Dmin, the AIC is used to obtain the optimal number of 

components, weights, and component parameters. In the general case, the AIC is 

defined as 
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( )[ ]θw,,ln22AIC cLQ −=                      (4.38) 

where Q is the number of parameters in the statistical model; and L(·) is the 

maximized value of the likelihood function for the estimated model. 

 

The classification of the remaining observations is accomplished by the Bayes 

decision rule 
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klj is added to the lth class and the component weight, the component mean as well as 

the component variance are recalculated (Bishop 1995). Once all k bin means or all n 

observations are processed, mixture parameters can be gained by inverting Equations 

(4.30) to (4.35). 

 

The whole procedure stops when 

( ) DDc <+ min1                        (4.43) 
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is fulfilled, in which D is the total of absolute relative deviations. 

4.3 Preprocessing and Analyzing Measurement Data 

4.3.1 Wavelet Processing of Measured Dynamic Strain 

For the TMB, the temperature-induced strain contributes little to the stress because 

the majority of temperature-induced strain is released by the boundary adjustment at 

the expansion joints and bearings. However, the overall drift of strain time history 

mainly caused by temperature will make a great influence on the mean stress for 

each stress cycle, though it has little effect on the calculation of stress range. 

Therefore, the original measurement data should be preprocessed to eliminate the 

temperature effect for modeling the stress spectra. 

 

As described in Chapter 3, 20 days’ strain time histories measured by the strain 

gauge SSTLS13 including one day under typhoon conditions have been chosen to 

construct a representative data sample. The rainflow-counted stress range and mean 

stress data acquired from this representative data sample are chosen for modeling the 

PDF of stress spectra as shown later. Figure 4.2 shows four typical daily strain time 

histories obtained from the strain gauge SSTLS13 after eliminating the temperature 

effect from the original measured strain data by making use of a wavelet-based 

filtering method (Ni et al. 2008). Figure 4.3 illustrates the corresponding 
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rainflow-counted stress range and mean stress of four typical filtered daily strain data 

from the strain gauge SSTLS13, in which the stress ranges less than 2 MPa are 

disregarded; while the obtained rainflow-counted stress range and mean stress of the 

20 days’ filtered strain data are illustrated in Figure 4.4. 

4.3.2 Effect of Mean Stress on Predicted Fatigue Life 

Figure 4.5 shows a comparison of four typical daily stress spectra using both the 

original measured strain data and those after eliminating the temperature effects. It is 

seen from Figure 4.5 that the results are almost the same since the drift of strain time 

history caused by temperature only affects the rainflow-counted mean stress, while 

there is almost no effect on the stress range and cycles, which are the most important 

parameters affecting the predicted fatigue life. This can also be observed from 

Figure 4.6 which shows a comparison of the obtained two standard daily stress 

spectra by averaging 20 days’ original and filtered strain data. Figure 4.7 illustrates 

the fatigue lives predicted by using 20 daily original and filtered strain data, 

respectively, which reveals that the fatigue lives using the filtered strain data are a 

little bit larger than those predicted by using the original strain data. 

4.4 Multi-Modal PDF of Stress Range 

4.4.1 Prediction of PDF of Stress Range Using Different Distributions 
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In this section, the rainflow-counted stress ranges from 2 to 30 MPa, resulting from 

the 20 days’ filtered strain data measured by the strain gauge SSTLS13, are extracted 

for modeling the PDF of the stress range, as this scope covers all the stress ranges 

caused by vehicle and train traffic passing through the TMB. The total observation 

number of the 20 days’ stress range data is 190,391, and the number of classes, K, is 

obtained as 19 by using the Sturges classification rule (Sturges 1926), which is 

expressed by 

⎡ ⎤MK 2log1+=                       (4.44) 

where M represents the total number of the data samples; and ⎡ ⎤  is the ceiling 

operator, i.e., taking the closest integer above the calculated value. 

 

Figures 4.8 and 4.9 show the finite mixed PDFs and CDFs of the 20 days’ stress 

range data acquired by the strain gauge SSTLS13 when using normal, lognormal, 

and Weibull distributions. The corresponding estimated parameters of the component 

distributions are given in Table 4.1. It can be seen that the scatter of the stress ranges 

is well modeled by the finite mixture distributions and easily extrapolated to the 

region beyond the measured stress ranges. The accuracy of the stress range 

prediction and the extrapolation ability rely on the probability distribution of the 

stress range. In addition, the scattered level and the record length of the stress range 

will also affect the accuracy when extrapolating beyond the measured stress ranges 

(Nagode and Fajdiga 1998). It is observed in Figure 4.8 that the predicted stress 
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range distribution is a two-modal PDF separated by 6 MPa. The stress ranges less 

than 6 MPa are caused by highway traffic, and the stress ranges larger than 6 MPa 

are mainly attributed to train traffic. 

 

Figure 4.10 shows the variation of the AIC values with the iteration number of the 

three mixed PDFs (normal, lognormal, and Weibull) of the 20 days’ stress range data. 

The best model of the stress range distribution is determined with the lowest AIC 

value. It is found that the AIC values for the three PDFs converge rapidly after 5 

iterations and the mixed Weibull PDF results in the lowest AIC value. As a result, the 

Weibull distribution is taken herein as the component distribution for modeling the 

measured stress ranges. The AIC value helps the selection of both the optimal 

number of components and the parametric family. 

4.4.2 Mixed Weibull PDF of Stress Range 

Figure 4.11 illustrates the predicted mixed Weibull PDFs of four daily 

rainflow-counted stress range data obtained from the strain gauge SSTLS13. The 

corresponding estimated parameters of the component distributions are given in 

Table 4.2, from which it is observed that the mixed Weibull PDF with six 

components are enough for modeling the daily rainflow-counted stress range data. A 

further observation into Figure 4.11 reveals that the stress range distribution on 

August 22, 1999 has a pattern different from others, the region between two peaks of 
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stress range distribution being partly filled. This is mainly due to the fact that 

typhoon “Sam” buffeted Hong Kong on August 22, 1999, and the typhoon-induced 

strain time history as well as the stress spectrum has a different mode in comparison 

with those obtained under normal traffic and wind conditions. 

4.5 Modeling of Stress Matrix 

4.5.1 Multivariate Mixture Models 

In general, an arbitrary rainflow stress matrix contains two random variables, i.e., 

stress range and mean stress. From the standpoint of finite mixture distributions, the 

joint PDF of rainflow stress matrix, f(s), can be defined as a weighted sum of joint 

component distributions. That is 

)()(
1
∑
=

=
c

l
ll fwf ss                       (4.45) 

where s = [sr,sm]T, in which sr and sm stand for stress range and mean stress, 

respectively; and fl(s) represents the lth joint component PDF of the two random 

variables. 

 

As described in the aforementioned section, it has been demonstrated that stress 

range can be modeled reliably by a mixture of two-parameter Weibull distributions, 

and mean stress should be described by a mixture of normal distributions, as not all 
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the mean stress data are positive. The joint component PDF of stress range and mean 

stress can thus be expressed by a mixture of Weibull-normal distributions on the 

assumption that the two random variables corresponding to the lth joint component 

distribution are independent (Bishop 1995), which can be expressed as 
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Then, the joint component CDF of stress range and mean stress is therefore obtained 

by 
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where fl(sr) and fl(sm) are the PDF of stress range and the PDF of mean stress 

corresponding to the lth joint component distribution, respectively; and Fl(sr) and 

Fl(sm) are the CDF of stress range and the CDF of mean stress corresponding to the 

lth joint component distribution, respectively. 

 

For the parameter estimation of multivariable mixture distributions, the EM 

algorithm has been proved to be the most appropriate method to estimate the 

unknown parameters for a mixture of multivariate normal distributions (Titterington 

et al. 1985). However, it turned out to be unsuitable for distributions like 

Weibull-normal mixtures because the estimated parameters depend decisively on the 
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initial conditions of iteration and the algorithm does not necessarily converge and/or 

becomes slow and unreliable, especially if the number of components is high. In this 

study, the algorithm developed by Nagode and Fajdiga (2001) for parameter 

estimation of multivariate mixture distributions is used to model, extrapolate, and 

predict the scatter of rainflow-counted stress range and mean stress data. 

 

For a joint Weibull-normal distribution, the corresponding parameters can be 

estimated by using a numerical method such as the Newton-Raphson procedure to 

solve the following equations 
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4.5.2 Joint PDF of Stress Matrix 

Figures 4.12 and 4.13 illustrate the joint PDF and CDF of the 20 days’ stress range 
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and mean stress data obtained from the strain gauge SSTLS13 by using the 

Weibull-normal mixture distributions. It is seen that the scatter of the stress range and 

mean stress data is well modeled by the mixed Weibull-normal distributions. The 

corresponding estimated parameters of the component distributions are given in 

Table 4.3, from which it is seen that a joint PDF of Weibull-normal mixtures with 

twelve components is appropriate for modeling the stress range and mean stress data. 

Also, the predicted joint PDFs of four daily stress range and mean stress data are 

shown in Figure 4.14, which reveals that the joint PDF of stress range and mean 

stress on August 22, 1999 has a slightly different pattern from the others due to the 

typhoon effect. 

