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ABSTRACT 

Ageing transportation infrastructure imposes a huge risk to the well-being of society. The grand 

challenge brought by the ageing infrastructure is not only embodied in the large repository of 

deficient structures, but also arises from the ever diminishing availability of resources for 

maintenance actions. The current state of ageing infrastructure requires that maintenance 

actions be effective and sustainable; they should also be applied on critical structures/structural 

members at the most appropriate times during their service life. Reinforced concrete (RC) 

structures, an important constituent of transportation infrastructure, may undergo severe 

deterioration during their service life. In tackling the ageing problem of RC structures, fiber 

reinforced polymer (FRP) composites provide a viable solution for effective and sustainable 

structural strengthening, while life-cycle management can be used to decide the optimal 

strengthening plan. As great amounts of uncertainties are involved in both structural design 

and life-cycle management, probability-based methods that are capable of handling 

uncertainties should be used for rational planning of FRP-strengthening of RC structures. 

 

The present PhD research project was undertaken to provide an innovative maintenance 

solution to deteriorating RC structures, i.e. using FRP composites for structural maintenance 

and adopting life-cycle management for maintenance planning. To this end, three aspects of 

FRP strengthening were studied in detail: (a) the reliability evaluation of FRP-strengthened RC 

structures; (b) the development of deterioration models for RC and FRP-strengthened RC 

structures; and (c) the development of life-cycle management tools for FRP-strengthened RC 

structures. In order to handle the uncertainties involved, epistemic uncertainties of various 

design models for FRP-strengthened RC beams were quantified by virtue of two 

comprehensive test databases collected from the literature. Structural safety of FRP-
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strengthened RC beams was assessed by using time-independent reliability analysis, based on 

which revisions to existing design rules were proposed to achieve more reliable designs. For 

life-cycle assessment, time-dependent reliability was employed. To tackle the high 

computational cost, a novel cross-entropy-based importance sampling method was proposed 

for the efficient evaluation of time-dependent reliability of deteriorating structures. Regarding 

deterioration modeling, deterioration of both RC and FRP-strengthened RC structures were 

considered. For the former, a dynamic Bayesian network (DBN) model for chloride-induced 

corrosion was proposed for deterioration prediction and Bayesian updating. For the latter, 

moisture-induced deterioration was modeled for FRP composites and FRP-to-concrete bonded 

interfaces, respectively. Based on the time-dependent reliability analysis and deterioration 

models, life-cycle management can be performed by using both the threshold-based approach 

and multi-objective optimization. A risk-based bridge ranking method was developed to link 

up all preceding studies for a holistic life-cycle management framework for the FRP-

strengthening of RC structures.
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

Ageing structures, especially crucial infrastructure like bridges, constitute a major concern in 

many of the world’s economies. The urgency of the issue is not only embodied in the massive 

repository of deficient structures, but also relevant to the scarce resources that can be deployed 

in the maintenance of these structures. According to a recent report by MacKinsey (Dobbs et 

al. 2013), there exists a 60% shortage (about $57 trillion USD) in the global investment in 

infrastructure between 2014 and 2030 just to support the projected economic growth during 

the same period of time. In the United States, the latest Report Card for America’s 

Infrastructure issued by the American Society of Civil Engineers (ASCE 2013) rated 10% of 

the surveyed bridges as structurally deficient and estimated that an annual investment of $20.5 

billion USD, $8 billion higher than the current level, would be needed in order to clear the 

nation’s backlog of deficient bridges before 2030. In the United Kingdom, a similar report by 

the Institution of Civil Engineers (ICE 2014) indicates that one-third of the local transportation 

systems need urgent attention for maintenance. In most of the emerging economies, such as 

Hong Kong and China, where massive infrastructure construction lags behind by around 20 

years or more, ageing infrastructure will be an imminent problem in the very near future. Since 

revenue generation, often involving levies/taxes, is anything but easy, the allocation of 

available resources is a major challenge as it needs to ensure that effective and innovative 

maintenance actions are taken for the most critical structures/structural members at the 

most appropriate points-in-time during their service life. The present Ph.D. research project 

was intended to contribute to the solution for this challenge by using bonded Fiber Reinforced 

Polymer (FRP) systems as an effective and innovative maintenance technology and by 
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employing life-cycle management techniques to assist the planning of such maintenance 

actions. 

 

1.2 STRUCTURAL MAINTENANCE USING FRP COMPOSITES 

1.2.1 FRP Strengthening Systems for Structural Maintenance 

Fiber reinforcement polymer (FRP) composites typically consist of a fiber material (e.g. carbon, 

glass, aramid, and basalt fibers) embedded in a matrix material (e.g. polyester, epoxy, 

vinylester, phenolic, polyurethane resins). FRP composites possess a number of prominent 

features such as a high strength-to-weight ratio, excellent corrosion resistance, as well as ease 

and versatility in construction. All of these features make FRP composites particularly 

attractive in structural engineering, especially for maintenance projects of existing structures 

(Hollaway & Teng 2008). For reinforced concrete (RC) structures, where FRP composites have 

been widely used in strengthening projects, FRP composites are capable of improving both the 

strength and the ductility of strengthened structures (Teng et al. 2002; Hollaway & Teng 2008). 

Common strengthening schemes include externally bonded (EB) or near surface mounted 

(NSM) FRP systems for RC members in flexure and shear as well as EB FRP systems for the 

confinement for RC members in compression (Hollaway & Teng 2008). Aside from RC 

structures, FRP composites have also been employed in the strengthening of steel structures, 

wood structures and masonry structures (Hollaway & Teng 2008). The high strength-to-weight 

ratio of FRP composites means lower transportation and labor costs for maintenance projects, 

while the (nearly) steel-free maintenance action enabled by FRP composites usually means a 

longer service life. Therefore, compared with conventional maintenance options, maintenance 

with FRP composites may lead to considerable cost-benefit advantages and better life-cycle 

performance (Burgoyne 2004). To promote the application of FRP composites in construction, 

many design guidelines/codes have been released around the globe (ACI 440.2R 2008; CNR-
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DT 200 2004; fib TG 9.3 2001; GB 50608 2010; HB 305 2008). A large number of maintenance 

projects using FRP composites have been undertaken around the world (Hollaway & Teng 

2008).  

 

1.2.2 Life-Cycle Management of Maintenance Actions 

Life-cycle management of maintenance actions can be used to determine the most critical 

structures/structural members for maintenance actions as well as their maintenance schedules 

from the perspective of structural life-cycles. As the maintenance cost accounts for a 

considerable proportion of the total life-cycle cost (Estes & Frangopol 2001), reasonable 

management of maintenance actions from a life-cycle point of view is crucial to improving the 

sustainability of ageing structures and making the best use of the limited budget available. 

Successful life-cycle management of maintenance actions hinges on two importance facets: (a) 

accurate prediction of structural deterioration; and (b) advanced management methodologies 

and tools. Conventional maintenance management tools, e.g. the PONTIS system used for 

bridge management (Thompson et al. 1998), generally adopt Markovian chain deterioration 

models and knowledge-based decision-making systems, both of which rely heavily on expert 

opinions and past experience. Such methods may be useful for decision-making regarding a 

large repository of bridges. However, the underlying physical models of structural deterioration 

cannot be easily incorporated into this type of systems, jeopardizing the accuracy of 

deterioration prediction and the subsequent maintenance planning. In addition, visual 

inspection results and field measurements cannot be effectively leveraged for updating prior 

prediction and maintenance schedules. More importantly, for FRP strengthening systems 

studied in the present project, previous experience is not yet sufficient to establish knowledge-

based systems. Therefore, new management methodologies and tools have to be developed for 

life-cycle management of FRP-strengthened structures. 
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Sensible life-cycle management should account for the uncertainties involved in all aspects of 

the management process, e.g. uncertainties in material and geometric properties, uncertainties 

in initial design, uncertainties in maintenance actions, among others. For the maintenance of 

existing structures, life-cycle management should be compatible with various data relevant to 

structural performance: not only condition ratings used by the conventional methods, but also 

quantitative measurements from field tests. For this purpose, Bayesian updating has been 

utilized in order to take full advantage of these evidence data and to make more accurate 

predictions for structural performance (Frangopol 2011; Frangopol & Soliman 2016). In 

addition, in order to properly handle uncertainties, reliability-based life-cycle management has 

been developed and studied extensively (Frangopol 2011; Frangopol & Soliman 2016). Both 

point-in-time (instantaneous) and cumulative-time reliability (lifetime distributions) have been 

employed to describe the life-cycle performance of structures (Barone & Frangopol 2014a; 

Barone & Frangopol 2014b). For management techniques, the existing studies can be classified 

into two categories: threshold-based methods and life-cycle optimization (Barone & Frangopol 

2014a; Barone & Frangopol 2014b). In cases where failure consequences are considered, the 

concept of risk, a combination of probability and cost, has been leveraged for life-cycle 

management of structures or structural systems (Zhu & Frangopol 2012). The present thesis 

covers all these aspects of life-cycle management, with a primary interest in the FRP-

strengthening of RC structures. 

 

1.3 OBJECTIVES AND SCOPE 

1.3.1 Objectives 

The present Ph.D. research project was intended: 
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1. To analyze the time-independent reliability of FRP-strengthened RC structures to ensure 

the safe and economic design of FRP-strengthened RC structures; 

2. To develop deterioration models that can accurately predict the structural deterioration of 

RC and FRP-strengthened RC structures; 

3. To evaluate the time-dependent reliability of FRP-strengthened RC structures for 

reliability-based life-cycle management; 

4. To develop strategies for life-cycle management of maintenance actions, with particular 

applications to FRP strengthening systems for RC bridge structures; 

5. To develop a risk-based portfolio management strategy among competing bridge 

maintenance projects considering transportation network performance; 

6. To establish a coherent framework for life-cycle management of transportation 

infrastructure, with a particular focus on the use of FRP composites. 

 

1.3.2 Scope 

In order to accomplish the preceding objectives, the present Ph.D. thesis is focused on the 

following aspects: 

1. For FRP strengthening schemes, the focus of the thesis is on RC 

structural components in flexure and shear. For RC bridges, this 

focus means that the thesis is mainly concentrated on the analysis 

and management of bridge superstructures. FRP-confined RC 

columns, though also very common in practice, are not covered by 

the present thesis. Also, only EB FRP strengthening systems are 

considered due to their much wider application in engineering 

practice. 
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2. Deterioration of both RC and FRP-strengthened RC structures are 

studied in detail. For the deterioration of RC structures, the present 

thesis is focused on chloride-induced corrosion under marine/coastal 

environments in tropical/subtropical regions. Regarding 

deterioration modeling, special attention is paid to the capability of 

Bayesian updating. For deterioration of FRP-strengthened RC 

structures, the focus is on moisture-induced deterioration, for which 

state-of-the-art deterioration models are proposed for FRP systems 

and for FRP-to-concrete bonded interfaces, respectively. 

3. Both time-independent and time-dependent reliability analyses are 

conducted for FRP-strengthened RC structures. The former (time-

independent reliability analysis) serves mainly for the reliability-

based calibration of design provisions for FRP strengthening 

systems in guidelines/codes. Nevertheless, the model error 

quantification in this part plays an important role in the follow-on 

life-cycle management work. The latter (time-dependent reliability 

analysis) lays a solid foundation for both threshold-based 

maintenance planning and life-cycle optimization. In order for a 

more efficient computation of time-dependent reliability to be 

achieved, efficient sampling techniques are studied. 

4. Two major types of life-cycle management, i.e. threshold-based 

maintenance planning and life-cycle optimization, are covered in the 

present thesis. Threshold-based maintenance actions are planned 

according to a prescribed target reliability, and the extended service 

life of strengthened structures is determined by virtue of state-of-



7 

 

the-art models of structural deterioration. Multi-objective 

optimization is employed if budgetary constraints are considered. 

5. To pinpoint critical bridges in a bridge stock, risk-based bridge 

ranking is employed to prioritize bridge maintenance projects, e.g. 

FRP strengthening. The ranking methodology is equipped with a 

detailed analysis of indirect social cost, which is highly contingent 

upon the availability of local geographic information. Such 

information is available for nearly all U.S. states. For other regions 

without adequate geographic information, a similar database can be 

established. Nevertheless, the establishment of such database is 

beyond the scope of the present thesis. 

Despite the finite application scope, the present work is far more versatile than is indicated by 

the application scenarios considered in the thesis. All the proposed methods can be used in the 

reliability analysis and life-cycle management of various structural types and different 

maintenance options as long as reliable deterioration models are available. 

 

1.4 THESIS LAYOUT 

The work presented in the present Ph.D. thesis includes a number of important topics in 

reliability analysis and life-cycle management. Specifically, Chapter 3 deals with time-

independent reliability analysis, which is mostly used in reliability-based calibration of design 

procedures. Chapter 4 provides a novel sampling algorithm to determine the time-dependent 

reliability of structures. A state-of-the-art Bayesian technique, i.e. dynamic Bayesian network, 

is discussed in detail in Chapter 5 for better prediction of RC structural deterioration. Existing 

studies and models for the deterioration of FRP-strengthened RC structures are reviewed in 

Chapter 6, based on which new deterioration models are proposed. Chapters 7 and 8 present 
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two methodologies for life-cycle management based on time-dependent reliability. Finally, 

Chapter 9 incorporates transportation network analysis and risk analysis for the bridge 

management in a transportation network.  Despite the wide range of topics covered by the 

present Ph.D. thesis, the thesis presents a coherent and generic framework that can be best 

illustrated by Figure 1.1. The layout of the thesis can be summarized as follows: 

 Chapter 1 serves as an introduction. 

 Chapter 2 presents a comprehensive literature review of various topics covered in the 

present Ph.D. thesis. First, FRP-strengthened RC structures are briefly introduced. 

Structural deterioration of RC and FRP-strengthened RC structures is reviewed from the 

aspects of experimental observations and prediction models. Uncertainties, both aleatory 

and epistemic, are summarized for FRP-strengthened RC structures. Time-independent and 

time-dependent reliability analysis are then discussed, with a special emphasis on the 

relation and difference between the two, as well as some common evaluation methods. 

Subsequently introduced is the current state of life-cycle management of maintenance 

actions. A number of important aspects, such as different management methods, life-cycle 

performance indicators, and existing studies on both structures and structural systems, are 

carefully reviewed. 

 Chapter 3 presents a systematic study on the time-independent reliability analysis of FRP-

strengthened RC members in both flexure and shear. Two comprehensive databases, one 

for flexural strengthening and the other for shear strengthening, were established with test 

results assembled from the existing literature. A detailed statistical analysis was conducted 

in order to quantify uncertainties of different design models. The statistical properties of 

model errors deduced in this study are not only crucial to time-independent reliability 

analysis, but was also extensively used in the subsequent life-cycle management studies. 

The first order reliability method (FORM) combined with Monte Carlo (MC) simulation 
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was employed to calculate the reliability index of strengthened RC members. Partial safety 

factors (or strength reduction factors) were calibrated based on time-independent reliability 

analysis. 

 Chapter 4 presents a novel cross-entropy-based adaptive importance sampling algorithm 

for time-dependent reliability analysis. Various methods for time-dependent reliability 

analysis are critically reviewed and compared with each other through a numerical example. 

It is shown that the stochastic-process-based method, due to its rigorous theoretical 

background, is the most appropriate method for time-dependent reliability analysis of 

deteriorating structures. In order to facilitate the application of this computationally 

expensive method in complex problems, a new adaptive importance sampling method is 

proposed based on the principle of maximizing cross-entropy between the sampling kernel 

and the optimal sampling function. Compared with existing methods, the new method 

possesses a number of improvements formulated to enhance both the efficiency and the 

robustness of reliability evaluation. In addition, the application of Gaussian mixture enables 

more accurate solutions to reliability problems with multiple important regions. The 

efficiency of the new method is validated through a series of numerical examples. 

 Chapter 5 presents a dynamic Bayesian network (DBN) model for chloride-induced 

corrosion in RC structures in marine/costal environments. Based on a comprehensive 

corrosion model, the DBN model was developed for the prediction and updating of 

chloride-induced corrosion in RC structures. The established DBN is the first of its kind to 

cover all important stages of the corrosion process, i.e. corrosion initiation, corrosion 

propagation before cracking, crack initiation, and crack propagation. The sub-DBNs for all 

these stages were constructed based on the corrosion model. A comprehensive DBN model 

containing all sub-DBNs was then assembled in order to conduct deterioration prediction 

and Bayesian updating. The proposed model is capable of conducting Bayesian updating 
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based on various types of qualitative and quantitative evidence from condition assessment 

and field testing. Three types of evidence, i.e. visual inspection results, half-cell potentials 

and corrosion current density data, were selected as examples for Bayesian updating within 

the developed DBN model. 

 As one of the most critical conditions for the deterioration of FRP-strengthening systems, 

moisture-induced deterioration is critically reviewed in Chapter 6 based on existing 

studies. The deterioration of both FRP composites and FRP-to-concrete bonded interfaces 

is considered. Environmental/field evidence as well as existing prediction models are 

summarized based on the two possible causes of deterioration, i.e. deterioration of FRP 

composites and FRP-to-concrete bonded interfaces, respectively. The experimental 

conditions of accelerated tests are scrutinized to screen out suspicious test results. Based 

on the critical review, the current chapter presents state-of-the-art models for predicting the 

time-dependent deterioration of FRP composites and FRP-to-concrete bonded interfaces. 

The differences in environments between accelerated tests and field applications are 

considered through environment conversion. 

 Chapter 7 presents a study on the scheduling and design of FRP strengthening for 

interventions for deteriorating RC structures (in particular, bridge girders) based on 

cumulative-time failure probability and a reliability threshold. The DBN model proposed 

in Chapter 4 was employed for the prediction and updating of structural deterioration of 

RC structures. For strengthened girders, moisture-induced deterioration of the FRP 

strengthening system, including both the FRP system itself and FRP-to-concrete bonded 

interfaces, is considered through the deterioration models given in Chapter 5. Based on the 

reliability threshold, the extended service life after FRP strengthening can be estimated. 

 Chapter 8 presents a method to optimize the FRP strengthening intervention of 

deteriorating RC superstructure considering two conflicting objectives: the life-cycle 



11 

 

performance and the maintenance cost. The proposed method is capable of seeking optimal 

solutions of strengthening points-in-time and critical components in the form of Pareto 

fronts that can be directly leveraged by decision makers. Different indicators, i.e. point-in-

time and cumulative-time failure probabilities, are used to assess life-cycle performance. It 

is shown that the specific indicator used in the optimization process does not affect the 

solution significantly. Two advanced heuristic optimization techniques, i.e. genetic 

algorithm (GA) and particle swarming optimization (PSO), are also compared with each 

other for this particular problem. It is demonstrated that PSO is more efficient than GA. 

Other novelties of the proposed life-cycle optimization method include the use of Latin 

hypercube sampling in deterioration modeling and a component-wise bookkeeping 

technique to improve computational efficiency of heuristic optimization. The proposed life-

cycle optimization method, the first of its kind for FRP-strengthening, is illustrated by RC 

bridge superstructure subjected to chloride-induced corrosion. 

 Chapter 9 presents a new method to rank highway bridges for maintenance actions (e.g. 

FRP strengthening) based on the risk of bridge failures. Failure probabilities are estimated 

based on the condition ratings of superstructure and substructure as well as a Markov chain 

deterioration model. Markovian transition matrices are deduced from a comprehensive 

database in the national bridge inventory. Bridge failures in a transportation network are 

correlated based on a simplified random-field model. For each bridge under consideration, 

posterior failure probabilities of all bridges are obtained through Bayesian updating. The 

direct risk is then determined according to the posterior failure probability and the 

dimension of a bridge. To evaluate indirect consequences, transportation network analysis 

is carried out to assign the total traffic demand in the highway network with failed bridges. 

Marginal social costs in terms of fuel and time costs are evaluated based on the traffic flow 

in the transportation network. Based on the preceding analysis, bridge risks in monetary 
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terms are finally computed, dependent on which candidate bridges are ranked for 

intervention actions. Two numerical examples are presented to illustrate the proposed 

method and to compare the proposed ranking method with the state-of-the-practice 

approaches, i.e. the worst-first methods based on safety ratings and sufficiency ratings. It 

is shown that the state-of-the-practice methods are not able to consider the performance of 

transportation network, which often leads to inappropriate rankings for maintenance 

priorities. The proposed method, on the other hand, is capable of incorporating network 

performance and spatial correlation into the bridge ranking process and provides an 

important basis for intervention scheduling and portfolio management. 

 Chapter 10 summarizes the major findings presented in the previous chapters and indicates 

some future research directions. 

 

1.5 CONTRIBUTIONS 

The main contributions of the present Ph.D. research program fall into the following three 

aspects: (a) the reliability analysis of FRP-strengthened RC structures, in particular RC beams 

in flexure and shear; (b) the development of deterioration models for RC and FRP-strengthened 

RC structures; and (c) the development of life-cycle management methods with a special focus 

on FRP strengthening systems for RC structures. The relationship among these three aspects 

can be best illustrated by Figure 1.1. Specifically, the contributions can be summarized as 

follows: 

 Epistemic uncertainties of various design models for FRP-strengthened RC beams are 

quantified by virtue of two comprehensive test databases collected from the literature. The 

quantified uncertainties enrich the knowledge of FRP-strengthened RC structures by 

expanding the research frontier to probabilistic domain. They also underpin the later 

reliability analysis and life-cycle management. 
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 Time-independent reliability of design models for FRP-strengthened RC beams is 

evaluated considering both aleatory and epistemic uncertainties. Based on the reliability 

analysis, various models in existing design guidelines/codes are calibrated to meet 

reliability targets. The quality of concrete and the design service life of strengthened 

structures are taken into account during the model calibration. 

 A cross-entropy-based importance sampling method is proposed for efficient evaluation of 

time-dependent reliability of deteriorating structures. By means of Latin hypercube 

sampling and correlation control, the proposed method is more efficient and robust than 

existing methods, especially for reliability problems with multiple important regions. 

 For deterioration modeling of RC structures, a dynamic Bayesian network (DBN) model is 

established based on a comprehensive study on chloride-induced corrosion. The model 

covers all stages of the chloride-induced corrosion process including corrosion initiation, 

corrosion propagation, crack initiation and crack propagation. In addition, Bayesian 

updating can be conducted within the DBN by using the likelihood weighting sampling 

method. By virtue of the proposed model, common in-situ information from visual 

inspection and field testing can be exploited to obtain more accurate prediction of structural 

deterioration. 

 Moisture-induced deterioration of FRP strengthening systems is modeled based on a 

critical review of existing studies in this area. The credibility of available durability results 

is scrutinized considering the type of FRP products and the exposure condition (e.g. 

temperatures). Two different models are proposed for the deterioration of the externally 

bonded FRP system and the FRP-to-concrete bonded interface, respectively. For the 

deterioration of FRP strengthening systems, environmental conditions in accelerated tests 

are converted to realistic service conditions based on the temperature. For the deterioration 
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of the bonded interface, finite element analysis of moisture diffusion is employed to 

consider different exposure conditions of laboratory specimens and real-life structures. 

 A new method for threshold-based life-cycle management is developed. The method is 

based on time-dependent reliability and considers the time-dependency of uncertainties in 

resistance. In-situ information can also be employed by using the DBN model presented in 

this Ph.D. thesis. 

 A life-cycle management approach using multi-objective optimization is also developed, 

with particular application to FRP strengthening systems. The method takes advantage of 

particle swarm optimization to obtain optimal strengthening solutions balancing two 

conflicting objectives: life-cycle performance and maintenance cost. Thanks to the efficient 

sampling method proposed earlier as well as a bookkeeping technique, the current study, 

for the first time, enables a direct comparison of optimization solutions based on different 

types of life-cycle performance indicators (i.e. annual indicators and lifetime distributions). 

 A risk-based approach is formulated to select critical bridges in a transportation network 

considering network performance. The approach ranks bridges based on their failure risks, 

which are evaluated based on condition ratings and transportation network analysis. The 

proposed approach can either stand as an independent method for portfolio choice or serve 

as a link to the life-cycle management methods proposed earlier, constituting a holistic 

framework for infrastructure management. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 OVERVIEW 

This chapter presents a literature review of the background and the state-of-the-art of reliability 

analysis and life-cycle management of Fiber Reinforced Polymer (FRP)-strengthened 

Reinforced Concrete (RC) structures. FRP systems commonly used in the strengthening of RC 

structures are summarized, with a special emphasis on flexural and shear strengthening systems 

considered in the present Ph.D. research project. Typical structural behaviors and existing 

prediction models are introduced briefly according to the available literature. As a crucial 

ingredient of life-cycle management, structural deterioration mechanisms and models of both 

RC structures and FRP-strengthened RC structures are comprehensively reviewed. 

Uncertainties in FRP-strengthened RC structures, both aleatory and epistemic, are reviewed as 

a basis for reliability analysis. Two types of reliability analysis, i.e. time-independent and time-

dependent reliability analysis, are discussed with a special focus on their applications in FRP-

strengthened RC structures. Last but not least, recent accomplishments in the life-cycle 

management of structures and structural systems are reviewed as well. 

 

2.2 FRP STRENGTHENING OF RC STRUCTURES 

FRP composites consist of continuous fibers embedded in a resin matrix. Different types of 

fiber and resin materials have been developed for FRP composites in construction, e.g. carbon, 

glass, aramid, and basalt fibers as well as polyester, epoxy, vinylester, phenolic, polyurethane 

resins. FRP composites in different forms have been successfully applied in the field of civil 

engineering, including wet-layup FRP sheets, pre-cured FRP plates, FRP bars and strips, 

pultruded FRP profiles and FRP filament-wound tubes, to name just a few (Teng et al. 2002; 

Bank et al. 2003; Hollaway & Teng 2008; Balaguru et al. 2008). In particular, FRP composites 
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have been proven to be very competitive for structural strengthening due to their superb 

properties such as high strength-to-weight ratios, excellent corrosion resistance, as well as their 

ease and versatility in construction (Teng et al. 2002; Bank et al. 2003; Hollaway et al. 2008; 

Balaguru et al. 2008). For RC structures, various strengthening techniques using FRP 

composites have been proposed for structural strengthening and rehabilitation, e.g. external 

bonding, mechanically fastening, near surface mounting and prestressing (Hollaway et al. 2008; 

Balaguru et al. 2008). FRP strengthening systems are so versatile that nearly all RC members 

can be strengthened to satisfy various needs, which include, but are not limited to, flexural 

strengthening, shear strengthening, confinement of concrete, seismic retrofitting and corrosion 

resistance enhancement (Hollaway et al. 2008). Thanks to the ongoing research effort on FRP-

strengthened RC structures, various design codes and guidelines have been released to facilitate 

the reliable and economic design of FRP strengthening systems for RC structures (e.g. ACI 

440.2R 2008; fib TG 9.3 2001; TR 55 2012; CNR-DT 200 2004; HB 305 2008; GB 50608 

2010). The present Ph.D. research project, as presented in the following chapters, was primarily 

focused on the flexural and shear strengthening of deficient RC members using externally 

bonded FRP composites.  

 

2.2.1 Flexural Strengthening 

RC beams can be strengthened in flexure by externally bonding FRP composites to the face in 

tension as shown in Figure 2.1 (Teng et al. 2002). Typical failure modes of flexurally 

strengthened RC beams include concrete crushing, FRP rupture and FRP debonding (Teng et 

al. 2002; Hollaway et al. 2008). The former two modes are similar to those of conventional RC 

beams while FRP debonding is unique to flexurally strengthened RC members with externally 

bonded FRP composites (Teng et al. 2002). For FRP debonding, failure can be further divided 

into four categories as: (a) concrete cover separation; (b) plate end interfacial debonding; (c) 
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intermediate flexural crack induced interfacial debonding; and (d) intermediate flexural-shear 

crack induced interfacial debonding (Smith & Teng 2002; Teng et al. 2002; Teng et al. 2003). 

The first two categories, also collectively referred to as plate end debonding (Teng et al. 2003), 

are characterized by sudden failure in a very brittle manner (Hollaway et al. 2008). Therefore, 

they are generally prohibited from occurring by detailing requirements (ACI 440.2R 2008; fib 

TG 9.3 2001; TR 55 2012; CNR-DT 200 2004; GB 50608 2010; Hollaway et al. 2008). 

Categories (c) and (d), usually referred to as intermediate crack-induced debonding or IC 

debonding for brevity, possess a comparatively more ductile behavior during failure and are, 

thus, considered in the flexural capacity design. In summary, given sufficient detailing 

measures, three failure modes, i.e. concrete crushing, FRP rupture and IC debonding, need to 

be considered to determine the flexural capacity of FRP-strengthened RC beams. 

 

With regard to the preceding failure modes, a large number of design models have been 

proposed (Teng et al. 2002; Pham & Al-Mahaidi 2004; Rosenboom & Rizkalla 2008; Aram et 

al. 2008; Said & Wu 2008; Rusinowski & Taeljsten 2009; Ceci et al. 2012). Most of these 

models resort to section analysis to determine flexural capacities and assume that the deformed 

cross-section remains a plane (plane-section assumption). 

 

For concrete crushing, the calculation of flexural capacity is identical to that of conventional 

RC beams except that the contribution of FRP composites should be added to the resultant 

tensile force (ACI 440.2R 2008; fib TG 9.3 2001; TR 55 2012; CNR-DT 200 2004; GB 50608 

2010). For FRP rupture, the determination of flexural capacity is also very similar to that of 

conventional RC beams failing due to steel yielding (ACI 440.2R 2008; fib TG 9.3 2001; TR 

55 2012; CNR-DT 200 2004; GB 50608 2010). Nevertheless, the stress distribution in the 

compressive concrete block can be different from that of conventional RC beams due to the 
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relatively limited deformation capacity of FRP composites (Hollaway et al. 2008). As concrete 

may not be able to reach its ultimate strain, the stress block (e.g. Whitney stress block) used 

for conventional RC beams may become invalid. As a result, a series of new stress block 

approximations for FRP-strengthened RC beams have been proposed to take into account this 

difference from un-strengthened RC beams (fib TG 9.3 2001; GB 50608 2010; TR 55 2012; 

Hollaway et al. 2008). 

 

Flexural capacities governed by IC debonding are more difficult to predict due to the 

complexity of debonding processes. Generally, the determination of debonding strain/stress 

should be underpinned by reliable bond strength models and a proper consideration of crack 

widths and patterns in FRP-strengthened RC beams (Said et al. 2008; Teng et al. 2002; Teng 

et al. 2006; TR 55 2012). For instance, Teng et al. (2003) proposed an analytical model for IC 

debonding based on previous bond strength studies on FRP-to-concrete bonded joints (Chen & 

Teng 2001); Lu et al. (2007) proposed a strength model for IC debonding in FRP-strengthened 

RC beams based on tests and meso-scale finite element modeling of FRP-to-concrete bonded 

joints and FRP-strengthened RC beams (Lu et al. 2005a; Lu et al. 2005b). Empirical models 

directly obtained from beam tests do exist (Matthys 2000), but their accuracy can be highly 

sensitive to the test data used for calibration (Rosenboom et al. 2008).  

 

2.2.2 Shear Strengthening 

RC beams can also be strengthened in shear by bonding FRP composites to shear-critical 

regions. Three strengthening schemes are in common use for FRP shear strengthening, i.e. side 

bonding, U-jacketing and complete wrapping, as shown in Figure 2.1 (Teng et al. 2002). 

Compared with un-strengthened RC beams, FRP-strengthened RC beams in shear have two 

unique failure modes: FRP rupture and FRP debonding. For the side bonding and U-jacketing 
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schemes without reliable anchors, the strengthened beams usually fail due to FRP debonding, 

which usually initiates at shear cracks, triggering sequential debonding of the FRP 

strengthening system (Teng et al. 2002; Hollaway et al. 2008). For the complete wrapping 

scheme and U-jacketing cases where reliable anchors are provided, failure generally starts from 

local debonding failure followed rapidly by FRP rupture due to the further widening of shear 

cracks (Teng et al. 2002; Hollaway et al. 2008). Though the FRP tensile strength can be fully 

utilized in an FRP rupture failure, the additional efforts to wrap FRP around the beam or to 

install reliable anchors may be troublesome or even unfeasible in practice (Teng et al. 2002). 

 

For FRP shear strengthening, various design models have been proposed around the world, 

aiming at the economical and reliable design of FRP-strengthened RC structures (ACI 440.2R 

2008; fib TG 9.3 2001; TR 55 2012; CNR-DT 200 2004). Due to the complexity of shear failure 

mechanism, these design models sometimes exhibit large discrepancies from one to another in 

terms of parameters considered, methods adopted and prediction results (Mofidi & Chaallal 

2011). A number of studies have been dedicated to the assessment and comparison of different 

design models (Sas et al. 2009; Nehdi & Nikopour 2011; Lima & Barros 2011; Mofidi et al. 

2011; Lee et al. 2012; Tanarslan 2011; Böer et al. 2014; Colalillo & Sheikh 2014; Rousakis et 

al. 2016). Based on these models, it is clear that two factors are crucial for an accurate 

prediction of shear capacities. First, an accurate bond strength model is important for FRP 

debonding failure. Second, as FRP under tension is linear-elastic till rupture failure, stresses in 

FRP sheets/strips intersected by shear cracks are no longer uniformly distributed as can be 

expected in the yielded steel reinforcement in RC beams. Chen & Teng (2003b;a) proposed a 

design model for FRP shear strengthening by using a fracture-mechanics-based bond strength 

model (Chen et al. 2001) and a proper consideration of the non-uniform strain distribution in 

the bonded FRP reinforcement. The aforementioned comparisons have suggested that Chen & 
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Teng's (2003b;a) model outperforms other models of similar complexity (e.g. the current ACI 

model) in terms of prediction accuracy (Lima et al. 2011; Lee et al. 2012; Tanarslan 2011; 

Colalillo et al. 2014). The adverse interaction between the FRP strengthening system and the 

internal steel reinforcement in RC beams shear-strengthened with FRP has also been found to 

have an influence on the FRP contribution to the total shear resistance (Chen et al. 2013).  

 

2.2.3 Other Strengthening Applications 

FRP composites have also been widely used in the strengthening of deficient RC columns by 

providing additional confinement (Teng et al. 2002; Hollaway et al. 2008). Both strength and 

ductility can be substantially enhanced if sufficient confinement is provided (Teng et al. 2002; 

Hollaway et al. 2008). Wrapping FRP at beam-column joints has also been attempted to 

promote their structural performance (Engindeniz et al. 2005). By confining concrete in plastic 

hinge regions, the effectiveness of FRP composites for seismic retrofitting has also been 

demonstrated (Teng et al. 2002). The present Ph.D. thesis is primarily focused on the flexural 

and shear strengthening of RC beams with FRP composites. Therefore, the topic of FRP 

confinement is not discussed in further detail. 

 

One application of particular relevance to the present research program is the use of FRP 

strengthening systems to suppress steel corrosion of RC structures (Badawi & Soudki 2005; 

Hollaway et al. 2008). Theoretically, FRP composites can slow down or even stop the ingress 

of detrimental reactants such as moisture and chloride ions by serving as an isolator and by 

preventing concrete cracking (Hollaway et al. 2008). However, existing research suggests that 

the benefit of FRP systems depends heavily on the configuration of strengthening forms (El-

Maaddawy et al. 2007). For instance, FRP confining jackets as well as the complete wrapping 

scheme with continuous FRP sheets or closely spaced FRP strips were found to be capable of 
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protecting the encased steel reinforcement from further corrosion (El-Maaddawy et al. 2006; 

Masoud & Soudki 2006; Gadve et al. 2009). FRP strips for flexural strengthening, on the other 

hand, does not have an obvious effect on the corrosion activities of steel reinforcement 

(Masoud et al. 2006; Davalos et al. 2012). 

 

2.3 STRUCTURAL DETERIORATION 

2.3.1 Structural Deterioration of RC Structures 

RC structures in aggressive environments are subjected to corrosion of steel reinforcement, 

which results in the deterioration of structural capacities. In most cases, corrosion is activated 

due to either carbonation or chloride ingress (fib TG 5.6 2006; ACI 365.1R 2000; Dyer 2014). 

Chloride-induced corrosion is more common in modern RC structures than carbonation-

induced corrosion thanks to the better quality of modern concrete and the ever-increasing 

awareness of structural durability issues (Papakonstantinou & Shinozuka 2013). In marine and 

coastal environments (simply referred to as marine environments hereafter), chloride-induced 

corrosion dominates the overall steel corrosion of RC structures due to the abundant chloride 

ions accessible to the structure (fib TG 5.6 2006; ACI 365.1R 2000; Dyer 2014). Therefore, 

the present Ph.D. thesis is primarily focused on issues associated with the chloride-induced 

corrosion of RC structures in tropical/subtropical marine regions. 

 

The mechanism of steel corrosion is a complex electrochemical process. The steel 

reinforcement is initially protected from corrosion by a stable passive layer of oxides formed 

in the alkaline environment inside concrete (Dyer 2014). Chloride ions can act as a catalyst to 

activate steel corrosion and accelerate the corrosion process (Papakonstantinou et al. 2013; 

Dyer 2014). Steel corrosion commences once the stable passive layer breaks down due to 

excessive chloride accumulation at the reinforcement level. In addition, chloride ions are 
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capable of absorbing and retaining moisture, bringing in more reactants, lowering the electrical 

resistance of concrete and allowing easier transport of other detrimental ions (Papakonstantinou 

et al. 2013). 

 

Steel corrosion can lead to a series of detrimental consequences for RC structures. First of all, 

corrosion causes the volume loss of steel reinforcement, resulting in a reduction of structural 

capacities (fib TG 5.6 2006; ACI 365.1R 2000; Papakonstantinou et al. 2013; Dyer 2014). 

Secondly, corrosion-induced cracks start to appear due to the swelling of corroded rebars. 

These cracks serve as an easier path for corrosion reactants to reach the steel reinforcement (fib 

TG 5.6 2006; ACI 365.1R 2000; Papakonstantinou et al. 2013; Dyer 2014). Additionally, 

corrosion-induced cracks are prone to jeopardizing the bond between concrete and steel, 

comprising the serviceability of RC structures (Coronelli & Gambarova 2004; Bhargava et al. 

2011b). Last but not least, severe corrosion can eventually lead to the spalling of concrete cover, 

decreasing the cross section of structural members (Melchers & Li 2006; Bhargava et al. 

2011b). 

 

Based on the preceding corrosion mechanism, chloride-induced corrosion can be generally divided 

into two phases: corrosion initiation and corrosion propagation (ACI 365.1R 2000; fib TG 5.6 2006; 

Melchers et al. 2006; Yuan et al. 2009; Papakonstantinou et al. 2013). In order to predict corrosion 

loss of steel reinforcement, numerous corrosion models have been proposed during the past few 

decades (Vu & Stewart 2000; Otieno et al. 2011; Papakonstantinou et al. 2013; Dyer 2014). 

Analytical or empirical models have been proposed based on accelerated durability tests or natural 

exposure tests (Weyers 1998; Liu & Weyers 1998; Li et al. 2006; Kwon et al. 2009). Both the 

corrosion initiation and corrosion propagation phases are simplified in order to facilitate the use of 

these models in engineering practice, whereas the cracking of concrete is determined by cylindrical 

models (e.g. Weyers 1998; Li et al. 2006). This type of models has been widely used in the 
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condition assessment and the formulation of inspection/maintenance schedules (Kim et al. 2011; 

Ellingwood 2005). 

 

To determine corrosion initiation, Fick’s second law of diffusion has been widely used by 

researchers to predict chloride ingress that controls the initiation of corrosion (ACI 365.1R 

2000; fib TG 5.6 2006; Kwon et al. 2009; Papakonstantinou et al. 2013; Dyer 2014). The 

diffusion of chloride through concrete cover is usually assumed to be one dimensional and can 

be represented by the following equation (fib TG 5.6 2006; Vu et al. 2000; ACI 365.1R 2000): 

 𝐶(𝑥, 𝑡) = 𝐶0 [1 − erf (
𝑥

2√𝑡𝐷
)] (2.1) 

 

where x is the thickness of concrete cover; t is the time under exposure; C0 is the chloride 

content on structural surface; D is the apparent diffusion coefficient reflecting the diffusivity 

of concrete. For surface chloride content C0 and diffusion coefficient D, both time-invariant 

and time-variant models have been proposed based on different experimental data (Vu et al. 

2000; ACI 365.1R 2000; fib TG 5.6 2006; Stewart & Suo 2009; Ali et al. 2012). Nevertheless, 

there is no evidence to favor one over the other (Vu et al. 2000). The effect of cracks in concrete 

has also been approximated by reducing the diffusion coefficient (Vu et al. 2000; fib TG 5.6 

2006; Stewart et al. 2009; Ali et al. 2012; Papakonstantinou et al. 2013). As can be recognized 

in the preceding discussion, a great amount of uncertainties is involved in the prediction of 

corrosion initiation time. Therefore, statistical analysis with random variables has been used in 

most of the previous studies (Vu et al. 2000; fib TG 5.6 2006; Stewart et al. 2009; Ali et al. 

2012; Papakonstantinou et al. 2013). By comparing different uncertainties in the corrosion 

process, Enright & Frangopol (1998) found that the uncertainties in corrosion initiation time 

are not as important as those in corrosion rates for structural reliability. Therefore, simple 

corrosion initiation models similar to that of Eq. 2.1 were used whenever appropriate in the 

present research project. 
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During the corrosion propagation stage, Faraday’s law has been widely used to relate the 

corrosion current density to the corrosion rate (Vu et al. 2000; fib TG 5.6 2006; Otieno et al. 

2011; Papakonstantinou et al. 2013; Dyer 2014). A constant corrosion rate, assumed as the 

average corrosion rate over the entire service life, is usually adopted in studies of service life 

prediction (Stewart & Rosowsky 1998; fib TG 5.6 2006; Marsh & Frangopol 2008). Time-

dependent corrosion rates have also been proposed to take into account corrosion rate variations 

due to the accumulation of chloride content, the change of concrete electrical resistance as well 

as the cracking and spalling of concrete cover (Melchers et al. 2006; Bastidas-Arteaga et al. 

2008; Papakonstantinou et al. 2013). 

 

Two types of corrosion morphologies, i.e. general (uniform) corrosion and localized (pitting) 

corrosion, have been observed in steel reinforcement corrosion (Vassie 1984). General 

corrosion is associated with the kind of corrosion which leads to a uniform loss of material on 

the surface of a rebar. This type of corrosion is directly responsible for corrosion-induced 

cracks and spalling (Val & Melchers 1997). Localized corrosion is usually caused by cracks in 

concrete and spatial variations of concrete diffusivity (Raupach 1996). It may not lead to any 

detectable trace such as rust stains or corrosion-induced cracks until it becomes really severe 

(Val et al. 1997). Localized corrosion, albeit only concentrated at small areas, can also be 

detrimental to structural capacities (Val et al. 1998). For localized corrosion, Val & Melchers 

(1997) proposed a simple hemispherical model to approximate section loss. Localized 

corrosion also features considerable variation in space (Stewart 2004; Marsh et al. 2008; 

Stewart et al. 2009; Stewart 2012). This spatial variability of localized corrosion has been found 

to be responsible for the reduction of nominal yield stress (Cairns et al. 2005; Du et al. 2005; 

Kashani et al. 2013).  
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2.3.2 Structural Deterioration of FRP-Strengthened RC Structures 

In contrast to reinforcing steel, FRP composites do not suffer from electrochemical corrosion, 

but they do deteriorate, albeit only slowly. According to Karbhari et al. (2003), FRP composites 

are likely to deteriorate in aggressive environments such as exposure to moist conditions, 

ultraviolet radiation and alkali (for GFRP especially). In the present Ph.D. research project, 

moisture attack, a common stressor with high criticality (Karbhari et al. 2003), has been 

considered for FRP-strengthened RC structures. Aside from FRP composites themselves, the 

durability of FRP-to-concrete bonded interfaces is also subjected to degradation under moisture 

attack (Karbhari & Zhao 1997; Toutanji & Gómez 1997; Homam et al. 2000; Au & 

Büyüköztürk 2006b; Ouyang & Wan 2008; Silva & Biscaia 2008; Lai et al. 2009; Dai et al. 

2010; Benzarti et al. 2011; Nishizaki & Kato 2011; Tuakta & Büyüköztürk 2011; Kim et al. 

2013; Wu & Yan 2013; Shrestha et al. 2015; Sen 2015; Deng et al. 2015; Subhani et al. 2016).  

 

FRP deterioration is primarily due to the degradation of resin and fiber-resin interfaces 

(Karbhari et al. 2003), which may be especially detrimental to the strength of large-diameter 

FRP rebars and thick FRP plates due to potential inter-laminar failures (Karbhari & Abanilla 

2007). Immersion tests have suggested that the tensile strength of FRP rebars as well as flexural 

and shear strength of FRP plates would deteriorate noticeably after a certain period of exposure 

(Abanilla et al. 2006; Almusallam & Al-Salloum 2006; Chen et al. 2007; Davalos et al. 2012). 

However, externally bonded FRP composites for structural strengthening applications are 

generally considerably thinner and mostly loaded in tension along the fiber direction. Abanilla 

et al. (2006) conducted a series of immersion tests of FRP strengthening products. It was found 

that strength deterioration is usually less substantial for tensile strength along the fiber direction 

(hereafter referred to as tensile strength unless mentioned otherwise) than flexural or shear 
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strength as the latter are dictated by resin and interfacial failures. In fact, the deterioration of 

tensile strength exhibits a large degree of uncertainty and hardly shows any definitive trend 

(Abanilla et al. 2006; Karbhari et al. 2007). Nevertheless, scanning electron microscope (SEM) 

images did confirm various degrees of degradation at fiber-resin interfaces (Abanilla et al. 

2006). Based on durability tests at elevated temperatures, Karbhari & Abanilla (2007) reviewed 

a number of prediction models for FRP deterioration and proposed a new prediction model for 

externally bonded FRP based on the Arrhenius relation. It should be noted that deterioration of 

FRP tensile strength was mostly observed in tests at elevated temperatures. Tests at room 

temperature, under natural exposure and in field applications have barely found any manifest 

trend of FRP degradation (Mufti et al. 2007; Loudon & Bell 2010; Sen 2015). As resins and 

fiber-resin interfaces are very sensitive to higher temperatures, the use or maybe abuse of test 

results at elevated temperatures can cast serious doubt on the credibility of the existing 

prediction models. A detailed appraisal of existing models will be presented in Chapter 5. 

 

FRP-to-concrete bonded interfaces are a tri-layer system consisting of an FRP layer, a resin-

rich layer of adhesive and the concrete substrate (Au & Büyüköztürk 2006a). As shown in 

Figure 2.2, the bond between FRP and concrete arises from adhesion (chemical) bonding and 

mechanical interlocking, both of which are subjected to the effects of moisture and 

temperatures (Blackburn et al. 2015). For adhesion bonding, moisture ingress tends to weaken 

the adhesion between the resin and the concrete by compromising the hydrogen bonds (Lau et 

al. 2012). As a result of the weakened adhesion bonds, the critical location of facture has been 

observed to switch from inside concrete to the concrete-resin interface (Karbhari et al. 1997; 

Ouyang et al. 2008; Au et al. 2006a; Silva et al. 2008; Lai et al. 2009; Dai et al. 2010; Benzarti 

et al. 2011; Nishizaki et al. 2011; Tuakta et al. 2011; Silva et al. 2013). The bond-slip 

relationship can also be affected by water-induced plasticization (Karbhari et al. 1997; Benzarti 
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et al. 2011; Silva et al. 2013; Shrestha et al. 2015). In addition, the degradation of adhesion 

bonding is highly sensitive to temperatures (Mahmoud et al. 2010; Tuakta et al. 2011). 

Moisture and temperature have also been found to affect the properties of resin and 

consequently mechanical interlocking (Toutanji et al. 1997; Tuakta et al. 2011; Pan et al. 2015; 

Sen 2015), though to a much lesser extent than that of adhesion bonding (Ouyang et al. 2008; 

Tuakta et al. 2011; Pan et al. 2015). Besides moisture and temperature, mechanical interlocking 

is also closely related to surface morphology (resulting from different surface treatment 

techniques) and loading conditions (i.e. relative importance of Mode I loading versus Mode II 

loading) (Ouyang et al. 2008). All the aforementioned factors pose a great challenge for the 

thorough understanding and reliable modeling of bond deterioration. Up to now, immersion 

tests at elevated temperatures are still the most commonly used method to study the 

deterioration of FRP-to-concrete bonded interfaces (Sen 2015). The setup of these durability 

tests is a very delicate task as both moisture reversals and temperatures can dramatically affect 

the test results (Tuakta et al. 2011). A discussion of bond deterioration will be presented at 

length in Chapter 5. 

 

2.4 RELIABILITY ANALYSIS OF STRUCTURES 

2.4.1 Uncertainties in FRP-Strengthened RC Structures 

Capacities of FRP-strengthened RC structures involve uncertainties of two types: aleatory 

uncertainties resulting from inherent variability such as that in material properties and 

geometries; and epistemic uncertainties arising from analytical models (model errors) 

(Melchers 1999; Frangopol 2011). As an important ingredient of reliability analysis, 

uncertainties in FRP-strengthened RC structures should be quantified.  
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2.4.1.1 Aleatory uncertainties 

Aleatory uncertainties of FRP-strengthened RC structures stem mainly from uncertainties in 

the concrete, steel and FRP properties. Uncertainties in these material properties can be 

represented by random variables (Ellingwood et al. 1980; Szerszen & Nowak 2003; Atadero 

& Karbhari 2009; Sriramula & Chryssanthopoulos 2009; Wiśniewski et al. 2012; Toft et al. 

2012). Before diving into the uncertainties of each material, three types of indictors of material 

properties should be clearly differentiated, i.e. mean values, nominal (characteristic) values and 

design values. Mean values are the expectations of random variables; nominal (characteristic) 

values are used to represent and grade material properties in design guidelines/codes and are 

usually equal to certain percentage values of random variables (CEN 2004; GB 50010 2010; 

ACI 318 2011); design values are reduced characteristic values which are usually obtained by 

dividing them by partial safety factors aimed at insuring structural safety (CEN 2004; GB 

50010 2010). 

 

Concrete: Concrete properties have considerable amounts of uncertainties due to the 

heterogeneous nature of the material, fluctuating curing conditions as well as variability in 

consolidation and environmental conditions (Bartlett & MacGregor 1996; Wiśniewski et al. 

2012). Variation of concrete properties can be classified into the following five categories 

(Bartlett et al. 1996): (a) variation due to different suppliers; (b) batch-to-batch variation; (c) 

within-batch variation; (d) systematic between-member variation; and (e) systematic within-

member variation. For a specific concrete structure, the concrete is usually from the same 

supplier and cast under a similar condition, resulting in negligible uncertainties in category (a) 

and a lower overall variability than that in a group of structures (Bartlett et al. 1996). Vice 

versa, a larger level of uncertainty including that of category (a) should be considered during 

the analysis of a group of structures, e.g. calibration of design guidelines (Ellingwood et al. 
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1980). Though all material properties of concrete involve uncertainties, emphasis herein is 

placed on the compressive strength only. Uncertainties in other properties such as elastic 

modulus and tensile strength can be obtained through empirical formulas (Mirza, Hatzinikolas, 

et al. 1979; CEN 2004) and their variability (Wiśniewski et al. 2012). 

 

The variability of concrete strength, which is directly responsible for its uncertainty, can be 

quantified as follows (Bartlett et al. 1996; Wiśniewski et al. 2012; Unanwa & Mahan 2014): 

 𝐹𝑐 = 𝐹1 ∙ 𝐹2 ∙ 𝑓𝑐
′ (2.2) 

 

where Fc is the random variable representing the in-situ compressive strength of concrete; fc’ 

is the nominal strength of concrete (a deterministic value); F1 is the ratio (a random variable) 

of in-situ strength to laboratory-obtained cylinder strength; F2 is the ratio (a random variable) 

of cylinder strength to nominal strength. The statistical properties of F1 (the probability 

distribution and its parameters) can be obtained by destructive or non-destructive tests of field 

concrete (Bartlett & MacGregor 1999; Wiśniewski et al. 2012; Kilinc et al. 2012), while the 

statistical properties of F2 can be obtained by tests of concrete samples collected from different 

concrete suppliers in a specific region (Szerszen et al. 2003; Wiśniewski et al. 2012). Previous 

studies showed that the in-situ concrete strength is generally lower than that of cylinder strength 

due to a number of factors such as different curing conditions, aggregate consolidation, loading 

rates and size effects of concrete (Bartlett et al. 1999; Wiśniewski et al. 2012; Kilinc et al. 

2012). To take account of the lower in-situ strength, a reduction factor is usually included in 

design guidelines/codes (CEN 2004; GB 50010 2010; ACI 318 2011). Previous studies on F2 

indicated that the mean value of F2 does not necessarily comply with the recommendations in 

corresponding design guidelines/codes (Ellingwood et al. 1980; Szerszen et al. 2003; 

Wiśniewski et al. 2012). This issue was duly considered in the reliability analysis presented in 

Chapter 3. Regarding the probability distribution of Fc, both normal and lognormal 
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distributions have been used to approximate its distribution, with the former being in more 

common use (Ellingwood et al. 1980; Wiśniewski et al. 2012). 

 

Reinforcing steel: The mechanical properties of reinforcing steel generally possess a much 

lower level of variability than those of concrete due to better quality control in mills and 

factories (Ellingwood et al. 1980; Wiśniewski et al. 2012). The stress-strain behavior of 

reinforcing steel can be well defined by its elastic modulus, yield stress, ultimate stress, and 

ultimate strain. Variation of these properties has been well studied (Mirza & MacGregor 1979; 

Ellingwood et al. 1980; Wiśniewski et al. 2012). Among these properties, the yield stress and 

the elastic modulus are two most important properties in structural design. It has been found 

that the variability of elastic modulus is lower than that of yield stress (Mirza & MacGregor 

1979). As for the probability distribution of yield stress, normal, lognormal and beta 

distributions have been used previously, with the latter two distributions (i.e. lognormal and 

beta) being more popular (Mirza & MacGregor 1979; Ellingwood et al. 1980; Wiśniewski et 

al. 2012). 

 

FRP: Compared with concrete and reinforcing steel, FRP composites are relatively new in the 

field of civil engineering. Nevertheless, their outstanding properties have led to various uses in 

structural strengthening (Hollaway et al. 2008). For externally bonded FRP systems, the tensile 

strength and modulus based on a nominal thickness are most widely used in the design of FRP-

strengthened RC structures (fib TG 9.3 2001; TR 55 2012; CNR-DT 200 2004; HB 305 2008; 

ACI 440.2R 2008; GB 50608 2010). Variation of FRP tensile strength can be attributed to two 

major sources, i.e. variability of fiber and resin properties and variability in the manufacturing 

process (Atadero et al. 2009; Sriramula et al. 2009; Toft et al. 2012). Though usually 

manufactured in a more rigorous manner than concrete, FRP manufacturing involves blending 
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of fibers and resin, resulting in a higher level of uncertainty than that of steel (Zureick et al. 

2006; Atadero et al. 2009). Possible uncertainties derived from the manufacturing process 

include fiber misalignment, existence of defects (e.g. voids, resin-rich layers, and weak 

bonding between fibers and resin) and different curing conditions (Atadero et al. 2009). Also, 

wet-layup FRP involves larger uncertainties than prefabricated FRP plates (fib TG 9.3 2001; 

TR 55 2012). The variability of tensile strength and modulus has also been studied for a wide 

range of FRP products (Sriramula et al. 2009). The coefficients of variation (COVs) and the 

best-fit distributions are summarized in Table 2.1 (Sriramula et al. 2009). 

 

2.4.1.2 Epistemic uncertainties 

In order to conduct reliability analysis and reliability-based life-cycle management studies, 

efficient yet accurate prediction models for structural capacities are needed. Epistemic 

uncertainties associated with these prediction models must be quantified. In reliability analysis, 

epistemic uncertainties are usually represented by a professional factor (Ellingwood et al. 1980; 

Szerszen et al. 2003). Using professional factors as well as material and fabrication factors 

reflecting aleatory uncertainties, the mean value and coefficient of variation (COV) of 

structural resistance can be represented by the following equation (Ellingwood et al. 1980; 

Szerszen et al. 2003): 

 �̅�

𝑅𝑛
= �̅� ∙ �̅� ∙ �̅� (2.3a) 

 

 
𝑉𝑅 = √𝑉𝑃

2 + 𝑉𝑀
2 + 𝑉𝐹

2 (2.3b) 

 

where P, M and F are professional, material and fabrication factors with mean values of P̅, M̅, 

and F̅ and COVs of VP, VM, and VF, respectively; R̅, VR, and Rn are the mean value, COV and 

nominal value of structural resistance, respectively. The statistical properties of professional 

factors can be obtained as follows (Ellingwood et al. 1980; Szerszen et al. 2003): 
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𝑃 =

𝑅𝑒𝑥𝑝
𝑅𝑝𝑟𝑒

 (2.4) 

 

where Rexp and Rpre are the experimental and predicted values of resistance, respectively. For 

concrete members in buildings and bridges, typical resistance statistics have been summarized 

in previous studies (Ellingwood et al. 1980; Szerszen et al. 2003; Ceci et al. 2012). For FRP-

strengthened RC structure, statistical properties of P can be determined in a similar way based 

on available test results (Okeil et al. 2002; Pham & Al-Mahaidi 2008; Shi et al. 2015). However, 

comprehensive test databases are required for the accurate approximation of P. Thanks to the 

extensive recent research on FRP-strengthened structures, such databases of FRP-strengthened 

RC structures are ready to be developed (Teng et al. 2002; Aram et al. 2008; Ceci et al. 2012; 

Pellegrino & Vasic 2013; Shi et al. 2015). In Chapter 3, comprehensive test databases for FRP-

strengthened RC beams in flexure and shear, created from the published literature, will be 

presented. 

 

2.4.1.3 Bayesian updating of uncertainty 

The uncertainties mentioned above are usually site-specific so that condition assessment and 

field testing have to be performed to better understand the in-situ material properties and the 

deterioration process in structures (Bertolini et al. 2004; Bungey et al. 2006). To take advantage 

of these data, Bayesian methods have been used by a number of researchers to update 

parameters in prediction models (Bartlett & Sexsmith 1991; Enright & Frangopol 1999a; Estes 

& Frangopol 2003; Marsh et al. 2008; Straub et al. 2009; Suo & Stewart 2009; Stewart 2010; 

Wang & Liu 2010; Ma et al. 2014). For models involving a large number of correlated random 

variables, Bayesian Networks (BNs) are a viable tool to conduct Bayesian inference based on 

evidence (Jensen & Nielsen 2007). In order to deal with the time-dependence of random 

variables (e.g. in deterioration modeling), dynamic Bayesian networks (DBNs), a specific type 

of BNs considering the autocorrelation of time-dependent variables, can be used to conduct 
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Bayesian updating based merely on evidence at some specific points-in-time (Straub 2009). 

Recently, BNs and DBNs have gained increased attention in the life-cycle management of 

deteriorating structures (Attoh-Okine & Bowers 2006; Straub 2009; Wang et al. 2012; Hackl 

2013; Ma et al. 2014; Schneider et al. 2015; Rafiq et al. 2014; Tran et al. 2016). Both physical 

models based on deterioration mechanisms (Straub 2009; Hackl 2013; Ma et al. 2014; 

Schneider et al. 2015; Tran et al. 2016) and empirical models based on engineering experience 

(Attoh-Okine et al. 2006; Wang et al. 2012; Rafiq et al. 2014) have been used to construct BN 

or DBN models used for Bayesian updating. Some other researchers, though not resorting to 

the specific concept of BNs and DBNs, have used similar algorithms and causal relationships 

to conduct Bayesian updating in a network model with multiple random variables (Beck & Au 

2002; Wang et al. 2010; Soliman & Frangopol 2014). 

 

2.4.2 Time-Independent Reliability Analysis 

As both the structural resistance and the load effect involve uncertainties, structures can never 

be deemed absolutely safe. Instead, structural reliability should be represented by the 

probability that a structure is able to perform certain functions (Nowak & Collins 2013). For 

ultimate limit states regarding structural safety, structural performance can be expressed by the 

following performance function (Melchers 1999): 

 𝑍 = 𝑔(𝑅, 𝑆) = 𝑅 − 𝑆 (2.5) 

 

where R is the structural resistance; and S is the corresponding load effect. For better 

representation, structural reliability is usually described by the reliability index defined as 

follows (Melchers 1999; Nowak et al. 2013): 

 𝛽 = −Φ−1(𝑃𝑓) (2.6) 

 

where Pf is the failure probability. For cases where R and S are both time-independent, the 

evaluation of structural reliability is referred to as time-independent reliability analysis.  
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A number of methods have been proposed to perform time-independent reliability analysis 

(Melchers 1999; Bucher 2009; Nowak et al. 2013). The structural reliability problem 

formulated as Eq. 2.5 can be approximated by assuming that the performance indicator Z 

follows a normal distribution. The failure probability and the reliability index can then be 

expressed as follows (Melchers 1999; Nowak et al. 2013): 

 𝑃𝑓 = Φ(−
𝜇𝑍
𝜎𝑍
) , 𝛽 =

𝜇𝑍
𝜎𝑍

 (2.7) 

 

where 𝜇𝑍and 𝜎𝑍 are the mean value and standard deviation of Z, respectively. Based on Eq. 2.5, 

the reliability index can also be represented by the first two statistical moments of random 

variables R and S: 

  𝛽 =
𝜇𝑅 − 𝜇𝑆

√𝜎𝑅
2 + 𝜎𝑆

2
 (2.8) 

 

where 𝜇𝑅 and 𝜎𝑅 are the mean and standard deviation of structural resistance R; 𝜇𝑆 and 𝜎𝑆 are 

the mean and standard deviation of the load effect S. For more complex performance functions, 

Taylor series expansions can be employed to linearize the performance function at the mean 

values of random variables (Melchers 1999; Nowak et al. 2013). This method that only uses 

the first order approximation of a performance function and the first two statistical moments 

of random variables is termed as the First Order Second Moment (FOSM) method and has been 

used extensively in time-independent reliability analysis (Ellingwood et al. 1980; CEN 2002; 

Pham et al. 2008; Liu et al. 2014; Bastidas-Arteaga et al. 2008). 

 

Despite its efficiency and simplicity, the FOSM method suffers from two major deficiencies 

(Melchers 1999; Nowak et al. 2013): (a) the probability distributions of random variables are 

not fully exploited (only the first two moments are used); and (b) the reliability indices thus 

obtained are dependent on the algebraic form of performance functions. These two deficiencies 
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have been successfully overcome by using probabilistic transformation (Rackwitz & Flessler 

1978; Rosenblatt 1952; Nataf 1962; Liu & Der Kiureghian 1986) and geometric interpretation 

of reliability index (Hasofer & Lind 1974), resulting in an improved iterative algorithm termed 

as the First Order Reliability Method (FORM) (Ellingwood et al. 1980; Melchers 1999; JCSS 

2001; Nowak et al. 2013). 

 

The FORM is an efficient method to evaluate structural reliability, especially for problems with 

linear or near-linear performance functions that can be expressed analytically (Rackwitz 2001). 

For more complex problems, higher order approximations and/or numerical derivatives of 

performance functions have to be implemented to evaluate structural reliability, which may 

lead to convergence issues and high computational costs (Rackwitz 2001; Ditlevsen & Madsen 

1996). In such cases, Monte Carlo simulation is usually employed to determine failure 

probabilities (Ditlevsen et al. 1996; Melchers 1999; Nowak et al. 2013). 

 

Monte Carlo simulation can be regarded as numerical experiments, during which random 

variables are generated according to prescribed distributions and then substituted into implicit 

or explicit performance functions; failure probability can be estimated by the simulation results 

(Ditlevsen et al. 1996; Melchers 1999; Nowak et al. 2013). As the failure probabilities of civil 

structures are generally very low, the direct use of crude Monte Carlo simulation can be very 

time-consuming (Ditlevsen et al. 1996; Melchers 1999; Nowak et al. 2013). Therefore, various 

efficient sampling techniques have been proposed to reduce the required number of samples in 

Monte Carlo simulation (Ditlevsen et al. 1996; Melchers 1999; Nowak et al. 2013). Common 

techniques include Latin hypercube sampling and importance sampling (Ditlevsen et al. 1996; 

Melchers 1999; Bucher 2009). 
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Importance sampling has been demonstrated to be capable of reducing the required number of 

samples in Monte Carlo simulation (Ditlevsen et al. 1996; Melchers 1999; Bucher 2009; 

Rubinstein & Kroese 2011). The rationale of importance sampling is to switch the sampling 

effort from the original variable distributions to more important regions for structural failures 

(Melchers 1999; Rubinstein et al. 2011). The important regions can be prescribed (Harbitz 

1986; Schuëller & Stix 1987) or sought progressively by self-adaptive procedures (Bucher 

1988; Au & Beck 1999; Kurtz & Song 2013). 

 

2.4.3 Time-Dependent Reliability Analysis 

Time-dependent (or time-variant) reliability analysis deals with performance functions with 

time-dependent variables. In reality, both the structural resistance and the load effect are 

stochastic processes: structural resistances are subjected to deterioration, while load effects 

(especially those due to live loads) are likely to change in time as well (Mori & Ellingwood 

1993; Melchers 1999). Time-dependent reliability is defined as the probability that a structure 

is able to perform certain functions during a specific time horizon (Mori et al. 1993; Melchers 

1999; Rackwitz 2001). Time-dependent reliability analysis differs from time-independent 

reliability analysis in two aspects: (a) some of the random variables in the analysis are 

stochastic processes; (b) previous conditions of structures are considered in the analysis. 

Therefore, failure probabilities obtained from time-dependent reliability analysis are also 

known as cumulative-time failure probabilities (Enright & Frangopol 1998b) or first-passage 

probabilities (Karlin & Taylor 1981; Melchers 1999; Rackwitz 2001). 

 

Three types of methods have been used in time-dependent reliability analysis: time-integrated 

methods, discretized methods, and stochastic-process-based methods (Melchers 1999). The 

time-integrated method assumes a time-independent resistance and a stationary load process 
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(Melchers 1999). By virtue of extreme value theories, load effects are modeled as extreme 

value distributions based on a certain period of interest (e.g. Gumbel distribution for live load) 

(Nowak 1999). As a result, time-dependent reliability analysis reduces to time-independent 

reliability analysis. The time-integrated method has been widely used in the calibration of 

design guidelines/codes (JCSS 2001; GB 50068 2001; CEN 2002). However, due to its time-

independency assumption for structural resistance, it cannot be used in life-cycle management. 

The discretized approach discretizes the entire lifetime into a deterministic or random number 

of discrete loading events (Melchers 1999). For a known number of loading events, cumulative-

time failure probability can be approximated by failure probabilities during one loading event 

(Melchers 1999): 

 

𝑃𝑓(𝑡) = ∫{1 − [𝐹𝑆1(𝑥)]
𝑛}𝑓𝑅(𝑥)𝑑𝑥

∞

0

≈ 𝑛∫{1 − 𝐹𝑆1(𝑥)}𝑓𝑅(𝑥)𝑑𝑥

∞

0

= 𝑛𝑃𝑓1 (2.9) 

 

where n is the number of loading events; FS1 is the cumulative density function (CDF) of the 

load effect during one loading event; fR is the probability density function (PDF) of resistance; 

Pf1 is the (time-independent) failure probability during one loading event. Eq. 2.9 has been used 

mainly in the determination of target reliability indices with respect to different reference 

periods (JCSS 2001; CEN 2002). It should be noted that within each time slice the structural 

resistance is assumed to be time-independent. If the number of loading events is random in 

nature, discrete stochastic processes are usually used to approximate the arrivals of loading 

events (Mori et al. 1993; Melchers 1999). Cumulative-time failure probabilities can be 

expressed as follows (Mori et al. 1993; Melchers 1999): 

 
𝑃𝑓(𝑡|𝐱𝑐) = ∑Pr[𝑔(𝜏; 𝐱𝑣(𝜏), 𝐱𝑐) < 0, 𝜏 < 𝑡|𝐱𝑐 , 𝑘]Pr[𝑁(𝑡) = 𝑘]

∞

𝑘=1

 

𝑃𝑓(𝑡) = ∫𝑃𝑓(𝑡|𝐱𝑐)𝑓𝐱𝑐(𝐱𝑐)𝑑𝐱𝑐
Ω

 

(2.10) 
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Eq. 2.10 has been widely used in time-dependent reliability analysis and life-cycle management 

studies of deteriorating structures (Mori et al. 1993; Enright et al. 1998b; Sudret et al. 2005; 

Okasha & Frangopol 2010a; Bhargava et al. 2011a; Okasha et al. 2012; Huang & Chen 2014). 

Finally, the stochastic-process-based method calculates first-passage probabilities by regarding 

both the structural resistance and the load effect as stochastic processes (Melchers 1999). 

Determination of first-passage probabilities has mainly been used in stochastic dynamics where 

the crossing rate, an important ingredient for calculating the first-passage probability (Melchers 

1999), is evaluated analytically and/or numerically (Faravelli & Bigi 1990; Breitung & 

Faravelli 1994; Bontempi & Faravelli 1998). For the time-dependent reliability analysis of 

deteriorating structures, which involves a much longer time scale, this general method has been 

attempted by only a few researchers (Li & Melchers 2005; Sudret 2008). It is should be noted 

that the discretized method with a random number of loading events can be regarded as a 

special case of the stochastic-process-based method in which the stochastic processes of load 

effects are point processes (Melchers 1999). 

 

2.5 LIFE-CYCLE MANAGEMENT OF STRUCTURES 

During their service life, structures may suffer from gradual deterioration in a latent and 

progressive manner (e.g. corrosion, fatigue, and creep) and sudden or even catastrophic drops 

of functionality may occur due to man-made and/or natural hazards (e.g. fire, terrorist attacks, 

earthquakes, and flooding). In response to these events, life-cycle management is needed with 

respect to the service life of structures (Frangopol 2011; Frangopol, Saydam, et al. 2012; 

Frangopol & Soliman 2016). In the present research project, the objective of life-cycle 

management is to appropriately plan maintenance actions so that life-cycle performance can 

meet a prescribed threshold or be optimized under budgetary constraints (Barone & Frangopol 

2014b; Barone & Frangopol 2014a). Both structures and structural systems were analyzed for 
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better life-cycle performance. Herein, the life-cycle management of a single structure refers to 

life-cycle-informed decisions and/or measures for a single structure (e.g. selection of design 

alternatives, planning of inspection, monitoring and maintenance actions), while the life-cycle 

management of a group of structures refers to similar decisions and/or measures for a group of 

structures that may or may not have a series/parallel or topologic configuration (e.g. a 

repository of structures, series/parallel systems and non-series/parallel networks). 

 

2.5.1 Indicators of Life-Cycle Performance 

For life-cycle management, various indicators have been used to evaluate the life-cycle 

performance of structures, e.g. reliability, risk, resilience, sustainability, redundancy, and 

robustness (Frangopol 2011; Frangopol, Saydam, et al. 2012; Frangopol et al. 2016). Despite 

the various types of indicators used in life-cycle assessment, reliability indicators have been 

the backbone in the evaluation of nearly all of these indicators (Frangopol 2011; Frangopol et 

al. 2016). The present thesis is mainly concerned with life-cycle management based on 

reliability and risk. Two types of reliability indicators have been widely used for life-cycle 

management: annual indicators (Zhu & Frangopol 2012; Barone & Frangopol 2014b) and 

lifetime distributions (van Noortwijk & Klatter 2004; Yang, Frangopol, Kawakami, et al. 2006; 

Yang, Frangopol & Neves 2006; Okasha & Frangopol 2009; Orcesi & Frangopol 2011). 

 

Annual indicators include annual reliability and annual risk (Zhu et al. 2012; Barone & 

Frangopol 2014b). By employing instantaneous resistance and load statistics, annual reliability 

can be determined by time-independent reliability analysis with aforementioned methods (e.g. 

FOSM, FORM or Monte Carlo simulation). Annual risk takes the consequences of structural 

failure into account, resulting in a monetary metric which can also be viewed as an annual 

reliability indicator weighted by failure consequences (Barone & Frangopol 2014b). One 

salient merit of using annual indicators is that life-cycle performance can be evaluated in an 
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accurate yet efficient manner. As a result, deterioration models can be directly integrated into 

life-cycle management, and problems with complex performance functions can be successfully 

tackled. 

 

Lifetime distributions are probability distributions describing the time to structural failure (van 

Noortwijk et al. 2004; Yang, Frangopol & Neves 2006; Yang, Frangopol, Kawakami, et al. 

2006; Okasha et al. 2009; Orcesi et al. 2011). Such distributions are obtained by fitting 

cumulative-time failure probabilities to Cumulative Distribution Functions (CDFs) of lifetime 

distributions (Frangopol 2011), e.g. Weibull distribution and Gamma distribution (Leemis 

1995). Lifetime distributions are widely used in life-cycle management studies due to their 

high computational efficiency (Frangopol 2011; Barone & Frangopol 2014b; Barone & 

Frangopol 2014a; Frangopol et al. 2016). Based on the concept of lifetime distributions, 

survivor, availability and hazard functions have also been employed for life-cycle management 

of deteriorating structures (Barone & Frangopol 2014b; Barone & Frangopol 2014a). Different 

from annual indicators, structural and deterioration modeling are totally isolated from life-cycle 

management. As a result, the objectiveness of life-cycle management hinges very much on the 

accuracy of lifetime distributions. Unfortunately, most of the studies concentrated on the life-

cycle management methodologies (e.g. Yang, Frangopol & Neves 2006; Yang, Frangopol, 

Kawakami, et al. 2006; Okasha & Frangopol 2009) rather than the accuracy of lifetime 

distributions (e.g. van Noortwijk & Klatter 2004). In addition, life-cycle management based on 

lifetime distributions can become inviable if the deterioration mechanism changes after 

maintenance since it is nearly impossible to generate lifetime distributions with respect to all 

maintenance options. 
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2.5.2 Methods for Life-Cycle Management 

Maintenance actions of deteriorating structures can be planned either with a threshold-based 

method or with multi-objective optimization (Barone & Frangopol 2014b; Barone & Frangopol 

2014a). The threshold-based method schedules maintenance interventions to ensure that the 

structural performance is always better than a prescribed threshold during the life-cycle of 

deteriorating structures. In a threshold-based method, both essential and preventative 

maintenance actions can be scheduled (Enright & Frangopol 1999b; Kong & Frangopol 2004; 

Barone & Frangopol 2014b; Estes & Frangopol 2001; Onoufriou & Frangopol 2002; Neves et 

al. 2004; Sun et al. 2015). Threshold-based life-cycle management has been successfully used 

with both annual indicators and lifetime distribution indicators (Barone & Frangopol 2014b). 

 

Threshold-based life-cycle management can only reflect the life-cycle cost implicitly by using 

different thresholds. A more useful perspective for life-cycle management should be based on 

multi-objective optimization, which is able to provide decision-makers with a series of options 

consisting of reasonable trade-offs among different objectives (Furuta et al. 2006; Neves et al. 

2006; Liu & Frangopol 2006; Okasha et al. 2009; Okasha & Frangopol 2010b; Kim et al. 2011; 

Orcesi et al. 2011; Barone & Frangopol 2014a; Sabatino et al. 2015; Saydam & Frangopol 

2015). Bi-objective optimization, as a special case under this category, seeks to obtain a series 

of trade-offs between life-cycle performance and life-cycle cost (Kim et al. 2011; Barone & 

Frangopol 2014a; Sabatino et al. 2015; Saydam et al. 2015). These trade-offs can be presented 

in the form of Pareto fronts that can directly facilitate decision-making under budgetary 

constraints. 

 

Genetic algorithms (GAs) have been widely used to conduct the aforementioned multi-

objective optimization because the derivatives of objective functions are usually difficult to 
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evaluate (Frangopol et al. 2016). Nondominated sorting genetic algorithm II, first proposed by 

Deb et al. (2002), has been widely used in multi-objective life-cycle optimization based on 

both annual indicators and lifetime distributions (Furuta et al. 2006; Neves et al. 2006; Liu et 

al. 2006; Okasha et al. 2009; Okasha et al. 2010b; Kim et al. 2011; Orcesi et al. 2011; Barone 

& Frangopol 2014a; Sabatino et al. 2015; Saydam et al. 2015). Recently, particle swarm 

optimization first proposed by Kennedy & Eberhart (1995) has been found to be more efficient 

in a number of single- and multi-objective benchmark problems (Coello & Lechuga 2002; 

Hassan et al. 2004). Multi-objective particle swarm optimization (MOPSO) has been 

successfully used in various areas in civil engineering (Annamdas & Rao 2009; Perera et al. 

2009; Rao & Shyju 2010; Sepehri et al. 2012; Yin et al. 2015), including a number of studies 

on maintenance and reliability (Chiu & Lin 2014; de Almeida et al. 2015). Based on annual 

indictors, Chiu & Lin (2014) used MOPSO in their decision-making system of maintenance 

strategies for deteriorating RC buildings. No studies have been documented regarding the 

applications of MOPSO in life-cycle management based on lifetime distributions. 

 

2.5.3 Life-Cycle Management of a Single Structure 

Research on life-cycle management has been performed for various types of structures 

(Frangopol, Saydam, et al. 2012). Reliability, time-dependent or time-independent, of a single 

structure can be related to either one (often the most critical) component (Kwon & Frangopol 

2011; Soliman et al. 2014; Dong & Frangopol 2015; Soliman et al. 2016) or a series/parallel 

model of a structure (Estes & Frangopol 1999; Akgül & Frangopol 2004a; Imam et al. 2012; 

Zhu & Frangopol 2013; Barone & Frangopol 2014a; Barone & Frangopol 2014b). 