4.6 Summary 

In this chapter, the modeling of bivariable stress spectrum has been accomplished by 

use of the method of finite mixture distributions in combination with a hybrid 

parameter estimation algorithm. The addressed procedure was illustrated using the 

long-term monitoring data of dynamic strain from the instrumented suspension TMB. 

A wavelet-based filtering method was used to eliminate the temperature effect from 

the original measured data, and the rainflow counting algorithm was employed for 

extracting the stress range and mean stress data from the stress time histories. In 

consideration of highway and railway traffic and typhoon effects, a monitoring-based 

representative sample of stress spectrum was achieved by carefully examining 
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one-year strain measurement data. 

 

Based on the modeling analysis results of the derived stress range and mean stress 

data, the following conclusions can be drawn: (i) a fairly good conformity is 

observed between the obtained distribution functions and the measurement data, it 

therefore can be concluded that the method of finite mixture distributions is effective 

for modeling of stress spectrum; (ii) the multi-modal PDF of the stress range can be 

generated by use of the finite mixed Weibull distributions, while the joint PDF of the 

stress range and the mean stress is achieved by means of a mixture of multivariate 

Weibull-normal distributions; and (iii) the achieved results from this study will serve 

as a useful tool to facilitate the fatigue reliability assessment of steel bridges 

instrumented with SHM system. 
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Figure 4.1 Procedural diagram of hybrid mixture parameter estimation 
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Figure 4.2(a) Strain time histories after eliminating temperature effect 
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Figure 4.2(b) Strain time histories after eliminating temperature effect 
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Figure 4.3(a) Stress range and mean stress of filtered daily strain data 
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Figure 4.3(b) Stress range and mean stress of filtered daily strain data 
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Figure 4.4 Stress range and mean stress of 20 days’ filtered strain data 

0 5 10 15 20 25 30
0

500

1000

1500

2000

Stress range (MPa)

C
yc

le
s

Daily stress spectrum on May 4, 1999

 

 

Origianl measured data
Temperature effect eliminated data

 

0 5 10 15 20 25 30
0

500

1000

1500

2000

Stress range (MPa)

C
yc

le
s

Daily stress spectrum on August 8, 1999

 

 

Origianl measured data
Temperature effect eliminated data

 

Figure 4.5(a) Comparison of daily stress spectra 
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Figure 4.5(b) Comparison of daily stress spectra 
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Figure 4.6 Comparison of standard daily stress spectra 
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Figure 4.7 Comparison of predicted fatigue life of daily strain data 
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Figure 4.8 Mixed PDFs of 20 days’ stress range data 
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Figure 4.9 Mixed CDFs of 20 days’ stress range data 
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Figure 4.10 AIC values of mixed PDFs of 20 days’ stress range data 
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Figure 4.11(a) Mixed Weibull PDFs of four daily stress range data 
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Figure 4.11(b) Mixed Weibull PDFs of four daily stress range data 
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Figure 4.12 Joint PDF of 20 days’ stress range and mean stress data 

 

Figure 4.13 Joint CDF of 20 days’ stress range and mean stress data 
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Figure 4.14(a) Joint PDFs of four daily stress range and mean stress data 
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Figure 4.14(b) Joint PDFs of four daily stress range and mean stress data 

 

 



 119

 

Table 4.1 Estimated parameters of component distributions from 20 days’ stress 

range data 

Parametric family Weight (wl) Mean value (μl) Standard deviation (σl)

0.397 2.207 0.637 

0.158 3.679 0.651 

0.349 8.094 1.487 

0.032 9.563 0.636 

0.018 5.149 0.587 

Normal 

0.046 18.473 3.393 

0.555 0.933 0.376 

0.312 2.118 0.165 

0.036 2.262 0.063 

0.052 1.409 0.327 

Lognormal 

0.045 2.906 0.178 

 Shape parameter (θl) Shape parameter (βl) 

0.375 2.348 4.101 

0.166 3.752 6.795 

0.306 8.211 6.701 

0.062 9.580 17.173 

0.024 6.287 1.831 

0.021 11.052 16.181 

Weibull 

0.046 19.739 6.429 
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Table 4.2 Estimated parameters of component distributions from four daily 

stress range data 

Date Weight (wl)
Shape parameter 

(θl) 
Shape parameter 

(βl) 

 0.496 3.169 4.063 

 0.328 9.042 7.502 

May 4, 1999 0.098 7.092 6.241 

 0.027 5.063 6.803 

 0.051 19.515 5.845 

 0.503 3.154 3.969 

0.405 8.981 7.090 
August 8, 1999 

0.039 6.911 2.476 

 0.053 19.354 5.831 

 0.391 2.961 4.025 

 0.184 4.744 6.155 

August 22, 1999 0.305 8.494 6.016 

 0.037 6.544 9.525 

 0.083 17.414 3.648 

 0.483 3.147 4.082 

 0.395 9.001 6.969 

0.041 5.041 6.479 
September 24, 1999 

0.028 7.964 3.896 

 0.019 14.818 12.805 

 0.034 21.451 8.452 
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Table 4.3 Estimated mixture parameters from 20 days’ stress range and mean 

stress data 

Component 
index 

Weight 
(wl) 

Shape 
parameter

(θl) 

Shape 
parameter

(βl) 

Mean 
value 
(μl) 

Standard 
deviation 

(σl) 

1 0.279 3.470 3.530 -0.964 1.030 

2 0.139 7.480 8.000 -8.680 1.550 

3 0.120 3.420 3.770 -10.600 1.660 

4 0.183 9.760 9.850 -8.280 3.360 

5 0.054 3.480 3.470 -4.820 0.855 

6 0.036 3.440 3.660 -6.750 0.842 

7 0.024 5.380 6.760 -0.964 0.932 

8 0.020 3.490 3.430 -8.680 0.799 

9 0.040 4.550 2.210 1.310 1.240 

10 0.032 7.470 10.500 -4.010 2.040 

11 0.054 20.000 4.460 -5.220 2.400 

12 0.019 3.520 3.210 -15.100 2.160 
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CHAPTER 5 

EXPERIMENTAL STUDY ON DETERMINATION OF SCF AND 

ITS STOCHASTIC CHARACTERISTICS 

5.1 Introduction 

Due to the limitation of sensor implementation techniques and specific in-situ 

conditions, the sensors for strain monitoring are usually not deployed at the most 

critical locations where fatigue cracks are expected to occur and thus only the 

nominal strain/stress is obtained. The nominal stress approach has been widely used 

for fatigue evaluation because most design specifications (BSI 1980; AASHTO 1990) 

for steel structures contain a standard fatigue analysis procedure based on this 

approach. However, the nominal stress approach cannot be used to find out the most 

critical stress at the fatigue damage location. An alternative method for fatigue 

analysis of complicated welded steel joints is the hot spot stress approach which is 

more accurate and reliable than the nominal stress approach. 

 

When using the hot spot stress method for fatigue design and life prediction of 

welded structures, a critical issue is focusing on how to determine the SCF for the 
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welded details. In general, the determination of SCF can be achieved by means of 

finite element analyses, laboratory experiments, or field tests. Research efforts have 

been devoted to investigating the SCF determination (Puthli 1988; Karamanos et al. 

2000; Fung et al. 2002; Gho et al. 2003; Chan et al. 2005; Gao et al. 2007), and most 

of them are related on the welded tubular joints and seldom are devoted to 

investigating the properties of the SCF for the welded plate joints of large-scale civil 

engineering structures, especially for the cable-supported steel bridges. Furthermore, 

because of the considerable effects and sources of uncertainties during the 

determination of SCF either by finite element analyses or by experimental 

measurements, an investigation into the stochastic properties of SCF is of vital 

necessity. 

 

In this chapter, the SCF and its stochastic characteristics for a typical welded steel 

bridge T-joint composed of two perpendicular steel plates is perceived by conducting 

full-scale model experiments of a railway beam section of the suspension TMB. The 

central section of the test model is selected for instrumentation of the traditional 

electrical strain gauges. The strain data of the pre-allocated measuring points are 

acquired and the hot spot strain at the weld toe is determined by a linear regression 

method. The SCF is then calculated as the ratio between the hot spot strain and the 

nominal strain which is derived from the measured data. To take full account of the 

effect of predominant factors on the scatter of SCF, experiments are carried out 

under moving load conditions with a combination of three load weight grades, two 
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velocities of moving load, and two axle-distances of the test bogie. The statistical 

properties and probability distribution of the SCF are achieved for the typical welded 

steel bridge T-joint. 

5.2 Experimental Setup 

5.2.1 Design and Fabrication of Test Model 

Figures 5.1 and 5.2 show the schematic and a photo of the experimental setup for 

full-scale model experiments of the railway beam section of the TMB. The test 

model comprising two steel beams with a length of 4.5 m is fixed on both sides by 

two heavily vertical steel plates. Each steel beam is composed of three welded plates, 

namely top flange, web plate, and bottom flange, and the main efforts of this 

experimental study are focused upon the accomplishment of the SCF and its 

statistical properties and probability distribution for the T-joint which is composed of 

the web plate and bottom flange, as shown in Figure 5.3. Two platforms with 

runways are designed and extended from the test model to enable tentative parking of 

the test bogie while moving away from the test model during the experiments. 