 

For management based on critical components, the fatigue limit state of the most critical region 

is usually selected for life-cycle management of a fatigue-critical structure. Kwon & Frangopol 
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(2011) established a method to assess and manage fatigue-critical bridges. For marine 

structures, Soliman & Frangopol (2014) proposed a life-cycle management methodology for 

fatigue-critical components considering inspection information. Dong & Frangopol (2015) 

proposed a risk-informed life-cycle optimization method for inspection and maintenance of 

ship structures under fatigue and corrosion attacks. Soliman et al. (2016) developed an 

integrated framework to optimize inspection, monitoring and maintenance actions. 

 

The series/parallel representation of structures has been widely used for the life-cycle 

management of bridges. For bridge superstructures, Estes & Frangopol (1999) compared 

different system configurations and recommended a system as shown in Figure 2.3 for girder 

bridges. Based on this system configuration, life-cycle management can be conducted to plan 

maintenance actions for structures under environmental stressors as well as natural and man-

made hazards (Akgül et al. 2004a; Zhu et al. 2013; Barone & Frangopol 2014a; Barone & 

Frangopol 2014b). On the environmental stressor side, life-cycle performance of various types 

of bridge superstructure has been analyzed by Akgül & Frangopol (2004b; 2004c; 2005) using 

a general computational platform developed by the same authors (Akgül et al. 2004a). Barone 

et al. (2014) optimized the life-cycle maintenance of deteriorating bridges based on the 

expected annual system failure rate and the expected cumulative cost. On the hazard side, Zhu 

and Frangopol (2013) proposed a risk-based approach for bridge maintenance optimization 

considering both traffic and earthquake loads.  

 

2.5.4 Life-Cycle Management of a Group of Structures 

“A group of structures” is used to refer to a repository of bridges, a series/parallel system 

containing bridges as components, or bridges in a transportation network (Frangopol & 

Bocchini 2012). 
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Life-cycle management of a bridge repository refers to the management of a group of bridges 

without considering any interactions of bridges in a network (Frangopol & Bocchini 2012). 

Akgül & Frangopol (2004a) developed a computational framework to determine reliability 

profiles of different bridges in a transportation network. By considering failure consequences, 

Decò & Frangopol (2013) assessed life-cycle risk associated with aging bridges under traffic 

loads and seismic hazards. For hazard relief and mitigation, Decò et al. (2013) determined the 

seismic resilience of bridges in a transportation network. Dong et al. (2014) quantified the 

sustainability of highway bridges under seismic hazards. Based on the quantified sustainability, 

a multi-objective optimization was then performed for pre-earthquake retrofit optimization of 

different bridges. More recently, Dong et al. (2015) proposed a utility-based methodology to 

optimize seismic retrofitting of bridges in a transportation network. For life-cycle management 

of a repository of bridges, the societal importance of bridges is usually taken into consideration 

based on the average daily traffic volume (Decò & Frangopol 2011; Decò & Frangopol 2013; 

Decò, Bocchini, et al. 2013; Dong et al. 2014). However, the variation in traffic use due to 

bridge failure or during maintenance actions cannot be duly reflected in the analysis. 

 

When network performance is of concern, one has to resort to system and network models of 

bridge networks. If only one origin-destination (OD) pair in a network is considered, bridges 

in this OD pair can be modeled as components in a series/parallel system (Liu & Frangopol 

2005b). By virtue of this type of system models, life-cycle assessment and management has 

been systematically studied considering network performance, structural condition, structural 

safety, and life-cycle cost (Liu & Frangopol 2005a; Liu et al. 2006). In reality, a transportation 

network cannot be simplified as a series/parallel system due to different perceptions of system 

configurations by different traffic users (Bocchini & Frangopol 2011b). In such a case, a direct 
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transportation analysis is needed to evaluate system performance (Frangopol & Bocchini 2012). 

Both connectivity analysis (Sánchez-Silva et al. 2009; Dueñas-Osorio & Vemuru 2009; Gómez 

et al. 2013; Rokneddin & Ghosh 2013; Ghosh et al. 2014; Rokneddin et al. 2014; Lim et al. 

2015) and traffic assignment (Zhou et al. 2010; Bocchini, Frangopol, et al. 2011; Bocchini & 

Frangopol 2011a; Bocchini & Frangopol 2012; Saydam et al. 2013) have been employed in 

life-cycle management studies of bridge networks. The former examines the connectivity 

between OD pairs in a network and is used mostly for problems involving catastrophic hazards 

such as seismic retrofit optimization and resilience evaluation for natural disasters. The latter 

considers traffic conditions with given demands of OD pairs in a network and is usually used 

in intervention scheduling of deteriorating bridge networks. 

 

2.6 CONCLUSIONS 

In this chapter, existing studies on the reliability analysis and life-cycle management of RC and 

FRP-strengthened RC structures have been reviewed based on the literature available. From 

the literature review, the following conclusions can be drawn: 

(1) FRP strengthening is an effective technique to enhance the capacities of RC structures. 

Extensive research has been conducted to study the structural behavior of FRP-

strengthened RC structures, and many design models have been proposed to facilitate the 

application of FRP composites in engineering practice. Thanks to the experimental studies 

in the past few decades, the existing literature contains extensive test results that are useful 

for uncertainty quantification and reliability analysis. 

(2) RC and FRP-strengthened RC structures may undergo structural deterioration due to steel 

corrosion as well as deterioration in the FRP and at the FRP-to-concrete bonded interface. 

The present chapter has mainly been focused on the chloride-induced corrosion of steel 

reinforcement and moisture-induced deterioration of FRP and FRP-to-concrete bonded 
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interfaces. For both sources of structural deterioration, recent advances in deterioration 

modeling should be considered in reliability analysis and life-cycle management studies. 

(3) Despite the extensive knowledge on the deterministic properties of FRP-strengthened RC 

structures, uncertainties in structural capacities are yet to be quantified and modeled. For 

aleatory uncertainties, the variability of material properties (concrete, steel and FRP 

composites) should be properly considered; while, for epistemic uncertainties, a wealth of 

available test results allows a detailed statistical analysis of model errors. Bayesian methods, 

especially the recent Bayesian network models, can be extremely helpful in parameter 

updating if evidence/information in the form of inspection results or field testing results is 

available. 

(4) To properly consider uncertainties in structural capacities and load effects, both time-

independent and time-dependent reliability analysis need to be performed to rationally 

evaluate the structural safety of FRP-strengthened RC structures. Existing methods for 

reliability analysis have been reviewed in accordance with the time-dependency of the 

reliability problem. Time-independent reliability analysis is suitable for the calibration of 

design guidelines/codes, while time-dependent reliability analysis provides a solid 

foundation for studies on the life-cycle management of FRP-strengthened RC structures. 

(5) Appropriate life-cycle management is crucial to the sustainability of structures. Various 

indicators have been used to reflect the life-cycle performance of structures. Two 

reliability-related indicators, i.e. annual reliability/risk and lifetime distributions, have been 

reviewed in this chapter. Annual indictors such as annual reliability and annual risk are 

compatible with all deterioration models and are capable of considering failure 

consequences. Lifetime distributions consider the chronological conditions of structures 

and can be directly related to cumulative-time failure probabilities. Nevertheless, existing 
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studies have relied heavily on the fitting of cumulative-time failure probabilities, which 

compromises the application scope and the practicality of this type of indicators. 

(6) Different techniques have been proposed for uses in the life-cycle management of various 

types of structures and structure groups. These methods are classified into two categories: 

threshold-based methods and life-cycle optimization. Despite the numerous studies on life-

cycle management, no study has been conducted with particular attention to FRP 

strengthening systems, an important maintenance technique for corroded RC structures. 

Therefore, it was the purpose of the present PhD research project to explore the application 

of life-cycle management techniques to the FRP strengthening of RC structures. 
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TABLES 

Table 2.1 Variability of FRP properties (Sriramula et al. 2009) 

Material Description Property COV (%) Distribution 

E-glass & 

Poly-/vinylester 

Prefabricated, primarily UD 

(Zureick and Scott 1997)  

XT 7.4-13.0 W 

  E11 4.6-11.6 W 

E-glass & 

Polyester 

Hand layup, two UD 

(Lekou and Philippidis 2008) 

XT 15.1 N/W 

  E11 8.9 W 

Carbon & 

Epoxy 

Prepregs, UD 

(Vinckenroy and Wilde 1995) 

XT 12.0 W/ET1S 

  E11 3.4 ET1L 

Graphite & 

Epoxy 

Prepregs, VBM, UD 

(Lin 2000) 

XT 2.2 — 

  E11 3.6 — 

Carbon & 

Epoxy 

Prepregs, UD 

(Jeong and Shenoi 2000) 

XT 14.3 — 

  E11 4.6 — 

Carbon & 

Epoxy 

Wet-layup, UD 

(Atadero and Karbhari 2009) 

XT 6.0-20.0 W 

  E11 9.0-34.0 — 

Glass & 

Epoxy 

Wet-layup, UD 

(Atadero and Karbhari 2009) 

XT 7.0-9.0 W 

  E11 8.0-13.0 — 

CFRP & 

Epoxy 

Prefabricated, UD 

(Jin 2008) 

XT 2.3-3.7 W 

  E11 3.8-5.8 W 

Note: (a) UD, unidirectional; VBM, vacuum bag molding; (b) XT, tensile strength along fiber 

direction; E11 elastic modulus along fiber direction; (c) W, Weibull distribution; N, normal 

distribution; ET1L, Type I extreme value distribution (largest); ET1S, Type I extreme 

value distribution (smallest) 
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FIGURES 

 

Figure 2.1 FRP strengthening of RC beams 

 

Figure 2.2 Schematic illustration of the mechanism of FRP-to-concrete bond deterioration 
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(a) Bridge section 

 

 
(b) System diagram 

 

Figure 2.3 System model of bridge superstructure 

(“d” represents flexural limit state of deck; “Xf” and “Xs” represent respectively flexural and 

shear limit states of Girder X, with X equal to A, B, C and D) 

  

LB LB LB LB 
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CHAPTER 3 TIME-INDEPENDENT RELIABILITY ANALYSIS OF FRP-
STRENGTHENED RC BEAMS 

3.1 OVERVIEW 

As introduced in Chapter 2, fiber reinforced polymer (FRP) has been widely used to strengthen 

reinforced concrete (RC) structures. For RC structures, one of the most popular strengthening 

techniques is externally bonded (EB) FRP systems. The use of new materials and in-situ 

strengthening implementations, e.g. wet-layup process, can bring in additional uncertainties to 

FRP-strengthened RC members compared to conventional RC members. Therefore, the 

reliability of FRP-strengthened RC structures must be seriously assessed considering both 

aleatory uncertainties arising from material properties, geometric dimensions and load effects, 

as well as epistemic uncertainties inherent to both resistance and load models.  

 

Existing studies did address some of these issues using the reliability analysis for FRP-

strengthened RC structures (Plevris et al. 1995; Monti & Santini 2002; Okeil et al. 2002; 

Atadero et al. 2005; Pham & Al-Mahaidi 2008; He et al. 2009; Wang et al. 2010; Wieghaus & 

Atadero 2011; Okeil et al. 2012; Shi et al. 2015). However, most of the previous studies were 

focused on the flexural strengthening of RC beams, which is a relatively easier scenario for 

FRP strengthened RC beams. For RC beams, both flexural and shear strengthening can be 

implemented using EB FRP (Teng et al. 2002). Compared to studies on flexural strengthening, 

little research has been conducted for the reliability assessment of FRP shear strengthening. 

Recently, He et al. (2009) studied the reliability of FRP-strengthened RC beams in shear based 

on a very small test database. Okeil et al. (2012) conducted a reliability study on FRP-

strengthened bridge girders using a small design space consisting of only 18 design cases. 

Another problem of previous reliability studies is that shear and flexural strengthening, despite 
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possibly common failure mechanisms (i.e. FRP debonding or FRP rupture), have always been 

studied separately (Plevris et al. 1995; Monti & Santini 2002; Okeil et al. 2002; Atadero et al. 

2005; Pham & Al-Mahaidi 2008; He et al. 2009; Wang et al. 2010; Wieghaus & Atadero 2011; 

Okeil et al. 2012; Shi et al. 2015). The consequence of separate treatments for flexural and 

shear strengthening is that flexural and shear studies may lead to different partial safety factors 

even for the same failure mechanism (i.e. FRP debonding or FRP rupture). This inconsistency 

can be attributed to the different modeling uncertainties for flexural and shear strengthening 

models. For instance, even though debonding failure can occur in both flexural and shear 

strengthening designs, their different model errors may lead to inconsistent safety margins 

when using a universal partial safety factor for debonding. 

 

In the recent decades, a number of design documents have been developed for FRP-confined 

RC columns during the past few decades (fib TG 9.3 2001; CNR-DT 200 2004; ACI 440.2R 

2008; Standards Australia 2008; GB 50608 2010; Concrete Society 2012). Apart from the ACI 

guidelines, all of these design guidelines ensure structural reliability in a semi-probabilistic 

manner using partial safety factors for FRP debonding and rupture strengths. However, due to 

the shortage of test results and rigorous reliability studies, these factors were usually inherited 

from existing guidelines for RC structures, or were only briefly calibrated with a small test 

database. For reliability-based calibration of design models, a notable problem of previous 

studies is that most of them adopted a target reliability level associated with new structures 

(Okeil et al. 2002; Pham & Al-Mahaidi 2008; He et al. 2009; Wang et al. 2010; Okeil et al. 

2012; Ribeiro & Diniz 2013), which poses an unnecessarily strict requirement for FRP-

strengthened RC structures. Existing structures often require a lower target reliability level than 

that of new structures as the strengthened structures usually have a shorter design service life  
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(GB 50608 2010; Concrete Society 2012). Therefore, the target reliability for strengthening of 

existing structures should be related to the new design service life after FRP strengthening. 

 

Based on the preceding discussions, the current study was dedicated to addressing reliability-

related issues of FRP-strengthened RC beams in both flexure and shear. Based on 

comprehensive test databases collected from the literature, the study first compared different 

models in existing design guidance documents, including the fib report and code (fib TG 9.3 

2002; fib 2010), the Italian guidelines (CNR-DT 200 2004; CNR-DT 200 R1 2013), the ACI 

guidelines (ACI 440.2R 2008), the Australian standard (Standards Australia 2008), the Chinese 

code (GB 50608 2010) and the draft Hong Kong guideline (Teng et al. n.d.). Design models in 

four design documents, i.e. the fib documents (fib TG 9.3 2001; fib 2010), the ACI guidelines 

(ACI 440.2R 2008) and the Chinese code (GB 50608 2010), were further analyzed in terms of 

reliability. Among these documents, the fib documents represent the design approach using 

partial safety factors; the ACI guidelines represent the design approach using the Load and 

Resistance Factor Design (LRFD) approach; the Chinese code was considered herein due to its 

simple yet accurate design models as well as a project participated by the author. Based on the 

time-independent reliability analysis, the present study calibrated a number of safety-related 

factors in these design documents, i.e. the partial safety factors in the fib documents and the 

Chinese code as well as the FRP reduction factors in the ACI guidelines. 

 

3.2 METHODS FOR STATISTICAL ANALYSIS AND RELIABILITY EVALUATION 

3.2.1 Method for Statistical Analysis of Model Errors 

Epistemic uncertainties can be represented by model errors. Statistical analysis of model errors 

was conducted by virtue of comprehensive test databases for flexural and shear strengthening. 
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By comparing model predictions and test results, the model errors defined by the following 

equation can be evaluated (Ellingwood et al. 1980): 

 
𝛿𝑚 =

𝑅𝑒𝑥𝑝
𝑅𝑝𝑟𝑒

 (3.1) 

 

where 𝑅𝑒𝑥𝑝  and 𝑅𝑝𝑟𝑒  are the experimental results and the model predictions of resistance, 

respectively. The statistical properties of model errors can be used to quantify the epistemic 

uncertainties of different design models. Normal, lognormal and Gumbel distributions were 

used to approximate the model errors (δm) obtained by Eq. 3.1. Hypothesis testing (in particular 

Kolmogorov-Smirnov testing) was performed to decide whether or not to reject a distribution 

at the significance level of 5%. The log-likelihood of parameters was calculated and used as 

the criterion for selecting the best-fit distribution. Since all three distributions have the same 

number of parameters, comparing the log-likelihood of parameters is equivalent to applying 

the Akaike Information Criterion (AIC) for model selection (Burnham & Anderson 2004). The 

best random distribution so selected was used in reliability evaluation to account for the 

epistemic uncertainties of design models. 

 

3.2.2 Method for Reliability Evaluation 

3.2.2.1 Design cases and load ratios 

In order to conduct reliability analysis and model calibration, a series of design cases that are 

capable of representing the whole design space should be created first. For this purpose, two 

representative values can be selected for each variable under consideration (Plevris et al. 1995). 

These two values should be capable of reasonably reflecting the range of the variable in 

practical designs. 

 

In the current study, only the simple combination of dead and superimposed live loads was 

considered. Other combinations, such as those involving wind loads and seismic effects, were 
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excluded from the current investigation. Higher ratios of live to dead loads can lead to a lower 

reliability index due to the larger variability of live loads (Szerszen & Nowak 2003a). Different 

live-to-dead-load ratios have been used by various researchers for reliability analysis and 

code/guidelines calibration (Ellingwood et al. 1980; Szerszen & Nowak 2003b). Based on these 

previous studies, 0.5 and 2.0 were selected as two representative values for this ratio. 

 

3.2.2.2 Hybrid MC-FORM 

Compared with conventional RC beams, design models for FRP-strengthened RC beams are 

generally more complex with more variables involved, which complicates the implementation 

of some numerical methods for reliability evaluation, e.g. the First Order Second Moment 

(FOSM) method and the First Order Reliability Method (FORM). Also, as with other structural 

reliability problems, FRP-strengthened RC beams are expected to have a very low level of 

failure probabilities (i.e. high reliability), indicating that the crude Monte Carlo simulation can 

be extremely time-consuming. In the present study, a so-called “MC-FORM” method, a hybrid 

method combining the merits of MC and FORM, was used to evaluate the reliability of FRP-

strengthened RC beams. This hybrid method is capable of providing an efficient yet accurate 

solution to the problem at hand. The MC-FORM method, or similar methods bearing other 

names, has been used extensively in reliability analysis and guideline/code calibration (Plevris 

et al. 1995; Atadero & Karbhari 2008; Ali et al. 2012; Okeil et al. 2012). 

 

As a hybrid method combining MC and FORM, the MC-FORM method is capable of 

preserving the high accuracy of Monte Carlo simulation and simultaneously reduce the 

computational cost by applying FORM in reliability problems with low failure probabilities. 

The rationale behind this method is to substitute the resistance, which involves multiple 

(primary) random variables and a complex expression, with one single secondary random 
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variable. The statistical properties of this secondary random variable, i.e. its probability 

distribution and statistical moments, are determined through Monte Carlo simulation. The 

performance function as follows can then be analyzed by virtue of FORM: 

 𝑔 = 𝛿𝑚𝑅 − 𝐷 − 𝐿 (3.2) 

 

where 𝛿𝑚  is the random variable representing model errors as defined earlier; 𝑅  is the 

resistance whose statistical properties are obtained through Monte Carlo simulation; and 𝐷 and 

𝐿 are the dead and live loads, respectively. Specifically, the basic procedure of reliability 

evaluation can be summarized as follows: 

1. Determine model errors through model error analysis (Eq. 3.1); 

2. Determine the statistical properties of resistance through Monte Carlo simulation for all 

design cases and strengthening schemes; 

3. Determine the live and dead loads based on the design value of resistance and live-to-

dead-load ratios for each design case and its associated strengthening scheme as follows: 

 

{
𝑅𝑑 = 𝛾𝐷𝐷 + 𝛾𝐿𝐿

𝜌𝐿𝐷 = 𝐿/𝐷
⟹

{
 

 𝐿 =
𝜌𝐿𝐷𝑅𝑑

𝛾𝐷 + 𝛾𝐿𝜌𝐿𝐷

𝐷 =
𝑅𝑑

𝛾𝐷 + 𝛾𝐿𝜌𝐿𝐷

 (3.3) 

 

where 𝑅𝑑 is the design value of resistance [considering partial safety factors (or resistance 

factors)]; and 𝜌𝐿𝐷 is the live-to-dead-load ratio. 

4. Calculate the reliability of the performance function (i.e. Eq. 3.2) with FORM. 

 

3.2.2.3 Random variables 

Based on existing studies (Ellingwood et al. 1980; Szerszen & Nowak 2003a; Atadero & 

Karbhari 2009; Wiśniewski, Cruz, et al. 2012), random variables used in the current reliability 

analysis are summarized in Table 3.1. Except for the concrete strength, the bias factors of other 

material properties (defined herein as the ratio of mean to nominal values) were determined 

based on the coefficient of variation (COV) and the confidence level of the nominal value. 
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Previous studies on uncertainties of concrete strength suggest that concrete may have a 

substantially lower bias factor than that deduced by the confidence level, especially for old 

concrete with poor quality control (Ellingwood et al. 1980). In such a case, the reliability level 

may suffer from inadequate concrete quality. Since FRP is widely used in strengthening old 

RC structures, two scenarios regarding the concrete strength were differentiated as follows: 

1. The bias factor of the concrete strength is determined in the same way as it is determined 

for other material properties, i.e. from COVs and confidence levels of nominal values. In 

the current study, the COV of concrete strength was assumed to be 10% (Szerszen & 

Nowak 2003a). Since the nominal value of concrete strength is expected to satisfy the 

confidence level set by the design guidelines/codes, this case represents the most general 

situation, in which the concrete is of or above average quality. 

2. In practice, the bias factor of concrete strength might be higher, or more critically, lower 

than the one determined from the COV and the confidence level (Ellingwood et al. 1980; 

Szerszen & Nowak 2003a; Wiśniewski, Cruz, et al. 2012; Unanwa & Mahan 2014). 

Especially for old concrete as recorded in Ellingwood (1978), the bias factor can be 

significantly lower than that computed based on the COV and the confidence level. To 

this end, a fixed bias factor of 1.25 and a COV of 20% were used based on the existing 

studies mentioned above. This scenario was included to represent inadequate concrete 

properties usually encountered in FRP-strengthened RC structures (Ellingwood 1978). 

 

3.2.2.4 Target reliability of existing structures 

An important issue for the calibration of design models is to select appropriate target reliability 

levels. The selection of target reliability is a complicated problem that should consider both 

construction cost, consequences of failure, as well as the service life of structures (JCSS 2001; 

Wiśniewski, Casas, et al. 2012). For a 50-year design service life, different design documents 
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usually recommend different target reliability indices. For instance, the ACI guidelines adopted 

a target reliability index (βT) of 3.5 according to (Nowak & Kaszyńska 2011); 𝛽𝑇 = 3.2 was 

recommended in the Chinese code (GB 50068 2001), while 𝛽𝑇 = 3.8  was used for the 

Eurocode (CEN 2002).  

 

For existing structures, a lower target reliability level can be justified as strengthened structures 

usually have shorter design service lives (GB 50608 2010; Concrete Society 2012). For this 

reason, the target reliability for strengthening of existing structures can be lower than that of 

new structures under design. Assuming a constant resistance, Melchers (1999) used the 

following equation to evaluate changes of target reliability levels with respect to different 

service times: 

 𝑝𝑓(𝑡) = 1 − exp(−𝑡𝐿𝑝𝑓1) (3.4) 

 

where 𝑝𝑓(𝑡) is the failure probability during tL years of service; tL is the service life; 𝑝𝑓1 is 

the annual failure probability. If the same safety margin is assumed for different life-spans, 

Eq. 3.4  indicates that a shorter design service life corresponds to a lower annual target 

reliability index. In other words, if two structures with different design service lives are 

designed to have the same target reliability, the structure with a shorter design service life has 

a lower level of reliability than the structure with a longer one when compared for the same 

reference period, as illustrated in Figure 3.1.  

 

To address this issue, reliability targets with respect to a reference period were distinguished 

in the current study for structures with different design service life expectations. In order to be 

consistent with the live load random variables (Table 3.1), the reference period was chosen to 

be 50 years. The annual reliability target index for a structure with a shorter design service life 

was determined using Eq. 3.4. Based on this (lower) annual target reliability index, the target 
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reliability index associated with the reference period (50 years) was calculated and used later 

for reliability-based model calibration.  The aforementioned procedure can be condensed into 

the following equation: 

 
log𝛷(𝛽𝑇,𝑡𝐿) =

50

𝑡𝐿
⋅ logΦ(𝛽𝑇,50) (3.5) 

 

where 𝛽𝑇,𝑡𝐿 is the target reliability index of FRP-strengthened RC structures; tL is the design 

service life of FRP-strengthened RC structures, which is usually less than 50 years (GB 50608 

2010; Concrete Society 2012);  𝛽𝑇,50 is the target reliability index set for new constructions; 

and Φ is the cumulative distribution function (CDF) of standard normal distributions. Based 

on Eq. 3.5,  Figure 3.2 shows the relation between the expected service life and the target 

reliability index for three different target reliability levels, i.e. βT,50 = 3.2, 3.5 and 3.8. 

 

3.2.3 Method for Reliability-Based Calibration 

Based on the results of model error analysis and reliability evaluation, design models can be 

revised to meet a pre-set reliability target. It should be noted that two formats of limit state 

design have been adopted in existing design models. The first format is based on the resistance 

and load factors as it is used in the ACI guidelines (ACI 440.2R 2008). In this approach, the 

nominal resistance is reduced by a strength reduction factor to ensure structural safety. The 

second format relies on the use of partial safety factors (fib TG 9.3 2001; CNR-DT 200 2004; 

CNR-DT 200 R1 2013; Standards Australia 2008; GB 50608 2010). In the second format, 

partial safety factors are used to convert characteristic (nominal) values of individual material 

properties to design values so that safety requirement can be satisfied. Based on the results of 

reliability evaluation, new strength reduction factors (and/or partial safety factors) can be 

selected to minimize the difference between the reliability indices of different design cases and 

the target reliability index, as shown in the following equation: 
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𝐻 =
1

𝑛𝑐
∑(𝛽𝑖 − 𝛽𝑇)

2

𝑛𝑐

𝑖=1

 (3.6) 

 

where 𝑛𝑐 is the number of design cases; 𝛽𝑖 is the reliability index for the ith design case; and 

𝛽𝑇 is the target reliability. Eq. 3.6 was used in the current study to calibrate design models for 

FRP-strengthened RC beams. 

 

3.3 EVALUATION OF DESIGN MODELS FOR FRP FLEXURAL STRENGTHENING 

3.3.1 FRP Flexural Strengthening 

As introduced in Chapter 2, typical failure modes of flexurally-strengthened RC beams 

encompass concrete crushing, FRP rupture, intermediate crack induced interfacial debonding 

(IC debonding), critical diagonal crack (CDC) debonding with/without concrete cover 

separation, concrete cover separation and plate end interfacial debonding (Hollaway & Teng 

2008). For the first two failure modes, i.e. concrete crushing and FRP rupture, the analysis of 

flexural capacity is analogous to that of conventional RC beams, where conventional cross-

section analysis can be used directly. Among the debonding failure modes, IC debonding 

initiates at a flexural or flexural-shear crack and propagates to a plate end. The failure process 

exhibits a certain extent of ductility compared with the other types of debonding (Teng et al. 

2002). Therefore, the failure mode of IC debonding is generally permitted as a governing 

failure mode in design. 

 

Failure due to IC debonding can be predicted with different methods, e.g. strain limitation 

method, verification according to the envelope line of tensile stresses in FRP, and verification 

of end anchorage and of force transfer at FRP/concrete interfaces (fib TG 9.3 2001; Concrete 

Society 2012). The current study is focused on the first approach, i.e. the strain 

limitation/effective strain method, due to its relative simplicity and effectiveness; this method 
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has emerged as the most popular method for predicting IC debonding failures and has been 

adopted by most of the existing design guidelines/codes (fib TG 9.3 2001; CNR-DT 200 2004; 

ACI 440.2R 2008; Standards Australia 2008; GB 50608 2010). 

 

The strain limitation method limits the strain in FRP within a threshold defined as the effective 

strain (or debonding strain), beyond which IC debonding is regarded to have initiated. The 

benefit of this approach is that the flexural capacity of FRP-strengthened RC beams can be 

estimated through cross-section analysis, as illustrated in Figure 3.3. Two issues are of 

particular relevance to FRP-strengthened RC beams compared to RC beams: the determination 

effective strain and the refinement of concrete stress block (Teng et al. 2002; Hollaway & Teng 

2008). For the former, the debonding strain in IC debonding cases should be accurately 

predicted. For the latter, the concrete stress block should be refined when applied to FRP-

strengthened RC structures as the ultimate strain of FRP is limited compared with steel 

reinforcement (Teng et al. 2008). 

 

Model errors were analyzed for various design models with two specific purposes: bond model 

comparison and epistemic uncertainty quantification. In order to compare different debonding 

strength models, it is important to isolate the uncertainty of debonding strength models from 

that of stress block approximations. Therefore, the stress-strain curve of concrete in the 

Eurocode (CEN 2004) was employed to conduct the cross-section analysis with different 

debonding strength models. No stress block approximations were applied in the cross-section 

analysis. In order to quantify epistemic uncertainty, the model errors associated with both 

debonding strength models and stress block approximations were analyzed for three design 

models used in the subsequent reliability evaluation. 
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As stated earlier, only those models using cross-section analysis were studied herein. 

Specifically, models in the following design guidelines/codes were examined: fib TG 9.3 

(2001), CNR-DT 200 (2004), ACI 440.2R (2008), Standards Australia (2008) and GB 50608 

(2010). For ease of comparison, the models mentioned above are referred to as the fib model, 

Italian model, ACI model, Australian model and Chinese model, respectively. Recently, a 

design guideline for FRP-strengthened RC structures has been drafted for use by engineers in 

Hong Kong (Teng et al. n.d.). The model in this draft guideline, referred to herein as the Hong 

Kong model, was also included in the following comparison. It should be noted that some 

debonding strength models (e.g. the fib, Italian and Chinese models) rely on the value of 

concrete tensile strength. Different debonding strength models usually use different empirical 

relations for deriving the concrete tensile strength from the concrete compressive strength. 

Since the parameters in debonding strength models are usually related to these empirical 

relations, appropriate empirical relations should be selected in accordance with the model under 

consideration. For instance, the empirical relation in Eurocode (CEN 2004) was used for the 

fib and the Italian models, while the relation in the Chinese concrete code (GB 50010 2010) 

was used for the Chinese model. The design models compared in the present study are briefly 

introduced in Appendix A of this Ph.D. thesis.   

 

3.3.2 Results of Model Evaluation 

A comprehensive test database that consists of 277 beams was established based on the existing 

literature. The test results were compared with predictions from different design models in a 

statistical model error analysis. All tests were scrutinized to differentiate different failure 

modes. Datasets with incomplete information or obscure descriptions were excluded from the 

test database. For IC debonding, only tests clearly stating that the IC debonding had occurred 

prior to concrete crushing were included in the test database; for FRP rupture, only beams with 
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reliable anchors were counted. In summary, among these 277 tested beams, 256 specimens 

failed due to IC debonding, while the failure of the remaining 21 specimens were characterized 

by FRP rupture. Failure due to concrete crushing prior to FRP debonding/rupture was not 

analyzed in the present study, because this failure mode is similar to over-reinforced RC beams. 

A brief summary of the test database is presented in Table 3.2. The geometric and material 

properties of the specimens in the test database are presented in Figures 3.4 and 3.5. Detailed 

information of the database can be found in Appendix B of this Ph.D. thesis. 

 

As stated previously, the flexural capacities of beams in the test database were predicted using 

two different approaches. The first approach is for the comparison of debonding strength 

models for IC debonding. To this end, cross-section analysis was conducted using an identical 

stress-strain curve of concrete as given in the Eurocode (CEN 2004) irrespective of the design 

models under consideration. The second approach is for the reliability-based calibration of 

design models. Therefore, stress blocks in different design models were used to calculate the 

flexural strength. For the subsequent reliability analysis, the model errors obtained using the 

second approach were fitted to three different probability distributions as stated previously (i.e. 

normal, lognormal and Gumbel distributions). 

 

3.3.2.1 Comparison of debonding strength models 

Based on the comprehensive database collected in this study, model errors as defined by Eq. 

3.1 were evaluated with different design models introduced earlier. Only the 256 specimens 

that failed by IC debonding were considered in the current comparison. As stated previously, 

the stress-strain curve of concrete in the Eurocode (CEN 2004) was employed to conduct the 

cross-section analysis. Table 3.3 summarizes the statistical characteristics of model errors for 

different design models. 
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As can be seen in Table 3.3, the accuracy of all six models under consideration is quite similar, 

with the Australian model being the most conservative model while the Chinese model gives 

the lowest mean value. In terms of variability, all six models perform very similarly as well. 

The ACI model exhibits a larger COV as the model is a simplistic model that may not function 

well when compared with a greater database than that used for calibration and/or a different 

concrete stress-strain curve is used. Chinese and Hong Kong models are capable of giving the 

least scattered predictions. 

 

3.3.2.2 Statistical analysis of model errors 

The model errors of the three design models, i.e. the fib, ACI and Chinese models, were 

subjected to a more detailed statistical analysis as outlined in the previous section. Unlike the 

model comparison, flexural capacities were estimated using the stress blocks recommended in 

the respective design guidelines/codes. Beams failing by both IC debonding and FRP rupture 

were taken into consideration. The results of model error analysis are presented in Figures 3.6 

to 3.8. The statistical characteristics of model errors are summarized in Table 3.4. As the fib 

model deduces the stress block from the Eurocode concrete stress-strain curve, the model errors 

here are nearly the same as those obtained previously by directly using the stress-strain curve 

in cross-section analysis. For the other two models, the use of stress blocks in the corresponding 

guidelines/codes improves the prediction because the models are most likely to have been 

calibrated based on these stress blocks. Interestingly, the ACI model outperforms (though 

merely slightly) the other two models in terms of prediction uncertainty. This is again attributed 

to the empiricism of the ACI model as it is more sensitive to the concrete model used. However, 

the current analysis does suggest that the existing data do not reject the empirical equation used 
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by the current ACI model. The results of hypothesis testing and model selection are presented 

in Table 3.5. 

 

3.4 EVALUATION OF DESIGN MODELS FOR FRP SHEAR STRENGTHENING 

3.4.1 FRP Shear Strengthening 

As stated in Chapter 2, shear-deficient RC beams can be strengthened with FRP composites in 

the form of (two-side) side bonding, (three-side) U-jacketing or complete wrapping. If no 

anchors are provided, the first two forms are likely to fail due to FRP debonding and the third 

form due to FRP rupture. Therefore, reliable debonding predictions are crucial for an accurate 

prediction of shear capacities of FRP-strengthened RC beams. As FRP under tension is linear 

elastic till rupture failure in a brittle manner, the stresses in FRP sheets/strips intersected by 

shear cracks can no longer be assumed to be uniformly distributed as is the case for steel shear 

reinforcement in conventional RC beams (Teng et al. 2002). In addition, the limited strain 

capacity of FRP materials means that the variable-angel truss model may differ from that of 

RC beams (Concrete Society 2012). 

 

During the past two decades, various design models have been proposed for FRP shear 

strengthening, aimed to facilitate the design of FRP-strengthened RC structures (Hollaway & 

Teng 2008). Due to the complexity of shear failure mechanisms, these design models may 

differ greatly from one another in terms of parameters considered, methods used 

(superimposition method or truss-and-tie method) as well as final predictions (Mofidi & 

Chaallal 2011). To predict the shear capacity of FRP-strengthened RC beams, the total shear 

capacity is usually decomposed into two components, i.e. the contribution from the RC beam 

and the contribution from the FRP strengthening system. For the RC contribution, two 

approaches have been widely used, i.e. superposition of concrete and steel contributions as well 
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as the variable-angle truss analogy. Guidelines/codes that adopt the first approach include 

Standards Australia (2008), ACI 440.2R (2008), GB 50608 (2010), and the draft Hong Kong 

guideline as well as design guidelines based on the old Eurocode, i.e. fib TG 9.3 (2001) and 

CNR-DT 200 (2004). The second approach has been used by the current Eurocode and, thus, 

the corresponding FRP guidelines based on it, i.e. CNR-DT 200 R1 (2013) and Concrete 

Society (2012). In the present study, seven guidelines/codes (fib TG 9.3 2001; CNR-DT 200 

R1 2013; ACI 440.2R 2008; Standards Australia 2008; GB 50608 2010; Concrete Society 2012; 

Teng et al. n.d.) were compared with one another based on a comprehensive test database. 

Hereafter, these models will be referred to as the fib model, the Italian model, the ACI model, 

the Australian model, the Chinese model, the Hong Kong model and the UK model, 

respectively. The model details are briefly summarized in Appendix A of this Ph.D. thesis. 

 

It is worth mentioning that the statistical analysis of design models for FRP strengthened RC 

beams in shear can be conducted for FRP contributions only or for the total shear resistance 

(Sas et al. 2009; Nehdi & Nikopour 2011; Lima & Barros 2011; Mofidi & Chaallal 2011; 

Tanarslan 2011; Lee et al. 2012; Kang & Choi 2013; Pellegrino & Vasic 2013; Li et al. 2015; 

Rousakis et al. 2016). In the first case, the FRP contribution is usually obtained by subtracting 

the shear resistance of a control RC beam from the total shear resistance of the FRP-

strengthened RC beam under investigation (Sas et al. 2009; Lima & Barros 2011; Mofidi & 

Chaallal 2011; Tanarslan 2011; Li et al. 2015). FRP contributions thus obtained are then 

compared with predictions from different design models. As indicated in Rousakis et al. (2016), 

model errors deduced this way can be misleading because the stress distributions for RC and 

FRP-strengthened RC beams are most likely to be different from each other due to the limited 

deformation capacity of FRP-strengthened RC beams. That is, the subtraction of the RC 

contribution based on the testing of a control RC beam may be inappropriate as a method to 
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obtain the real FRP contribution in FRP-strengthened RC beams. Also, the interaction among 

different contributions, i.e. those from the concrete, steel and FRP components, can further 

distort the FRP contribution obtained through the subtraction approach (Mofidi & Chaallal 

2011; Chen et al. 2013; Pellegrino & Vasic 2013; Rousakis et al. 2016). As a result, 

comparisons of FRP contributions usually result in more dispersed model errors than those 

obtained using the total shear resistance (Lee et al. 2012; Kang & Choi 2013; Rousakis et al. 

2016). Therefore, in the current study, the model errors associated with the total shear 

resistance were analyzed. 

 

Similar to the previous analysis for flexural strengthening, it should be kept in mind that the 

model uncertainty associated with the RC contribution can overshadow the uncertainty 

associated with the FRP contribution. Therefore, when comparing different design models, an 

identical model to determine RC contributions was used. As more models are based on the 

superposition approach than the variable-angle truss approach, the RC contributions for model 

comparison were predicted according to ACI 318 (2011). For reliability evaluation, on the other 

hand, the model errors associated with corresponding RC design models were analyzed to 

quantify epistemic uncertainties of specific design models. 

 

3.4.2 Results of Model Evaluation 

In order to compare different design models and evaluate model errors, a comprehensive test 

database was established. Overall 381 test results were collected from the literature, including 

134 tests with the side bonding scheme, 163 tests with the U-jacketing scheme, and 84 tests 

with the complete wrapping scheme. The established database covers a wide range of 

geometric and material properties as summarized in Table 3.6. Among these tests, around 200 

specimens possess no or insufficient steel reinforcement according to the detailing 
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requirements in the ACI guidelines (ACI 318 2011). The around 180 remaining beams satisfy 

the detailing requirements regarding steel stirrups. Therefore, the database is well suited for 

reflecting applications in both beams with deficient steel shear reinforcement (e.g., due to steel 

corrosion or design/construction errors) and without deficient steel shear reinforcement (e.g., 

shear strengthening for increased loading). The geometric and material properties of the 

specimens in the test database are presented in Figures 3.9 to 3.11. More details of the database 

are available in the Appendix B of this Ph.D. thesis. 

 

3.4.2.1 Comparison of design models for FRP contributions 

Similar to flexural strengthening, the design models were firstly compared based on a common 

model for RC contributions. The ACI model (ACI 318 2011) was used for this purpose. The 

FRP contributions were predicted by the design models introduced above. For different 

strengthening schemes, the model errors as well as their statistical metrics are presented in 

Table 3.7. From Table 3.7, it can be seen that except some individual cases, e.g. fib and ACI 

models for side bonding, all seven models considered exhibit similar prediction uncertainty in 

terms of COV of model errors. In general, the COV is larger for debonding failure than that for 

rupture failure. When debonding failure is the governing mode, models for side bonding show 

more uncertainty than models for U-jacketing. In terms of COV of model errors, the Australian, 

Chinese and Hong Kong models show a similar and better performance than the other four 

models. The Australian and Hong Kong models give more conservative and consistent 

estimations than the Chinese model. In particular, the Hong Kong model possesses the least 

scattered model error for side bonding mainly owing to its due consideration of FRP-steel 

interaction. 
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Despite the similar performance of the seven models, some outliers of the comparison should 

be paid special attention. For debonding failure, the empiricism of the fib model indicates that 

the prediction accuracy can decay rapidly as more test data become available. This is especially 

true for debonding failure of shear strengthening systems where the fib model simply fits the 

debonding strength data to a power-law expression with respect to material properties. The 

ACI model does consider more factors regarding the debonding strength, e.g. the effective bond 

length. However, their model for effective bond length is erroneous as it implies a reciprocal 

relation between Efrptfrp and the effective bond length, which is contrary to most of the 

experimental observations and other design models (Teng et al. 2002). As the effective bond 

length affects mostly the side bonding scheme, the ACI model leads to the most scattered model 

errors for side bonding compared with all other models. For complete wrapping, the ACI and 

TR models give over-conservative estimations due to their adoption of unrealistic strain limits 

in FRP, e.g. 0.004 in both models. As admitted in TR 55 (2012) itself, such a limit does not 

have sufficient rational justification, nor does it necessarily prevent the development of wide 

cracks. The use of such limits, though reasonable as a cautious measure, would lead to large 

discrepancy between the safety levels of debonding-critical cases and rupture-critical cases, as 

evidenced by the current comparison. 

 

3.4.2.2 Statistical analysis of model errors 

More detailed statistical analysis was conducted for three models, i.e. the fib, ACI and Chinese 

models for use in the subsequent reliability analysis. As stated previously, the RC contributions 

were predicted using corresponding design guidelines/codes for RC structures.  The results of 

model error analysis are presented in Figures 3.12 to 3.14 and summarized in Table 3.8. Three 

probability distributions (i.e. normal, lognormal and Gumbel distributions) were used to 
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approximate the statistical distribution of model errors. The details of the hypothesis testing 

and distribution selection can be found in Table 3.9. 

 

3.5 RELIABILITY-BASED CALIBRATION OF DESIGN MODELS 

3.5.1 Results of Reliability Evaluation for Design Models 

Based on the previous model error analysis, the reliability indices were evaluated using the 

MC-FORM method for design models in the fib design documents (fib TG 9.3 2001; fib 2010), 

the ACI guidelines (ACI 440.2R 2008) and the Chinese code (GB 50608 2010). In order to 

represent the design space well, design cases were created using all the combinations of 

representative values in Tables 3.10 and 3.11. Representative values in these two tables were 

selected based on the ranges of the parameters shown in Figures 3.4 and 3.5 for flexural 

strengthening and Figures 3.9 to 3.11 for shear strengthening. Random variables used in the 

Monte Carlo simulation are presented in Table 3.1. The present study assumed that the model 

errors obtained from the preceding model error evaluation are applicable to all generated design 

cases using representative values. For shear strengthening, this means the neglect of possible 

size effects (Bazant & Planas 1997) due to the lack of test data for a complete statistical model 

error analysis. 

 

For flexural strengthening, overall 29=512 design cases were constructed considering all 

combinations of the parameters in Table 3.10. As the neutral axis can only be determined by a 

trial-and-error approach or iteration, the computation of flexural capacity is too time-

consuming for crude Monte Carlo simulations to be conducted. To this end, Latin hypercube 

sampling with 500 samples for each random variable was used to obtain the statistical 

properties of flexural capacity more efficiently. Figure 3.15 illustrates the convergence of 

Monte Carlo simulation and typical distributions of flexural resistance. It can be seen that the 
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flexural resistance can be represented by a normal distribution fairly well. Hypothesis testing 

was performed as well to examine the statistical significance of the fitted normal distribution, 

and it is found that the simulation samples cannot reject normal distributions at the significance 

level of 5%. 

 

For shear strengthening, the representative values to construct design cases are summarized in 

Table 3.11, based on which a total of 29=512 design cases were created. As the computation of 

shear capacity is more efficient than that of flexural strengthening, crude Monte Carlo 

simulations were conducted to obtain a stable estimation of mean value and standard deviation 

of shear resistance for each design case and its corresponding strengthening scheme. Similar 

to flexural strengthening, the simulation results were fitted to normal distributions, and 

hypothesis testing were conducted to examine the assumption. The fitted normal distributions 

cannot be rejected at the significance level of 5%. This finding is consistent with previous 

studies (Okeil et al. 2012). Therefore, normal distributions were used for the secondary random 

variable (i.e. R in Eq. 3.2) in the reliability analysis.  

 

By virtue of the MC-FORM method, the reliability of design models was analyzed. The 

reliability index, defined as the nearest distance between the limit state surface and the origin 

in the normalized parameter space (Hasofer & Lind 1974; Rackwitz & Flessler 1978), was 

employed as an indicator of reliability of design cases.  Tables 3.12 and 3.13 summarize the 

current values of the safety-related factors as well as their associated mean reliability indices. 

It can be seen that the current safety-related factors cannot provide consistent reliability levels 

close to the reliability target. Therefore, calibration of these factors is needed as shown in the 

latter discussion. It should be noted that the ACI guidelines (ACI 440.2R 2008) use both the 

(overall) resistance factors and the FRP reduction factors to ensure structural safety. The 
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present calibration was focused solely on the latter (i.e. the FRP reduction factors) since the 

ACI guidelines (ACI 440.2R 2008) tend to keep the same resistance factors as those used in 

the design code of conventional RC structures (ACI 318 2011). 

 

Due to the different formats of design formulas, the following discussion falls into two parts. 

First, the ACI model, which uses the Load and Resistance Factor Design (LRFD) format, was 

revised and calibrated to meet the reliability target. To this end, the FRP reduction factor was 

calibrated. If a reasonable reduction factor cannot guarantee structural safety, the model would 

be revised for more accurate predictions. In the second part, the fib and the Chinese models 

were treated in a similar manner. It should be noted that these two models adopt partial safety 

factors to ensure structural safety. Two partial safety factors, i.e. one for the debonding strength 

and one for the FRP tensile strength, are of particular relevance to FRP-strengthened RC beams. 

However, from the model error analysis, it can be seen that the epistemic uncertainty of flexural 

strengthening models is quite different from that of shear strengthening models, even though 

both types of models cater for debonding or FRP rupture failures. Therefore, a universal 

debonding/rupture partial safety factor is not likely to yield a consistent level of reliability. To 

this end, reduction factors were employed to further reduce the effective FRP strain. This factor 

can either be implicitly embedded into the design equations or be provided explicitly as an 

additional parameter.  

 

For the determination of target reliability indices, the effect of different service life 

expectations was taken into consideration. The following discussion is primarily focused on 

structures with concrete of average or above average quality, i.e. concrete scenario 1. Similar 

analysis for scenario 2 concrete was conducted similarly following exactly the same procedure, 



103 

 

while only the calibration results are briefly reported in the following discussion for scenario 

2 concrete. 

 

3.5.2 Reliability-Based Calibration of Design Models 

3.5.2.1 Design models in the ACI guidelines 

The ACI model for flexural strengthening can be calibrated by selecting appropriate FRP 

reduction factors for different failure modes, i.e. debonding failure and rupture failure. For a 

50-year design service life, the target reliability index for FRP-strengthened RC beams in 

flexure was selected as 3.5 based on previous studies (Nowak & Kaszyńska 2011; Okeil et al. 

2012). From Table 3.12 it can be seen that the mean reliability indices with respect to the 

current reduction factors are slightly lower than the reliability target. Therefore, new reduction 

factors were selected based on Eq. 3.6 to minimize the difference between the reliability indices 

of design cases and the target reliability index. Figures 3.16a and 3.16b show the change of 

reliability indices with respect to FRP reduction factors. Figure 3.16c illustrates the calibration 

of FRP reduction factors based on Eq. 3.6. 

 

The effects of design service life on the selected reduction factors were also taken into account 

by virtue of the relation in Eq. 3.5 and shown in Figure 3.16d. As expected, the reduction factor 

increases as the design service life decreases. The quality of concrete was considered following 

the same procedure. Table 3.14 presents a summary of the recommended reduction factors 

corresponding to different scenarios.  

 

As shown in the model error analysis, two major deficiencies exist in the current ACI model 

for shear strengthening. The first and the foremost deficiency is its debonding strength model, 

as can be seen in both the preceding analysis and previous studies (Teng et al. 2004; Sas et al. 
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2009; Mofidi & Chaallal 2011; Kang & Choi 2013). The effective strain with respect to 

debonding is predicted based on an empirical debonding strength model with an erroneous 

bond length equation. Another weakness of the ACI model is the over-conservative limit of 

FRP effective strain, which affects the most the complete wrapping scheme (Mofidi & Chaallal 

2011; Lee et al. 2012; Alzate et al. 2013; Colalillo & Sheikh 2014; Li et al. 2015). As a result 

of the above discussion, the current ACI model for shear strengthening shows a low reliability 

level (β<2) for the side bonding scheme and an excessively high reliability level for the 

complete wrapping scheme. As can be seen in Figure 3.17, FRP reduction factors in the range 

of 0.5 to 1.0 are insufficient to achieve the required target reliability index (i.e. βT = 3.5). 

Therefore, the current ACI model can be revised for more accurate predictions. From the 

preceding model error evaluation, the Hong Kong model, developed based on Chen and Teng’s 

(2003a; 2003b) and Chen et al.’s (2013) studies, has shown a favorable performance compared 

with other model in terms of model errors. Previous studies also suggest that Chen and Teng’s 

(2003a; 2003b) model performs much better than the current ACI model and provides a simple 

but rational and accurate design method compared with other similar models (Lima & Barros 

2011; Lee et al. 2012; Tanarslan 2011; Alzate et al. 2013; Colalillo & Sheikh 2014). Therefore, 

a possible revision based on the Hong Kong model is presented in the Appendix of this chapter. 

 

3.5.2.2 Design models in the fib documents and the Chinese code 

Compared with the ACI model, the calibration of Chinese and fib models can be conducted by 

merely selecting appropriate safety-related factors, i.e. partial safety factors and reduction 

factors. Partial safety factors, either for the debonding strength or the FRP tensile strength, are 

regarded herein as a measure to guarantee certain safety margins against either debonding or 

rupture failure. Different reduction factors for the effective strain were used herein to reflect 

the difference in model errors for beams failing by the same mechanism (debonding or rupture) 
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but strengthened for different purposes (flexural or shear strengthening).  For instance, even 

though debonding failure can occur in RC beams with either flexural or shear strengthening, 

their model errors are generally very different and cannot be properly considered by a single 

partial safety factor for the debonding strain of the FRP. 

 

Based on the preceding discussion, a general calibration factor, defined as follows, was 

employed to facilitate the calibration of safety-related factors: 
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where 𝑀𝑢,𝑑 and 𝑉𝑢,𝑑 are the design values of flexural and shear capacities, respectively; 𝑀𝑅𝐶,𝑑 

and 𝑉𝑅𝐶,𝑑 are the contributions of reinforcing steel and concrete to the design values of the 

flexural and shear capacities, respectively; 𝑀𝐹𝑅𝑃,𝑑  and 𝑉𝐹𝑅𝑃,𝑑  are the contributions of FRP 

composties to the design values of the flexural and shear capacities, respectively; ψf is the 

reduction factor used to reduce the effective FRP strain in either flexural or shear strengthening; 

γf,b is the partial safety factor for either rupture or debonding failure. It should be noted that the 

calibration factor used herein is different from the strength reduction factor in the ACI model 

in the sense that the former reduces the effective strain directly while the latter reduces the 

portion of overall resistance that is contributed by the FRP strengthening system. Nevertheless, 

the calibration procedure employed for the fib and the Chinese models is almost the same as 

was used with the ACI model. The best general calibration factor was selected to minimize the 

difference (i.e. H in Eq. 3.6) between reliability indices of design cases and a prescribed target 

reliability index. As discussed earlier, this target reliability index can be related to different 

service life expectations for the strengthened structure. Once the best calibration factor is 
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selected, the reduction factor and the partial safety factor can be determined by the following 

two steps: (1) decide on two universal partial safety factors for the debonding strength and the 

tensile strength for both flexure and shear strengthening; and (2) determine the corresponding 

reduction factors based on the general calibration factor and Eq. 3.7. 

 

With respect to a 50-year design service life, a target reliability index 𝛽𝑇 = 3.2 was used for 

the calibration of the Chinese model, while 𝛽𝑇 = 3.8 was used for the fib model (GB 50068 

2001; CEN 2002). The calibration process of the Chinese model is presented in Figures 3.18 

and 3.19 for flexural and shear strengthening, respectively. According to the relation between 

the target reliability index and the design service life (Eq. 3.5), the best calibration factors for 

different service life expectations are plotted in Figures 3.18d and 3.19e. Following the two 

steps discussed previously, partial safety factors and reduction factors can be determined as 

shown in Figure 3.20. For the fib model, the same procedure was followed to arrive at the 

calibration results in Figures 3.21 to 3.22. The appropriate partial safety factors and reduction 

factor can be determined based on Eq. 3.7, as shown in Figure 3.23. In summary, the 

recommended values of safety-related factors of both design models were deduced based on 

reliability-based calibration and different concrete qualities, as summarized in Tables 3.16 to 

3.19. 

 

3.6 CONCLUSIONS 

Design models in existing design guidelines/codes for FRP-strengthened RC beams have been 

evaluated with a statistical approach and calibrated based on reliability. Both flexural and shear 

strengthening models have been considered in the analysis. For flexural strengthening, two 

failure modes, i.e. IC debonding and FRP rupture, have been studied in detail. For shear 

strengthening, all the three main strengthening schemes, i.e. side bonding, U-jacketing and 
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complete wrapping, have been covered in the analysis. The statistical properties of various 

design models have been obtained based on two comprehensive test databases for flexural and 

shear strengthening respectively. By virtue of the model error analysis, the reliability of design 

models given in three commonly used design guidelines has been evaluated, based on which 

calibration and/or revision of these design models have been conducted. A number of 

conclusions can be drawn from the current study: 

1. For flexural strengthening, most of the existing design models feature a similar level of 

epistemic uncertainty characterized by model errors. In contrast, the design models for 

shear strengthening show a much higher level of uncertainty in strength predictions. 

Generally, models that properly capture failure mechanisms perform much better than 

purely empirical models derived from regression of test data, with the ACI and the fib 

models for shear strengthening being examples of the latter type. Among all the design 

models considered, the design models for flexural strengthening proposed by Teng et al. 

(2008) and Lu et al. (2007) perform slightly better than the other models in terms of model 

accuracy and consistency (i.e. slightly smaller COV of model error). For shear 

strengthening, the model proposed by Chen and Teng (2003) and improved by Chen et al. 

(2013) provides substantially better performance than other models examined in the current 

study. 

2. For shear strengthening, the current ACI model does not ensure a consistent and adequate 

level of reliability. For the side bonding scheme, the model is neither accurate nor reliable 

based on model error analysis and reliability evaluation. The reliability with respect to this 

model cannot be effectively improved through varying FRP reduction factors. The 

currently used strength reduction factors can meet the reliability target for the U-jacketing 

and the complete wrapping schemes. Nevertheless, the design model for the complete 
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wrapping scheme is over-conservative due to its FRP strain limit, resulting in an 

excessively high reliability level and uneconomical use of FRP materials. 

3. Based on the reliably assessment, the following FRP reduction factors are recommend for 

the ACI model: 0.72, 0.76 and 0.81 for flexural strengthening failing by IC debonding, 

flexural strengthening by FRP rupture and shear strengthening using U-jacktes. For shear 

strengthening using side-bonded FRP, the current ACI model cannot deliver reliable design, 

and revision is needed. For shear strengthening using complete wrapping, the strain limit 

can be lifted. 

4. Based on the reliability assessment, the following partial safety factors are recommended 

for the fib model: 1.50 and 1.50 for debonding strength and tensile rupture strength, 

respectively. In order to consider the different model errors with respect to different 

strengthening schemes, the following reduction factors are needed for effective FRP 

strength (Eq. 3.7): 0.23 and 0.83 for side bonding and U-jacketing, respectively, and 0.60 

for flexural strengthening failing by FPR rupture. 

5. Based on the reliability assessment, the following partial safety factors are recommended 

for the Chinese model: 1.50 and 1.50 for debonding strength and tensile rupture strength, 

respectively. In order to consider the different model errors with respect to different 

strengthening schemes, the following reduction factors are needed for effective FRP 

strength (Eq. 3.7): 0.28 and 0.70 for side bonding and U-jacketing, respectively, and 0.70 

for flexural strengthening failing by IC debonding. 

6. Design service life of post-strengthened RC structures can affect the target reliability and, 

in turn, affect the calibrated FRP reduction factors and partial safety factors. A shorter 

design service life means a larger reduction factor or a smaller partial safety factor. Also, 

concrete properties are also prone to influencing the calibrated safety-related factors. In 

Material uncertainty of concrete used in old RC structures should be properly considered. 
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The uncertainty of concrete properties can also affect the values of safety-related factors 

that should be used in design. 

The epistemic uncertainties associated with different design models are of special importance 

in the current PhD research project as reported in this thesis. They are not only essential for the 

time-independent reliability analysis presented in the present chapter, but also provides a 

crucial basis for the subsequent time-dependent reliability analysis and life-cycle management. 
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TABLES 

Table 3.1 Random variables used in reliability analysis 

Variable Nominal Mean Dispersion Distribution Reference 

b /mm b b+2.54 (3.66) Normal Ellingwood et al. 

(1980) 

h /mm h h-3.05 (6.35) Normal Ellingwood et al. 

(1980) 

d /mm d d-4.700 (12.7) Normal Ellingwood et al. 

(1980) 

Β β β (1.00) Normal Assumption 

fc      

Scenario 1 fc 1.20 fc 10% Normal Ellingwood et al. 

(1980); Szerszen & 

Nowak (2003a); and 

Wiśniewski, Cruz, et 

al. (2012) 

Scenario 2 fc 1.25 fc 20% Normal 

fy, fy’ fy, fy’ 1.20 (fy, fy’) 10% Lognormal Ellingwood et al. 

(1980) 

fyv fyv 1.20 fyv 10% Lognormal Ellingwood et al. 

(1980) 

As, As’ As, As’ As, As’ 2.4% Normal Atadero & Karbhari 

(2008) 

Efrp Efrp Efrp 10% Lognormal Atadero & Karbhari 

(2008) ffrp ffrp 1.25 ffrp
 12% Weibull 

L L 1.00 L 25% Gumbel  Ellingwood et al. 

(1980) D D 1.05 D 10% Normal 

Note: b = beam (web) width; h = beam height; d = effective beam depth (to centroid of flexural 

reinforcement in tension); and β = angle between fibers in FRP for shear strengthening and the longitudinal 

axis of beam; fc = concrete strength; fy, fy’ = tensile and compressive yield stresses of steel reinforcement in 

the longitudinal direction; fyv = yield stress of steel stirrups; As, As’ = areas of tensile and compressive steel 

reinforcement in the longitudinal direction; Efrp, ffrp = elastic modulus and strength of FRP; L = live load; D = 

dead load; in the dispersion column, values in parentheses are standard deviations while the others are COVs. 
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Table 3.2 Brief summary of test database (flexural strengthening) 

 Min. Max. Median Mean Std. 

Beam height: h (mm) 100 800 250 261 112 

Effective depth: d (mm) 76 740 214 224 106 

Span: L (mm) 587 10000 2349 2681 1317 

Concrete strength: fc (MPa) 12.6 80.0 34.4 35.7 10.6 

Tensile steel ratio: ρs (%) 0 2.58 0.91 0.95 0.40 

Compressive steel ratio: ρs’ (%) 0 1.31 0.46 0.66 0.36 

FRP modulus: Ef (GPa) 11.7 290.0 172.0 170.1 67.2 

FRP strength: ffu (MPa) 160.7 4519.0 2800.0 2701.3 1165.8 

FRP ratio: Afrp/(bh) (%) 0.0124 1.5755 0.1529 0.2040 0.1957 

Flexural capacity: Mexp (kNm) 5.8 1316.4 48.8 84.6 161.4 
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Table 3.3 Comparison of model errors of strength models for IC debonding 

Statistical property Design models 

 fib Italian ACI Australian Chinese Hong 

Kong 

Mean 0.9975 0.9776 0.9989 1.1018 0.9641 1.0720 

STD 0.1456 0.1485 0.1529 0.1619 0.1370 0.1550 

COV 0.1459 0.1519 0.1531 0.1469 0.1421 0.1446 

Table 3.4 Model errors of the fib, the ACI and the Chinese models for flexural strengthening 

Statistical property Design models 

  fib ACI Chinese 

debonding Mean 1.0236 1.0437 0.9921 

 STD 0.1534 0.1456 0.1393 

 COV 0.1499 0.1395 0.1404 

rupture Mean 0.9913 1.0636 1.0671 

 STD 0.1274 0.1311 0.1400 

 COV 0.1285 0.1233 0.1312 

Table 3.5 Statistical analysis of model errors (flexural strengthening) 

 Normal Lognormal Gumbel 

 KS test Log-L KS test Log-L KS test Log-L 

fib       

IC 0 117.2 0 123.7 0 117.0 

Rupture 0 13.98 0 14.09 0 13.61 

ACI       

IC 0 130.5 0 136.0 0 125.3 

Rupture 0 13.37 0 13.86 0 14.02 

Chinese       

IC 0 141.8 0 140.3 0 123.7 

Rupture 0 11.98 0 12.84 0 13.86 
Note: A distribution is rejected at the significance level of 0.5% if KS test=1, otherwise KS test=0; Log-L is 

the value of log-likelihood. 

Table 3.6 Brief summary of test database (shear strengthening) 

 Min. Max. Median Mean Std. 

Effective depth: d (mm) 60 1024 265 302 132 

Shear span ratio: λ 1.1364 4.0816 2.98 2.8695 0.5836 

Concrete strength: fc (MPa) 12.4 71.4 34 34.734 9.0246 

Steel stirrup ratio: ρvv (%) 0.07 1.10 0.1885 0.2318 0.1725 

FRP modulus: Ef (GPa) 11.3 640.0 230.0 196.9 87.2 

FRP strength: ffu (MPa) 105 4510 3450 3062.0 1161.6 

FRP ratio: 2wftf/(bwsf) 0.0138 2.3704 0.0880 0.2347 0.4059 

Shear capacity: Vexp (kN) 11.355 1201 150 191.67 161.77 
Note: ρsv = reinforcement ratio of steel stirrups; 2Asv/(bwsv), Asv = area of steel stirrups; beams without stirrups 

are not listed in the table. 
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Table 3.7 Comparison of models for FRP contributions to shear resistance 

Statistical 

property 

Design models 

fib Italian ACI Australian Chinese UK Hong Kong 

S Mean 0.9592 0.9479 1.2297 1.4525 1.2103 1.2658 1.4131 

 STD 0.3338 0.2929 0.5528 0.4539 0.3715 0.5057 0.4021 

 COV 0.3480 0.3090 0.4496 0.3125 0.3069 0.3995 0.2845 

U Mean 1.2402 1.2665 1.4423 1.4672 1.2637 1.5059 1.4607 

 STD 0.3466 0.3587 0.3885 0.3349 0.3154 0.4132 0.3407 

 COV 0.2795 0.2832 0.2694 0.2283 0.2496 0.2744 0.2332 

W Mean 1.2199 1.5306 1.7456 1.4703 1.3851 1.8373 1.4703 

 STD 0.2725 0.3577 0.4070 0.3473 0.3077 0.3990 0.3473 

 COV 0.2234 0.2337 0.2332 0.2362 0.2221 0.2172 0.2362 

Table 3.8 Model errors of fib, ACI and Chinese models for shear strengthening 

Statistical property Design models 

  fib ACI Chinese 

S Mean 1.0414 1.2297 1.0015 

 STD 0.3924 0.5528 0.2513 

 COV 0.3768 0.4496 0.2510 

U Mean 1.3397 1.4423 1.0484 

 STD 0.3790 0.3885 0.2375 

 COV 0.2829 0.2694 0.2266 

W Mean 1.3862 1.7456 1.1434 

 STD 0.3910 0.4070 0.2240 

 COV 0.2821 0.2332 0.1959 

Table 3.9 Statistical analysis of model errors (shear strengthening) 

 Normal Lognormal Gumbel 

 KS test Log-L KS test Log-L KS test Log-L 

fib       

Side 1 -64.30 0 -44.29 0 -44.19 

U 0 -72.66 0 -65.18 0 -66.22 

W 0 -39.82 0 -35.52 0 -36.04 

ACI       

Side 1 -178.9 0 -152.1 0 -159.4 

U 0 -86.58 0 -81.07 0 -81.95 

W 0 -43.19 0 -48.12 0 -50.61 

Chinese       

Side 0 -4.583 0 1.984 0 0.833 

U 0 3.524 0 8.120 0 4.600 

W 0 6.969 0 7.823 0 5.957 
Note: A distribution is rejected at the significance level of 0.5% if KS test=1, otherwise KS test=0; Log-L is 

the value of log-likelihood. 
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Table 3.10 Representative values for design case construction (flexural strengthening) 

Variable unit Representative values 

h mm 300 600 

l/h — 8 12 

fc MPa 30 50 

ρs % 0.5 1.5 

ρs’ % 0 0.5 

bfrp/b — 0.5 1 

Efrp GPa 100 200 

εfu % 1.0 (IC) or 1.5 (rupture) 1.5 (IC) or 2.0 (rupture) 

tfrp mm 0.4(IC) or 0.2 (rupture) 1.5 (IC) or 0.5 (rupture) 

b/h — 0.5 

Ld/l — 0.5 

fy and fy’ MPa 446 
Note: l = beam span (maximum bond length is assumed to be half of the beam span); ρs = As / (bd); ρs’ = As’ / 

(bd); εfu = ffrp / Efrp; Es and Es’ = steel moduli; for IC debonding, the selected Efrp and tfrp deliver the following 

typical values of Efrptfrp: 40 GPa-mm, 80 GPa-mm, 150 GPa-mm and 300 GPa-mm; for FRP rupture, the 

selected Efrp, εfu and tfrp deliver the following typical values of Efrp εfutfrp: 300MPa-mm, 400MPa-mm, 

600MPa-mm, 750MPa-mm, 800MPa-mm, 1000MPa-mm, 1500MPa-mm and 2000MPa-mm. 

 

Table 3.11 Representative values for design case construction (shear strengthening) 

Variable unit Representative values 

h Mm 300 600 

β ° 45 90 

fc MPa 30 50 

ds Mm 6 10 

fyv MPa 235 335 

ρfv % 0.1 0.3 

Efrp GPa 100 200 

εfu % 1.0 1.5 

tfrp mm 0.2 0.8 

bfrp mm 50 

b/h — 0.5 

ss — 300 
Note: ds = diameter of steel stirrups; for debonding failure, the selected Efrp and tfrp deliver the following 

typical values of Efrptfrp: 20 GPa-mm, 40 GPa-mm 80 GPa-mm and 160 GPa-mm; for FRP rupture failure, the 

selected Efrp, εfu and tfrp deliver the following typical values of Efrp εfutfrp: 200 MPa-mm, 300 MPa-mm, 400 

MPa-mm, 600 MPa-mm, 800 MPa-mm, 1200 MPa-mm, 1600 MPa-mm and 2400 MPa-mm. 
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Table 3.12 Reliability evaluation of design models for flexural strengthening 

 Safety factors Mean reliability, �̅� Target reliability, 𝛽𝑇 

ACI    

Debonding 
ψf = 0.85 

3.194 
3.50 

Rupture 3.326 

Chinese    

Debonding γb = 1.40 2.808 
3.20 

Rupture γf = 1.40 3.316 

fib    

Debonding γb = 1.50 3.838 
3.80 

Rupture γf = 1.25 2.801 
Note: In the Chinese code, the partial safety factor for the bond strength is regarded the same as the partial 

safety factor for the concrete tensile strength. 

 

Table 3.13 Reliability evaluation of design models for shear strengthening 

 Safety factor Mean reliability, �̅� Target reliability, 𝛽𝑇 

ACI    

Side ψf = 0.85 1.863 

3.50 U ψf = 0.85 3.425 

W ψf = 0.95 4.246 

Chinese    

Side γb = 1.00 2.039 

3.20 U γb = 1.00 2.317 

W γf = 1.40 3.822 

fib    

Side γb = 1.50 2.193 

3.80 U γb = 1.50 3.570 

W γf = 1.25 3.431 
Note: In the Chinese code, the design tensile strength is used to determine the debonding strain, but no γb is 

explicitly expressed. 
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Table 3.14 FRP reduction factors for flexural strengthening (ACI model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, debonding      

ψf 0.91 0.83 0.78 0.75 0.72 

β 3.08 3.23 3.33 3.39 3.45 

Concrete 1, rupture      

ψf 1.00 0.89 0.83 0.79 0.76 

β 3.12 3.27 3.35 3.41 3.46 

Concrete 2, debonding      

ψf 0.87 0.78 0.73 0.70 0.67 

β 3.07 3.24 3.34 3.40 3.46 

Concrete 2, rupture      

ψf 0.96 0.85 0.79 0.75 0.72 

β 3.12 3.28 3.36 3.42 3.46 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures. 

Table 3.15 FRP reduction factors for shear strengthening (ACI model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, S      

ψf (0.10) (0.10) (0.10) (0.10) (0.10) 

β (2.59) (2.59) (2.59) (2.59) (2.59) 

Concrete 1, U      

ψf 1.00 (1.20) 1.00 0.92 0.86 0.81 

β 3.27 (3.07) 3.27  3.35 3.41 3.47 

Concrete 1, W      

ψf 1.00 (2.00) 1.00 (1.81) 1.00 (1.69) 1.00 (1.62) 1.00 (1.56) 

β  4.19 (3.21) 4.19 (3.37) 4.19 (3.48) 4.19 (3.54) 4.19 (3.60) 

Concrete 2, S      

ψf (0.10) (0.10) (0.10) (0.10) (0.10) 

β      

Concrete 2, U      

ψf 0.93 0.76 0.68 0.62 0.58 

β 3.07 3.25 3.34 3.40 3.45 

Concrete 2, W      

ψf 1.00 (1.68) 1.00 (1.48) 1.00 (1.38) 1.00 (1.31) 1.00 (1.25) 

β 3.87 (3.20) 3.87 (3.38) 3.87 (3.48) 3.87 (3.55) 3.87 (3.61) 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures; values in parentheses mean that the appropriate FRP reduction 

factors are out of the considered range i.e. (0.1, 1.0]. 
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Table 3.16 General calibration factors for flexural strengthening (Chinese model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, debonding      

ψf 0.65 0.57 0.53 0.50 0.49 

β 2.70 2.88 2.97 3.05 3.07 

Concrete 1, rupture      

ψf 0.79 0.65 0.59 0.52 0.49 

β 2.73 2.85 2.94 3.06 3.12 

Concrete 2, debonding      

ψf 0.61 0.53 0.49 0.47 0.45 

β 2.70 2.87 2.97 3.02 3.07 

Concrete 2, rupture      

ψf 0.74 0.59 0.51 0.47 0.44 

β 2.68 2.85 2.98 3.06 3.11 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures. 

 

Table 3.17 General calibration factors for shear strengthening (Chinese model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, S      

ψf 0.50 0.35 0.28 0.23 0.19 

β 2.66 2.87 2.98 3.05 3.11 

Concrete 1, U      

ψf 0.75 0.62 0.55 0.51 0.48 

β 2.69 2.90 3.02 3.09 3.14 

Concrete 1, W      

ψf 1.00 (1.12) 1.00 (1.05) 1.00 (1.01) 0.98 0.96 

β 3.06 (2.73) 3.06 (2.93) 3.06 (3.04) 3.12 3.17 

Concrete 2, S      

ψf 0.34 0.20 0.13 (0.10) (0.10) 

β 2.69 2.88 2.99 3.03 3.03 

Concrete 2, U      

ψf 0.59 0.47 0.40 0.36 0.32 

β 2.72 2.92 3.04 3.11 3.18 

Concrete 2, W      

ψf 1.00 0.94 0.89 0.86 0.84 

β 2.80 2.95 3.08 3.15 3.20 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures; values in parentheses mean that the appropriate FRP reduction 

factors are out of the considered range i.e. (0.1, 1.0]. 
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Table 3.18 General calibration factors for flexural strengthening (fib model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, debonding      

ψf 0.97 0.87 0.82 0.79 0.76 

β 3.33 3.47 3.55 3.60 3.65 

Concrete 1, rupture      

ψf 0.54 0.49 0.44 0.41 0.39 

β 3.31 3.42 3.53 3.61 3.66 

Concrete 2, debonding      

ψf 0.94 0.85 0.80 0.77 0.74 

β 3.33 3.46 3.54 3.60 3.65 

Concrete 2, rupture      

ψf 0.52 0.46 0.41 0.38 0.37 

β 3.31 3.45 3.56 3.64 3.66 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures. 

 

Table 3.19 General calibration factors for shear strengthening (fib model) 

 Design service life (years) 

 10 20 30 40 50 

Concrete 1, S      

ψf 0.23 0.18 0.16 0.14 0.13 

β 3.20 3.35 3.41 3.48 3.51 

Concrete 1, U      

ψf 0.73 0.65 0.61 0.58 0.56 

β 3.38 3.55 3.64 3.71 3.76 

Concrete 1, W      

ψf 0.83 0.74 0.70 0.67 0.64 

β 3.37 3.55 3.64 3.70 3.77 

Concrete 2, S      

ψf 0.22 0.17 0.15 0.13 0.12 

β 3.20 3.35 3.41 3.48 3.51 

Concrete 2, U      

ψf 0.71 0.63 0.59 0.56 0.54 

β 3.37 3.54 3.63 3.70 3.75 

Concrete 2, W      

ψf 0.81 0.73 0.68 0.65 0.63 

β 3.38 3.53 3.64 3.70 3.75 
Note: Concrete 1 refers to concrete of average or above average quality; concrete 2 refers to inferior concrete 

commonly encountered in old RC structures. 
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FIGURES 

 

Figure 3.1 Strutures with different design service lives compared for the same reference 

period 

 

 

Figure 3.2 Relation between service life and targe reliability 
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Figure 3.3 Cross-section analysis of FRP-strengthened RC beams 
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(a) Geometric properties 

 
(b) Concrete property 

  
(c) Steel rebar properties 
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(d) FRP properties 

Figure 3.4 Summary of test database of FRP-strengthened RC beams failing by IC debonding 
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(a) Geometric properties 

 
(b) Concrete property 

  
(c) Steel rebar properties 
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(d) FRP properties 

Figure 3.5 Summary of test database of FRP-strengthened RC beams failing by FRP rupture 
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(a) Model errors (fib, IC debonding) 

 
(b) PDF of model errors (fib, IC) 

 
(c) Model errors (fib, rupture) 

 
(d) PDF of model errors (fib, rupture) 

Figure 3.6 Model errors of the fib model (flexural strengthening)  
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(a) Model errors (ACI, IC debonding) 

 
(b) PDF of model errors (ACI, IC) 

 
(c) Model errors (ACI, rupture) 

 
(d) PDF of model errors (ACI, rupture) 

Figure 3.7 Model errors of the ACI model for flexural strengthening 
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(a) Model errors (Chinese, IC debonding) 

 
(b) PDF of model errors (Chinese, IC) 

 
(c) Model errors (Chinese, rupture) 

 
(d) PDF of model errors (Chinese, rupture) 

Figure 3.8 Model errors of the Chinese model (flexural strengthening) 
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(a) Geometric properties 

 
(b) Concrete property 

  
(c) Steel rebar properties 
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(d) FRP properties 

Figure 3.9 Summary of test database of FRP-strengthened RC beams with side bonded FRP 
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(a) Geometric properties 

 
(b) Concrete property 

  
(c) Steel rebar properties 
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(d) FRP properties 

Figure 3.10 Summary of test database of FRP-strengthened RC beams with U-jackets 
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(a) Geometric properties 

 
(b) Concrete property 

  
(c) Steel rebar properties 
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(d) FRP properties 

Figure 3.11 Summary of test database of FRP-strengthened RC beams with fully wrapped 

FRP 
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(a) Model errors (fib, side bonding) 

 
(b) PDF of model errors (fib, side bonding) 

 
(c) Model errors (fib, U-jacketing) 

 
(d) PDF of model errors (fib, U-jacketing) 

 
(e) Model errors (fib, wrapping) 

 
(f) PDF of model errors (fib, wrapping) 

Figure 3.12 Model errors of the fib model (shear strengthening) 
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(a) Model errors (ACI, side bonding) 

 
(b) PDF of model errors (ACI, side bonding) 

 
(c) Model errors (ACI, U-jacketing) 

 
(d) PDF of model errors (ACI, U-jacketing) 

 
(e) Model errors (ACI, wrapping) 

 
(f) PDF of model errors (ACI, wrapping) 

Figure 3.13 Model errors of the ACI model (shear strengthening) 
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(a) Model errors (Chinese, side bonding) 

 
(b) PDF of model errors (Chinese, side bonding) 

 
(c) Model errors (Chinese, U-jacketing) 

 
(d) PDF of model errors (Chinese, U-jacketing) 

 
(e) Model errors (Chinese, wrapping) 

 
(f) PDF of model errors (Chinese, wrapping) 

Figure 3.14 Model errors of the Chinese model (shear strengthening) 
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Figure 3.15 Monte Carlo simulation of flexural resistance 
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(a) Reliability index (ACI, IC debonding) 

 
(b) Reliability index (ACI, FRP rupture) 

 
(c) Calibration 

 
(d) Service life effects 

Figure 3.16 Reliability-based calibration of the ACI model (flexural strengthening) 
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(a) Reliability index (ACI, side bonding) 

 
(b) Reliability index (ACI, U-jacketing) 

 
(c) Reliability index (ACI, wrapping) 

 
(d) Calibration 

 
(e) Service life effects 

Figure 3.17 Reliability-based calibration of the ACI model (shear strengthening) 
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(a) Reliability index (Chinese, IC debonding) 

 
(b) Reliability index (Chinese, FRP rupture) 

 
(c) Calibration 

 
(d) Service life effects 

Figure 3.18 Reliability-based calibration of the Chinese model (flexural strengthening) 
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(a) Reliability index (Chinese, side bonding) 

 
(b) Reliability index (Chinese, U-jacketing) 

 
(c) Reliability index (Chinese, wrapping) 

 
(d) Calibration 

 
(e) Service life effects 

Figure 3.19 Reliability-based calibration of the Chinese model (shear strengthening) 
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(a) Debonding (Chinese) 

 
(b) Rupture (Chinese) 

Figure 3.20 Selection of partial safety factors and reduction factors (Chinese code) 
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(a) Reliability index (fib, IC debonding) 

 
(b) Reliability index (fib, FRP rupture) 

 
(c) Calibration 

 
(d) Service life effects 

Figure 3.21 Reliability-based calibration of the fib model (flexural strengthening) 
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(a) Reliability index (fib, side bonding) 

 
(b) Reliability index (fib, U-jacketing) 

 
(c) Reliability index (fib, wrapping) 

 
(d) Calibration 

 
(e) Service life effects 

Figure 3.22 Reliability-based calibration of the fib model (shear strengthening) 
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(a) Debonding (fib) 

 
(b) Rupture (fib) 

Figure 3.23 Selection of partial safety factors and reduction factors (fib code) 
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CHAPTER 4 TIME-DEPENDENT RELIABILITY ANALYSIS OF 
DETERIORATING STRUCTURES 

4.1 OVERVIEW 

In the previous chapter, time-independent reliability of FRP-strengthened RC structures has 

been evaluated efficiently by the hybrid method combing Monte Carlo simulation and first 

order reliability method. By contrast, the computation of time-dependent reliability is more 

tedious and complex.  In this chapter, a new algorithm for time-dependent reliability analysis 

is proposed to ease the computational load in order to efficiently evaluate the life-cycle 

performance of FRP-strengthened RC structures 

 

Time-dependent reliability analysis of deteriorating structures is important in their performance 

evaluation and maintenance. Various definitions and methods have been used by researchers 

to predict the time-dependent reliability of structures. In the present study, these methods are 

first critically reviewed and examined. Among these methods, the stochastic-process-based 

method is identified as being the most rigorous method, but the computational cost of the 

stochastic-process-based method is also the highest amongst different methods compared. To 

facilitate the wide application of the stochastic-process-based method in complex problems, an 

efficient importance sampling method is proposed. The proposed method includes a number of 

improvements formulated to enhance the efficiency and robustness of an existing method 

proposed by Kurtz and Song, leading to more efficient solutions for time-dependent reliability 

problems, especially for structural systems with multiple important regions. The validity and 

efficiency of the new method is demonstrated through three numerical examples. This chapter 

provides a viable and efficient algorithm for the analysis and optimization of life-cycle 

performance of FRP-strengthened RC structures analyzed in the following chapters. 
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4.2 EXISTING METHODS FOR TIME-DEPENDENT RELIABILITY ANALYSIS OF DETERIORATING 
STRUCTURES 

Structures experience deterioration and varying load effects during their service life. Structural 

reliability during the structural lifetime is in essence a time-dependent property that cannot be 

well represented within the framework of time-independent reliability. Therefore, time-

dependent reliability analysis has been used by various researchers to evaluate structural safety 

throughout the entire service life of structures or structural systems. Different researchers have 

often adopted different methods in their analysis, and these methods can, in some cases, lead 

to dramatically different results. The theoretically rigorous methods (e.g. the stochastic-

process-based method) for time-dependent reliability analysis usually involve tedious 

computation, which hinders their application to complex reliability problems with multiple 

important regions (e.g. time-dependent reliability of structural systems). The objective of the 

current study is twofold. First, existing methods for time-dependent reliability analysis are 

critically reviewed. Secondly, a new and efficient sampling method is proposed to facilitate the 

wide application of the stochastic-process-based method in complex time-dependent reliability 

problems. 