 

The structural grade of the steel material for the test model is Q345A as stipulated in 

Chinese code GB/T1591-94; the material properties are almost identical to those of 

Grade Fe 510C as specified in BS EN 10 025 (1990) which is utilized for fabrication 
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of steel components of the TMB. The elastic modulus of Q345A and Grade Fe 510C 

are 206 GPa and 205 GPa respectively, and the Poisson’s ratios are 0.3 for both. The 

chemical compositions and mechanical properties of the two types of steel materials 

are listed in Table 5.1. 

5.2.2 Instrumentation 

The main equipment for strain measurement includes the traditional electrical strain 

gauge (TML PFL-10-11) and a data acquisition system (NI SCXI-1000). The strain 

data were recorded continuously by the data interrogator at a sampling rate of 10 Hz, 

and the gauge length of the strain gauge is 10 mm. The total number of the channels 

in the data acquisition system is 32, of which 13 channels are used for strain 

measurement of the central section located at one steel beam of the test model. 

Figure 5.4 shows the schematic diagram of the measurement setup. All the 

equipment including the electrical source and automatic voltage regulator was 

connected with the ground wire in order to eliminate the effect of electromagnetism 

interference. The initial calibration for data normality checking was carried out 

before the experiments to ensure the reliability and stability of the strain readings. 

 

Figure 5.5 shows a photo of the welded T-joint between the web plate and bottom 

flange of the test model, which complies with the specifications in BS5135: 

1984@Table 15 according to the drawings for the welded connections of the TMB. 
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The weld thickness and weld angle are 6 mm and 450, respectively. Figure 5.6 shows 

the details of the strain gauges deployed on the central section of the test model. It 

should be noted that the strain gauges from c-8 to c-13 are mainly used for the 

subsequent damage detection purpose, and the present study focuses on the strain 

measurement data from the strain gauges c-1 to c-7. A photo of the strain gauges 

deployed on the central section of the test model is shown in Figure 5.7. 

5.2.3 Description of Test Load 

Two types of load cases in static and moving load conditions with three load weight 

grades are operated in this experimental study. The moving load is exerted through 

automatically controlling a specially designed test bogie with a self-weight of 1.12 t, 

as shown in Figure 5.8. This test bogie is self-driven and controlled by an 

electro-circuit system assembled in a control box, as shown in Figure 5.9. A braking 

device is installed on the test bogie, which is devised for bringing the test bogie to 

stop by forming a short-circuit in the electro-circuit system at a suitable time when 

the test bogie is moving near to the end of the runway. The distance between the 

front and behind axles of the test bogie is adjustable in a dual-choice of 1.025 m and 

1.545 m and the velocities of moving load are changeable in 0.15 m/s and 0.45 m/s, 

respectively. As illustrated in Figure 5.10, three load-weight grades in a total weight 

of 5.982 t (grade I), 9.724 t (grade II), and 14.586 t (grade III) respectively, are used 

in the experiments. 
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5.3 Experimental Results and Analysis 

5.3.1 Experimental SCF Determination Method 

In general SCF can be calculated by dividing the hot spot strain, εhot, by the nominal 

strain, εnom, according to 

nom

hot
ε
ε

=SCF                          (5.1) 

The actual value for the hot spot strain at the weld toe is difficult to be determined 

due to the complex structural configuration and stress condition, and it can be 

estimated through the strains at adjacent points away from the weld toe. In the 

present study, the hot spot strain at the weld toe of the bottom flange is determined 

using the strain data obtained from the strain gauges c-1 to c-6 by linear regression 

method, which is considered as the hot spot strain of the weld joint near the strain 

gauge c-7. Then, the SCF at the location of the strain gauge c-7 where most of the 

strain gauges are field-installed on the TMB is obtained using Equation (5.1) by 

regarding the measured strain data from the strain gauge c-7 as the nominal strain. 

The derived SCF is a deterministic value for each static load case, while a set of 

random SCF data are generated under different moving load conditions. 

5.3.2 Results from Static Load 
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5.3.2.1 Preliminary analysis of strain data 

In the static-load cases, the static load is applied sequentially on seven sections of the 

test model from the positions P1 to P7, as illustrated in Figure 5.11, in which the 

arrowheads stand for the locations of the two axles of the test bogie. Positions P1 to 

P4 are allocated at 1/8, 1/4, 3/8, and 1/2 length of the test model, and positions P1 to 

P3 and P5 to P7 are distributed symmetrically along the steel beam. 

 

With the purpose of eliminating the effect of the inherent uncertainties due to 

randomness in the measurement data, the recorded strain data with a loading time of 

5 seconds are averaged. In this way, the strain value for each load position can be 

obtained in all the static-load cases with different combinations of load weight grade 

and axle-distance of the test bogie. Figure 5.12 shows the strain influence line for the 

central section of the test model under the condition of load weight grade III and 

short axle-distance of the test bogie, which reveals that the critical strain values occur 

when the static load is applied on position P4. 

 

Figure 5.13 shows the strain distributions for the central section of the test model 

when static load is applied at position P4 under the condition of load weight grade III 

and short axle-distance of the test bogie. It indicates that the recorded strain data 

from the strain gauges c-1 to c-6 on the bottom flange of the test model are tension 

strains, while those from the strain gauges c-10 to c-13 on the top flange of the test 
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model are compression strains. Regarding the strain gauges installed on the web plate 

of the test model, the recorded strain data from the strain gauges c-7 and c-9 are 

tension strains and compression strains, respectively. The recorded strain data from 

the strain gauge c-8 are near to zero since the sensor is installed close to the neutral 

axis of the steel beam. 

5.3.2.2 Linear regression analysis 

An observation into Figure 5.13 indicates that the strain values along the bottom 

flange of the steel beam decrease slightly away from the weld toe, thus a regression 

analysis of the strain measurement data from the strain gauges c-1 to c-6 can be 

carried out with the intention of determining the hot spot strain at the weld toe of the 

bottom flange. The regression model is assumed by the following linear relationship 

δααε 10 +=                           (5.2) 

where ε is the strain value along the bottom flange of the steel beam; δ is the distance 

from the weld toe at the bottom flange of the steel beam; and α0 and α1 are the 

regression coefficients which can be obtained by the least-squares approach as 

δδ

εδα
S
S

=1                            (5.3) 

δαεα 10 −=                          (5.4) 
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where Sδδ is the variance of δ; Sεδ is the covariance between ε and δ; and ε  and δ  

are the means of ε and δ, respectively. 

 

The coefficient of determination, R2 is obtained by 

( )

( )∑

∑
−

−

−=

i
i

i
ii

R 2

2

2
ˆ

1
εε

εε
                     (5.5) 

where εi is the observed data of ε; iε̂  is the estimator of εi; and ε  is the mean 

value of εi. 

 

Table 5.2 provides the obtained statistical parameters in regression analysis by 

Equations (5.3) to (5.5), while Figure 5.14 shows the measured strain data with a 

best-fit curve from the strain gauges c-1 to c-6 when static load is applied at position 

P4 in the case of load weight grade III and short axle-distance of the test bogie. It is 

seen from Figure 5.14 that the measured strain data are involved in the upper and 

lower bounds of the fitted curve at 5% level of significance. Likewise, it is found 

from Table 5.2 that the values of R2 are greater than 0.940, indicating that the strain 

value along the bottom flange of the steel beam is almost linearly with the distance 

from the weld toe. As a result, the hot spot strain at the weld toe of the bottom flange 

can be estimated by Equation (5.2) when δ is equal to zero. 

 

By regarding the hot spot strain at the weld toe of the bottom flange as the hot spot 
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strain of the weld joint near the strain gauge c-7, the SCF at the location of the strain 

gauge c-7 can then be obtained by using Equation (5.1). Figure 5.15 illustrates the 

calculated SCFs at the location of the strain gauge c-7 under different load positions 

in the case of load weight grade III and short axle-distance of the test bogie, from 

which it is observed that the SCF at the location of the strain gauge c-7 reaches the 

largest value when static load is applied at position P4. 

5.3.3 Stochastic Characterization of SCF 

5.3.3.1 Results from moving load 

In the moving load cases, the measured strain data when the entire test bogie is 

moving along the test model are recorded. To take full account of the effect of critical 

factors on the scatter of SCF, the experiments are carried out with a combination of 

three load weight grades, two velocities of moving load, and two axle-distances of 

the test bogie. In the present study, the recorded strain data under the moving load in 

a velocity of 0.15 m/s in the case of load weight grade III and short axle-distance of 

the test bogie are examined and reported. 

 

Figure 5.16 shows the measured strain data from the strain gauge c-1 and the 

corresponding filtered data after eliminating the transient components by using a 

wavelet-based filtering method (Ni et al. 2008). With the filtered strain data from the 
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strain gauges c-1 to c-6, the hot spot strains at the weld toe of the bottom flange are 

calculated by linear regression method. According to the SCF determination method 

described in the previous section, the derived SCFs at the location of the strain gauge 

c-7 is then obtained and illustrated in Figure 5.17. It is observed that the SCF values 

at the location of the strain gauge c-7 are highly scattered, and therefore probability 

and statistical analyses should be conducted to achieve the stochastic characteristics 

of the SCF. 