 

During the service life of a structure, its resistance is likely to deteriorate due to factors such 

as material degradations (e.g. steel corrosion), damage from overloading, and natural disasters. 

In addition, the load that a structure has to resist may change significantly over time. Therefore, 

the performance function is a time-dependent function as follows: 

      g t R t S t   (4.1) 

 

where R(t) and S(t) are the time-dependent resistance and load effect, respectively. In order to 

evaluate structural safety during the entire service life, various methods have been proposed by 
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researchers (Melchers 1999). Among these methods, the simplest one is the point-in-time 

method, which discretizes the time-dependent problem into a series of time-independent 

reliability problems (Melchers 1999). In other words, the change of probability of failure, 

namely the probability of g(t)<0, is characterized by a series of failure probabilities at time 

points and is calculated by a conventional time-independent reliability approach, e.g. the first 

order second moment (FOSM) method, first order reliability method (FORM) or Monte Carlo 

simulation (MC) (Akgül & Frangopol 2004; Marsh & Frangopol 2008; B. Sudret 2008; 

Bastidas-Arteaga et al. 2009). The selection of time points is usually arbitrary, and failure at 

these time points is assumed to be independent of each other and memoryless. The advantage 

of this method is obvious. Time-dependent reliability problems are converted into time-

independent problems, and the computation is relatively simple and efficient. Therefore, this 

method, referred to herein as the point-in-time method without failure memory, has been used 

by many researchers in the time-dependent reliability analysis of complex problems (Akgül et 

al. 2004; Marsh et al. 2008; B. Sudret 2008; Bastidas-Arteaga et al. 2009). However, it should 

be noted that the probability of failure calculated this way cannot closely approximate time-

dependent failure probability. For example, if Monte Carlo simulation is used to determine 

failure probability at a specific time point, a simulation case that has failed at time ti may 

become safe again at ti+1. Therefore, this method may overestimate structural reliability 

dramatically. A numerical example to illustrate this issue is provided later in this chapter. 

 

In order to improve the conventional point-in-time reliability method, some researchers keep 

track of the failure of sample cases within the service life in Monte Carlo simulation (Stewart 

& Rosowsky 1998). The sample cases that are labeled as “failed” will not participate in the 

analysis at the following points-in-time, and, therefore, they will not become safe again. In the 

present study, this method is referred to as the point-in-time method with failure memory. In 
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this method, the points-in-time are no longer arbitrary. Instead, they are usually defined as 

those epochs at which the live load is updated (Stewart et al. 1998). For instance, for the time-

dependent reliability analysis of bridges, the maximum vehicle load is updated annually 

according to traffic surveys so that the number of points-in-time is equal to the number of 

service years. Specifically, nMC samples of time-independent variables (e.g. dead load and 

initial resistance) are first generated. Other time-dependent variables are generated and updated 

at each epoch of interest. At each point-in-time, the performance function is evaluated and the 

failure cases identified are appropriately labeled and eliminated from the subsequent analyses. 

The point-in-time method with failure memory has been used to evaluate the time-dependent 

reliability of deteriorating reinforced concrete (RC) structures (Stewart et al. 1998; Vu & 

Stewart 2000; Stewart & Suo 2009). 

 

The point-in-time method with failure memory can be further simplified to the following 

equation: 

    1 11 1
Lt

f L f L fP t P t P     (4.2) 

 

where tL is the service life in time units; and Pf1 is the probability of failure in one time-unit; 

by assuming that: a) the structural resistance is a time-independent random variable (no 

structural deterioration); and b) the probability of failure at each point-in-time is independent 

of each other (Melchers 1999). Eq. 4.2 plays an important role in the calibration of design 

guidelines (CEN 2002) and also has been used by researchers in time-dependent reliability 

analysis (Val et al. 2000). Herein, this method is referred to as the time-integrated method 

(Melchers 1999). 

 

Even though the point-in-time method with failure memory and the time-integrated method are 

more realistic than the point-in-time method without failure memory, they imply that the 
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number of live load events during the time [0, t] is deterministic. However, in reality this 

number is random; that is, the arrival of live load events is actually a discrete stochastic process 

(Melchers 1999). In addition, the time-integrated method is based on the assumption of no 

resistance deterioration, which makes them inappropriate for deteriorating structures. The 

point-in-time method with failure memory can be improved by assuming that the arrival of live 

load events follows a discrete stochastic process [e.g. Poisson process and Bernoulli process 

(Hendrickson et al. 1987; Ghosn 1999)]. The time-dependent failure probability can then be 

computed using the conditional probability theory as follows: 
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where N(t)=k represents the situation that k load events have occurred prior to time t; xv and xc 

are the time-dependent and the time-independent variables respectively; fXc is the probability 

density function (PDF) of xc; and τ is any time prior to time of interest, t. This method was first 

proposed by Mori and Ellingwood (Mori & Ellingwood 1993) and has thereafter been 

extensively used in the time-dependent reliability analysis of deteriorating infrastructures 

(Enright & Frangopol 1999; Ellingwood 2005; Akiyama et al. 2010; Okasha & Frangopol 

2010). In the most general sense, both the resistance and the load effect are continuous 

stochastic processes. Therefore, a time-dependent reliability problem amounts to a problem of 

determining the first-passage probability (Melchers 1999). Unfortunately, analytical solutions 

for the first-passage probability only exist for some special processes. In most cases, 

computationally expensive numerical evaluation is required. Determination of first-passage 

probabilities has mainly been used in stochastic dynamics where the crossing rate, an important 

ingredient for calculating the first-passage probability (Melchers 1999), is evaluated 

analytically and/or numerically (Faravelli & Bigi 1990; Breitung & Faravelli 1994; Bontempi 

& Faravelli 1998). For the time-dependent reliability analysis of deteriorating structures, which 
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involves a much longer time scale, this general method has been attempted by only a few 

researchers (Li & Melchers 2005; Bruno Sudret 2008). In such problems, it can be shown that 

this general method reduces to Mori and Ellingwood’s (Mori et al. 1993) method when the live 

load is a Poisson process. Therefore, in the present study, this general method and Eq. 4.3 are 

considered to belong to the same method and are referred to as the stochastic-process-based 

method. 

 

Despite the rigorous nature of the stochastic-process-based method, this method also has 

certain limitations. From Eq. 4.3, it can be seen that the computation of Pf(t) requires the 

determination of the conditional failure probability Pf(t|xc), which is usually calculated using a 

numerical integration method (Mori et al. 1993). This implies that the performance function 

cannot be very complex. The performance function of a deteriorating structure, fortunately, can 

usually be simplified to either Eq. 4.1 or the following equation: 

      D Lg t R t S S t    (4.4) 

 

where the time-independent dead load effect SD is isolated from the time-dependent load effect. 

The integration in Eq. 4.3 is usually carried out using a simulation method. Adaptive 

importance sampling has been used to enhance the computational efficiency (Mori et al. 1993). 

 

Although the conventional adaptive importance sampling method can reduce the computational 

burden for some simple problems, the stochastic-process-based method still faces 

computational difficulties, especially for those problems involving multiple random variables 

and important regions, e.g. in system reliability problems. This is mainly because Mori and 

Ellingwood (1993) adopted a unimodal sampling function that cannot generate samples 

efficiently when the actual region of importance is multimodal. Therefore, for the time-

dependent reliability analysis of structural systems, both the point-in-time and the time-
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integrated methods are sometimes used to save computational time. However, as stated 

previously, the time-dependent reliability computed this way is usually non-conservative and 

inconsistent with that with the more rigorous stochastic-process-based method. To facilitate 

the application of the stochastic-process-based method in complex problems, a cross-entropy-

based adaptive sampling method using Gaussian mixtures is proposed. This new method is 

capable of coping with multiple important regions and, hence, can significantly increase the 

efficiency of the stochastic-process-based method in time-dependent system reliability 

problems. The method is an extension of Kurtz and Song’s (2013) method for time-independent 

reliability problems to time-dependent domains. The proposed method also includes a number 

of improvements formulated to adapt to the unique features of time-dependent reliability 

problems and enhance the efficiency and robustness of the original method developed in Kurtz 

and Song (2013). 

 

In the following sections, the cross-entropy-based adaptive importance sampling method is first 

introduced in Section 4.3. Application of this method in time-dependent reliability analysis is 

next presented in Section 4.4. A number of measures to improve the efficiency and robustness 

of Kurtz and Song’s (2013) method are also presented in this section. Numerical examples are 

given in Section 4.5 to illustrate the necessity of using the stochastic-process-based method 

and the efficiency of the new method. 

 

4.3 CROSS-ENTROPY-BASED ADAPTIVE IMPORTANCE SAMPLING USING GAUSSIAN 
MIXTURES 

The concept of cross-entropy, specifically the Kullback-Leibler cross-entropy (hereafter 

referred to simply as cross-entropy) used herein, was first developed in information theory 

(Kurtz et al. 2013). An attempt to use cross-entropy in Monte Carlo simulation can be found in 

Rubinstein and Kroese (2004). Based on the principle of cross-entropy minimization, Kutz and 



160 

 

Song (2013) developed an adaptive importance sampling method for time-independent 

reliability analysis. Different from the method previously proposed by Rubinstein and Kroese 

(2004), Kurtz and Song (2013) were the first to take advantage of Gaussian mixtures to 

accommodate potential multimodality of important region(s), which is commonly encountered 

in system reliability problems (Kurtz et al. 2013). The basic concept of cross-entropy based 

adaptive importance sampling is presented herein as a prelude of its extension to time-

dependent reliability analysis. 

 

Generally, Monte Carlo simulation can be used to carry out the integration of the following 

form numerically: 

 
   ;I H f d


  Xx x u x  (4.5) 

 

where fX(x;u) is the joint probability density function (PDF) of X with parameter u. For both 

time-independent and time-dependent reliability problems, I=Pf or Pf(t), and H(x) is given by 

     0 time-independent reliabilityH g x I x  (4.6) 

 

    | time-dependent reliabilityfH P tx x  (4.7) 

 

where I(g(x)≤0) is an indicator function with a value of 1 for g(x)≤0 and a value of 0 for g(x)>0. 

Generally, the probability of failure is extremely low in structural reliability problems, resulting 

in the low efficiency of crude Monte Carlo simulation. In order to improve efficiency, 

importance sampling has often been used by switching the sampling function from fX(x;u) to 

hV(x;v), the PDF of a new sampling function with parameters v. As a result, the sampling effort 

can be concentrated on the region(s) of high importance. This can be achieved by a simple 

algebraic transformation of Eq. 4.5 into 
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The estimated failure probability and its variance are as follows: 
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The number of samples, n, can be several orders smaller than that in crude Monte Carlo 

simulation if hV(x;v) is reasonably selected (Kurtz et al. 2013). Importance sampling methods 

have been widely used in complex time-independent reliability problems (Melchers 1999). 

However, these existing importance sampling methods for time-independent reliability 

problems are inappropriate for time-dependent reliability analysis because the shape or the 

location of the important region(s) cannot be easily anticipated for time-dependent reliability 

analysis. 

 

Imposing 𝑆�̂�𝑓
2 = 0 on Eq. 4.10 leads to the following expression for the optimal sampling 

function hVopt(x): 
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x  (4.11) 

 

which, by 𝑆�̂�𝑓
2 = 0, indicates that only one single sample is needed to estimate the probability 

of failure. Though the direct use of Eq. 4.11 is impossible due to the unknown Pf, a close 

approximation of the optimal sampling function can significantly enhance sampling efficiency. 

To achieve this objective, an iterative process can be used to update a sampling kernel 

progressively to approach a near-optimal sampling function. This category of importance 

sampling techniques is referred to as adaptive importance sampling. For time-dependent 

reliability analysis, Mori and Ellingwood (1993) utilized this type of methods to look for the 

location, i.e. the mean vector μVopt, of the optimal sampling function iteratively. Bucher (1988) 
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updated adaptively both the best location and the best shape, i.e. the covariance matrix ΣVopt, 

of the optimal sampling function. 

 

Because of the existence of an optimal sampling function, one can restate the problem as an 

optimization. In this case, the Kullback-Leibler cross-entropy, an indication of the difference 

between two probability densities defined as follows 
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can be used to formulate the following optimization problem that represents the adaptation 

process of adaptive importance sampling: 

     , ;arg min Vopt Vh h
w

X X wv  (4.13) 

 

In Eqs. 4.12 and 4.13,  is the Kullback-Leibler cross-entropy between the PDF ℎ𝑉1(𝐗) and 

PDF ℎ𝑉2(𝐗); 1 is the expected value of ln(ℎ𝑉1(𝐗)/ℎ𝑉2(𝐗)) with X being drawn following the 

PDF  ℎ𝑉1(𝐗); and w is the group of parameters of sampling function hV(X;w). 

 

The optimization problem has analytical solutions for distributions in the exponential family. 

This method has been used by Rubinstein and Kroese (2004) in the rare-event simulation and 

combinatorial optimization problems. Kurtz and Song (2013) extended the method to time-

independent reliability problems with multiple important regions by using Gaussian mixture 

given below as the importance sampling kernel: 
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where nw is the total number of Gaussian components; N(x;μj,Σj) is the PDF of the j-th 

multivariate Gaussian distribution with a mean vector μj and a covariance matrix Σj; πj, with 

∑ 𝜋𝑗
𝑛𝑤
𝑗=1 = 1 and 0≤ πj ≤1, are weighting factors of the Gaussian components; the parameters 

w, therefore, have (3×nw) components, i.e. w={π1,…,πnw,…,μj,…,μnw,Σj,…,Σnw}. Since a 

multivariate Gaussian distribution is in the family of exponential distributions, the analytical 

solution for the optimization problem given by Eq. 4.13 can be deduced following the same 

procedures as given in Rubinstein and Kroese (2004) and Kurtz and Song (2013). The 

following equations give the explicit updating rules for μj, Σj and πj, j=1,…,nw (Kurtz et al. 

2013): 
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where nsub is the number of simulations in each adaptation step; W(x;u,w) is referred to as the 

likelihood ratio between fX and hV, i.e. 
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and γi,j can be perceived as the “responsibility” of the component distribution N(x;μj,Σj) with 

respect to the observation xi, as defined in the following equation: 
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The detailed deduction of Eqs. 4.15 to 4.19 can be found in Kurtz and Song (2013). Eqs. 4.15 

to 4.19 provide a clear and explicit updating procedure to approach the near-optimal sampling 

function. Following Eqs. 4.15 to 4.19, parameters w will adapt to the optimal parameters v in 

Eq. 4.13, leading to an efficient sampling function that can dramatically reduce the 

computational cost. In particular, in each adaptation step i, 𝑤(𝑖) =

{𝜋1
(𝑖), … , 𝜋𝑛𝑤

(𝑖) , 𝛍1
(𝑖), … , 𝛍𝑛𝑤

(𝑖) , 𝚺1
(𝑖), … , 𝚺𝑛𝑤

(𝑖) } can be determined using Eqs. 4.15 to 4.19 with 𝐰 =

𝐰(𝑖−1). 

 

Usually, the adaptation process converges to the optimal value after only a few steps. In time-

independent reliability problems, convergence can be determined by the percentage of sample 

points falling into the failure domain since important region(s) should always lie adjacent to 

the limit state boundaries (Rubinstein et al. 2004; Kurtz et al. 2013). However, unlike time-

independent reliability problems, convergence is hard to check for time-dependent reliability 

problems since H(xi) is usually larger than 0 [cf. Eqs. 4.6 and 4.7], and the boundary of H(xi)=0 

is usually far away from important region(s). In the present study, the adaptation process is 

deemed to have converged when the mean value of H(x)fX(x) starts to oscillate. In order to 

exclude premature termination during the first few steps of adaptation, it is required that at least 

10 steps of adaptation have to be executed before termination, i.e. nadp≥10. 

 

Additionally, it should be noted that the selection of the initial w plays an important role in the 

adaptation process, and possible singularity issues in Eqs. 4.15 to 4.19 can create some 

difficulties in the numerical implementation. Such computational difficulties have also been 
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noticed by Kurtz and Song (2013), but they did not provide a plausible solution. The numerical 

robustness issue is further discussed and tackled later in this chapter. Finally, it should be 

mentioned that if a unimodal sampling function is used, i.e. γi,j=1 and nw=1, a cross-entropy-

based method (i.e. Eqs. 4.15 to 4.19) can reduce to Mori and Ellingwood’s (1993) or Bucher’s 

(1988) method, depending on whether only Eq. 4.15 or both Eqs. 4.15 and 4.16 are used in the 

adaptation process. As can be seen later in the numerical examples, the present method is more 

advantageous than Mori and Ellingwood’s (1993) or Bucher’s (1988) method since it is capable 

of accommodating multiple important regions efficiently in system reliability problems. 

 

4.4 TIME-DEPENDENT RELIABILITY ANALYSIS WITH CROSS-ENTROPY-BASED SAMPLING 
METHOD 

4.4.1 Time-Dependent Reliability of Deteriorating Structures and Structural Systems 

As stated earlier, the live load should be considered as a stochastic process. In the current study, 

the time-dependent reliability of bridges is considered as they can show severe deterioration 

over their service life. The live load process of a bridge can be assumed to follow the Poisson 

process approximately. Structural resistance is likely to decrease due to environmental attacks. 

If structural deterioration is represented by a deterioration function gR(t), the performance 

function of a time-dependent reliability problem (Eq. 4.4) can be re-written as: 

      0 R D Lg t R g t S S t    (4.20) 

 

where R0 is the initial resistance (time-independent); gR(t) is the deterministic deterioration 

function; SD is the dead load (assumed to be time-independent); and SL(t) is the live load (time-

dependent). As described earlier, the arrival of the live load can be approximated by a Poisson 

process represented by 

 

   
   exp

Pr
!

n

n

t t
p t N t n

n

 
      (4.21) 

 



166 

 

where λ is the arrival rate of the Poisson process. The conditional time-dependent probability 

of failure of deteriorating RC bridge girders can be expressed as (Mori et al. 1993; Enright et 

al. 1999): 
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where r and sD are observations of R0 and SD; and FSL is the cumulative distribution function 

(CDF) of each live load arrival. Eq. 4.22 can be easily extended to the time-dependent 

reliability problem of series systems. According to Mori and Ellingwood (1993), the 

conditional failure probability of a series structural system can be calculated as 
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where ci are the distribution factors of live load [e.g. girder distribution factors (GDF) in bridge 

superstructures]; m is the number of elements in the series system. It should be noted that the 

uncertainty of dead load has little influence on the time-dependent reliability of bridge 

superstructures (Enright et al. 1999). Therefore, the CDF of SL has been substituted by that of 

the total load effect S in Eq. 4.23. In time-dependent reliability analysis, Eqs. 4.22 and 4.23 are 

evaluated by numerical integration, while the total probability of failure is computed with a 

simulation method. For system reliability problems, multiple important regions may occur 

(Mori et al. 1993), which will compromise the efficiency of existing methods. The above cross-

entropy-based sampling method using Gaussian mixture provides an efficient alternative in 

such situations. 

 

4.4.2 Numerical Implementation of Cross-Entropy-Based Sampling 

Time-dependent reliability analysis differs from time-independent reliability analysis mainly 

in that H(x) in Eq. 4.5 is a conditional failure probability in the former instead of a binary 
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function in the latter. Due to this difference, the method used by Kutz and Song (2013) in 

finding the initial sampling function, which is based on the design point(s) in FORM, can no 

longer be used in time-dependent reliability analysis. In cases where the centroid of the initial 

Gaussian mixture cannot be located, Kurtz and Song (2013) recommended that a unimodal 

multivariate Gaussian distribution should first be used to find the overall centroid of all 

important regions (termed as μc); a Gaussian mixture with mean vectors μj (j=1,…,nw) should 

then be generated randomly on the surface of a hypersphere centered at μc and with a diameter 

of 0.5|| μc ||2, where ||∙||2 is the second norm of vectors. However, it is illustrated later in the 

following discussion that such a protocol may not work in time-dependent reliability analysis. 

Moreover, the need for trial sampling for μc means that any computational benefit brought by 

the original method given in Kurtz and Song (2013) may be lost. Another problem of Kurtz 

and Song’s (2013) method is the absence of covariance control during self-adaptation of the 

sampling function, which may cause concerns over the numerical robustness of the method. 

For instance, failure probabilities estimated by Kurtz and Song’s (2013) method can be 

substantially lower than those obtained through crude Monte Carlo simulation. The 

aforementioned issues of Kurtz and Song’s (2013) method constitute an obstacle to the direct 

application of the method in time-dependent reliability analysis. 

 

1.5.1.2 Initial parameters of Gaussian mixture 

The initial parameters of Gaussian mixture, w, play an important role in the efficiency and 

robustness of the new method. A good initial guess of important regions can dramatically 

increase the speed of convergence and decrease the required number of samples while a poor 

guess can either increase the computational cost or cause convergence to only some of the 

important regions instead of all of them. More importantly, an efficient method to generate the 

initial parameters of a Gaussian mixture enables the use of cross-entropy-based importance 
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sampling in time-dependent reliability analysis, where the initial parameters cannot be easily 

obtained using FORM. It was found from numerical experiments in the present study that the 

recommendation of Kutz and Song (2013), which requires trial sampling with unimodal 

Gaussian distributions to locate the overall centroid of important region(s), does not perform 

well even in low dimensions. This is because (a) unimodal importance sampling may converge 

to a biased centroid and (b) the randomly generated μj may cluster near one of the important 

regions, both of which may lead to a fake convergence to only some, instead of all, of the 

important regions. Figure 4.1 shows the two situations that will cause numerical difficulties in 

problems with two important regions. In addition, this method to determine μj requires two 

cycles of adaptive importance sampling, which jeopardizes the efficiency of the cross-entropy-

based method. 

 

In the proposed method, it is recommended that the Latin hypercube sampling method be used 

to generate μj. For instance, if one would like to use a Gaussian mixture with four components, 

μj (j=1,2,3,4) can be determined by Latin hypercube sampling with four representative values. 

As an efficient stratified sampling method, Latin hypercube sampling is capable of generating 

representative values of the whole sample space. The advantage of Latin hypercube sampling 

is that it does not require tentative sampling with a unimodal sampling function, which 

enhances the efficiency of the algorithm and eliminates the possibility of a biased centroid. 

However, one limitation of this method is that as a stochastic sampling method, it is possible 

to end up with correlated μj, which in some cases may undermine the adaptation efficiency. 

For example, for the problem in Figure 4.1, it is possible to arrive at μj as shown in Figure 

4.2(a), the efficiency of which would not be very satisfactory.  Therefore, the correlation 

between the samples drawn by LHS should be controlled. To this end, simulated annealing is 

proposed to obtain the best arrangement of representative values whose correlation is closest 
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to a target correlation matrix. The detailed procedure of simulated annealing can be found in 

Vořechovský (2004). The Frobenius norm normalized by the number of off-diagonal elements 

is used to measure the difference between two correlation matrices as given by the following 

equation: 

 

 

ˆ
1

1
2

LHS target F

RV RV

E

n n






ρ ρ
 

(4.24) 

 

where ||A||F is the Frobenius norm of matrix A; ρLHS and ρtarget are the correlation matrix of 

representative values and the target correlation matrix, respectively; and nRV is the number of 

random variables. The target correlation matrix can be defined according to the configuration 

of the considered structural system. For a series system, the following negative correlation 

matrix can be used as the target correlation matrix: 

 1 1 1

1 1 1

1 1 1

target

  
 
 

 
 
 
  

ρ  (4.25) 

 

As can be seen in Figure 4.2(b), a negative correlation matrix can significantly improve the 

adaptation efficiency for a series system. It should be noted that a correlation matrix as defined 

by Eq. 4.25 is usually not positive-definitive. Hence, an algorithm for correlation updating 

given in Higham (2002) is proposed to find the nearest correlation matrix to Eq. 4.25. For 

instance, the following equation shows the updating of a target correlation matrix of four 

identically important random variables: 

 1 1 1 1 1 0.33 0.33 0.33

1 1 1 1 0.33 1 0.33 0.33

1 1 1 1 0.33 0.33 1 0.33

1 1 1 1 0.33 0.33 0.33 1

update

target target

        
   
     

     
        
   
        

ρ ρ  (4.26) 
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This updating algorithm is especially important for systems with elements of different degrees 

of importance. In addition, it is also helpful to update the singular sample covariance matrix 

generated by Eq. 4.16. 

 

1.5.1.3 Covariance updating and control 

During the adaptation process, the covariance of samples may shrink or expand to mimic the 

optimal sampling function. This process does give a good approximation of the optimal 

sampling function. However, as indicated by Melchers (1990) and shown in the later numerical 

example, the estimated failure probability may oscillate around the real value when the 

covariance of the sampling function becomes too small. Therefore, the covariance of the 

sampling function should be controlled. Mori and Ellingwood (1993) used the ratio of the 

standard deviation (STD) of the sampling variable to that of the original random variable, as 

given in the following equation, to control the standard deviation of the sampling function: 
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, , 1,...,

i

V i

opt opt i RV

X

k k i n



    (4.27) 

 

where σV,i and σXi are the STDs of the sampling variable and the original variable of Xi; a value 

of kopt in the range of 1.0 to 2.0 was recommended in the same study. A large σV,i, even larger 

than the original σXi, was used for two reasons. First, the potential multimodal important regions 

can be covered by sacrificing computational efficiency. Second, the standard error of the 

estimated failure probability �̂�𝑓  becomes theoretically bounded (Bucher 2009). However, 

according to Bucher (2009), using a σV,i smaller than σXi is still practical and probably more 

efficient because the estimation is still bounded due to the use of numerical random number 

generators that cannot cover the range to infinity . In fact, from the numerical examples 

presented later, it is found that the standard deviation of the optimal sampling function is 

usually far smaller than σXi. Therefore, it is inefficient to use σV,i larger than σXi. Moreover, for 
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Gaussian mixture adaptation, a σV,i value that is too large (e.g. equal to or larger than σXi) may 

result in the clustering of Gaussian mixture components. 

 

In the proposed method, nk samples will be generated after the adaptation process in order to 

determine kopt, herein redefined as: 
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kij

opt opt ij RV

pre kij
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 (4.28) 

 

where Σkij are elements of the covariance matrix of the k-th Gaussian component, and Σpre,kij is 

the covariance matrix of the k-th Gaussian component right after the preliminary sampling (i.e. 

sampling to obtain the near-optimal sampling function). After a trial-and-error process, i.e. 

adjusting the upper and lower limits of kopt, it is recommended that kopt be reduced from 2.00 

to 1.00 at an interval of 0.05 as long as the simulated failure probability from nk samples does 

not drop dramatically. This control process can mitigate the observed oscillation while 

preserving the computational efficiency. It should be noted that though the same bounds for 

kopt were used in the present study and in Mori and Ellingwood (1993), the definition of kopt 

herein is different. 

 

Besides the preceding covariance control, the covariance matrix should also be expanded 

during the first few steps of adaptation in the preliminary sampling so that there are enough 

points falling into the important region(s). For unimodal sampling functions, Mori and 

Ellingwood (1993) recommended that 
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 3.0 where 1 for the first adaptation step

2.2 where 2,3 for the second and third adaptation steps

1.6 where 4 for the other adaptation steps until convergence

s

s

k s

s




 
 

 (4.30) 

 

Large values of ks were proposed because this method was expected to work in multimodal 

cases by using a large sampling range. In the present study, since Gaussian mixtures are used, 

there is no need to use such large values of ks, especially after a few steps of adaptation. On the 

contrary, the value of ks after the first few steps should not be too large. Otherwise, a Gaussian 

mixture is prone to clustering into a unimodal Gaussian distribution. Therefore, in the new 

method, if Gaussian mixtures are used 
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with 

 3.0 where 1 for the first adaptation step

1.5 where 2,3 for the second and third adaptation steps

1.2 where 4,5 for the fourth and fifth adaptation steps

1.0 where 6 for the other adaptation steps
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 (4.32) 

 

If a unimodal multivariate Gaussian is used, values of ks in Eq. 4.30 are used with respect to 

covariance matrix. 

 

It should also be mentioned that the covariance matrix deduced by Eq. 4.16 is a sample 

covariance, which means that during the adaptation process the obtained covariance matrices 

may not be positive-definitive. In MATLAB, this will lead to a premature termination of the 

program. For this reason, the sample covariance matrix (Eq. 4.16) should be substituted by the 

nearest positive-definitive matrix. Again, the algorithm proposed by Higham (2002) is used 

herein for this purpose. 
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4.4.3 Computational Framework Based on LHS Sampling and Correlation Control 

As mentioned previously, the main barrier for extending the cross-entropy-based method to 

time-dependent reliability analysis stems from the difference in H(x) [c.f. Eqs. 4.6 and 4.7]. In 

time-independent reliability problems, the binary H(x) with a clear definition of failure domain 

makes it possible to use the design point(s) in FORM to estimate the initial parameters of the 

importance sampling kernel (Kurtz et al. 2013). By contrast, in time-dependent reliability 

problems, H(x) is a conditional failure probability without any boundary reflecting the limit 

states (Eq. 4.7). The numerical techniques proposed in Subsection 6.4.2 are capable of 

addressing the aforementioned problem. Based on these numerical techniques, the 

computational framework for time-dependent reliability analysis can be readily developed, as 

detailed herein. 

 

For a given problem, two cycles of sampling need to be conducted: preliminary sampling and 

main sampling. In preliminary sampling, LHS is first used to select the initial peaks of the 

sampling kernel. Unlike Kurtz and Song’s (2013) method for time-independent reliability 

analysis, in which the selection relies heavily on the binary H(x), the use of LHS enables the 

direct execution of preliminary sampling, which in turn extends the application of Kurtz and 

Song’s (2013) method to time-dependent reliability problems and greatly improves 

computational efficiency at the same time. In addition, control of correlation using simulated 

annealing guarantees the numerical robustness of the algorithm and allows for an even quicker 

convergence to a near-optimal sampling function. 

 

With an appropriate sampling kernel, a near-optimal sampling function can be obtained by only 

a few steps of adaptation during preliminary sampling. Specifically, nsub samples of initial 

resistance, and possibly dead load as well, are generated based on the sampling function in 
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each adaptation step. The results are used for estimating the failure probability and calculating 

the new parameters of the sampling function in the next step. Correlation control must be 

properly implemented to ensure numerical robustness. 

 

As indicated in previous studies (Mori et al. 1993), the failure probability obtained during 

preliminary sampling is biased so that main sampling should be implemented using the near-

optimal sampling function obtained from preliminary sampling to adjust and refine the 

estimated failure probability. By virtue of the near-optimal sampling function, only a relatively 

small number of samples are needed to predict failure probability during main sampling. The 

results from both cycles of sampling are then combined to obtain an unbiased estimation of 

failure probability. The combination law, given in Mori and Ellingwood (1993), is as follows: 
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where �̂�𝑓,𝑝𝑟𝑒  and 𝑆�̂�𝑓,𝑝𝑟𝑒
2  as well as �̂�𝑓,𝑚𝑎𝑖𝑛  and 𝑆�̂�𝑓,𝑚𝑎𝑖𝑛

2  are the estimated probabilities of 

failure and their corresponding variances from the preliminary and the main sampling cycles, 

respectively. Figures 4.3 and 4.4 show the flowchart of the algorithm, where nw is the number 

of Gaussian components; nadp is the number of adaptation steps; nsub is the number of samples 

in each step of adaptation in the preliminary sampling; nmain is the number of samples in the 

main sampling; and nk is the number of samples to obtain kopt as defined previously. 
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4.5 NUMERICAL EXAMPLES 

Three numerical examples are presented in this section. The first example is the time-dependent 

reliability analysis of an RC girder bridge. The example is used to compare different methods 

for the evaluation or approximation of time-dependent reliability introduced in this chapter. It 

is shown that the results from different methods differ greatly; and the stochastic-process-based 

method cannot be approximated by other approaches in predicting the time-dependent 

reliability of deteriorating structures. The second example is also for the time-dependent 

reliability analysis of an RC bridge girder, which differs from the first example by the 

introduction of a skewed important region. The following three algorithms are compared in the 

second example: Bucher’s (1988) method, Mori and Ellingwood’s (1993) method, and the new 

method. The importance of covariance control is also demonstrated using this example. The 

final example is the time-dependent reliability analysis of a series structural system, where the 

advantage of using Gaussian mixtures is illustrated. 

 

4.5.1 Example 1: Comparison of Different Methods 

This example of time-dependent reliability of a deteriorating bridge girder has been analyzed 

by Qin et al. (2006). The initial resistance R0 follows a lognormal distribution with a mean 

equal to 1703 kNm and a COV of 0.14; the dead load SD follows a normal distribution with a 

mean of 357.2 kNm and a COV of 0.04; and the live load SL at each arrival is a Gumbel random 

variable with a mean of 189.6 kNm and a COV of 0.36. In Qin et al. (2006), the deterioration 

of flexural capacity was assumed to be due to concrete carbonation. The following linear 

deterioration function with corrosion initiation at 6.13 years (i.e. tini=6.13) was used to model 

structural deterioration: 
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The arrival rate of the maximum live load was considered to be 1, i.e. SL is the annual maximum 

live load, and λ=1. 

 

The methods introduced Section 4.2 were used for the time-dependent reliability analysis. 

Figure 4.5 shows the reliability index predictions for the first 100 years of service. In Figure 

4.5, the point-in-time reliability indices without failure memory were found using both MC and 

the more efficient FORM, referred to as “point-in-time MC w/o memory” and “point-in-time 

FORM w/o memory”, respectively. Similarly, the time-integrated approach, Eq. 4.2, was used 

in combination with MC and FORM as well. In order to show the critical effect of structural 

resistance in the time-integrated method, the structural resistances at two time instants (i.e. the 

initial and the final resistance) were considered in the analysis. Unimodal Gaussian was 

adopted in the adaptive importance sampling for the stochastic-process-based method. Figure 

4.5 indicates that the method of point-in-time reliability without failure memory is prone to 

dramatically overestimating the time-dependent reliability. Therefore, although this method 

has been widely used, its accuracy is in serious doubt. The method of point-in-time reliability 

with failure memory provides a much better prediction. However, as explained earlier, since it 

assumes a deterministic number of live load arrivals, this method is also likely to overestimate 

the structural reliability in some cases. 

 

The time-integrated method with the initial resistance is capable of producing accurate results 

during the first 20 years of service. This is because the structural resistance does not deteriorate 

seriously during the first 20 years, which satisfies the assumption of the time-integrated method. 

Therefore, this time-integrated method can be used for buildings for which structural 

deterioration is usually much slower. However, this method is unsuitable for predicting the 

time-dependent reliability of aging bridges (or other structures in harsh environments). In 
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addition, the time-integrated method with the final resistance predicts extremely low reliability 

during the entire lifetime. Hence, although the final resistance can be used to give a 

conservative estimation of structural reliability, it should not be used in time-dependent 

reliability analysis. 

 

The stochastic-process-based method possesses a solid theoretical background. Therefore, its 

predictions are also the most reasonable. The only problem with this method is the 

computational burden, which can be alleviated through the use of efficient sampling methods 

such as the method proposed herein. 

 

4.5.2 Example 2: Importance of Covariance Adaptation and Control 

Mori and Ellingwood’s (1993) method has been widely used in time-dependent reliability 

analysis. However, this method only updates the location of the sampling function during each 

adaptation step. This can jeopardize the efficiency of the method when the optimal importance 

sampling function is highly skewed. In addition, as stated earlier, covariance control is 

important when covariance adaptation is implemented. Through this example, the importance 

of covariance adaptation and control is demonstrated. The example is also a deteriorating RC 

bridge girder. The initial resistance R0 follows a lognormal distribution with a mean equal to 

1573 kNm and a COV of 0.17; the dead load SD follows a normal distribution with a mean of 

233.6 kNm and a COV of 0.10; and the live load SL at each arrival is a normal random variable 

with a mean of 293.3 kNm and a COV of 0.40. The arrival rate of the live load is 1000 

times/year, i.e. λ=1000. Three sampling algorithms were implemented, i.e. Mori and 

Ellingwood’s method, Bucher’s method (i.e. covariance adaptation without control), and the 

new method (covariance adaptation with control). Since only one important region was 

involved, nw=1 for the new method. The other sampling parameters for all the three methods 
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are the same: nsub=100, nadp=10 and nmain=1000. Reliability at year 1 was analyzed with all 

three methods. During this period of time, structural deterioration does not occur. Thus, gR(t)=1. 

With each method 12 runs of analysis were implemented in order to assess the results more 

rationally. All the results are listed in Table 4.1.  

 

Though the optimal sampling function cannot be determined a priori, its shape can be illustrated 

by function H(x)fX(x), as shown in Figure 4.6. As can be seen, the optimal sampling function 

is indeed skewed. Adaptation of the sampling function is presented in Figure 4.7 for one 

specific run in Table 4.1. From Table 4.1 and Figure 4.7, it can be concluded that covariance 

adaptation can improve the efficiency of the sampling method. 

 

4.5.3 Example 3: Sampling Using Gaussian Mixtures and Time-Dependent Reliability of 
Series Structural Systems 

A Gaussian mixture is capable of accommodating multiple peaks of the optimal sampling 

function and is thus more efficient in system reliability problems. In this example, the time-

dependent reliability analysis of a series structural system was conducted to demonstrate the 

high efficiency of the new method. The system is the superstructure of an RC girder bridge that 

consists of five girders (Enright et al. 1999). The system is modelled as a series system, i.e. 

failure of any girder indicates the failure of the whole superstructure. As stated earlier, the dead 

load can be assumed to be deterministic due to the trivial influence of its randomness on time-

dependent reliability. Therefore, Eq. 4.23 can be used in this example. The initial resistance R0 

follows lognormal distribution with a mean equal to 1790 kNm and a COV of 0.16; the dead 

load is a deterministic variable equal to 231.2 kNm; and the live load SL at each arrival is a 

normal random variable with a mean of 301.4 kNm and a COV of 0.40. In Enright and 

Frangopol (1999), the grillage method was used to determine the GDFs, i.e. 

ci={0.35,0.51,0.51,0.39,0.24}, i=1,2,…,5 in Eq. 4.23. The arrival rate of live load is 1000 



179 

 

times/year. In the analysis, it was assumed that all the bridge girders have identical flexural 

resistance. 

 

In the first part of this example, the higher efficiency achieved using Gaussian mixtures was 

examined. To this end, the time-dependent reliability of series structural systems was analyzed 

using Mori and Ellingwood’s (1993) method, the cross-entropy-based method with a unimodal 

sampling function, and the cross-entropy-based method with Gaussian mixtures. Series 

systems composed of 2 to 5 elements were constructed, and for each element, ci=0.51. 

Reliability till the end of year 1 was analyzed. Since tini is usually much larger than 1, gR(t)=1 

for 0<t≤1 for all four systems. Table 4.2 gives all the analysis results. It can be observed that 

the cross-entropy-based importance sampling using Gaussian mixtures can dramatically 

increase sampling efficiency, especially when the element number is small. For a series system 

with 5 identical elements, the computational efficiency is not as high as for the other three 

scenarios. This is because the matrix of correlation coefficients updated by Higham’s (2002) 

algorithm approached to a unit matrix as the number of elements increased. Therefore, larger 

values of nw and nsub were needed. Figures 4.8 and 4.9 show the near-optimal sampling function 

after adaptation. It can be seen that the Gaussian mixture is capable of covering all the 

important regions efficiently, which can explain the smaller nmain and the lower δPf,main in Table 

4.2. 

 

In the second part of this example, time-dependent reliability during the entire service life of 

100 years was analyzed using cross-entropy-based sampling with Gaussian mixtures. It was 

assumed that the structural deterioration is the same for all the elements and can be represented 

as  
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where a=0.0133, b=0.8607, and tini=15.21 were regressed from structural deterioration analysis. 

Three cases were analyzed. In the first case, a system containing only one element with c1=0.51 

was analyzed. In the second case, a series system of two elements with c1=c2=0.51 was 

analyzed. In the third case, a series system of five elements with the GDFs from grillage 

analysis was analyzed. The GDFs were also used as the weighting factors in Higham’s (2002) 

method in order to determine the target correlation matrix for the Latin hypercube sampling. 

For the second case, the same sampling parameters for the two-component system in Table 4.2 

were used. For the third case, nw=10 and nsub=1000. Figure 4.10 shows the analysis results. It 

should be noted that the difference between case 2 and case 3 is within the range of δPf, so these 

two cases can be regarded to be the same. In other words, the probability of failure is mainly 

controlled by the two elements with larger values for the GDFs. 

 

4.6 CONCLUSIONS 

Existing methods for time-dependent reliability analysis have been critically reviewed. A 

cross-entropy-based adaptive importance sampling method has been proposed for the efficient 

computation of time-dependent reliability of deteriorating structures using the stochastic-

process-based method. Latin hypercube sampling with proper correlation control is used to 

extend cross-entropy-based importance sampling, a method previously used for time-

independent reliability problems, to time-dependent reliability analysis. Moreover, a number 

of numerical issues have been successfully tackled to improve the robustness and efficiency of 

the proposed method. The results and discussion presented in this chapter allow the following 

conclusions to be drawn: 
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1. The stochastic-process-based method is the most rigorous method for time-dependent 

reliability analysis. All the other methods involve some assumptions that generally lead to 

inaccurate results, especially for structures with significant deterioration and expected to 

have a long service life. 

2. Latin hypercube sampling with proper correlation control is effective in selecting the initial 

parameters of the sampling kernel, which enables the application of the cross-entropy-

based method in time-dependent reliability analysis. 

3. The proposed sampling method is more efficient than the existing methods, especially for 

series systems with multiple important regions. 

4. A number of numerical measures were proposed and shown to improve the efficiency and 

robustness of the proposed sampling method; these include the use of Latin hypercube 

sampling, simulated annealing, appropriate design of the target correlation matrix, and 

updating of this matrix using Higham’s algorithm.  

5. It is important to control correlation adaptation during preliminary sampling in order to 

eliminate possible oscillations of the estimated failure probability. 
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TABLES 

Table 4.1 Results provided by three methods 

Run # Bucher (1988) Mori and Ellingwood (1993) New method 

 Pf δPf (%) Pf δPf (%) Pf δPf (%) 

1 1.91e-4 1.88 2.10e-4 9.00 2.05e-4 1.60 

2 1.79e-4 4.73 2.14e-4 9.19 2.08e-4 1.60 

3 2.04e-4 0.74 2.17e-4 8.89 2.02e-4 0.73 

4 4.05e-5 18.9 1.98e-4 8.28 2.03e-4 0.82 

5 2.01e-4 1.04 1.95e-4 9.45 2.00e-4 0.99 

6 2.06e-4 1.12 1.61e-4 8.72 2.05e-4 1.14 

7 2.14e-4 3.14 2.15e-4 8.77 2.05e-4 1.44 

8 2.02e-4 0.93 2.18e-4 9.56 2.08-e4 0.97 

9 2.02e-4 1.10 1.86e-4 8.37 2.02e-4 0.92 

10 7.79e-5 15.62 2.05e-4 8.61 2.03e-4 0.73 

11 2.06e-4 1.90 2.16e-4 8.23 2.09e-4 1.02 

12 1.66e-4 1.76 1.88e-4 9.34 2.03e-4 0.76 

mean 1.97e-4 1.83 2.02e-4 8.87 2.04e-4 1.06 

COV(%) 7.35 - 8.53 - 1.36 - 
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Table 4.2 Results of example 3 part 1 

Element Method* Sampling parameters Preliminary 

sampling 

Main sampling Final results 

  nweight nsub nadp nmain ntotal Pf,pre δpf,pre Pf,main δpf,main Pf δpf 

2 M&E - 1000 20 2000 22000 1.24e-11 0.044 1.39e-11 0.137 1.25e-11 0.042 

 Uni - 1000 20 2000 22000 1.25e-11 0.030 1.34e-11 0.067 1.26e-11 0.027 

 Mixture 4 400 10 200 4200 1.27e-11 0.052 1.23e-11 0.016 1.23e-11 0.015 

3 M&E - 1000 20 3000 23000 1.91e-11 0.082 1.49e-11 0.165 1.79e-11 0.074 

 Uni - 1000 20 3000 23000 1.81e-11  0.045 2.02e-11  0.092 1.84e-11  0.040 

 Mixture 6 600 11 300 6900 1.62e-11 0.076 1.89e-11 0.028 1.85e-11 0.027 

4 M&E - 1500 20 4000 34000 2.41e-11 0.059 2.23e-11 0.146 2.38e-11 0.055 

 Uni - 1500 20 4000 34000 2.19e-11  0.053 2.06e-11  0.111 2.17e-11 0.048 

 Mixture 8 800 11 400 9200 2.33e-11 0.086 2.47e-11 0.032 2.45e-11 0.030 

5 M&E - 3000 20 10000 70000 2.89e-11 0.036 2.74e-11 0.094 2.87e-11 0.034 

 Uni - 3000 20 10000 70000 2.93e-11 0.049 3.35e-11 0.093 3.00e-11 0.043 

 Mixture 25 2500 13 500 33000 3.05e-11 0.061 2.92e-11 0.019 2.93e-11 0.018 
*Note: “M&E” = Mori and Ellingwood’s (1993) method; “Uni” = the cross-entropy-based method with a (unimodal) Gaussian 

distribution; and “Mixture” = the cross-entropy-based method with Gaussian mixture. 
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FIGURES 

 
(a) Biased centroid (b) Clustered μj 

Figure 4.1 Deficiencies of Kurtz and Song's recommendation (K = 4, NRV = Ncomp = 2) 

 
(a) Latin hypercube scenario 1 (b) Latin hypercube scenario 2 (controlled) 

Figure 4.2 Latin hypercube sampling for initial w 
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Start

Model data: initial resistance, dead load, live load, …

Deterioration data: service life TL, deterioration 

function gR(t)

Sampling data: nw, nadp, nsub, nk and nmain

Simulated annealing parameters

t = 1:TL

Preliminary sampling: nsub samples of initial resistance are 

generated in each adaptation step

Main sampling: nmain samples of initial resistance are 

generated with the near-optimal sampling function

Combine preliminary and main sampling, compute Pf(t) and S2
Pf(t)

(Eqs. 4.33 to 4.35)

Output results: 

Pf(t), δPf(t) and β(t) 

End

LHS and simulated annealing to obtain w

 

Figure 4.3 Main flowchart of the new algorithm 
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Generate nsub samples 

(with importance sampling function hV(x))

Compute values of H(x), fX(x) and hV(x)

(H(x) with numerical integration)
Compute Pf, pre and S2

pf, pre

No

Determine kopt and adjust ΣVopt 
Update μV, ΣV and πV

(Eqs. 4.15 to 4.17 with N = nsub)

Mean of H(x)fX(x) starts to oscillate

Yes

Start

End

Determine ks and adjust ΣV 

 

Figure 4.4 Sub-flowchart of preliminary sampling 

 

 

Figure 4.5 Comparison of different methods (Secion 4.2) 
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(a) 

 
(b) 

 
(c) 

Figure 4.6 Location and shape of optimal sampling function 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.7 Adaptation of sampling function 

  



192 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4.8 Near-optimal sampling function after adaptation (2 elements) 
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(a) 

 
(b) 

 
(c) 

Figure 4.9 Sampling with near-optimal sampling function after adaptation (3 elements) 

 

 

Figure 4.10 Time-dependent reliability of series systems 
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CHAPTER 5 DYNAMIC BAYESIAN NETWORK FOR CHLORIDE-INDUCED 
CORROSION IN RC STRUCTURES 

5.1 OVERVIEW 

Steel reinforcement of RC structures in marine/coastal regions is subjected to chloride-induced 

corrosion due to airborne chloride ions from the sea. The chloride-induced corrosion can 

dramatically jeopardize the integrity, safety and serviceability of bridge structures. As an 

integrated part of the reliability analysis and life-cycle management, accurate assessment of the 

corrosion condition of RC structures is important for the studies in later chapters. 

 

In this chapter, a dynamic Bayesian network (DBN) model is developed for the prediction and 

updating of chloride-induced corrosion in marine/coastal environments (hereafter referred 

simply as marine environments). This DBN model is the first of its kind to incorporate all 

important phenomena in the corrosion process (i.e. corrosion initiation, corrosion propagation 

before cracking, crack initiation, and crack propagation), leading to more reliable predictions 

compared with the previous studies. In addition, the properties of DBN make the present model 

ideally suited for Bayesian updating and statistical inference by virtue of various types of 

qualitative and quantitative evidence obtained from condition assessment and field testing. 

Against the complexity of the corrosion process, four sub-DBN models were first established 

in accordance with different corrosion phases. A holistic DBN model for the entire corrosion 

process was then assembled by these sub-DBN models. The application of the established DBN 

was demonstrated through an illustrative example, in which the corrosion process was updated 

based on assumed qualitative and quantitative evidence that is commonly encountered in 

engineering practice. 

 



196 

 

5.2 CHLORIDE-INDUCED CORROSION AND ITS PREDICTION 

As stated in Chapter 2, reinforced concrete (RC) structures are exposed to various types of 

environmental stressors during their service life. Steel corrosion, as one of the consequences 

of environmental attacks, can dramatically compromise the integrity, safety and serviceability 

of RC structures. Among these detrimental stressors, chloride-induced corrosion usually 

dictates the structural deterioration in cold regions (where de-icing salt is used in winter) and 

in marine/coastal regions (where airborne chloride ions from the sea can penetrate through 

intact or cracked concrete cover) (ACI 365.1R 2000). During the last few decades, numerous 

prediction models have been proposed in order to estimate chloride-induced corrosion in RC 

structures (Weyers 1998; Enright & Frangopol 1998; Vu & Stewart 2000; Lounis & Amleh 

2003; Melchers & Li 2006; Bastidas-Arteaga et al. 2009; Vořechovská et al. 2010; 

Papakonstantinou & Shinozuka 2013). Unfortunately, the process of steel corrosion is very 

complex and involves a great amount of uncertainties so that prediction models alone usually 

cannot provide reliable estimations (Bungey et al. 2006). Therefore, condition assessment, field 

testing and monitoring techniques have been employed to consider site-specific information 

for better predictions (Bertolini et al. 2004; Bungey et al. 2006). In this chapter, a Dynamic 

Bayesian Network (DBN) model was developed to make better use of these types of evidence 

for probabilistic estimations of chloride-induced corrosion. 

 

The mechanism of reinforcement corrosion is a complex electrochemical process, which 

involves diffusion (CO2 or chloride ions), electrochemical reaction and concrete cracking 

(Dyer 2014). For RC structures in marine environments, chloride ions in seawater or airborne 

sea-spray can act as catalysts to activate and accelerate the corrosion process 

(Papakonstantinou & Shinozuka 2013; Dyer 2014). Chloride ions are also capable of absorbing 

and retaining moisture, bringing in more reactants, lowering the electrical resistance of 
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concrete and allowing easier transport of other ions (Karbhari & Lee 2010). Steel corrosion, 

once initiated, can lead to a series of detrimental effects on RC structures, such as cross 

sectional loss of rebars, corrosion-induced cracks, debonding between rebar and concrete and 

cover spalling (Bastidas-Arteaga et al. 2009; Yuan et al. 2009; Papakonstantinou & Shinozuka 

2013). 

 

Due to its complexity and hazard, the chloride-induced corrosion process has been extensively 

studied (T. Liu & Weyers 1998; Vu & Stewart 2000; Kong et al. 2002; Melchers & Li 2006; 

Bastidas-Arteaga et al. 2008; Beck et al. 2012; Papakonstantinou & Shinozuka 2013). 

Chloride-induced corrosion can be generally divided into two phases: corrosion initiation and 

corrosion propagation (ACI 365.1R 2000; fib TG 5.6 2006; Melchers & Li 2006; Yuan et al. 

2009; Papakonstantinou & Shinozuka 2013). Corrosion propagation can be further categorized 

by two stages: crack initiation period and crack propagation (Melchers & Li 2006; Yuan et al. 

2009; Papakonstantinou & Shinozuka 2013). A conceptual illustration of different stages is 

presented in Figure 5.1 in terms of corrosion rates. In the first stage, no corrosion is activated 

due to the protection of concrete cover. Once the chloride content at the reinforcement level 

reaches a critical value, depassivation disappears, and corrosion begins (Weyers 1998; ACI 

365.1R 2000; fib TG 5.6 2006; Page & Page n.d.; Melchers & Li 2006; Yuan et al. 2009; 

Papakonstantinou & Shinozuka 2013). In stage II (crack initiation), the corrosion rate decreases 

gradually, because corrosion products fill in the pores in concrete, creating a dense layer around 

rebars that suppresses the transportation of reactants like oxygen (Weyers 1998; Vu & Stewart 

2000; Yuan et al. 2009). At the end of stage II, the increasing pressure between concrete and 

rebars results in the cracking of surrounding concrete, allowing more reactants to permeate 

through these cracks (Melchers & Li 2006; Bastidas-Arteaga et al. 2009; Yuan et al. 2009; 

Papakonstantinou & Shinozuka 2013). Consequently in stage III (crack propagation), the 
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corrosion rate ascends to a new balanced state, which is then followed by a stagnation and 

decrease due to similar reasons in stage II (Bastidas-Arteaga et al. 2009; Yuan et al. 2009; 

Otieno et al. 2011). As concrete spalling usually indicates a severe corrosion condition and 

usually requires immediate attention for maintenance (ACI 365.1R 2000; fib TG 5.6 2006; ACI 

345.1R 2006), it is, thus, not reflected in Figure 5.1 and neglected from the following study. 

 

Though the mechanism of corrosion process is relatively clear, an accurate prediction of 

corrosion during the service life of a structure is complicated due to the uncertainties in 

environmental and structural conditions. In order to predict the life-cycle performance of RC 

bridges, most researchers (Enright & Frangopol 1998; Stewart & Rosowsky 1998; Faber et al. 

2006; Kim et al. 2011) and a number of design guidelines (DuraCrete 2000; ACI 365.1R 2000; 

fib TG 5.6 2006) have made use of some simplistic corrosion models. For instance, most 

studies and all of the guidelines mentioned above assumed a constant corrosion rate in the 

corrosion propagation stage. Temporal and cracking effects associated with the corrosion 

process were not considered regardless of the fact that they can drastically influence the 

corrosion process. In the present study, a more realistic corrosion model was used to consider 

various factors affecting the corrosion process. This stochastic corrosion model was modified 

based on a recent comprehensive model for chloride-induced corrosion (Papakonstantinou & 

Shinozuka 2013) in order to make it compatible with a DBN framework. Both the corrosion 

rate variation and the effects of corrosion-induced cracks were considered. 

 

Variables in the corrosion process are usually site-specific and contain a great amount of 

uncertainties so that condition assessment and field testing are often needed during the service 

life of structures to better understand the corrosion progress in RC structures (Bungey et al. 

2006; Bertolini et al. 2004). For this purpose, Bayesian methods have been used by a number 
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of researchers (Enright & Frangopol 1998; Estes & Frangopol 2003; Straub et al. 2009; Stewart 

& Suo 2009).  For the corrosion model in this chapter, a large number of variables are related 

to each other through causal relations. In this case, Bayesian Network (BN) is a viable tool to 

conduct Bayesian updating and statistical inference (Jensen & Nielsen 2007), which, in our 

case, is based on evidence in the form of in-situ inspections and field measurements. In order 

to capture the time-dependent feature of some variables, dynamic Bayesian network (DBN), a 

specific type of BN considering the autocorrelation of time-dependent variables, can be used 

to update the variable distributions during the entire corrosion process given certain evidence 

at some specific points-in-time (Straub 2009). 

 

Recently, BN and DBN have gained increased attention in the life-cycle performance 

prediction of deteriorating structures (Straub 2009; Hackl 2013; Ma et al. 2014; Attoh-Okine 

& Bowers 2006; Wang et al. 2012; Rafiq et al. 2014; Schneider et al. 2015; Tran et al. 2016). 

Straub (2009) firstly applied DBN to model and update fatigue-crack growth. By virtue of DBN, 

Hackl (2013) developed a generic framework for stochastic modeling of reinforcement 

corrosion based on the DuraCrete model (DuraCrete 2000), which does not consider the effects 

of time-variant corrosion rate and corrosion-induced cracks. Ma et al. (2014) used BN and 

field-testing data to update remaining strength of existing bridges. Schneider et al. (2015) 

established a software prototype to assess RC bridge superstructures subjected to chloride-

induced corrosion. Similar to Hackl (2013), a constant corrosion rate was assumed in their 

study. Others (Attoh-Okine & Bowers 2006; Wang et al. 2012; Rafiq et al. 2014) adopted BN 

to predict bridge conditions based on engineering experience. No physical models for steel 

corrosion were used. Deterioration of structural condition was predicted solely based on 

previous experience from similar bridges. In summary, existing BN or DBN models for 

corrosion prediction either used simplistic corrosion models or had no physical deterioration 
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model at all. In the present study, a DBN for stochastic modeling of chloride-induced corrosion 

in RC bridges was established based on a novel and more realistic corrosion model. It is the 

first among similar studies to incorporate corrosion rate variation and the effects of corrosion 

cracks. Meanwhile, the network has a superb flexibility to incorporate various types of 

evidence (e.g. chloride content, concrete strength and results of half-cell potential tests etc.). 

 

5.3 DBN FOR CHLORIDE-INDUCED CORROSION IN RC BRIDGES 

5.3.1 Bayesian Network (BN) and Dynamic Bayesian Network (DBN) 

Bayesian network (BN) is a directed acyclic graph (DAG) that can be used to describe a 

complicated causal relation and conduct statistical inference based on direct and indirect 

evidence. The present discussion serves as a brief introduction that is aimed at better 

understanding of latter discussions. More detailed information can be found in related 

textbooks (Jensen & Nielsen 2007; Russell & Norvig 2010). 

 

Bayesian network consists of nodes that represent all the random variables involved in a 

specific problem and acyclic directed arches that connect nodes based on causal relation. Each 

node has mutually exclusive states. Figure 5.2 shows a simple BN with three nodes that are 

serially connected to each other with links representing correlations as well as an evidence node 

for node A. In this simple BN, node A is called a root node while node C is called a leaf node; 

node A is a parent of node B while node C is a child of node B. In order to conduct statistical 

inference, a conditional probability table or distribution Pr[X|Pa(X)] is attached to each node 

X, where Pa(X) is a set of nodes that contains all the parents of node X. 

 

As a specific type of BN, DBN is used to conduct statistical inference problems in time-

evolving domains (Jensen & Nielsen 2007). The whole domain is discretized into time slices. 
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In each time slice, a local BN is provided to represent causal relations within that time slice. 

Local BNs are then connected by temporal links to incorporate time dependence. Plate model 

can be used to simplify the representation of DBN as shown in Figure 5.3 (Hackl 2013). 

 

For simple networks, the chain rule of BN can be used to compute the joint probability 

distribution of all the variables and conduct exact inference given evidence (Jensen & Nielsen 

2007). However, as the width and depth of BN increases, chain rule and other exact inference 

methods become increasingly cumbersome and impractical (Russell & Norvig 2010). In this 

case, approximate inference with sampling methods has to be used (Jensen & Nielsen 2007; 

Russell & Norvig 2010). For DBN, Russell & Norvig (2010) recommended likelihood 

weighting sampling over other methods (e.g. Gibbs sampling) because the evidence can be 

considered chronologically. Unless the evidence is very unlikely to occur, likelihood weighting 

sampling can effectively update prior distributions (Jensen & Nielsen 2007). 

 

As shown later in this chapter, the DBN established to model chloride-induced corrosion is so 

complex that it is far beyond the capacity of exact inference algorithms. Therefore, likelihood 

weighting sampling was employed to conduct approximate inference. This method has also 

been used by others (Schneider et al. 2015) for DBNs of similar sizes. In likelihood weighting 

sampling, samples are generated based on prior distributions. The evidence with respect to an 

evidence node is considered by a likelihood weighting factor equal to the likelihood of 

obtaining this evidence given the sample values of all the parent nodes (Jensen & Nielsen 2007). 

Mathematically, the posterior distributions can be represented as follows (Jensen & Nielsen 

2007): 
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where Nsim is the number of samples; H is a set of evidence represented by Nev evidence nodes; 

Pa(X) is the set of X’s parent nodes; Pr[𝑋 = 𝑥|𝑃𝑎(𝑋) = 𝑥𝑝
(𝑘)
] is the likelihood of obtaining x 

given its parent samples; w(k) is the likelihood weight of sample k. The likelihood weight w(k) 

with respect to the kth sample can be determined as follows: 
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   (5.2) 

 

If no evidence is provided, w(k) = 1, and Eq. 5.1 becomes a crude Monte Carlo simulation. 

 

5.3.2 DBN for Corrosion Initiation 

Initiation of chloride-induced corrosion is controlled by the chloride content at the 

reinforcement (Vu & Stewart 2000; DuraCrete 2000; ACI 365.1R 2000; fib TG 5.6 2006). If 

the chloride content is larger than a certain critical value, corrosion initiates. Otherwise, it is 

believed that the alkali protective layer around the rebar is still effective, and corrosion is 

suppressed. Fick’s second law of diffusion in the following equation has been widely used to 

model chloride migration from concrete surface to reinforcement level (Vu & Stewart 2000): 
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where Cs is the surface chloride content; x is the concrete cover thickness; t is the service time 

of interest; erf is the error function; and Dapp is the apparent diffusion coefficient. The diffusion 

coefficient of uncracked concrete under the reference temperature (20°C) can be determined 

empirically as follows (Papadakis et al. 1996): 
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 (5.4) 

 

where ρc and ρa  are specific densities of cement and aggregates; w/c and a/c are water-to-

cement and cement-to-aggregate ratios; 𝐷𝐻2𝑂  (=1.6×10-5cm2/s for NaCl) is the chloride 
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diffusion coefficient in an infinite solution. It should be noted that Dapp is an apparent value 

related to various factors such as Du in Eq. 5.4, concrete age and environmental temperature. 

Therefore, Dapp in Eq. 5.3 should consider these relevant factors for better predictions of 

chloride diffusion. In the present study, the model in fib TG 5.6 (2006) was employed: 
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 (5.5) 

 

where kt is the transfer parameter; t0 is the reference time [year] (usually 28 days = 0.0767 year); 

a is the ageing exponent; be is the temperature parameter [K]; Tref and Treal are reference and 

real temperatures [K], respectively. 

 

Once the chloride content at the reinforcement level is obtained, corrosion initiation can be 

determined by the following equation: 

  ,Cl crg C C x t   (5.6) 

 

where Ccr is the critical chloride content to initiate steel corrosion. When gCl<0, depassivation 

disappears and corrosion is initiated. Otherwise, corrosion is regarded suppressed. 

 

Based on Eqs. 5.3 to 5.6, the DBN representation of corrosion initiation is presented in Figure 

5.4, where plate model of DBN is used to simplify the representation. The concrete cover 

thickness (dc), reference diffusion coefficient of uncracked concrete (Du) and surface chloride 

content (Cs) were regarded as input random variables that are time-independent. Temperature 

T is a random variable that was instantiated within each time slice. Therefore, for brevity, node 

T is not represented in the figure. Uncertainties in other parameters in Eq. 5.5 were 

marginalized to node Du. Temporal effects (autocorrelation) were considered for chloride 

content (node Cl–) and corrosion initiation state (node iniStat). Specifically, given the chloride 

content at time t – 1, chloride content at time t should be equal or larger than that in the previous 
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time slice. Similarly, corrosion state at the current time slice was not only determined by Cl– 

and Ccr, but also affected by the corrosion state in the previous time slice, i.e. if corrosion has 

already happened previously, corrosion must also have been initiated in the current time slice 

regardless of Cl– and Ccr. 

 

5.3.3 DBN for Corrosion Propagation (Before Cracking) 

Once corrosion initiates, the corrosion rate can be related to the corrosion current density (T. 

Liu & Weyers 1998). As stated earlier, the corrosion rate is a time-dependent variable that is 

governed by several factors such as concrete resistance, chloride content and temperature (T. 

Liu & Weyers 1998). Liu & Weyers (1998) proposed a time-dependent corrosion rate model 

based on experimental results. The model is composed of both a deterministic part and a 

stochastic part, so it is well suited for stochastic modeling of corrosion and is used in many 

other studies (e.g. Vu & Steward 2000; Papakonstantinou & Shinozuka 2013). After some 

algebraic manipulation, the corrosion rate model by Liu & Weyers (1998) can be expressed as 

follows: 
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          (5.7b) 

 

where icorr is the corrosion rate in terms of corrosion current density [μA/cm2]; Cl– is the 

chloride content [kg/m3]; T is the temperature [K]; Rc is the concrete resistance [ohms]; and t 

is the time elapsed after corrosion initiation [year]. Cross section loss due to corrosion can be 

calculated based on Faraday’s law (Val et al. 1998). According to Stewart (2004), diameter 

loss can be determined as follows: 

    0.0116 corrd t i Rt   (5.8) 
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in which R=2 for uniform corrosion (Stewart 2004). Figure 5.5 shows the DBN model for 

corrosion propagation before corrosion cracking. Similar to node Cl–, temporal effects of 

residual diameter were considered. 

 

5.3.4 DBN for Crack Initiation 

Corroded reinforcement expands, causing pressure between reinforcement and concrete. As a 

result, corrosion cracks would occur in parallel with steel reinforcement (Papakonstantinou & 

Shinozuka 2013). Papakonstantinou & Shinozuka (2013) conducted a comprehensive review 

on different crack initiation models in the literature. The thick-wall cylinder model first 

proposed by El Maaddawy & Soudki (2007) and reviewed by Papakonstantinou & Shinozuka 

(2013) was used herein to predict crack initiation time. Radical pressure due to corrosion was 

predicted as follows: 
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where Mloss is the mass loss of steel reinforcement due to corrosion; 𝐸𝑓 = 𝐸𝑐/(1 + 𝜑𝑐𝑟) is the 

effective concrete modulus considering creep factor φcr; γvol is the volume ratio of expansive 

corrosion products to the iron consumed in the corrosion process; d0 is the initial diameter of 

reinforcement; ν is the Poisson’s ratio of concrete; δ0 is the thickness of porous layer around 

steel rebar (Y. Liu & Weyers 1998); 𝜓 = (𝑑0 + 2𝛿0)
2/(2𝑑𝑐𝑑0 + 4𝑑𝑐𝛿0)  is a geometric 

variable dependent on the cover thickness dc. The critical pressure that can cause corrosion 

cracks can be determined based on the cylinder model as follows (El Maaddawy & Soudki 

2007): 

 

0

2 c t
cr

d f
p

d
  (5.10) 

 



206 

 

in which ft is the tensile strength of concrete. Radial pressure computed using Eq. 5.9 was 

compared with the critical pressure in Eq. 5.10 to determine corrosion crack initiation, i.e.  

 
crack cr corg p p   (5.11) 

 

where gcrack<0 indicates crack initiation. 

 

According to Eqs. 5.9 to 5.11, the DBN model for crack initiation is presented in Figure 5.6. 

Mloss in Eq. 5.9 can be calculated deterministically based on residual diameter (ds). Initial rebar 

diameter (d0) is assumed deterministic (Papakonstantinou & Shinozuka 2013). Therefore, Mloss 

and d0 were not included in the DBN. γvol is not represented in Figure 5.6 due to the same reason 

as that for th temperature node T.  Similar to the corrosion initiation model, temporal effects 

were considered for node Pcor and crStat. 

 

5.3.5 DBN for Crack Propagation 

Corrosion cracks propagate as the corrosion process continues. Crack width is approximately 

proportional to the cross sectional loss (Papakonstantinou & Shinozuka 2013). Lognormal 

distribution was used to approximate the uncertainties in experimental data by 

Papakonstantinou & Shinozuka (2013). For crack propagation, the relation between crack 

width and corrosion loss is presented as follows (Papakonstantinou & Shinozuka 2013): 

    00.1007 1,0.54s sw A A LN    (5.12) 

 

where ΔAs is the total corrosion loss after corrosion initiation; ΔAs0 is the corrosion loss after 

crack initiation; and LN(1, 0.54) is the model error (δ3) following a lognormal distribution with 

mean = 1.0 and standard deviation = 0.54. 

 

Corrosion cracks can serve as easier paths for corrosion reactants to reach reinforcement 

surface. Therefore, the apparent diffusion coefficient increases after crack initiation. From Eq. 
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5.7, it can be seen that higher chloride content resulted from easier chloride transport can affect 

the concrete resistance and the corrosion rate as well. This indirect influence on the corrosion 

process was also modeled in the established. A lognormal distribution was used again to model 

the epistemic uncertainty based on the data collected by Papakonstantinou & Shinozuka (2013). 

The ratio of diffusion coefficient of cracked concrete to that of uncracked concrete can be 

expressed as follows: 

 
   216.3894 8.3186 1,0.21 1crack

D

u

D
w w LN

D
      (5.13) 

 

where w is the crack width [mm] and LN(1, 0.21) is the model error (δ4) following the 

lognormal distribution with mean = 1.0 and standard deviation = 0.21. 

 

The DBN model for crack propagation is presented in Figure 5.7. Visual inspection results can 

be included into the network as discussed later. In Figure 5.7, other nodes between node Cl– 

and node ds are neglected for brevity. Temporal effects of node wck and ρD were considered in 

the modeling. 

 

5.3.6 DBN for Entire Corrosion Process 

By combining the four sub-DBNs described earlier (Figure 5.4 to 5.7), the complete DBN for 

chloride-induced corrosion in RC structures can be assemble and is presented in Figure 5.8. In 

the following section, the established DBN model is illustrated by a numerical example. 

Bayesian updating is conducted based on various types of evidence. 

 

5.4 MODEL VALIDATION AND BAYESIAN UPDATING 

5.4.1 Illustrative Example 

The DBN established in the previous section was illustrated by a numerical example. Chloride-

induced corrosion of steel reinforcement was modeled for a RC bridge girder located in a 
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subtropical coastal city. The 9.1m span girder was assumed to be located inland and 0.1km 

away from the coastal line. The girder was assumed to undergo chloride attacks due to airborne 

chloride from the sea. The cross-section as shown in Figure 5.9 was analyzed as an illustrative 

example of the proposed DBN. Both flexural and shear reinforcement rebars were subjected to 

chloride-induced corrosion. In addition, the eight flexural rebars were divided into two groups 

according to their distance to the concrete surface, as shown in Figure 5.9. In the first group, 

concrete cover is thinner, so corrosion should be initiated first and corrosion-induced cracks 

were assumed to have more profound effects on the corrosion process. In the second group, 

due to the thicker concrete cover, corrosion initiation occurred later, and crack effects were 

neglected. 

 

Geometric variables used in the analysis are summarized in Tables 5.1 and 5.2. The bridge was 

assumed to serve for 100 years. The service life was divided into 50 time slices, each of which 

lasts for 2 years. The selected time interval is in agreement with the inspection schedule in 

existing bridge management systems (e.g. Thompson et al. 1998). Therefore, the information 

of bridge inspection can be conveniently incorporated into the network. 

 

During the analysis, surface chloride content was considered to be evenly distributed on the 

entire girder surface and determined based on the empirical formula as follows (Vu & Stewart 

2000): 
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 (5.14) 

 

where Cs(d) is the surface chloride content [kg/m3] with respect to the distance from the nearest 

coastline d [km]. For brevity, only uniform corrosion was considered. Concrete tensile strength 
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and modulus can be determined from concrete strength fc by empirical models suggested by 

ACI 318 (2011), as shown in the following equation: 

 0.6227t cf f  (5.15a) 

 

 4733c cE f  (5.15b) 

 

All the deterministic parameters and random variables are listed in Tables 5.1 and 5.2, 

respectively. In the example, corrosion process of shear reinforcement was analyzed. For 

starters, crude Monte Carlo simulation was conducted to obtain the prior distribution of the 

residual diameter of shear reinforcement. In the following parts of this section, different types 

of evidence (i.e. corrosion conditions and field test results) were incorporated into the DBN to 

demonstrate its effectiveness in parameter updating. At last, both flexural and shear resistance 

were updated based on the residual reinforcement. 

 

5.4.2 Validation of Corrosion Rate Variation 

Evidence regarding the corrosion process was first provided to validate the capacity of the 

proposed DBN model in reflecting variations of corrosion rates in different corrosion stages. 

In Figure 5.10, deterministic corrosion and crack initiation time were assumed to be year 20 

and 50, respectively (evidence 1). Accordingly, the corrosion rate was updated based on this 

information by virtue of the proposed DBN model. The example illustrates the process of 

Bayesian updating based on the qualitative evidence (evidence 1). From Figure 5.10, it can be 

seen that the corrosion rate variation fits very well with the evidence and is consistent with the 

conceptual stages shown in Figure 5.1. Also, due to the use of DBN, the whole corrosion 

process can be updated. Evidence at points-in-time (evidence 1) can affect the corrosion 

process and update variables during the entire process. This feature is a prominent merit of the 

current model compared with the previous Bayesian models (Ma et al. 2014; Tran et al. 2016). 
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5.4.3 Incorporation of Condition State Data 

In practice, corrosion and crack initiation time are usually random variables that cannot be 

easily predicted deterministically. By contrast, condition assessment and field testing 

techniques are commonly employed instead to gain some specific information about the 

conditions of RC bridges. For instance, AASHTO guide manual for bridge element inspection 

(AASHTO 2011) describes condition states for different bridges elements. For RC girders, 

condition states can be defined with respect to the crack width as shown in Table 5.3 (AASHTO 

2011). 