5.3.3.2 Probability distribution of SCF 

With the purpose of recognizing the stochastic characteristics of SCFs for a typical 

welded T-joint under moving load conditions, the statistical properties and 

probability distribution of SCFs at the location of the strain gauge c-7 are obtained 

by analyzing the combined SCF data set from all groups of experiments under 

different moving load scenarios. Figure 5.18 shows the data set of SCFs at the 

location of the strain gauge c-7 presented in an ascending order with 760 samples. 

Table 5.3 lists the corresponding statistical properties of SCFs at the location of the 

strain gauge c-7. 

 

Figures 5.19 and 5.20 illustrate the observed PDF and cumulative distribution 

function (CDF) of the SCF at the location of the strain gauge c-7 and the 

corresponding theoretical curves produced by the best-fitted normal distribution. 
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When plotting the SCF data at the location of the strain gauge c-7 by a histogram, the 

number of equally spaced classes is known as 11 according to the Sturges 

classification rule (Sturges 1926). 

5.3.3.3 Statistical hypothesis test 

The Kolmogorov-Smirnov goodness-of-fit test is widely applied as a nonparametric 

test, which performs a hypothesis test to examine whether or not the observations 

follow a specified probability distribution (Kottegoda and Rosso 1997). Let F0(x) 

denote a completely specified theoretical continuous CDF, the null hypothesis H0 is 

that the true CDF of a continuous variate X, Fn(x) is the same as F0(x). The test 

criterion is the maximum absolute difference between Fn(x) and F0(x), formally 

defined as 

( ) ( )xFxFD n
x

n 0sup −=                      (5.6) 

where sup denotes supremum. If Dn is less than the critical value, the null hypothesis 

is not rejected, and vice versa. 

 

The Kolmogorov-Smirnov goodness-of-fit test is used to conduct normality test for 

the SCF at the location of the strain gauge c-7. The null hypothesis H0 is that the SCF 

at the location of the strain gauge c-7 conforms to a normal distribution. The 

alternative hypothesis H1 is that the SCF at the location of the strain gauge c-7 has a 
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different distribution. For a significance level of 0.05, the value of Dn defined in 

Equation (5.6) is calculated as 0.038, which is less than the critical value of 0.049. It 

is therefore concluded that the null hypothesis is not rejected, and the SCF of the 

typical welded bridge T-joint complies statistically with a normal distribution. 

5.4 Summary 

In this chapter, the determination method and stochastic characteristics of SCF for a 

typical welded steel bridge T-joint is recognized by conducting full-scale model 

experiments on a railway beam section of the TMB. Experiments have been 

conducted under moving load conditions by considering various combinations of key 

influencing factors including load weight grade, velocity of moving load, and 

axle-distance of the test bogie. The hot spot strain/stress at the weld toe is calculated 

by a linear regression method using the strain data recorded from pre-allocated strain 

gauges, and the nominal strain/stress is attained from the measured data at the 

location of desired strain gauge. The SCFs at the location of desired strain gauge are 

derived with a feature of high randomness. The statistical properties and probability 

distribution of SCF for a typical welded steel bridge T-joint are obtained, which 

reveals that SCFs for the joint in concern conform to a normal distribution. The 

results achieved from this study provide an effective experimental validation of the 

probability distribution of SCF for real applications in fatigue reliability assessment 

of steel bridges. 
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Figure 5.1 Schematic of experimental setup 

 

Figure 5.2 Photo of experimental setup 
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Figure 5.3 Cross-section of tested beams 
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Figure 5.4 Schematic diagram of measurement setup 
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Figure 5.5 Welded T-joint between web plate and bottom flange 
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Figure 5.6 Details of strain gauge deployment 
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Figure 5.7 Photo of deployed strain gauges 
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Figure 5.8 Schematic of test bogie: (a) Front view; (b) Side view 
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(a) 

 

(b) 

 

(c) 

Figure 5.9 Photos of test bogie with electro-circuit system and braking device: (a) 

Test bogie; (b) Electro-circuit system; (c) Braking device 
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(a) 

 

(b) 

 

(c) 

Figure 5.10 Photos of load weights: (a) Grade I: 5.982 t; (b) Grade II: 9.724 t; (c) 

Grade III: 14.586 t 
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Figure 5.11 Schematic diagram of application of static loads 
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Figure 5.12 Strain influence line of central cross-section under static load 
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Figure 5.13 Strain distribution on central cross-section under static load applied 

at position P4 
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Figure 5.14 Linear regression analysis of strain data at locations of strain gauges 

c-1 to c-6 
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Figure 5.15 Calculated SCFs in case of different load positions 
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Figure 5.16 Original and filtered strain data from strain gauge c-1 
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Figure 5.17 Derived SCFs at location of strain gauge c-7 
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Figure 5.18 Data set of SCFs at location of strain gauge c-7 
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Figure 5.19 PDF of SCF at location of strain gauge c-7 
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Figure 5.20 CDF of SCF at location of strain gauge c-7 
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Table 5.1 Chemical and mechanical properties of two types of steel materials 

Chemical compositions in % (max.) Mechanical properties (min.) 
Structural 

grade C Mn P S Si 
Yield 

strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation 
(%) 

BS EN 10 
025 (1990)- 

Grade Fe 
510C 

0.23 1.70 0.05 0.05 0.60

355 
(≤16mm)

345 
(>16mm
 ≤40mm)

490~630 
(>3mm 
≤100mm) 

22 
(>3mm 
≤40mm) 

Q345A 0.20 
1.00 

~ 
1.60 

0.045 0.045 0.55

345 
(≤16mm)

325 
(>16mm
≤35mm)

470~630 21 

Table 5.2 Statistical parameters in regression analysis of measured strain data 

under static load 

Load position α0 α1 R2 

P1 15.215 -0.003 0.994 

P2 25.200 -0.010 0.985 

P3 34.666 -0.021 0.943 

P4 38.851 -0.022 0.953 

P5 34.687 -0.020 0.947 

P6 25.090 -0.009 0.978 

P7 15.113 -0.004 0.995 

Table 5.3 Statistical properties of SCF at location of strain gauge c-7 

Maximum 
SCF 

Minimum 
SCF 

Mean 
value 

Standard 
deviation 

Coefficient of variation 
(COV) 

1.238 1.082 1.158 0.024 0.021 
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CHAPTER 6 

DEVELOPMENT OF FATIGUE RELIABILITY MODEL FOR 

PROBABILISTIC FATIGUE LIFE ASSESSMENT USING 

STRUCTURAL HEALTH MONITORING DATA 

6.1 Introduction 

Fatigue condition assessment of welded steel structures is an extraordinarily 

complicated process involving a great variety of effects. Considerable sources of 

uncertainties for fatigue damage and life evaluation using the S-N approach can be 

mainly categorized into the following aspects: (i) the number of fatigue test data for 

derivation of the S-N curves of specific structural joints is limited, and the data are 

subjected to pronounced statistical scatter; (ii) there are significant disparities when 

using the stress-life experimental results of a specimen for component-level fatigue 

life assessment of real structures due to the difference of fatigue features between the 

test specimen and real structural components; and (iii) the material characteristics as 

well as the stress history and environment exhibit uncertainty not only in the 

experimental process of fatigue test, but also during the service life of the real 

structure. 



 148

The methods of structural reliability evaluate the probability that a structure does not 

perform as intended by taking into account the uncertainties in both the structure and 

its external loadings, and then a rational analysis and design will be achieved by 

reducing the computed failure probability to an acceptable level. In the general 

theory and method of structural reliability, the uncertainties in a structure and its 

external loadings are characterized by continuous random variables with known 

distributions. Many approximation methods, such as the Monte Carlo simulation 

(MCS), FORM, and the second-order reliability method (SORM), can be used to 

compute the probability that the random variables fall into a predefined failure 

domain. 

 

Due to the rational basis and mathematical background, methods of structural 

reliability have gained an increasing acceptance in academic circles and are 

beginning to be acknowledged and used by engineering practitioners (Estes and 

Frangopol 2005). In the past few decades, the theory and methods of structural 

reliability have been comprehensively applied in design and analysis against fatigue 

of many welded joints of steel structures, such as in bridges (Ang and Munse 1975; 

Raju et al. 1990; Zhao et al. 1994a, b; Cho et al. 2001; Kim et al. 2001; Pourzeynali 

and Datta 2005), aircraft (Mohammadi 2001; Zhang and Mahadevan 2001), 

mechanical structures (Tang and Zhao 1995; Tovo 2001; Lee et al. 2008), and 

offshore structures (Engesvik and Moan 1983; Madsen 1984; Wirsching 1984; Jiao 

and Moan 1992; Amanullah et al. 2002; Nazir et al. 2008). 
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In this chapter, a method for probabilistic assessment of fatigue life by using 

long-term strain measurement data is proposed regarding the daily number of cycles 

for each stress range as a random variable. The statistics of the number of stress 

cycles is combined with the S-N curve to make a probabilistic assessment of fatigue 

life with the use of the Miner’s rule. Furthermore, a fatigue reliability model which 

integrates the probability distribution of hot spot stress range with a continuous 

probabilistic formulation of the Miner’s damage cumulative rule is developed to 

facilitate the fatigue life and reliability evaluation of steel bridges using long-term 

monitoring data. By considering both the nominal stress obtained by measurement 

and the SCF as random variables, a probabilistic model of the hot spot stress is 

formulated for evaluating the fatigue life and the probability of failure. The proposed 

procedure is illustrated using the long-term monitoring data of dynamic strain from 

the instrumented TMB. 