 

Different from the previous DBN or BN models for reinforcement corrosion (Hackl 2013; Ma 

et al. 2014; Schneider et al. 2015), the present model is the first DBN model to consider the 

crack propagation stage, which makes it the only model that can accommodate condition state 

data for Bayesian updating. In this part, condition states were used to update the corrosion 

process. Standard error of the measured crack width was assumed to be 0.02 mm. For shear 

reinforcement, an history of condition states was assumed for the first 50 years of service in 

Table 5.4. Based on the condition states, the residual diameter was updated and shown in Figure 

5.11. It should be noted that the present DBN is not capable of interpreting condition state data 

in space (length or area percentage in a specific condition state). In order to use this sort of data, 

some assumptions must be applied first, or more involved inspection have to be conducted. For 

instance, the worst condition states observed in an inspection of flexural/shear critical regions 

can be employed to conduct the updating. Alternatively, segment-based inspections suggested 

by Hearn & Frangopol (1996) can be used to eliminate any ambiguity of condition states at 

regions of interest. 
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5.4.4 Incorporation of Half-Cell Potential Data and Corrosion Current Density Data 

Apart from qualitative evidence, the established DBN is also capable of accommodating 

quantitative evidence. For corrosion activities, two types of quantitative testing data have been 

widely used, i.e. half-cell potential measurements and corrosion rate measurements (TR 54 

2000; Bungey et al. 2006). As an example, data from half-cell potential testing and polarization 

resistance testing were used to update the corrosion process (Bungey et al. 2006). More details 

on these two testing techniques can be found in Bungey et al. (2006). 

 

Half-cell potential measurements can be used to estimate the corrosion activities of steel 

reinforcement (Bungey et al. 2006). Specifically, half-cell potential data has been widely used 

to diagnose the corrosion initiation of embedded reinforcement (TR 54 2000; ASTM C876 

2009). In order to incorporate half-cell potentials to the established DBN, one must be aware 

of the distribution of measured potentials given the real corrosion initiation state. Gulikers & 

Elsener (2009) proposed a detailed calculation procedure to obtain the conditional distribution 

of measured potentials by virtue of potential maps. In the present study, normal distributions 

as shown in the following equation were used to compute the likelihood of obtaining specific 

results (Gulikers & Elsener 2009): 

  

 

Measured potential (mV) |  corroded~ 400mV,100mV

Measured potential (mV) |  passive~ 150mV,50mV

N

N






 (5.16) 

 

As an example, two sets of half-cell potential data, -100 mV and -400 mV, were assumed at 

year 10 and 30 for shear reinforcement (Gulikers & Elsener 2009). The updated residual 

diameter is presented in Figure 5.11.  

 

Corrosion rates in terms of corrosion current densities can be directly measured on site with 

the polarization resistance method (TR 54 2000; Bungey et al. 2006). For corrosion rates, it is 
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of special importance to differentiate an average corrosion rate and an instantaneous corrosion 

rate (Bertolini et al. 2004). An average corrosion rate is essentially an effective value assumed 

for service-life prediction. Instantaneous corrosion rates, by contrast, is a time-dependent 

variable controlled by physical and chemical factors (e.g. Eq. 5.7). Corrosion rate data obtained 

with the polarization resistance method can only be used to update instantaneous corrosion 

rates. Due to the adoption of the average corrosion rate in the life-cycle, previous DBN and BN 

models are unable to update corrosion rates obtained from field tests instantaneously. In field 

testing, the relatively small counter-electrode compared to the large rebar network usually 

causes a non-uniform current distribution, which in turn leads to a large variation of measured 

current densities (Bertolini et al. 2004). In the present study, the measured current density was 

assumed to follow a normal distribution with its mean value equal to the actual current density 

in the steel reinforcement and its coefficient of variation (COV) equal to 100%, i.e. 

  , | ~ ,100%corr test corr corr corri i N i i  (5.17) 

 

where icorr,test is the measured current density; icorr is the actual corrosion current density in the 

steel reinforcement. For shear reinforcement, two sets of testing data, 2.0 μA/cm2 and 1.5 

μA/cm2, were assumed at year 50 and 80 [for medium corrosion see Bungey et al. (2006)]. 

Posterior distribution can be obtained by virtue of the topology of DBN in Figure 5.8 and the 

likelihood weighting algorithm (Eqs. 5.1 and 5.2). Figure 5.11 shows the updated residual 

diameter based on the assumed evidence. As an example, the prior and posterior distributions 

of the residual diameter at year 76 are also given in Figure 5.12. 

 

5.4.5 Updating of Structural Resistance 

Structural resistance can be updated as well based on the residual cross sections of rebars. For 

a simply supported girder, flexure and shear critical regions are generally spaced at a distance, 

so their corrosion can be assumed independent. Therefore, two separate DBNs were established 
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to update the flexural and shear resistance respectively. Condition states were provided during 

the first 50 years as shown in Table 5.4. Distributions of flexural and shear capacities were 

determined by Monte Carlo simulation and ACI design models (ACI 318 2011). Statistical 

properties of model error can be found in Table 5.2 (Nowak 1999). For flexural resistance, it 

should be noted again that the two groups of flexural reinforcement in Figure 5.9 have different 

corrosion processes due to different cover thickness. Figure 5.13 illustrates the structural 

deterioration of both flexural and shear resistance. The updated PDF of resistance at year 76 is 

also presented in Figures 5.14 and 5.15. Lognormal distributions were found to be capable of 

representing the statistical distribution of both flexural and shear resistance. 

 

In summary, the proposed DBN is capable of providing updated predictions based on various 

types of inspection and testing results. The posterior prediction can serve as an important basis 

for the subsequent studies on life-cycle management techniques. 

 

5.5 CONCLUSIONS 

In this chapter, a dynamic Bayesian network (DBN) model for chloride-induced corrosion in 

RC structures has been established based on a comprehensive corrosion model. The established 

DBN is capable of considering corrosion rate variation and the effects of corrosion cracks. 

Various types of evidence (e.g. condition state history, half-cell potentials and corrosion rate 

measurements) can be employed by the DBN to update corrosion predictions. From the 

analysis, the following conclusions can be drawn: 

1. Both qualitative and quantitative evidence can shed light on the latent corrosion process in 

RC structures. Posterior distributions of corrosion loss can be obtained through Bayesian 

updating by virtue of the proposed DBN model.  
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2. Compared with the previous BN or DBN models, the current DBN model uses a 

comprehensive corrosion model including corrosion rate variation as well as crack 

initiation and propagation. The proposed DBN model is capable of incorporating both 

qualitative condition inspection evidence and quantitative field testing data. Due to its 

adoption of instantaneous corrosion rates and the consideration of corrosion-induced cracks, 

the DBN model is the first of its kind that can take advantage of condition state data and 

corrosion rate measurements in Bayesian updating. 

3. The corrosion loss estimated by the DBN model can be directly used to update structural 

capacities (both flexure and shear) and life-cycle performances of RC structures. By 

capitalizing on the current DBN model, life-cycle predictions can be refined based on in-

situ conditions and, as a result, facilitate the planning of maintenance actions. Further 

studies in this direction will be presented in the following chapters. 
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TABLES 

Table 5.1 Deterministic parameters 

Parameter Description Value Reference 

a Aging exponent 0.2 Papakonstantinou and 

Shinozuka 2013 

be Environmental factor 4800 fib Bulletin No. 34 2006 

kt Transfer parameter 1 fib Bulletin No. 34 2006 

ν Poisson’s ratio of concrete 0.18 Papakonstantinou and 

Shinozuka 2013 

φcr Concrete creep coefficient 2 Papakonstantinou and 

Shinozuka 2013 

d0 Rebar diameter (mm) 16 Hackl 2013 

ρs Steel’s mass density (kg/m3) 7850 Papakonstantinou and 

Shinozuka 2013 

ρc Specific density of cement 3.16 Papadakis et al. 1996 

ρa Specific density of aggregate 2.6 Papadakis et al. 1996 

Tref Reference temperature (K) 293.15 fib Bulletin No. 34 2006 

w/c Water-to-cement ratio 0.5 Hackl 2013 

a/c Aggregate-to-cement ratio 3 Papadakis et al. 1996 

Note: Except mentioned in Table 5.2, geometric variables in Figure 5.9 are deterministic. 
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Table 5.2 Random variables 

Variable Description Distribution Parameter Reference 

   Mean CoV  

Du Diffusion coefficient 

of uncracked 

concrete 

Lognormal Eq. 5.4 0.75 Vu and Stewart 

2000 

dc Concrete cover 

thickness (mm) 

Normal 51 

(flexure) 

0.2 Enright and 

Frangopol 1998 

   38 

(shear) 

0.2 Enright and 

Frangopol 1998 

Cs Surface chloride 

(kg/m3) 

Lognormal Eq. 5.14 0.5 Vu and Stewart 

2000 

Ccr Critical chloride 

(kg/m3) 

Normal 1.2 0.24 Papakonstantinou 

and Shinozuka 

2013 

fc Concrete strength 

(MPa) 

Normal 25.9 0.15 Enright and 

Frangopol 1998 

Ec Concrete modulus 

(MPa) 

Normal Eq. 5.15b 0.12 Papakonstantinou 

and Shinozuka 

2013 

ft Concrete tensile 

strength (MPa) 

Normal Eq. 5.15a 0.20 Papakonstantinou 

and Shinozuka 

2013 

fy Steel strength (MPa) Lognormal 310.5 0.12 Enright and 

Frangopol 1998 

T Temperature (K) Normal 293.15 0.02 - 

γvol Relative volume 

ratio 

Beta 3.01 0.81 Papakonstantinou 

and Shinozuka 

2013 

δ0 Porous layer 

thickness (mm) 

Uniform 6.25×10−2 0.53 Papakonstantinou 

and Shinozuka 

2013 

δME Model error of 

design models 

Lognormal 1.02 

(flexure) 

0.06 Nowak 1999 

   1.08 

(shear) 

0.12 Nowak 1999 

 

Table 5.3 Condition state of RC girder 

Condition State Description Crack width 

CS 1 None to hairline < 0.06 mm 

CS 2 Narrow 0.02 – 1.6 mm 

CS 3 Medium 1.6 – 3.2 mm 

CS 4 Severe >3.2 mm 
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Table 5.4 History of condition states 

 Commencement 

of CS 1 (yr) 

Commencement 

of CS 2 (yr) 

Commencement 

of CS 3 (yr) 

Commencement 

of CS 4 (yr) 

Shear 2 8 20 34 

Flexure 2 10 26 42 
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FIGURES 

 

Figure 5.1 Schematic illustration of corrosion process in terms of corrosion rate  

 

 

Figure 5.2 A simple Bayesian network 
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Figure 5.3 Plate model of DBN 

 

 

Figure 5.4 DBN for chloride-induced corrosion initiation 
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Figure 5.5 DBN for corrosion propagation prior to crack initiation 

 

 

Figure 5.6 DBN for crack initiation 
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Figure 5.7 DBN for crack propagation 

 

Cl-

ds

crStat

wck

ρD

1

T

dsck

1 1

1

1

1

1

δwck

δρD



227 

 

 

Figure 5.8 Complete DBN model of chloride-induced corrosion1 

                                                 
1 Input variables: time-invariant random variables (only initiated once). Include: dc (concrete cover thickness), 

Du (diffusion coefficient of uncracked concrete), Cs (surface chloride content), fc (concrete 

strength), Ccr (critical chloride content to initiate corrosion), ft (concrete tensile strength), Ec 

(effective concrete modulus), pcr (critical radial pressure to lead crack) and δ0 (thickness of 

porous layer around steel bars), δmodel (model errors: δRc, δicorr, δwck and δρD) 

  Initial variables: time-variant random variables that need an initial value to start the modeling process 

  Other variables: Cl (chloride content at reinforcement), iniStat (corrosion initiation state), Rc (concrete 

resistance), tcorr (time of corrosion), icorr (corrosion current density), ds (residual diameter 

of reinforcement), pcor (radial pressure around reinforcement), crStat (cracking state), dsck 

(reinforcement diameter at cracking), wck (crack width), ρD (diffusion coefficient ratio of 

cracked and uncracked concrete) T (temperature, ) and. 

  Hidden variables: instantiated in each time slice, omitted for brevity: T (temperature) and γvol (volume ratio) 

Du Cs

Cl-

iniStat

dc

Rc

icorr

ds

Pcor

fct

Pcr

crStat

wck

ρD

Ec

1

1

1

T

tcorr

11

1

fc

dsck

1
1

1

1

input variables

Initial variables

iniStat tcorr ds

dsck crStat

dc Du Cs

fc ft Ec

Pcr δ0 Ccr

δ0

Ccr

1

1

1

δicorr

δRc

δwck

δρD

crStat

Pcor wck ρD

δmodel



228 

 

 

Figure 5.9 Cross section of RC girder 

 

 

Figure 5.10 Variation of corrosion rate based on assumed evidence 

 

Stage I Stage II Stage III 

Mean icorr 

Crack Initiation Corrosion initiation 

STD icorr 

Service time (year) 

C
o
rr

o
si

o
n
 r

at
e 

i c
o

rr
 (

μ
A

/c
m

2
) 



229 

 

 

Figure 5.11 Residual diameter of steel reinforcement based on different types of evidence 
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Figure 5.12 PDF of residual diameter of corroded rebars 
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Figure 5.13 Deterioration of flexural and shear resistance 
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Figure 5.14 PDF of flexural resistance 
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Figure 5.15 PDF of shear resistance 
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CHAPTER 6 MOISTURE-INDUCED DETERIORATION OF FRP-
STRENGTHENED RC STRUCTURES 

6.1 OVERVIEW 

In the previous chapters, the deterioration of RC structures and time-independent reliability of 

FRP-strengthened RC structures have been investigated in detail. By capitalizing on the 

durability of FRP composites, FRP strengthening is expected to improve the life-cycle 

performance of strengthened structures. Although FRP composites do not experience 

electrochemical corrosion, existing research suggests slow deterioration of FRP and FRP-to-

concrete interfaces in aggressive environments. In order to better assess the life-cycle 

performance of RC structures after FRP strengthening, deterioration of FRP-strengthened RC 

structures is systematically studied in this chapter. 

 

Based on previous studies, FRP strengthening systems may be subjected to different adverse 

environments and conditions, such as moisture, detrimental chemical ions (alkali, acid or 

chloride), wet-dry cycles, freeze-thaw cycles, UV radiation, creep and relaxation due to 

sustained loading and so on (Karbhari et al. 2003; Nkurunziza et al. 2005; Sen 2015; Tatar & 

Hamilton 2016). Among these stressors, moisture and detrimental chemical ions (especially 

alkali) have been widely identified as the most critical parameters (Karbhari et al. 2003; 

Nkurunziza et al. 2005; Sen 2015; Tatar & Hamilton 2016). The present study is primarily 

focused on externally bonded (EB) FRP strengthening systems used in tropical or subtropical 

regions, with an interest in using carbon fiber reinforced polymer (CFRP) as a strengthening 

material. As a result, alkali is no longer a main concern since (a) the EB FRP strengthening 

systems are generally not directly exposed to alkaline environments, and (b) unlike glass fiber 

reinforced polymer, CFRP is inert to alkali environments (Cromwell et al. 2011). In addition, 
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other parameters are not likely to play a decisive role in the durability performance of EB FRP 

strengthening systems either. For instance, free-thaw cycles are not likely to occur in tropical 

or subtropical regions; UV radiation can be effectively blocked by coating and is not a 

deterioration inducer for CFRP; creep and relaxation are not prone to dominating the 

deterioration in EB applications due to the low level of sustained loading (Karbhari & Abanilla 

2007; Nkurunziza et al. 2005; Tatar & Hamilton 2016). In summary, this chapter would focus 

itself solely on moisture-induced deterioration. 

 

For externally bonded (EB) FRP strengthening systems, moisture-induced deterioration can 

occur in FRP composites as well as FRP-to-concrete bonded interfaces. Hence, the current 

investigation is conducted in these two aspects, respectively. Existing studies regarding the 

deterioration of FRP composites and FRP-to-concrete bonded interfaces are critically reviewed 

to gain an in-depth understanding on the state-of-the-art progress in this frontier. 

Environmental/field evidence as well as existing prediction models has also been summarized 

based on the two possible causes of deterioration, i.e. deterioration of FRP composites and 

FRP-to-concrete bonded interfaces, respectively. From the review, it is found that, though 

accelerated tests have been widely adopted to study the durability of FRP-strengthened RC 

structures, a number of factors, e.g. temperatures, specimen dimensions, performance metrics 

and test conditions, can significantly affect the credibility of these accelerated test results in 

real-life structures. The excellent durability of FRP systems has also been demonstrated in a 

number of field studies. Though the results from field studies are generally more credible than 

those from accelerated tests, it should be realized that the observations in field tests are a 

synthesis of all possible detrimental stressors imposed on the structure so that these results can 

be highly dependent on the exposure condition of structures. 
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Based on the critical review, the current chapter presents state-of-the-art models to predict the 

time-dependent deterioration of FRP composites and FRP-to-concrete bonded interfaces. The 

differences in environments between accelerated tests and field applications are considered 

through environment conversion. By virtue of the presented models, deterioration of steel 

rebars, rupture- and debonding-controlled FRP strengthening systems has been compared 

through an illustrative example. The models presented in this chapter have laid a foundation 

for time-dependent reliability analyses and life-cycle management of FRP-strengthened RC 

structures, both of which will be discussed thoroughly in the following chapters (Chapters 7 

and 8). The present chapter can also serve as a basis and reference for further durability tests 

and studies. 

 

6.2 DETERIORATION OF FRP COMPOSITES 

6.2.1 Deterioration Mechanism 

Moisture can have a detrimental effect on fibers, resins, as well as their interfaces (Chen et al. 

2007). Common fibers used in FRP composites include carbon fibers, glass fibers and aramid 

fibers. Among them, carbon fibers do not absorb water and are found to be inert to moisture 

effects (Chen et al. 2007; Cromwell et al. 2011; Wang, Gangarao, Liang & Liu 2015). Glass 

fibers themselves are not sensitive to deionized water, but can be adversely affected by alkaline 

solutions usually encountered in applications involving RC structures (Tannous & 

Saadatmanesh 1998; Chen et al. 2007; Zaman et al. 2013). The main mechanism for glass fiber 

deterioration include leaching and etching (Chen et al. 2007). Similarly, the properties of 

aramid fibers are also affected by alkaline solutions. Nevertheless, the scanning electron 

microscopy (SEM) images of exposed specimens indicate that the property of fibers 

deteriorates much more slowly, if at all, than that of matrix and fiber/matrix interfaces 

(Karbhari et al. 2007; Davalos et al. 2012; Robert & Benmokrane 2013). In addition, glass fiber 
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reinforced polymer (GFRP) has demonstrated excellent durability in field studies because of 

the ever decreasing pH value in concrete due to carbonation (Mufti et al. 2007). As stated 

earlier, within the scope of the present study, alkali is not a major concern because: (a) EB FRP 

strengthening system is usually not directly exposed to alkaline environment; and (b) for EB 

FRP strengthening system, carbon fibers, which have a high resistance to alkaline environment, 

is usually adopted. 

 

For resins that contain ester in their composition, moisture is likely to degrade the resin through 

hydrolysis (Chen et al. 2007). Polyester resins, due to the ester group in the composition, are 

especially susceptible to moisture ingress (Chen et al. 2007; Wang, Gangarao, Liang & Liu 

2015). Vinylester resins can perform better owing to the low ester level in their composition 

(Chen et al. 2007; Robert & Benmokrane 2013). As a result, FRP rebars, which are mostly 

manufactured by one of those two types of resins, can be vulnerable to moisture ingress (Chen 

et al. 2007; Wang, Gangarao, Liang & Liu 2015). Epoxies, which are often used in EB 

strengthening systems, are not susceptible to the effect of hydrolysis due to their ester-free 

composition (Chen et al. 2007). However, epoxies can absorb more moisture, which may 

indulge deterioration through other mechanisms (Robert & Benmokrane 2013). Other adverse 

effects of moisture include plasticization, saponification, leaching and swelling stresses 

(Nkurunziza et al. 2005; Zaman et al. 2013; Robert & Benmokrane 2013). For instance, it has 

been reported that moisture would increase the micro-crack density in resins, leading to a 

decreased modulus; by acting as a plasticizer, moisture can further compromise the matrix 

modulus (Nkurunziza et al. 2005)  

 

Besides the two components, i.e. fibers and resins, moisture can also affect the fiber/matrix 

interfaces (Chen et al. 2007; Davalos et al. 2012; Robert & Benmokrane 2013; Wang et al. 
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2015). The mechanism of interfacial deterioration is very complicated and involves a series of 

mechanical damages (e.g. swelling stresses and microcracks) and physiochemical reactions 

(e.g. reduced van der Waals forces and breakage of hydrogen bonds) (Nkurunziza et al. 2005; 

Mufti et al. 2007; Robert & Benmokrane 2013; Wang, Gangarao, Liang & Liu 2015; 

Grammatikos et al. 2016). In particular, fiber/matrix interfaces in moisture environments are 

prone to debonding stresses across the interfaces due to swelling and osmotic pressure; water 

modecules are also likely to jeopardize the chemical bonding between fibers and matrix 

(Nkurunziza et al. 2005). Single fiber pull-out tests conducted by Meyer (1994) demonstrated 

that the bond between fibers and matrix deteriorates significantly under continuous water 

immersion. Nevertheless, the losses of debonding strengths (between fibers and matrix) are 

likely to stabilize at a temperature-dependent level (Meyer 1994). 

 

6.2.2 Experimental Results and Field Evidence 

Durability of FRP composites for construction has been extensively studied through 

experiments and field studies (Tannous & Saadatmanesh 1998; Homam et al. 2000; Abanilla 

et al. 2006; Chen et al. 2007; Mufti et al. 2007; Cromwell et al. 2011; Allen & Atadero 2012; 

Davalos et al. 2012; Xian et al. 2012; Robert & Benmokrane 2013; Carra & Carvelli 2014; 

Silva, Cidade, et al. 2014; Garcia-Espinel et al. 2015; Wang, Gangarao, Liang, Zhou, et al. 

2015; Grammatikos et al. 2016; Keller et al. 2015). For durability tests, immersion and elevated 

temperatures are mostly used to accelerate the deterioration process (Bank et al. 1995; Tannous 

& Saadatmanesh 1998; Homam et al. 2000; Abanilla et al. 2006; Chen et al. 2007; Wei et al. 

2011; Cromwell et al. 2011; Xian et al. 2012; Robert & Benmokrane 2013; Carra & Carvelli 

2014; Silva, Cidade, et al. 2014; Grammatikos et al. 2016). For field studies, structures of 5 to 

17 years old have been examined (Mufti et al. 2007; Loudon & Bell 2010; Allen & Atadero 

2012; Keller et al. 2015). Most studies indicate that the elastic modulus of FRP composites is 
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not susceptible to moisture influences (Tannous & Saadatmanesh 1998; Homam et al. 2000; 

Abanilla et al. 2006; Karbhari et al. 2007; Cromwell et al. 2011; Allen & Atadero 2012; Xian 

et al. 2012; Robert & Benmokrane 2013; Carra & Carvelli 2014; Silva, Cidade, et al. 2014; 

Wang, Gangarao, Liang, Zhou, et al. 2015; Keller et al. 2015). This may be attributed to the 

fact that (a) the elastic modulus is mainly delivered by continuous fibers that are usually more 

durable than matrix and fiber/matrix interfaces; and (b) unlike strength, moisture-induced 

localized defects in matrix and interfaces are not likely to affect the elastic modulus. 

Deterioration of strength, on the other hand, has been widely observed by researchers in both 

accelerated tests and field studies (Tannous & Saadatmanesh 1998; Homam et al. 2000; 

Abanilla et al. 2006; Chen et al. 2007; Wei et al. 2011; Allen & Atadero 2012; Davalos et al. 

2012; Xian et al. 2012; Robert & Benmokrane 2013; Carra & Carvelli 2014; Silva, Cidade, et 

al. 2014; Wang, Gangarao, Liang, Zhou, et al. 2015; Grammatikos et al. 2016). Considering 

the loading condition in EB FRP strengthening systems, the current investigation is focused on 

the tensile strength along the fiber direction. Table A6.1 summarizes some of the recent results 

from accelerated tests and field studies. Results from these studies indicate a large range of 

deterioration from negligible decrease to severe degradation of more than 50% of the initial 

strength. 

 

6.2.3 Interpretation of Test Results 

A number of factors must be carefully considered in order to correctly interpret the test results 

in Table A6.1. The first factor is the elevated temperatures widely adopted in accelerated tests. 

As stated earlier, deterioration of FRP composites, especially the deterioration of fiber/matrix 

interfaces, is induced by both mechanical damages and physiochemical reactions. Though the 

elevated temperatures are able to accelerate the latter, the extent of mechanical damages (e.g. 

swelling stresses and the microcracks) is prone to be intensified by elevated temperatures as 
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well (Meyer 1994; Bank et al. 1995; Ray 2006), which often result in more severe deterioration 

than that in room temperature. Therefore, the use of elevated temperatures for acceleration 

must be carefully examined as indicated in Davalos et al. (2012) so as to ensure that the 

deterioration mechanism does not significantly alter. 

 

Another issue worth mentioning is the relative criticality of fiber, matrix and fiber/matrix 

interfacial properties, which is dependent on the strength metrics as well as the dimension and 

the shape of specimens. As indicated in the description of deterioration mechanisms, matrix 

and fiber/matrix interfaces are more susceptible to moisture ingress. Therefore, strength metrics 

that are more affected by matrix and fiber/matrix interface properties, e.g. the flexural and shear 

strengths, tend to be more vulnerable to moisture attacks than the tensile strength (Abanilla et 

al. 2006; Chen et al. 2007; Cromwell et al. 2011; Carra & Carvelli 2014). Similarly, as a result 

of the shear lag effect, thicker FRP specimens in tensile tests are likely to undergo a more 

substantial moisture-induced deterioration due to potential inter-laminate failure (Abanilla et 

al. 2006; Zaman et al. 2013). Since the focus of the present study is on the EB FRP 

strengthening systems, which are usually thin and loaded in tension, the specimens in the 

accelerated tests should be filtered according to the strength metrics as well as their dimensions 

and shapes. 

 

Aside from temperature and failure modes, post-curing of resins and sustained loading during 

conditioning are also likely to affect the extent of strength deterioration. The post-curing of 

resins, which increases the strength during the initial conditioning, is especially manifest in 

wet-layup specimens (see Table A6.1). The increase of strengths due to post-curing can twist 

the test results because of its complex relation with conditioning time and temperatures 

(Abanilla et al. 2006; Grammatikos et al. 2016). Sustained loading has also been found to be 
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detrimental to durability in some accelerated tests (see Table A6.1), especially in GFRP 

specimens subjected to bending moment (Karbhari et al. 2007; Xian et al. 2012). The damages 

induced by the sustained loading increase moisture uptake though capillary effects and also 

cause more severe degradation of glass fibers due to fiber cracking, pitting and debonding 

(Karbhari et al. 2007). Nevertheless, this adverse effect of sustained loading is less profound 

when deterioration acceleration is coupled with loads in tension or loads in working conditions 

(Davalos et al. 2012; Wang, Gangarao, Liang, Zhou, et al. 2015). 

 

For field studies, results from some studies suggest a more severe deterioration than that in 

accelerated tests (Allen & Atadero 2012; Keller et al. 2015), while others observed little 

deterioration (Mufti et al. 2007). Though results in field studies are deemed more credible than 

those in accelerated tests, it should be noted that deterioration under natural exposure is a 

synthesis of all the detrimental environments. For instance, deterioration due to the ultraviolet 

(UV) radiation has played an important role in some of the field studies (Keller et al. 2015). 

Also, field exposure often exhibits more uncertainties than accelerated tests (Allen & Atadero 

2012; Keller et al. 2015). Above all, the history of applying composites in construction has not 

yet been long enough to enable any quantitative conclusions on FRP durability drawn directly 

from field studies. 

 

6.2.4 Existing Models 

A number of models, using either environmental reduction factors or time-dependent 

expressions, have been proposed to predict the deterioration of FRP composites (Abanilla et al. 

2006; Karbhari & Abanilla 2007; Cromwell et al. 2011; Davalos et al. 2012; Robert & 

Benmokrane 2013; Silva, da Fonseca, et al. 2014; Wang, Gangarao, Liang & Liu 2015). 

Among them, time-dependent models of moisture-induced deterioration are more relevant to 
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the subsequent life-cycle management studies and are further discussed in more detail (Bank 

et al. 2003; Karbhari & Abanilla 2007; Davalos et al. 2012; Robert & Benmokrane 2013; Silva, 

da Fonseca, et al. 2014). These models can be categorized into two classes: Arrhenius models 

and diffusion-based models (Silva, da Fonseca, et al. 2014).   

 

6.2.4.1 Arrhenius model 

The rationale of Arrhenius models is that the deterioration is considered to be governed by 

physiochemical reactions that can be modeled by the Arrhenius equation (Bank et al. 2003; 

Davalos et al. 2012). This category of models has been successfully used to attest the validity 

of accelerated tests (Davalos et al. 2012). By virtue of time/temperature superposition, 

Arrhenius relation can also be used to convert test results under different temperatures to results 

with respect to the work temperature of structures. Among these models, a linear relation 

between the strength retention and the logarithm of exposure time was first proposed for glass 

fiber concrete by Litherland et al. (1981) and later extended to pultrude FRP composites by 

(Bank et al. 2003): 

 𝑓𝑓,𝐸𝑁𝑉
𝑓𝑓,0

= 𝐴ln(𝑡) + 𝐵 (6.1) 

 

where ff,ENV is the tensile strength of FRP composites after exposure; ff,0 is the tensile strength 

of unconditioned FRP composites; t is the exposure duration; and A and B are temperature-

related parameters calibrated by test results. For EB FRP strengthening systems, Eq. 6.1 has 

been used to fit the strength data obtained from accelerated tests (Karbhari & Abanilla 2007). 

 

Another model that has been widely used was first proposed for chopped strand mats by Phani 

& Bose (1986) and is presented as follows: 

 𝑓𝑓,𝐸𝑁𝑉
𝑓𝑓,0

= 𝜌∞ + (1 − 𝜌∞)exp (−
𝑡

𝜏
) (6.2) 



244 

 

 

where ρ∞ =  ff,∞ / ff,0, and ff,∞ is the tensile strength at exposure time of infinity; τ is a diffusion-

related parameter calibrated by test results. Different from Eq. 6.1, Eq. 6.2 constitutes an 

ultimate retention, which can be supported by the deterioration mechanism of fiber/matrix 

interfaces (Meyer 1994) and some experimental results (Wei et al. 2011; Davalos et al. 2012; 

Silva, da Fonseca, et al. 2014). Other prediction models for FRP rebars have been summarized 

in Davalos et al. (2012). Once verified by Arrhenius plots (as shown later) (Bank et al. 2003; 

Davalos et al. 2012), all these models (including Eqs. 6.1 and 6.2) can be used to construct a 

master curve of deterioration by virtue of time/temperature superposition and data in tests of 

different temperatures.  

 

6.2.4.2 Diffusion-based model 

Diffusion-based models attempt to correlate the strength retention to the moistures intake (Wei 

et al. 2011; Davalos et al. 2012; Silva, da Fonseca, et al. 2014). Such a relation has been 

observed in some of the immersion tests of FRP composites (Wei et al. 2011). Diffusion-based 

models usually consist of a lower bound for strength retention, which is associated with the 

saturation of FRP composites. The basic assumption of diffusion-based models is that the 

moisture-induced physiochemical reactions (e.g. weakening of van der Waal forces and 

breakage of hydrogen bonds) progress much faster than the diffusion of water molecules.  Such 

an assumption may be valid for some FRP products such as pultrude FRP profiles and rebars, 

where moisture ingress is generally very slow due to the rigorous quality control and better 

curing conditions (Wei et al. 2011; Davalos et al. 2012). However, for EB FRP strengthening 

systems, the relatively abundant voids and cracks formed during the wet-layup process and 

room temperature curing may jeopardize the validity of diffusion-based models due to the 

comparatively faster diffusion (Abanilla et al 2006). In fact, immersion tests of wet-layup FRP 
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coupons have shown that the strength of FRP composites is likely to further decrease even long 

after the saturation of FRP composites (Abanilla et al. 2006; Garcia-Espinel et al. 2015). 

 

6.3 DETERIORATION OF FRP-TO-CONCRETE BONDED INTERFACE 

6.3.1 Deterioration Mechanism 

Besides FRP composites themselves, deterioration of FRP-to-concrete bonded interfaces is 

also crucial for the assessment of life-cycle performance of FRP-strengthened RC structures. 

In fact, debonding between FRP and concrete is one of the most often observed failure modes 

in EB FRP strengthening systems, especially in flexural and shear strengthening systems (Teng 

et al. 2002). Therefore, the deterioration of FRP-to-concrete bonded interfaces must be properly 

considered. Moisture-induced deterioration is studied in this section due to its criticality in the 

deterioration of FRP-to-concrete bonded interfaces (Sen 2015).  

 

FRP-to-concrete bonded interfaces consist of FRP composites, a resin-rich layer of adhesion, 

and concrete substrates, as illustrated in Figure 6.1. In this tri-layer system, debonding is 

possible to appear at five critical locations featured by different failure characteristics: (1) 

cohesion failure in concrete; (2) concrete-to-adhesive interfacial failure; (3) failure in adhesive 

matrix; (4) plate-to-adhesive interfacial failure; (5) FRP delamination (Chen & Teng 2001; Au 

& Büyüköztürk 2006a). For specimens without exposure to aggressive environments, failure 

is most likely to occur within the concrete in the form of cohesion failure (Au & Büyüköztürk 

2006b). However, due to the exposure to moisture, failure is prone to switch to other critical 

locations, especially the failure between resins and concrete substrates (resin adhesion failure) 

(Sen 2015). In this scenario, deterioration is not only affected by material properties, but also 

a series of other nonmaterial factors such as the surface morphology and roughness (Karbhari 

& Zhao 1997; Au & Büyüköztürk 2006b; Karbhari & Navada 2008; Ouyang & Wan 2008a; 
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Shrestha et al. 2015; Sen 2015). In addition, the moisture content in the bondline is controlled 

by the diffusion within the tri-layer system, which further complicates the analysis of bonding 

deterioration (Ouyang & Wan 2009a; Tuakta & Büyüköztürk 2011a; Pan et al. 2015). All the 

aforementioned factors pose a grand challenge for a thorough understanding and reliable 

modeling of bonding deterioration. 

 

The bond between FRP and concrete substrates comprises two parts: adhesive (chemical) 

bonding and mechanical interlocking (Ouyang & Wan 2008a), both of which are subjected to 

the influence of moisture and temperatures (Blackburn et al. 2015). For adhesive bonding, 

moisture ingress tends to weaken the adhesion between resins and substrates by compromising 

the hydrogen bonds (Lau & Büyüköztürk 2010; Shrestha et al. 2015; Pan et al. 2015) as 

illustrated by Figure 6.2 (Pan et al. 2015). The deterioration of adhesive bonding, in particular 

the deterioration rate, can be very sensitive to temperatures, with a higher temperature leading 

to a larger deterioration rate (Choi et al. 2012). For mechanical interlocking, moisture and 

temperatures are able to degrade the mechanical properties of resins (Toutanji & Gómez 1997; 

Tuakta & Büyüköztürk 2011b; Pan et al. 2015; Sen 2015), which indirectly affects the 

mechanical interlocking. Besides moisture and temperatures, the mechanical interlocking is 

also closely related to the surface morphology and roughness (resulting from different surface 

treatments) and loading conditions (e.g. global loading phase angles) (Ouyang & Wan 2008a). 

Though both the adhesive bonding and the mechanical interlocking are affected by moisture, 

the latter (i.e. mechanical interlocking) has been found to be more robust to moisture ingress, 

as long as the temperatures is considerably below the glass transition threshold of resins 

(Ouyang & Wan 2008a; Tuakta & Büyüköztürk 2011b; Pan et al. 2015). This indicates a stable 

post-exposure bonding capacity originated from the mechanical interlocking (Ouyang & Wan 

2008a; Tuakta & Büyüköztürk 2011b; Blackburn et al. 2015). A schematic illustration of 
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bonding deterioration is presented in Figure 6.3. As illustrated by Figure 6.3, the weakening of 

the chemical bonding may lead to a switch of failure modes from within concrete (concrete 

cohesion failure) to the concrete-resin interface (resin adhesion failure), jeopardizing the 

bonding properties. 

 

6.3.2 Experimental Results and Field Evidence 

Deterioration of FRP-to-concrete bonded interfaces has been mostly studied through 

experiments in a controlled, and usually accelerated, laboratory environment (Choi et al. 2012; 

Deng et al. 2015; Sen 2015; Tatar & Hamilton 2015). For moisture-induced deterioration, 

common practices involve total immersion and elevated temperatures. Besides total immersion, 

effects of wet/dry cycles have also been widely studied (Silva & Biscaia 2008; Davalos et al. 

2008; Kim et al. 2013; Biscaia et al. 2014; Al-Mahmoud et al. 2014; Hassan et al. 2015). 

Natural exposure lasting for 5-14 years has also been employed to evaluate the durability of 

FPR-concrete bonded interfaces (Nishizaki & Kato 2011; Allen & Atadero 2012). Similar to 

the argument for FRP deterioration, natural exposure tests, though more realistic than 

controlled environments in laboratories, are unable to isolate various inducers of deterioration 

and sometimes only give inconclusive observations due to the short exposure duration. In 

addition, the deterioration hinges on the specific location of the natural exposure. Aside from 

natural exposure, several field studies have also been conducted to assess the bonding 

characteristics after a certain period of service (Loudon & Bell 2010; Sen 2015).  In these cases, 

the same argument for natural exposure applies as well. Notwithstanding, field studies, as well 

as some of the natural exposure tests, do shed some light on the real-life durability performance 

of FRP-to-concrete bonded interfaces and FRP-strengthened RC structures. These tests can be 

more relevant to the understanding of life-cycle performance of FRP-strengthened RC 
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structures than some of the poorly designed accelerated tests (e.g. accelerated tests using overly 

high temperatures close to glass transition tempertures).  

 

For the study of bonding deterioration, several test setups have been used by different 

researchers. These setups include pull-off tests (Karbhari & Ghosh 2009; Benzarti et al. 2011; 

Nishizaki & Kato 2011; Allen & Atadero 2012; Silva, Cidade, et al. 2014), peel tests (Karbhari 

et al. 1997; Au & Büyüköztürk 2006b; Ouyang & Wan 2008a; Tuakta & Büyüköztürk 2011b), 

single/double lap shear tests (Au & Büyüköztürk 2006b; Mahmoud et al. 2010; Benzarti et al. 

2011; Cromwell et al. 2011; Nishizaki & Kato 2011; Tuakta & Büyüköztürk 2011b; Kim et al. 

2013; Lai et al. 2013; Biscaia et al. 2014; Shrestha et al. 2015; Al-Tamimi et al. 2015; Hassan 

et al. 2015; Pan et al. 2015), and beam tests (Toutanji & Gómez 1997; Grace & Singh 2005; 

Silva & Biscaia 2008; Dai et al. 2010; Choi et al. 2012; Silva et al. 2013; Al-Mahmoud et al. 