6.2 Probabilistic Fatigue Modeling Methods 

To evaluate the fatigue reliability condition of existing steel bridges, it is necessary to 

develop a robust probabilistic model incorporating primary uncertainties associated 

with the nature of fatigue damage. Based on the information already available in the 

literature, the most convenient ways of relating variable-amplitude stochastic stress 

spectrum to constant-amplitude fatigue data for bridge applications are the effective 

stress range concept and the Miner’s rule for fatigue damage accumulation. 
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According to Byers et al. (1997b), a probabilistic method for fatigue evaluation of 

highway and railway bridges generally consists of (i) the development of a stress 

distribution model from field monitoring data or by simulation; (ii) the use of the 

Miner’s rule for fatigue damage analysis in conjunction with an appropriate S-N 

relationship; and (iii) the use of a probability function to describe the fatigue 

reliability of critical structural components. A general outline of these probabilistic 

fatigue modeling methods is presented in the following section. 

6.2.1 Mean Stress Range Method 

Combining the S-N curve expression defined by the Basquin’s model (Basquin 1910) 

in Equation (2.1) with the Miner’s damage rule as described in Equation (3.1), the 

fatigue damage accumulation index can be expressed as 

∑=
i

m
i

i

S
A
nD                          (6.1) 

Assuming fS(s) is the PDF of the stress range S, in each narrow stress block of width, 

ΔS, the fractional number of cycles is fS(s)ΔS. If NT denotes the total number of stress 

cycles of a structural component under variable-amplitude stress range in time T, 

then the number of cycles in the stress block is given by 

SsfNn STi Δ= )(                        (6.2) 
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Substituting Equation (6.2) into Equation (6.1), gives 

∑ Δ
=

i
m

i

ST

S
A

SsfND )(                      (6.3) 

As ΔS goes zero, Equation (6.3) can be put in an integral form as 

( )dSsfS
A

ND S
mT ∫

∞
=

0
                   (6.4) 

The integral expression of Equation (6.4) is the mean or the expected value of the 

random variable Sm which can be expressed by E(Sm), also called the mth statistical 

moment of random variable S. Consequently, the fatigue damage index can be taken 

as the following form (Zhao et al. 1994a; Ayyub et al. 2002) 

( )mT SE
A

ND =                         (6.5) 

where 

( ) ( )dSsfSSE S
mm ∫

∞
=

0
                    (6.6) 

For a given value of m and assumed statistical distribution of stress range, the 

expected value of Sm can be easily calculated. 

 

According to the Miner’s rule, failure due to fatigue occurs when D ≥ 1. Typical 

values of D at failure are in the range from 0.5 to 2 (Sobczyk and Spencer 1992). To 

account for this high level of uncertainty, Wirsching (1984) extended the definition 
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of fatigue failure as 

Δ≥D                            (6.7) 

Wirsching and Chen (1988) studied the test data reported by Miner (1945) and found 

that Δ, which represents uncertainty associated with the use of the Miner’s rule, may 

be modeled by a lognormal distribution with a mean value of 1 and a COV of 0.3. 

 

Combining Equations (6.5) and (6.7), the limit-state function, g, for the mean stress 

range method can be expressed as 

( ) 0=Δ−= mT SE
A

Ng                      (6.8) 

Then, the mathematical expression for probability of fatigue failure, pf, can be given 

as 

( ) ⎥⎦
⎤

⎢⎣
⎡ ≥Δ−== 0mT

f SE
A

NgPp                 (6.9) 

It is important to quantify the uncertainties in each of the random variables in 

Equation (6.8) for fatigue reliability assessment. Usually m is a constant slope 

parameter of value 3. A is considered to be a random variable with lognormal 

distribution and the COV of A is the same for all the fatigue categories and can be 

considered to be 0.45 (Wirsching and Chen 1988). The statistical properties of other 

random variables have been presented in Chapter 2.4.3. 
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6.2.2 Integration Method 

Byers et al. (1997a) presented a practical probabilistic formulation based on S-N 

curve expression and the Miner’s rule. They concluded theoretically that stresses of 

all ranges can occur in the Miner’s damage rule, and the random stress range S can 

be described by the PDF. If NT cycles occur in time T, the fraction of those cycles 

having stress range S is NTfS(s)ds and the increment of fatigue damage, DT, is 

( ) ( )
( ) ds
sN

sfNDd ST
T =                      (6.10) 

Then, in the limit the total damage expressed in Equation (3.1) can be converted into 

an integral 

( )
( )∫

∞
=

0
ds

sN
sfND ST

T                      (6.11) 

Further evaluation of the integral in Equation (6.11) is possible upon selection of a 

specific stress distribution. Combining Equations (6.11) and (6.7), the limit-state 

function for the integration method can be defined as 

( )
( ) 0

0
=Δ−= ∫

∞
ds

sN
sfNg ST                   (6.12) 

6.2.3 Effective Stress Range Method 
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Variable-amplitude random-sequence stress spectrum, such as that which occurs in 

actual bridges, can be conveniently represented by a single constant-amplitude 

effective stress range, Sre, that would result in the same fatigue life as the 

variable-amplitude stress spectrum (Schilling et al. 1978). The effective stress range 

is defined by 

[ ] BB
riire SS

/1
∑= α                       (6.13) 

in which Sri is the midwidth of the ith stress interval in a histogram, defining the 

variable-amplitude stress spectrum; αi is the fraction of stress range cycles within 

that interval; and B is a constant parameter. If B is taken as 2, Sre from this equation is 

equal to the root-mean-square (RMS) stress range; if B is taken as the reciprocal of 

the slope of the constant-amplitude S-N curve for the particular detail under 

consideration, which is 3 for most structural details, the equation is equivalent to the 

Miner’s rule. The RMS and Miner values of Sre are only slightly different, and both 

satisfactorily represent the variable-amplitude stress spectrum. 

 

Moses et al. (1987) proposed a fatigue reliability model to predict the probability that 

the fatigue life of steel bridge components will be less than the expected or desired 

design life, Ye. Instead of formulating damage in terms of the stress range probability 

distribution, damage is described in terms of several random variables such as truck 

weight, average daily truck traffic (ADTT), bending moment. In the evaluation 

procedure, the effective stress range is computed as 
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[ ] 3/13∑= riire SS α                      (6.14) 

The remaining safe fatigue life in years, Yf, is then estimated from 

( )[ ] a
resa

f Y
SRCT

fKY −= 3

610                   (6.15) 

in which Ta is the estimated lifetime average daily truck volume; C is the number of 

cycles per truck passage; Ya is the age of the bridge in years; K is a constant 

depending on the structural detail; and f is a factor to account for the difference 

between the mean and allowable S-N curve. The factor f = 1 when computing the 

remaining safe life, and f = 2 when computing the remaining mean life. The product 

RsSre is the factored stress range. Different values for reliability factor Rs are 

suggested, depending on whether the structure is considered to be redundant or 

nonredundant. In any case, Rs = 1 if the computation is for the remaining mean life. 

 

The reliability is then formulated as a function of the safety margin which is the 

difference between the actual fatigue life (or stress cycles to failure) and desired 

fatigue life (or applied stress cycles), and is the probability that this margin is greater 

than zero. The limit state function can be defined by the following equation 

0=−= ef YYg                         (6.16) 

6.3 Probabilistic Fatigue Assessment with Random Stress Cycles 
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Fatigue in metal is a complex failure mechanism which is characterized by gradual 

reduction in the capacity of structural elements to withstand cyclic loading. The most 

important parameters in the fatigue damage of welded structures are the stress cycles 

experienced and their stress range which are random in nature. According to the 

Miner’s rule, the cumulative fatigue damage in a structural component that can be 

expressed by a summation, as expressed in Equation (3.1). In the present study, ni 

will be obtained by rainflow cycle counting of the strain measurement data, while Ni 

will be determined according to the S-N relationship which is expressed as Equation 

(3.3). Failure is assumed to occur when the fatigue damage measured D = 1. 

6.3.1 Proposed Method 

From the strain measurement data for a full day, the daily stress time history can be 

obtained by simply multiplying the strain data with elasticity modulus. Then the 

rainflow counting algorithm is applied to obtain one day’s stress spectrum, from 

which the number of cycles for different stress ranges, ni’s, is determined. Because 

the number of cycles for a specific stress range obtained from different days is 

different, ni is regarded as a random variable. The mean value and standard deviation 

of the random variable ni are determined by statistical analysis of the long-term 

measurement data covering a long period. 

 

Since ni’s are random variables, the fatigue life predicted by Equation (3.4) is also a 
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random variable. The mean value μF and variance DF of the fatigue life are calculated 

by 

∑
=

×

= n

i i

ni
F

N
i

1
365

1
μλ

μ                     (6.17) 
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=              (6.18) 

where μni and Dni are the mean and the variance of the random variable ni, which are 

obtained from the long-term monitoring data. With Equations (6.17) and (6.18), the 

reliability index for an expected fatigue life, Fe (year), is obtained by 

F

e

F

F
D
F

D
−=

μβ                     (6.19) 

and the probability of failure is obtained by 

( )β−Φ≈fp                        (6.20) 

where Ф(·) is the standard normal CDF. 

6.3.2 Application to TMB 

In the proposed method, the number of cycles for each stress range, ni, is regarded as 

a random variable. A value of ni for the ith stress range can be obtained from each 
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daily stress spectrum, and its statistics is then obtained from the measurement data 

for 80 typical days from the strain gauge SSTLS13. Figure 6.1 shows the 

distribution of number of cycles for two stress ranges obtained from the 80-day 

measurement data. 

 

After obtaining this distribution, the mean value, standard deviation and probability 

density function of ni for each of the concerned stress ranges can be estimated. Then 

the mean value and the variance of the fatigue life are calculated by Equations (6.17) 

and (6.18). For the structural detail H, the mean value and the COV of the fatigue life 

are obtained as 765 years and 0.046, respectively. The corresponding reliability index 

and failure probability for different expected fatigue life (from 650 to 900 years) are 

estimated by Equations (6.19) and (6.20) and listed in Table 6.1. 

 

For comparison, a statistical analysis of the deterministically predicted fatigue lives 

shown in Figure 3.17 which are assessed from the measured daily stress spectra for 

the 80 days is also conducted. Figure 6.2 illustrates the PDF and the CDF, from 

which the ensemble mean value and the COV are obtained as 773 years and 0.103. 

The ensemble mean value is close to the mean fatigue life predicted by the proposed 

method, but the COV is much larger than that obtained by the proposed method. 

6.4 SCF-Integrated Fatigue Reliability Assessment 
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6.4.1 Development of Analytical Model 

The nominal stress range S is represented by an algebraic difference between the 

maximum stress, σmax, and the minimum stress, σmin, measured in one stress cycle; 

and the hot spot stress range, Sh, is evaluated by multiplying the nominal stress range 

by an SCF. That is, 

minmax σσ -=S                        (6.21) 

( ) SCFSCF minmax ×−=×= σσSSh               (6.22) 

In the present fatigue reliability model, the hot spot stress range is regarded as a 

function of two random variables: S and SCF. Upon the assumption that the two 

random variables are independent, the joint PDF of the hot spot stress range, f(h), can 

be obtained as 

( ) ( ) ( )tfsfhf ×=                       (6.23) 

where f(s) and f(t) are the PDFs of the stress range and the SCF, respectively. 

 

When the joint PDF of the hot spot stress range is a continuous function, the Miner’s 

rule given in Equation (3.1) can be re-written as the following expression to evaluate 

the fatigue damage characterized by a total of ntot stress cycles: 

( ) ( ) ( )
∫ ∫∫∫ ==
S T f

tot

H f

tot dsdt
N

tfsfndh
N

hfnD             (6.24) 
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where Nf is the stress cycles at failure. 

 

Thus, the expression of fatigue life can be obtained by 

( ) ( )
∫ ∫

==

S T f

tot

ff

dsdt
N

tfsfn
D

D
D

F               (6.25) 

in which, 

∑
=

=
n

i
iitot nn

1
λ                        (6.26) 

where Df is the fatigue damage at failure; λi is the reducing factor; and S0 is the 

constant amplitude non-propagating stress range. 

 

Then the limit-state function for fatigue damage can be expressed as 

( ) ( ) ( )
∫ ∫−=
S T f

tot
f dsdt

N
tfsfnDtsg ,                (6.27) 

The probability of failure and reliability index are further obtained by structural 

reliability theory as follows 

( ){ } ( ) ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

≤−=≤= ∫ ∫ 00,
S T f
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ff dsdt

N
tfsfnDPtsgPp       (6.28) 

)(1
fp−Φ−=β                        (6.29) 
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Obviously, one of the key issues involved in the above fatigue reliability model is the 

exploration of probability distributions for both the stress range and SCF. A flowchart 

on the implementation of the above fatigue reliability model for probabilistic fatigue 

life assessment is shown in Figure 6.3. 

6.4.2 Illustration Using Field Monitoring Data 

6.4.2.1 Multi-modal PDF of stress range 

In the present study, the monitoring data from the strain gauge SPTLS16 located at 

Detail H of the deck cross-section CH24662.5 are acquired for fatigue reliability 

assessment. The strain gauge SPTLS16 was installed under the track plate of the 

railway beam composed of two inverted T-beams welded to the top flange plate, as 

illustrated in Figures 6.4(a) and 6.4(b). The strain data were recorded continuously 

at a sample frequency of 51.2 Hz. Figure 6.5 illustrates two typical daily strain time 

histories obtained from the strain gauge SPTLS16. The stress time history is obtained 

through simply multiplying the measured strain data by the elasticity modulus of 

steel. Daily stress spectrum is procured with the aid of the rainflow counting 

algorithm. Figure 6.6 shows the histograms of two typical daily stress spectra by 

specifying a resolution of 1 MPa for the stress range interval, the stress cycles with 

amplitudes less than 2 MPa being discarded. Figure 6.7 illustrates the obtained 

standard daily stress spectrum using the 20 days’ daily stress spectra including one 
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daily strain data under typhoon conditions. 

 

After obtaining the representative data sample, the rainflow-counted stress ranges 

from 2 to 30 MPa are extracted for modeling the PDF of the stress range measured 

by the strain gauge SPTLS16. The total observation number of the 20 days’ stress 

range data is 30,986 and the number of classes is obtained as 16 according to the 

Sturges classification rule. Figures 6.8 and 6.9 show the finite mixed PDFs and 

CDFs of the 20 days’ stress range data acquired by the strain gauge SPTLS16 when 

using normal, lognormal, and Weibull distributions, respectively. The corresponding 

estimated parameters of the component distributions are given in Table 6.2. Figure 

6.10 shows the variation of the AIC values with the iteration number of the three 

mixed PDFs (normal, lognormal, and Weibull) of the 20 days’ stress range data. It is 

found that the AIC values for the three PDFs converge rapidly and the mixed Weibull 

PDF results in the lowest AIC value. As a consequence, the Weibull distribution is 

taken as the component distribution for modeling the measured stress ranges. 

6.4.2.2 Numerical analysis of SCF 

A three-dimensional global FEM of the TMB is established by using the 

general-purpose commercial software ABAQUS as illustrated in Figure 6.11. The 

beam and shell elements in the ABAQUS element library are chosen to model the 

structural components of the bridge. There are 7,375 nodes and 17,677 elements in 
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the global FEM. After verifying the predicted responses (dynamic modal properties 

and displacement/strain influence lines) of the global FEM by field measurement 

data (Wang et al. 2000; Wong 2005), a three-dimensional local FEM of typical 

welded connections extracted from the section CH24662.5 where the strain gauge 

SPTLS16 is attached under the track plate of the railway beam, is formulated as 

shown in Figure 6.12. There are 502,879 nodes and 406,448 elements in this local 

FEM, and the displacement responses at the deck cross-sections obtained from the 

global FEM are adopted as boundary conditions of the local FEM. 

 

The dimension of the typical welded joint in the local FEM is identical to the 

drawing details of the TMB. The weld is simply modeled as a triangle and the weld 

thickness and weld angle are 6 mm and 45o, respectively. A relatively fine grid mesh 

is used for the weld seam where stress concentration with a high stress gradient is 

expected, and a coarse grid mesh is used for the zone where stresses are relatively 

uniform. As a compromise between the mesh size and the number of degrees of 

freedom, the 8-node reduced integration continuum element is adopted in modeling 

the plate and weld. 

 

Figure 6.13 illustrates the weld stress analysis of the welded joint at the strain gauge 

SPTLS16. It reveals that the hot spot near the strain gauge SPTLS16 is located at the 

end of the longitudinal weld which is serving as the linkage between the railway 

beam web and the track plate. A uniformly-distributed load of 1 MPa is applied on 
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the rail-track areas of the track plate in the local FEM, and then the nominal stress at 

the location of the strain gauge SPTLS16 and the structural stress at the hot spot are 

obtained. Finally, the SCF for the welded joint monitored by the strain gauge 

SPTLS16 is determined as 1.379 according to 

nom

hot
σ
σ

=SCF                         (6.30) 

where σhot is the hot spot stress; and σnom is the nominal stress. 

6.4.2.3 Probabilistic assessment of fatigue life 

The joint PDF of hot spot stress range can be obtained by Equation (6.23) when the 

PDFs of stress range and SCF have been determined as detailed in the 

abovementioned sections. According to the research findings in Chapter 5, for the 

welded detail in concern, the SCF is found by full-scale model experiments to 

conform to the normal distribution with a COV of 0.021. As a result, the PDF of the 

SCF is formulated by a normal distribution with a mean value of 1.379 and a COV of 

0.021 as shown in Figure 6.14. The joint PDF of hot spot stress range is 

subsequently obtained from the multi-modal PDF of stress range and the PDF of SCF, 

as illustrated in Figure 6.15. 

 

In general, fatigue failure of a structural component is assumed to happen when the 

final summation of the elementary damage reaches a predetermined value known as 
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fatigue damage index. The fatigue life of the welded detail monitored by the strain 

gauge SPTLS16 is predicted to be 716 years when the damage index equals to unity 

as a deterministic value. While the predicted fatigue life is 927 years when using the 

method illustrated in Byers et al. (1997a), in which only the probability distribution 

of the nominal stress range is accounted for in the fatigue reliability model. It 

indicates that the predicted fatigue life is reduced by 23% when taking the stress 

concentration phenomenon into consideration. In fact, the fatigue damage at failure is 

a random variable which may be modeled by a lognormal distribution with a mean 

value of 1 and a COV of 0.3 (Wirsching and Chen 1988). The PDF of the fatigue 

damage at failure is shown in Figure 6.16. 

 

By applying the method developed in this section, the failure probability and 

reliability index versus fatigue life are obtained as shown in Figures 6.17 and 6.18, 

where the range of the counted stress is between 2 and 30 MPa and the coverage of 

SCF is from 1 to 2. It is seen that fatigue life can be calculated for a given target 

reliability index or failure probability. In the present study, the predicted fatigue life 

is related to the structural component failure rather than to the entire bridge failure in 

a system level. This leads to the predicted fatigue life relatively high and the 

probability of failure relatively low. Another reason for this concern is because most 

of the measured stress ranges are lower than the fatigue limit which is 35 MPa for the 

detail category in this study (BSI 1980). 
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A target reliability index is defined as the value of reliability index that is acceptable 

for design or evaluation, and its selection should be based on economic 

considerations as well, involving cost of construction, inspection, repair, 

rehabilitation, and replacement. The reliability index in the range between 2 and 4 

has been used in establishing code safety margins (AISC 1986) and the value of 

target reliability index recommended for offshore structural components is 3 

(Wirsching and Chen 1987). From Figure 6.18, the reliability index is estimated to 

be approximately 4.5 in accordance with the design fatigue life of 500 years for this 

bridge and the predicted fatigue life is 796 years if the value of target reliability 

index is taken as 3. Figures 6.17 and 6.18 also indicate that the service fatigue life 

directly affects the probability of failure or reliability index of the structural 

component. When the service life requirement is increased, the corresponding 

reliability index decreases sharply. 

6.5 Summary 

A method for probabilistic assessment of fatigue life by using long-term strain/stress 

measurement data has been proposed and applied for fatigue reliability analysis of 

the suspension TMB instrumented with a sophisticated SHM system. In this method, 

the daily number of cycles for each stress range is considered to be a random variable, 

and its probability distribution is obtained by statistical analysis of long-term stress 

measurement data. The statistics of the number of stress cycles is then combined 
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with the S-N curve to make a probabilistic assessment of fatigue life with the use of 

the Miner’s rule. With the 80-day strain measurement data from a welded detail on 

the TMB deck section, the proposed method has been applied to predict the mean 

value and the COV of the fatigue life, and to evaluate the reliability index and failure 

probability for an expected fatigue life. 

 

Furthermore, a fatigue reliability model has been proposed by uniquely integrating 

the probability distribution of hot spot stress range with a continuous probabilistic 

formulation of the Miner’s rule, and has been applied for probabilistic fatigue life 

assessment of the TMB by use of the strain monitoring data from the long-term SHM 

system. A monitoring-based representative data sample of stress spectrum was 

constructed considering highway and railway traffic and typhoon effects. The method 

of finite mixture distributions was applied to generate the PDF of stress range, while 

SCFs at fatigue-critical locations were calculated by finite element analysis method. 

The joint PDF of hot spot stress range and subsequently the failure probability and 

reliability index versus fatigue life were obtained by structural reliability theory. The 

results show that (i) the measured stress distribution with multi-modal properties can 

be accurately represented in an explicit expression by the method of finite mixture 

distributions in conjunction with a hybrid parameter estimation approach; (ii) the 

service fatigue life significantly affects the probability of failure or reliability index 

of the welded detail in study, and the reliability index decreases sharply when the 

service life requirement is increased; and (iii) the proposed approach provides a 
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viable approach to conducting monitoring-based fatigue reliability assessment of 

steel bridges taking account for uncertainty and randomness inherent in the fatigue 

phenomenon and measurement data. 
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(a) 

 

(b) 

Figure 6.1 Distribution of number of cycles for two stress ranges: (a) S = 13MPa; 

(b) S = 20MPa 
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(a) 

 

(b) 

Figure 6.2 Statistical analysis of fatigue life: (a) PDF; (b) CDF 
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Figure 6.3 Flowchart on implementation of proposed fatigue reliability model 
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Figure 6.4 Location of strain gauge SPTLS16 on deck cross-section CH24662.5: 

(a) Sectional view of Detail H; (b) Sectional view of H1-H1 
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Figure 6.5 Measured daily strain time histories 
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Figure 6.6 Histograms of daily stress spectra 

 

 

 

 



 175

0 10 20 30 40 50 60
0

100

200

300

400

500

600

Stress range (MPa)

C
yc

le
s

 

Figure 6.7 Histogram of standard daily stress spectrum 
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Figure 6.8 Mixed PDFs of 20 days’ stress range data 
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Figure 6.9 Mixed CDFs of 20 days’ stress range data 
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Figure 6.10 AIC values of mixed PDFs of 20 days’ stress range data 
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Figure 6.11 Three-dimensional global FEM of TMB 

 

Figure 6.12 Three-dimensional local FEM of welded connections 
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Figure 6.13 Weld stress analysis of welded joint at strain gauge SPTLS16 
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Figure 6.14 PDF of the SCF 

 

Figure 6.15 Joint PDF of hot spot stress range 
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Figure 6.16 PDF of fatigue damage at failure 
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Figure 6.17 Failure probability versus fatigue life 
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Figure 6.18 Reliability index versus fatigue life 
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Table 6.1 Reliability index and failure probability versus fatigue life 

Expected fatigue life 
(year) Reliability index Failure probability 

500 3.565 0.0002 

525 3.229 0.0006 

550 2.892 0.0019 

575 2.556 0.0053 

600 2.220 0.0132 

625 1.883 0.0299 

650 1.547 0.0609 

675 1.233 0.1088 

700 0.920 0.1788 
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Table 6.2 Estimated parameters of component distributions from 20 days’ stress 

range data 

Parametric 
family Weight (wl) Mean value (μl) Standard deviation (σl)

0.603 2.428 0.698 

0.304 10.373 2.611 Normal 

0.093 4.046 0.842 

0.711 0.991 0.322 
Lognormal 

0.289 2.351 0.216 

 Shape parameter (θl) Shape parameter (βl) 

0.651 2.751 3.537 Weibull 

0.349 10.854 3.584 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

Long-term SHM technologies have emerged creating an exciting new research field 

within various branches of engineering such as civil and structural engineering, 

electrical engineering, computer science, applied physics, and surveying and 

geo-informatics. Successful implementation and operation of long-term SHM system 

on large-scale engineering structures such as long-span bridges and high-rise 

buildings have been widely reported (DeWolf et al. 2002; Chong et al. 2003; Lynch 

et al. 2006; Ansari 2007; Wang 2008; Katsikeros and Labeas 2009; Ni et al. 2009). A 

crucial issue in the field of SHM is concerning how to effectively excavate feature 

information from huge amounts of monitoring data for conducting the structural 

health condition and safety assessment and further resulting in improved operational 

efficiency of structures, safety or reliability enhancement, and lower maintenance 

costs. The research efforts in this study have devoted to bridging the gap between 

SHM technologies and structural condition assessment practices focusing on 

integrating the strain monitoring data into fatigue life and reliability assessment of 
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steel bridges instrumented with long-term SHM system. 

 

By adopting diversiform research methodologies in theoretical modeling, numerical 

simulation, and experimental investigation, this thesis seeks to address the issues of 

S-N approach-based fatigue life assessment, multi-modal stress spectrum modeling, 

SCF determination and stochastic characterization, and reliability-based fatigue life 

assessment by making use of long-term monitoring data. The research aims have 

been to (i) develop a deterministic S-N curve-based method for evaluating fatigue life 

of steel bridges using long-term monitoring data; (ii) propose a procedure for 

modeling the PDF of stress range and joint PDF of rainflow stress matrix by use of 

the method of finite mixture distributions in conjunction with a hybrid mixture 

parameter estimation approach; (iii) experimentally investigate the method of SCF 

determination for the welded bridge T-joint and the probability distribution and 

stochastic properties of the SCF for fatigue reliability analysis and assessment, (iv) 

propose a method for probability-based fatigue life assessment by regarding the daily 

number of stress cycles of a specified stress range is a random variable with the aid 

of long-term monitoring data, (v) propose a fatigue reliability model by integrating 

the probability distribution of hot spot stress range with a continuous probabilistic 

formulation of the Miner’s damage accumulative rule. The major contributions of the 

work are as follows. 

(1) Development of a method for monitoring-based fatigue life assessment 
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The contribution of this stage of study lies in developing a standard daily stress 

spectrum method for conducting monitoring-based fatigue life assessment of steel 

bridges instrumented with long-term SHM system. The specific findings and 

conclusions are as follows: 

(i) It is reasonable to assess the fatigue life of steel bridges with a standard daily 

stress spectrum obtained by averaging a sufficient number of daily strain data. 

In the process of creating a standard daily stress spectrum, the measurement 

data under normal traffic and wind conditions as well as typhoon effects 

should be taken into consideration; while the optimal number of daily strain 

data is determined by carefully examining the significant factors that may 

affect the predicted fatigue life, such as the influence of weekend and 

workday traffic variations and seasonal changes in traffic patterns; and 

(ii) By conducting fatigue life assessment of the TMB with the proposed method, 

it is concluded that strain data acquired from 20 days including one day under 

typhoon conditions are adequate for constructing a standard daily stress 

spectrum. The evaluation results show that the fatigue damage is mainly 

caused by the traffic loading rather than typhoons, and the predicted fatigue 

life for the fatigue-prone location is much longer than the design life of the 

bridge. 

(2) Establishment of a procedure for modeling stress spectrum 

The contribution of this stage of study is to establish a procedure for generating the 
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multi-modal PDF of rainflow-counted stress spectrum data from the long-term 

monitoring data by use of the method of finite mixture distributions in conjunction 

with a hybrid mixture parameter estimation approach. The specific findings and 

conclusions are as follows: 

(i) The obtained field-data-based stress spectrum exhibits multi-modal behavior 

due to different load effects, and a conventional parametric distribution model 

fails to adequately depict the multi-modal behavior. The method of finite 

mixture distributions in combination with a hybrid mixture parameter 

estimation algorithm has been adopted to deal with this issue and 

demonstrated its competence in modeling the stress spectrum derived from 

the long-term measurement strain data of the TMB; and 

(ii) The modeling analysis results show that the Weibull mixture distributions 

give the best performance in modeling the rainflow-counted stress range, and 

a fairly good agreement is observed between the obtained distribution 

functions and the measurement data; while a mixture of multivariate 

Weibull-normal distributions has been testified to be suitable for modeling the 

stress matrix that contains the stress range and mean stress. The achieved 

results provide a powerful tool for fatigue reliability analysis of steel bridges 

instrumented with long-term SHM system. 

(3) Investigation of determination of SCF and its stochastic properties 

The contribution of this stage of study is to investigate the method of SCF 
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determination of typical welded bridge T-joints and stochastic SCF characterization 

through experiments of full-scale model for a segment of railway beam of the TMB. 

The specific findings and conclusions are as follows: 

(i) In determination of the SCF for typical welded joints through model 

experiments, considerable effects and sources of uncertainties are involved in 

geometrical and material properties, weld irregularity and quality, 

implementation of strain sensors, and load cases and combinations, so that the 

achieved SCFs exhibit highly scattered. To recognize the stochastic properties 

of SCF, the use of the theory of probability and statistics as well as the 

technique of statistical hypothesis test are extremely essential; and 

(ii) By conducting full-scale model experiments for a segment of railway beam of 

the TMB under various weight and velocity combinations of the moving load, 

the statistical properties and probability distribution of SCF for the typical 

welded joint are accomplished and attested to conforming to a normal 

distribution. The results achieved from this study serve as an effective 

experimental validation of stochastic SCF characterization. 

(4) Development of reliability-based fatigue life assessment methods 

One contribution of this stage of study is the development of a method for 

probabilistic assessment of fatigue life by treating the daily number of stress cycles 

of a specified stress range as a random variable. By use of the Miner’s damage 

accumulative rule and long-term measurement strain data of the TMB, the proposed 
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method is well applied to predict the mean value, standard deviation, and probability 

distribution of the fatigue life, and to evaluate the reliability index and failure 

probability for an expected fatigue life. 

 

Another contribution of this stage of this study is to propose a fatigue reliability 

model by uniquely integrating the probability distribution of hot spot stress range 

with a continuous probabilistic formulation of the Miner’s rule. The developed 

probabilistic model is successfully applied to carry out probabilistic fatigue life 

assessment of the TMB by use of long-term strain monitoring data accounting for 

highway and railway traffic, typhoons, and stress concentration effects. The achieved 

results reveal that the service fatigue life significantly affects the probability of 

failure or reliability index of the welded detail in concern, and the reliability index 

decreases dramatically when the service life requirement is increased. 

7.2 Recommendations 

The established methods for fatigue life and reliability assessment of steel bridges 

are still preliminary and in its infancy, more thorough research is expected to 

improve the proposed methods for benefiting bridge authorities on fatigue reliability 

assessment and further actions on fatigue-related inspection, maintenance, and 

management. The recommendations for future research and exploration are as 

follows. 
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(1) Establishment of a linkage between S-N approach and fracture mechanics 

method 

The fatigue process is regarded as comprising three phases: crack initiation, crack 

propagation, and final fracture failure. In general, two different approaches are 

mainly used to conduct fatigue analysis, namely, the S-N approach and the fracture 

mechanics method. Usually, as can be seen from the majority of references, the two 

methods are used sequentially and independently, with the S-N approach being used 

at the design or preliminary assessment stage in combination with the Miner’s 

damage accumulation rule and the fracture mechanics method for more refined 

remaining life prediction or inspection interval and repair schedule estimation based 

on crack growth models and fracture failure criteria (Chryssanthopoulos and 

Righiniotis 2006). 

 

The definition of criteria of failure is not always clear when a fatigue analysis is 

based on the S-N approach, usually either initiation of a crack at defined size or 

complete fracture, in other words for the first and the whole three stages respectively. 

On the other hand, a fatigue analysis based on the fracture mechanics method is 

concerned primarily with the second stage, though it can be extended to include final 

fracture failure through the introduction of appropriate limit state criteria related to 

fracture resistance which could be expressed in terms of a critical crack size. The 

majority of engineers are more familiar with the S-N approach for fatigue damage 

and life evaluation rather than the fracture mechanics method which is increasingly 
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developed. Therefore, it is desirable and essential to develop compatible 

methodologies to bridge a linkage between the S-N approach and the fracture 

mechanics method. A viable way to deal with this issue is through establishing a 

relationship between the fatigue crack growth model in the context of fracture 

mechanics and the fatigue damage model in the S-N approach based on the common 

parameters of stress cycles (Lassen and Sorensen 2002a,b). 

(2) Development of methods for time-dependent fatigue reliability assessment 

using long-term monitoring data and Bayesian theory 

Bayesian theory is a powerful and feasible tool to improve the model and parameter 

distribution as new data are available, and it can combine pre-existing knowledge 

with subsequent available information and update the prior knowledge of all the 

uncertainty including mechanical model uncertainty, probability model uncertainty, 

and statistical uncertainty (Bernardo and Smith 1994). As more and more 

information becomes available, one tends to get a more accurate model and 

parameter distribution information for the problem. Several studies have been 

reported to incorporate the information from field inspection to update fatigue 

reliability (Madsen 1987; Zhao et al. 1994b; Zheng and Ellingwood 1998; Zhang and 

Mahadevan 2001). 

 

The development and implementation of SHM systems make it possible to collect 

huge amounts of data from field measurement and create a situation where statistical 

methods can be increasingly useful and model improvement can be further developed. 
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It would be interesting to have failure probability at different times as then the 

time-development of the load/strength model could be established. Time-dependent 

reliability analyses such as those by Thoft-Christensen (1992), Rajasankar et al. 

(2003) and others can be used as decision-making tools, or to provide additional 

information on which to enact inspection, maintenance, and repair strategies (Stewart 

et al. 2001). Therefore, in the writer’s opinion, it is deserved to make more research 

efforts on how to update the fatigue damage condition and its reliability based on 

long-term monitoring data in combination with Bayesian theory. 

(3) Investigation of wireless fatigue monitoring system for on-line fatigue life 

assessment of existing steel bridges 

A robust SHM system capable of accurately detecting and localizing damage requires 

a dense network of sensors installed throughout the structure. For such a system the 

cost of installing wires to connect the sensors to a centralized monitoring station can 

run into thousands of dollars per sensing channel (Nagayama and Spencer 2007). 

Alternatively, replacing tethered sensors with low-cost wireless sensor nodes can 

substantially reduce system costs to a few hundred dollars or less per sensing channel 

(Lynch et al. 2008); this is a significant saving, especially for systems requiring a 

large number of nodes. State-of-the-art reviews of the development and research of 

wireless sensing systems for SHM applications have been made by Spencer et al. 

(2004), Lynch and Loh (2006), Glaser et al. (2007), and Lynch (2007). 

 

At present, wireless sensing suites costing only a few hundred dollars per sensing 
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node and accommodating open-reprogramming functions have been commercially 

available (Adler et al. 2005), and are becoming low-cost alternatives to traditional 

wired sensing systems. The advanced wireless sensing technologies make it possible 

to integrate data-driven fatigue life assessment algorithms into the wireless units 

(microprocessors). Developing such a wireless fatigue monitoring system has a great 

potential to be commercialized and can be implemented to existing steel bridges for 

assessing the remaining fatigue life. In the writer’s opinion, this issue is promising 

and should be further studied since lots of aged railway bridges are reaching or have 

exceeded their original design life. 
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