2014; Silva, Cidade, et al. 2014; Deng et al. 2015; Subhani et al. 2016). These common test 

setups are schematically shown in Figure 6.4. In general, different test setups are usually 

targeted at different performance indicators of FRP-to-concrete bonded interfaces. Pull-off 

tests have been widely conducted to demonstrate the switch from cohesive to adhesion failure 

after exposure. The pull-off strength, nevertheless, is not well correlated to the debonding 

strength in FRP-strengthened structures due to its localized nature and its different loading 

direction from that in strengthened structures (Allen & Atadero 2012). Peel tests are mainly 

related to the Mode-I fracture of FRP-to-concrete bonded interfaces. A combination of Mode-

I and Mode-II fracture can be achieved by altering the peeling angle (Wan et al. 2006; Karbhari 

& Navada 2008). Single/double shear tests are traditionally conducted to study the bonding 

behavior of FRP-to-concrete joints (Täljsten 1996; Chen & Teng 2001). Both debonding 

strengths and Mode-II fracture energy can be obtained through shear tests. Last but not least, 

beam tests have been conducted in order to better reproduce the loading condition encountered 
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in FRP-strengthened beams. The focus in beam tests is mostly on the debonding strength, 

though fracture indicators can also be obtained. 

 

Table A6.2 summarizes some of the test results for specimens exposed to different 

environments, including water immersion, wet/dry (WD) cycles and saline exposure. Results 

with respect to natural exposure are presented in Table A6.3. As mentioned earlier, the bonding 

properties in Tables A6.2and A6.3 are mainly described by two types of indicators: strength 

indicators and fracture indicators (Sen 2015). By nature, failure of FRP-to-concrete bonded 

interfaces is an interfacial facture problem mainly complying with the Mode-II fracture 

(Täljsten 1996; Yuan et al. 2001; Chen & Teng 2001). Therefore, indicators closely related to 

the Mode-II fracture (e.g. results from shear tests) are deemed more appropriate for the 

investigation of bonding deterioration. Results on pull-off strengths are not included in Tables 

A6.2and A6.3 due to the limitations of pull-off tests mentioned previously. 

 

6.3.3 Pitfalls in Accelerated Tests 

6.3.3.1 Effects of elevated temperatures 

As stated earlier, accelerated tests of FRP-to-concrete bonded interfaces are usually conducted 

by immersing specimens in water of elevated temperatures. Though high temperatures are able 

to accelerate the moisture intake and the deterioration of adhesive bonding, a temperature that 

is too close to the glass transition threshold of resins can also jeopardize the interlocking 

mechanism, distorting the durability performance in normal service conditions (Kinloch et al. 

2002; Blackburn et al. 2015). The immersion tests of epoxy resins by both Tuakta & O 

Büyüköztürk (2011) and Pan et al. (2015) demonstrate that epoxy resins are susceptible to 

higher temperatures, which can lead to lower modulus and/or strengths. Moreover, since the 

tests are carried out in the room temperature, the conditioned specimens under elevated 
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temperatures are also likely to experience damages due to different thermal expansion 

properties of resins and concrete during the cooling down period (Tuakta & Büyüköztürk 

2011b). For FRP-to-concrete bonded interfaces under elevated temperatures, a lower level of 

residual bonding properties has been observed in a number of accelerated tests (Tuakta & 

Büyüköztürk 2011b; Mahmoud et al. 2010; Deng et al. 2015). For instance, Figure 6.5 shows 

the evolution of normalized bonding properties with respect to different temperatures 

(Mahmoud et al. 2010; Deng et al. 2015). It can be clearly seen that, though most specimens 

exhibit a stable residual capacity, the lower bound of bonding properties decreases as the 

temperature increases. In practice, strengthened structures are usually required to work well 

below the glass transition temperature (Sen 2015). Therefore, tests under elevated temperature 

are apt to underestimate the durability performance of FRP-to-concrete bonded interfaces. The 

detrimental effects of elevated temperatures reinforce the popular concerns about accelerated 

tests, as Kinloch et al. (2002) put it: when did boiling an egg ever produce a chicken. 

 

6.3.3.2 Effects of moisture reversal 

The effect of moisture reversal is another important issue that is commonly ignored in the 

execution of accelerated tests. Tuakta & Büyüköztürk (2011) studied the effects of moisture 

reversal on the fracture toughness of conditioned specimens. It is found that the fracture 

toughness is likely to recover after moisture reversal, though not necessarily to its original level 

(Tuakta & Büyüköztürk 2011b). The effect of moisture reversal is especially significant for 

Mode-II fracture, with the retention fracture toughness recovering from ~53% to ~77% (Tuakta 

& Büyüköztürk 2011b). It is interesting to note that this retention factor (~77%) is very similar 

to the retention factor obtained by Mahmoud et al. (2010), who clearly stated that they allowed 

for a drying period of 2 hours before testing. Considering the low thickness of the FRP layers 

used (0.508mm) by Mahmoud et al. (2010), it is not unreasonable to attribute the higher 
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retention factor to the effect of moisture reversal. Another evidence on the effect of moisture 

reversal is that all the tests (Table A6.2) that show an insignificant decrease of bonding 

properties (either strength or fracture energy) involve some kind of drying periods before 

testing (Silva & Biscaia 2008; Lai et al. 2009; Mahmoud et al. 2010; Kim et al. 2013; Silva, 

Cidade, et al. 2014; Hassan et al. 2015). Since a structure under moisture attack is in neither a 

totally wet nor totally dry condition, the effect of moisture reversal implies a necessity to 

convert environments in accelerated tests to those in real-life applications. 

 

6.3.4 Existing Models for Bond Deterioration 

To predict the deterioration of FRP-to-concrete bonded interfaces, the existing models can be 

roughly classified into two categories: (a) empirical models directly from accelerated test 

results; and (b) semi-empirical models based on detailed diffusion modeling. 

 

6.3.4.1 Empirical models based on accelerated test results 

Time-dependent deterioration of FRP-to-concrete bonded interfaces has been approximated by 

directly fitting the test data to empirical expressions (Kim et al. 2013). However, bonding 

deterioration is affected by various factors, e.g. specimen dimension, FRP thickness, and 

diffusion in the tri-layer system (Banthia et al. 2010). Therefore, the empirical relation between 

immersion time and performance deterioration cannot be easily extrapolated to more general 

situations, compromising the application of such methods in real-life structures. 

 

6.3.4.2 Diffusion-based semi-empirical models 

The other category of prediction models, semi-empirical models, attempts to predict the 

bonding deterioration based on the mechanism, i.e. moisture-induced reduction of adhesion 

energy (Ouyang & Wan 2008a; Ouyang & Wan 2009a; Ouyang & Wan 2009b; Büyüköztürk 
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et al. 2011). The reduction in adhesion energy is believed to be responsible for the deterioration 

of fracture energy observed in fracture tests (Büyüköztürk et al. 2011; Lau et al. 2012). Within 

this category of models, two strategies have been employed: bottom-up methods and top-down 

methods. 

 

Bottom-up methods try to simulate the deterioration mechanism by virtue of molecular 

dynamics (MD) simulation (Büyüköztürk et al. 2011; Lau et al. 2012; Büyüköztürk et al. 2012). 

For instance, based on MD simulation, Büyüköztürk et al. (2012) reported a 15% of reduction 

in adhesion energy due to the ingress of water molecules. However, due to the complexity of 

FRP-to-concrete bonded interfaces and the associated high computational demands, nearly all 

bottom-up methods are constrained by the difficulties in scaling up the MD results to macro-

mechanical properties (e.g. fracture properties) (Büyüköztürk et al. 2011; Lau et al. 2012). 

 

Another approach is the top-down methods, which infer the quantitative deterioration 

mechanism based on macroscopic observations (i.e. reduction of fracture properties) (Ouyang 

& Wan 2008a; Ouyang & Wan 2009a; Ouyang & Wan 2009b; Tuakta & Büyüköztürk 2011a; 

Pan et al. 2015). Through total immersion tests, Ouyang & Wan (2008) back calculated the 

following relation between the interfacial relative humidity, one sort of normalized moisture 

content (Yoon et al. 2007), and the Mode-I fracture energy: 

 𝐺𝑓,𝐸𝑁𝑉
𝐺𝑓,0

= 1 −
1 − 𝛽

1 + {[1 − 𝐻(𝐱, 𝑡)]/(1 − 𝐻𝑑)}
𝑛

 (6.3) 

 

where Gf,ENV is the fracture energy after exposure; Gf,0 is the initial fracture energy; H(x, t) 

represents the relative humidity, which is a function of location x and time t; β is a retention 

factor defining the ratio of residual to initial fracture energy; Hd is a location factor defining 

the relative humidity at which a significant drop of fracture energy occurs; n is a shape factor 

defining the deterioration rate; β=0.28, Hd=0.75, and n=6 were recommended by Ouyang & 
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Wan (2009a) according to their test results. With Eq. 6.3 and the Finite Element (FE) modeling 

of moisture diffusion, the bonding deterioration in more complex structural members can be 

predicted (Ouyang & Wan 2009a; Ouyang & Wan 2009b). However, a major deficiency of 

Ouyang & Wan's (2009a) model is that they only tested the deterioration of Mode-I fracture 

energy, while the debonding in FRP-strengthened RC structures is dominated by the Mode-II 

fracture (Täljsten 1996; Yuan et al. 2001; Chen & Teng 2001). Another top-down method was 

proposed by Tuakta & O. Büyüköztürk (2011), they conducted similar tests for both Mode-I 

and Mode-II fracture specimens and proposed the following deterioration relation between 

fracture energy and moisture content: 

 𝐺𝑓,𝐸𝑁𝑉
𝐺𝑓,0

= 𝐴 ∙ exp [−𝑏 (
𝐶

𝐶𝑡ℎ
)] (6.4) 

 

where C is the normalized moisture content within the bondline; Cth is the threshold of the 

normalized moisture content, beyond which no further reduction in fracture energy can be 

observed. It should be mentioned that Eq. 6.4 does not consider the spatial variation of moisture 

content in the bondline, which jeopardizes its credibility in the prediction of real-life structures. 

Therefore, Eq. 6.4 is more like an empirical model than a semi-empirical one. In addition, a 

simplistic diffusion model was used by Tuakta & O. Büyüköztürk (2011) in the deduction of 

Eq. 6.4. The accuracy of their diffusion models has never been verified. 

 

6.4 DETERIORATION MODEL FOR FRP-STRENGTHENED RC STRUCTURES 

Based on the preceding discussion on deterioration mechanism, test results and existing 

deterioration models, the current section provides two state-of-the-art models representing the 

most advanced understanding of FRP deterioration and FRP-to-concrete bonding deterioration, 

respectively. A brief example is presented at the end of this section to apply both models in the 

durability prediction of the FRP material and the FRP-to-concrete bonded interface. The 
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deterioration of FRP strengthening systems is also compared with the corrosion of reinforcing 

steel. 

6.4.1 Deterioration Model for FRP Materials 

Existing studies suggest that the elastic modulus of FRP is inert to moisture ingress. Therefore, 

in the present study, FRP deterioration refers to the decrease of tensile strength in the fiber 

direction. As mentioned earlier, diffusion-based models should not be applied in the 

deterioration prediction of wet-layup specimens. Therefore, Arrhenius models are used herein 

to obtain the time-dependent relations of FRP deterioration. In particular, Eqs. 6.1 and 6.2 are 

employed to predict the deterioration of immersed FRP composites. Test results are selected 

from Table A6.1A6.1 to calibrate the parameters in Eqs. 6.1 and 6.2. Though Table A6.1 lists 

a large number of durability tests, the majority of the tests are focused on FRP rebars and 

pultrude FRP profiles, which are not commonly used in EB FRP strengthening systems and 

differ from EB FRP strengthening systems in terms of manufacturing techniques, resins used, 

and the criticality of matrix and interfacial properties. For the application in EB FRP 

strengthening systems, test results of 2-layer CFRP coupons made by wet-layup are used in the 

current analysis (Abanilla et al. 2006). Table 6.1 summarizes the data used in the calibration 

of parameters. The strength retention was normalized by the strength of unconditioned 

specimens stored in the ambient environment (23°C) for the same period of time (100 weeks) 

(Abanilla et al. 2006). As can be seen in Table 6.1, the post-curing of resins dramatically 

twisted the deterioration in the early stage. Therefore, tests during the post-curing process (data 

in parentheses and shaded) are not considered, which leaves only six data usable for the 

calibration of deterioration models.  The scarcity of valid test data indicates the need for more 

carefully designed durability tests of FRP composites suited specifically for EB applications. 

For instance, the wet-layup specimens are recommended to undergo a longer and/or heated 

curing process [e.g. Wei et al. (2011)] to eliminate/mitigate the effects of post-curing. 
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Arrhenius models provide a direct way to conduct environment conversion (in terms of 

exposure temperatures) and allow for the use of test data associated with different temperatures. 

However, the validity of results from accelerated tests must be first verified through Arrhenius 

plots (Bank et al. 2003; Davalos et al. 2012). For this purpose, the data associated with each 

temperature is first fitted to Eqs. 6.1 and 6.2, respectively, as shown in Figure 6.6. For Eq. 6.2, 

ρ∞ = 0.80 is used for different temperatures based on the comprehensive survey summarized in 

Table A6.1, and only the parameter τ is calibrated. Secondly, Arrhenius plots are generated by 

using four retention thresholds: 99%, 95%, 90% and 85%. The Arrhenius plots with respect to 

both models are presented in Figure 6.7. According to Bank et al. (2003), test results from at 

least four different temperatures are needed to rationally assess the validity of Arrhenius 

relation. Therefore, though Figure 6.7 appears to attest an Arrhenius relation, the validity 

cannot be assured due to the scarcity of valid data. Based on Figure 6.7, the time shift factor 

can be determined as follows (Phani & Bose 1987): 

 
𝑎𝐷 = exp [

𝐸𝑎
𝑅
(
1

𝑇
−
1

𝑇𝑅
)] (6.5) 

 

where aD is the time shift factor; Ea/R, represented by the slopes in Figure 6.7, is the ratio of 

activation energy (Ea) to the universal gas constant (R); T is the temperature of immersion tests 

[°K]; and TR is a reference temperature [°K], e.g. 298°K (25°C). By virtue of Eq. 6.5, 

immersion time in accelerated tests (t) can be translated to the time (tR) with respect to the 

reference temperature TR as follows: 

 
𝑡𝑅 =

𝑡

𝑎𝐷
 (6.6) 

 

After shifting the test results to the reference temperature, deterioration models can be fitted 

again to obtain the time-dependent relation between immersion time and strength retention 
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under the reference temperature (i.e. 25°C), as shown in Figure 6.8. The prediction models in 

Figure 6.8 are presented as follows: 

 𝑟 = −0.035 × ln(𝑡) + 1.093 (6.7a) 
 

 𝑟 = (1 − 0.8) × exp(−𝑡/216.1) + 0.8 (6.7b) 

 

where t is the immersion time [weeks]; r is the normalized strength retention. In Eq. 6.7a, r = 1 

for t = 0, and r shall not be larger than 1. 

 

6.4.2 Deterioration Model for FRP-to-Concrete Bonded Interfaces 

6.4.2.1 Finite element modeling of moisture diffusion 

Moisture diffusion is crucial in the prediction of FRP-to-concrete bonding deterioration. Finite 

Element (FE) modeling has been used to obtain the moisture content in the resin-concrete 

interface (Ouyang & Wan 2008b; Tuakta & Büyüköztürk 2011a; Pan et al. 2015). Among these 

models, linear diffusion models have been mostly used for FRP composites, resin-rich adhesive 

layers and concrete substrates (Tuakta & Büyüköztürk 2011a; Pan et al. 2015). However, the 

diffusion in these materials, especially concrete and resin, has been demonstrated to be 

nonlinear, i.e. the diffusion coefficient controlling the diffusion rate is related to the moisture 

content in the material (Bažant & Najjar 1972; Ouyang & Wan 2008b).  Therefore, Ouyang & 

Wan (2008) resorted to nonlinear FE modeling to determine the moisture intake of immersed 

specimens. The nonlinear FE models have been shown to be able to provide accurate prediction 

of interfacial moisture content (Ouyang & Wan 2008b). Therefore, the same nonlinear model 

is used in the present study to calculate the moisture content in the cross section. 

 

FE modeling of moisture diffusion can be conducted by virtue of the analogy to Fourier heat 

conduction problems that are governed by the following equation (Yoon et al. 2007; Ouyang 

& Wan 2008b): 
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 𝜕𝑇

𝜕𝑡
=

1

𝜌 ∙ 𝐶𝑃
∙ ∇[𝑘(𝑇) ∙ ∇(𝑇)] (6.8) 

 

where the temperature T [K] is equivalent to the relative humidity RH; the thermal conductivity 

k [W∙m‒1∙K‒1] is equivalent to the diffusion coefficient Dw [m2/s]; the density ρ and the specific 

heat CP are assumed to be 1 in the diffusion analogy (Ouyang & Wan 2008b). As stated earlier, 

existing diffusion test results favors a nonlinear diffusion analysis (Ouyang & Wan 2008b), 

which indicates that Dw, instead of being a constant, is a function of RH. In the context of heat 

conduction, the nonlinearity of Dw indicates that k is a function of T [i.e. k=k(T) in Eq. 6.8]. 

The constitutive models for concrete, epoxy and FRP composites are summarized in Table 6.2 

and illustrated in Figure 6.9 (Ouyang & Wan 2008b). 

 

6.4.2.2 Calibration of model parameters 

As stated earlier, deterioration of FRP-to-concrete bonded interfaces is mainly induced by the 

weakening of the adhesive bonding between resin and concrete. Though a direct MD 

simulation seems to be plausible for deterioration modeling, the current computational capacity 

does not allow direct evaluation scaled up from molecular level. A top-down strategy is still 

the best practice possible to tackle deterioration problems right now. Therefore, a relation in 

the form of Eq. 6.3 is used herein. Nevertheless, it should be noted that the test results used by 

Ouyang & Wan (2008) to calibrate the parameters in Eq. 6.3 are from peel tests, which indicates 

that the deterioration parameters used by Ouyang & Wan (2008) are mostly related to the 

Mode-I fracture and, thus, cannot be directly used herein for EB FRP systems. This is because 

that the debonding in FRP-strengthened RC structures is mainly governed by the Mode-II 

fracture (Täljsten 1996; Yuan et al. 2001; Chen & Teng 2001). Hence, recalibration of 

parameters is needed, and details of the recalibration are presented as follows. 
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The mechanism of bonding deterioration indicates that interfacial fracture energy should have 

a stable lower bound due to the existence of mechanical interlocking. This lower bound is 

reflected by the retention factor β in Eq. 6.3. Considering the different loading directions, 

retention factor β for the Mode-II fracture should be larger than that for the Mode-I fracture 

(Ouyang & Wan 2008a). A larger retention has also been supported by the test results of Tuakta 

& O Büyüköztürk (2011) and Pan et al. (2015). Location factor Hd and shape factor n dictate 

where and how fast, respectively, the fracture energy deteriorates with interfacial moisture 

content. Shape factor n controls the deterioration rate near the location factor Hd (in terms of 

relative humidity), with a larger n indicating a faster deterioration to the stable lower bound. 

According to the deterioration mechanism, location factor Hd and shape factor n should be 

mostly related to the temperature. Based on the discussion above, location factor Hd and shape 

factor n are calibrated based on the test results in room temperature in Tuakta & O Büyüköztürk 

(2011) and Pan et al. (2015). For this purpose, FE models with constitutive relations in Table 

6.2 are employed to first obtain the moisture distributions in the resin-concrete interface. Figure 

6.10 shows the cross sectional details for FE modeling. Average fracture energy is then 

calculated by the following equation using various deterioration parameters (e.g. location factor 

Hd and shape factor n): 

 
�̅�𝑓,𝐸𝑁𝑉(𝑡) =

1

𝐿
∫ 𝐺𝑓,𝐸𝑁𝑉[𝐻(𝑥, 𝑡)]𝑑𝑥
𝐿

0

 (6.9) 

 

where L is the length of the resin-concrete interface. Finally, appropriate deterioration factors 

(i.e. factors n, Hd and β in Eq. 6.3) are calibrated to minimize the difference between the 

predicted (average) fracture energy and the test results. Using calibrated parameters, Figure 

6.11 shows the comparison between the predicted and the observed fracture energy of 

specimens under moisture exposure. Interestingly, both studies (Tuakta & Büyüköztürk 2011b; 

Pan et al. 2015) obtained a similar retention factor at ~50%, though the mechanism indicates 

that this factor, which is related to the surface morphology and roughness, might be different 
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from test to test. Due to this fact, if no test result is available, β = 50% is recommended for 

deterioration prediction. 

 

6.4.2.3 Environment conversion 

It is of paramount importance to note that the environments of natural exposure may differ 

significantly from that in accelerated tests, based on which Eq. 6.3 is developed. Directly 

applying Eq. 6.3 to specimens subjected to natural exposure would end up with erroneous 

predictions. Therefore, in order to use Eq. 6.3, environments in accelerated tests should be 

converted to environments in real-life scenarios. 

 

For the deterioration of FRP-to-concrete bonded interfaces, average annual relative humidity 

in a specific region can be used to determine the moisture content, and consequently the 

residual fracture energy of strengthened structural members under natural exposure. For this 

purpose, moisture diffusion in the structural member under consideration should be analyzed 

using the FE method presented previously. Considering the larger dimension of structural 

members, moisture diffusion is very likely to be slower than that in small-scale specimens used 

in the accelerated tests. 

 

6.4.2.4 Numerical example 

To illustrate the deterioration model presented previously, a numerical example is presented to 

compare the deterioration prediction of FRP, a FRP-to-concrete bonded interface and 

reinforcing steel. For debonding strength deterioration, a T-beam section as shown in Figure 

6.12 is used to predict the relative humidity development in the FRP-to-concrete bonded 

interfaces. The FRP-to-concrete bonded interface is subjected to moisture in the ambient 

environment. The average annual temperature and relative humidity are assumed to be 25°C 
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and 75%, respectively. The aforementioned FE analysis is conducted using constitutive 

relations in Table 6.2. The interfacial relative humidity up to 100 years of natural exposure is 

estimated by FE modeling described earlier. Based on the humidity distribution, Eqs. 6.3 and 

6.9 are used to correlate the interfacial relative humidity to the interfacial fracture energy. The 

normalized debonding strength is then determined by the following equation (Täljsten 1996; 

Yuan et al. 2001): 

 
𝑓𝑑,𝐸𝑁𝑉(𝑡)

𝑓𝑑,0
= √

�̅�𝑓,𝐸𝑁𝑉(𝑡)

𝐺𝑓,0
 (6.10) 

 

where fd,ENV(t) is the time-dependent debonding strength at time t; fd,0 is the initial debonding 

strength. 

 

For comparison purposes, FRP deterioration and corrosion of steel reinforcement are also 

analyzed during the 100 years of service. For FRP deterioration, Eqs. 6.7a and 6.7b are 

employed respectively to predict the strength retention of FRP composites under 25°C. This 

can be used to predict the strength deterioration of EB FRP strengthening systems failed due 

to FRP rupture. For chloride-induced steel corrosion, the corrosion initiation time and the 

corrosion rate are assumed to be 15.8 years and 0.0762 mm/year, respectively (Enright & 

Frangopol 1998). The original diameter of the rebar is assumed to be 20 mm. The normalized 

capacity of this rebar can then be calculated as follows: 

 𝐹𝑠,𝐸𝑁𝑉
𝐹𝑠,0

=
𝐴𝑠,𝐸𝑁𝑉
𝐴𝑠,0

= (
𝑑0 − 𝑟𝑐𝑜𝑟𝑟𝑡

𝑑0
)
2

 (6.11) 

 

where Fs,0 and Fs,ENV are the initial and residual capacities of the steel rebar, respectively; As,0 

and As,ENV are the initial and residual areas of the steel rebar, respectively; d0 is the initial 

diameter; and rcorr = 0.0762 mm/year is the corrosion rate. 
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Figure 6.13 compares the normalized capacity in the aforementioned three situations, i.e. 

bonding deterioration, FRP deterioration and steel corrosion. It can be seen that, based on the 

prediction models presented in the current study, the durability of EB FRP strengthening 

systems can be substantially better than that of conventional reinforcing steel in terms of 

strength deterioration. Despite the salient benefit indicated in Figure 6.13, it should be noted 

that the comparison is based on a deterministic analysis for ease of model illustration. 

Deterioration of the FRP itself and the FRP-to-concrete bonded interface involves large 

uncertainties just as steel corrosion does. From the reliability point of view, two issues are still 

needed to be addressed. Firstly, the uncertainty of FRP-strengthened RC structures, as indicated 

in Chapter 3, is larger than that of conventional RC structures. Therefore, the smaller 

deterioration shown in Figure 6.13 does not necessarily mean better life-cycle performance 

from the perspective of structural reliability. The advantage of FRP strengthening should also 

be further demonstrated by virtue of time-dependent reliability analysis. This issue will be 

studied in detail in Chapter 7. The other issue is that the deterioration models are by far still 

deterministic by nature. The model error, as well as its time-dependence, is still needed to be 

quantified through carefully design accelerated tests and field tests. Further study in this 

direction is definitely in necessity. 

 

6.4.3 Environmental Reduction Factors 

Environmental reduction factors are usually proposed as a lower bound of strength retention 

during the service life of structures. Based on the results of accelerated tests, environmental 

reduction factors have been proposed to reduce the tensile strength/strain of FRP composites 

(Karbhari & Abanilla 2007; Karbhari et al. 2007; Davalos et al. 2012; Choi et al. 2012; Kim et 

al. 2013; Silva et al. 2013; Biscaia et al. 2014; Tatar & Hamilton 2015). Such factors have been 

widely adopted in the formulation of design guidelines (JSCE 2001; ACI 440.1R 2006; fib TG 
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9.3 2002; ACI 440.2R 2008; HB 305 2008; GB 50608 2010). FRP and FRP-to-concrete 

bonding deterioration can be integrated by applying an overall reduction factor to the effective 

strain of FRP composites. Table 6.3 summarizes some of the environmental reduction factors 

recommended by different design guidelines. Since the previous analysis deals mainly with 

CFRP composites, factors in Table 6.3 are targeted at CFRP as well. The reduction factors 

derived from the deterioration models in this section are also presented in Table 6.3. For FRP 

deterioration, Eqs. 6.7a and 6.7b are used for different service life expectations (e.g. 50, 75 and 

100 years). For FRP-to-concrete bonding deterioration, the stable fracture energy retention 

after exposure can be used to back calculate the environmental reduction factor with Eq. 6.10. 

 

6.5 CONCLUSIONS 

Under moisture attack, deterioration of FRP-strengthened RC structures entails the 

deterioration of FRP composites themselves and the deterioration of FRP-to-concrete bonded 

interfaces. In this chapter, existing studies on the moisture-induced deterioration from both 

sources, i.e. FRP composites and FRP-to-concrete bonded interfaces, have been critically 

reviewed. Based on the review, a number of issues on FRP and bonding deterioration have 

been clarified, including deterioration mechanisms, appropriate interpretation of experimental 

and field evidence, as well as existing prediction models. By virtue of the data collected from 

the literature, prediction models for FRP and bonding deterioration have been calibrated with 

a special focus on the applications of externally bonded (EB) FRP strengthening systems. 

Based on the current study, a number of conclusions can be drawn as follows: 

1. Tensile strength of FRP composites is susceptible to moisture ingress, whereas the elastic 

modulus is inert to the aquatic environment. The strength deterioration is mainly caused by 

the degradation of matrix and matrix/fiber interfaces. Though a number of accelerated tests 

have demonstrated a substantial decrease after moisture exposure, the extent of strength 
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deterioration depends on various factors such as exposure temperatures, specimen 

dimensions, strength metrics and specimen preparation. Despite the keen interest in the 

durability performance of FRP composites, existing deterioration models are mostly 

calibrated by durability test results of FRP rebars and pultrude FRP profiles, which perform 

differently from FRP composites in EB strengthening systems. The wet-layup processing 

technique and the ambient curing condition can bring in large variability and a complex 

post-curing stage, both of which can overshadow the deterioration process and complicate 

its prediction. Therefore, more durability tests, better to be more carefully designed (e.g. 

considering the post-curing effect), are still much needed for an in-depth understanding and 

reliable prediction of FRP deterioration in EB strengthening systems. 

2. Deterioration of FRP-to-concrete bonded interfaces can also affect the life-cycle 

performance of FRP-strengthened RC structures. Moisture accumulation in the bondline 

tends to jeopardize the interfacial properties through physiochemical reactions. Switch of 

failure modes from cohesion failure within concrete to adhesion failure at the adhesive-

concrete bi-material interface has been widely observed in both accelerated and natural 

exposure tests. As a tri-layer system consisting of concrete, bonding resins and FRP 

composites, the deterioration of FRP-to-concrete bonded interfaces is not only governed by 

the material properties of components, but also hinges very much on the surface 

morphology and roughness. A stable lower bound for debonding strength, which is 

provided by the remaining mechanical interlocking after exposure, has also been observed 

in a number of immersion tests. Due to its mechanism, the stable lower bound depends on 

the surface roughness and resin properties. The latter can be very sensitive to temperatures. 

Moreover, moisture reversal has been shown to play a major role in the retention of bonding 

properties. These two factors, i.e. temperatures and moisture reversal, should be 

appropriately considered in the future tests. 
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3. The environment where a structure is located can be very different from that in an 

accelerated test. Therefore, environment conversion is needed in order to estimate the 

deterioration of FRP composites and FRP-to-concrete bonded interfaces. For FRP 

composites, the higher temperature used in accelerated tests can be converted to the 

working temperature through the Arrhenius equation. Such a conversion is also very 

important to attest the validity of acceleration, so that it can be assured that the deterioration 

mechanism has not altered due to elevated temperatures. For FRP-to-concrete bonded 

interfaces, diffusion analysis should be conducted by virtue of FE modeling to obtain the 

bondline moisture content in realistic conditions. 

4. Time-dependent models are proposed in this chapter to predict the deterioration of FRP 

composites and FRP-to-concrete bonded interfaces. The example presented in the current 

study shows that the strength retention of FRP composites and FRP-to-concrete bonded 

interfaces after environmental exposure can be much higher than that of conventional 

reinforcing steel. The time-dependent models proposed herein also constitute an 

indispensable component for the later life-cycle analysis and management in Chapters 7 

and 8. It should be noted, though, that the prediction models herein are still deterministic 

by nature, but can be expanded to stochastic models given sufficient test results. More 

research is much in need to deduce reliable and stochastic deterioration models for FRP-

strengthened RC structures. 
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APPENDIX 

Table A6.1 Summary of FRP deterioration in accelerated tests 

Note: 

Material: (Fiber type: C for carbon; G for glass)/(Resin type: P for polyester; V for vinylester; E for epoxy; X for self-developed or unknown)/(Manufacturing: P for 

pultrusion; W for wet-layup; H for hot-pressing) 

Dimension: values in parentheses indicate rebar diameter 

Deterioration: negative values indicate strength increase; values in parentheses are deterioration considering post-curing 

 

Material Dimension Profile Exposure Deterioration Reference 

C/E/W 1.09mm Flat coupon 23°C water immersion for 700 days ~ ‒25% (<1%) Abanilla et al. (2006) 

   37.8°C water immersion for 700 days ~ ‒10% (12.2%)  

   60°C water immersion for 700 days ~ 0% (19.4%)  

C/E/W 2.88mm Flat coupon 23°C water immersion for 700 days 32.3% Abanilla et al. (2006) 

   37.8°C water immersion for 700 days 38.6%  

   60°C water immersion for 700 days 41.9%  

EG/P/P 6.4mm Flat coupon 25°C water immersion for 224 days ‒13.1% Grammatikos et al. (2016) 

   40°C water immersion for 224 days ‒5.4% (6.8%)  

   60°C water immersion for 224 days 4.1% (15.2%)   

   80°C water immersion for 224 days ‒16.2% (25.9%)  

G/P/V 2mm Flat coupon RM water immersion or 360 days 1.2% (~12%) Wang, Gangarao, Liang & Liu 

(2015) 

(0°/90°)   RM water immersion for 360 days, 10% 

tensile strain 

4.8% (~16%)  

   RM water immersion for 360 days, 20% 

tensile strain 

6.9% (~18%)  

G/V/P (12.7mm) Rebar embedded in concrete and immersed in 

23°C saline water for 365 days  

7.9% Robert & Benmokrane (2013) 

   embedded in concrete and immersed in 

40°C saline water for 365 days 

9.6%  
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   embedded in concrete and immersed in 

50°C saline water for 365 days 

10.9%  

G/X/W 1.3mm Flat coupon RM water immersion for 180 days, 25% 

bending strain 

9.6% Xian et al. (2012) 

   RM water for 180 days, 40% bending strain 26.2%  

G/V/P (9.53mm) Rebar RM water for 150 days <10% Davalos et al. (2012) 

   embedded in concrete and immersed in 

20°C water for 210 days 

~18%  

   embedded in concrete and immersed in 

40°C water for 210 days 

~32%  

   embedded in concrete and immersed in 

50°C water for 210 days 

~48%  

   embedded in concrete and immersed in 

60°C water for 210 days 

~55%  

G/E/H 1.9-2.2mm Flat coupon 25°C seawater immersion for 90 days ~24% Wei et al. (2011) 

C/X/P 1.14mm Flat coupon 38°C water immersion for 417 days ‒14.9% Cromwell et al. (2011) 

C/X/W -  38°C water immersion for 417 days ‒7.7% Cromwell et al. (2011) 

G/X/W -  38°C water immersion for 417 days 3.0% Cromwell et al. (2011) 

G/V/P (9.53mm) Rebar RM NaCl immersion for 120 days 2.6% Chen et al. (2007) 

   40°C NaCl immersion for 70 days 2.2%  

G/V/P (9.53mm) Rebar embedded in concrete and immersed in RM 

water for 90 days 

9.6% Chen et al. (2007) 

C/E/P (9.00mm) Rebar 60°C NaCl immersion for 70 days 4.3% Chen et al. (2007) 

G/V/P (10mm) Rebar embedded in concrete and immersed in 

40°C water for 480 days 

16.3% Almusallam & Al-Salloum (2006) 

   embedded in concrete and immersed in 

40°C water for 480 days, 20-25% tensile 

strain 

47.1%  

G/P/P (10mm) Rebar 25°C water immersion for 180 days 6.3% Tannous & Saadatmanesh (1998) 

   25°C NaCl (3.5% w.t.) immersion for 180 

days 

11.2%  
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   25°C NaCl+CaCl2 (7.0% w.t.) immersion 

for 180 days 

26.7%  

   25°C NaCl+MgCl2 (7.0% w.t.) immersion 

for 180 days 

28.8%  

G/V/P (10mm) Rebar 25°C water immersion for 180 days 2.9% Tannous & Saadatmanesh (1998) 

   25°C NaCl (3.5% w.t.) immersion for 180 

days 

6.5%  

   25°C NaCl+CaCl2 (7.0% w.t.) immersion 

for 180 days 

22.9%  

   25°C NaCl+MgCl2 (7.0% w.t.) immersion 

for 180 days 

24.0%  

G/P/P (19.5mm) Rebar 25°C water immersion for 180 days 4.8% Tannous & Saadatmanesh (1998) 

   25°C NaCl (3.5% w.t.) immersion for 180 

days 

7.7%  

   25°C NaCl+CaCl2 (7.0% w.t.) immersion 

for 180 days 

12.1%  

   25°C NaCl+MgCl2 (7.0% w.t.) immersion 

for 180 days 

10.9%  

G/V/P (19.5mm) Rebar 25°C water immersion for 180 days 3.3% Tannous & Saadatmanesh (1998) 

   25°C NaCl (3.5% w.t.) immersion for 180 

days 

5.2%  

   25°C NaCl+CaCl2 (7.0% w.t.) immersion 

for 180 days 

6.0%  

   25°C NaCl+MgCl2 (7.0% w.t.) immersion 

for 180 days 

8.4%  

  



278 

 

Table A6.2 Summary of FRP-to-concrete bonding deterioration in accelerated tests 

Note: 

Interface: (Bonded layer)/(Adhesive layer)/(Base concrete); for bonded layer, CF and GF are for carbon and glass fiber sheets, respectively; CP and GP are for carbon and glass 

plates, respectively; CS is for carbon strand sheet (Dai et al. 2010); for adhesive layer, E for epoxy, with the following number indicating different types of epoxy used in 

one study; for base concrete, RNC is for reinforced normal strength concrete; NC is for plain normal concrete; HC is for (plain) high strength concrete; C is for plain 

concrete without specified strength (presumably normal strength concrete); RC is for reinforced concrete without specified concrete strength (presumably normal strength 

concrete). 

Test setup: TPB for three point bending; S for shear test; FPB for four point bending; P for peeling test. 

 

Interface Test setup Exposure Result Reference 

CF/E1/RNC TPB 12 WD cycles every day: 1h 40min immersion 

in 48°C salty water; duration: 42, 84 and 126 

days 

Bond strength retention: 

0.756 (42 days), 0.884 (84 days), 

and 0.921 (126 days) 

Subhani et al. (2016) 

CF/E2/RNC TPB 12 WD cycles every day: 1h 40min immersion 

in 48°C salty water; duration: 42, 84 and 126 

days 

Bond strength retention: 

0.930 (42 days), 0.967 (84 days), 

and 0.950 (126 days) 

 

CF/E1/NC S 20°C tap water immersion for up to 730 days Bond strength retention: 

~1.00 

Shrestha et al. (2015) 

CF/E2/NC S 20°C tap water immersion for up to 730 days Bond strength retention: 

~0.93 

 

CF/E1/NC S WD cycles: 4-day 20°C tap water immersion + 

3 day drying; duration: 540 days 

Bond strength retention: 

~0.89 

 

CF/E2/NC S WD cycles: 4-day 20°C tap water immersion + 

3-day drying; duration: 540 days 

Bond strength retention: 

~0.99 

 

CF/E1/HC S 20°C tap water immersion for up to 365 days Bond strength retention: 

~0.68 

 

CF/E2/HC S 20°C tap water immersion for up to 365 days Bond strength retention: 

~0.70 

 

CP/E1/NC S 20°C water immersion for 42 days Fracture energy retention: 0.49 Pan et al. (2015) 

CP/E2/NC S 20°C water immersion for 56 days Fracture energy retention: 0.41  

CP/E/NC S WD cycles: 7-day water immersion + 7-day 

drying; duration: 180 days 

Bond strength retention: 1.07 Hassan et al. (2015) 
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 S WD cycles: 7-day salt water immersion + 7-

day drying; duration: 180 days 

Bond strength retention: 1.07  

 S WD cycles: 7-day water immersion + 7-day 

drying; duration: 180 days; 50% stressed 

Bond strength retention: 1.15  

 S WD cycles: 7-day salt water immersion + 7-

day drying; duration: 180 days; 50% stressed 

Bond strength retention: 1.10  

CF/E1/C TPB 30°C-60°C water immersion for 540 days Bond strength retention: 

0.58 (30°C), 0.50 (40°C), 0.48 

(50°C), 0.40 (60°C) 

Deng et al. (2015) 

  WD cycles for 345 days Bond strength retention: 

0.88 (40°C), 0.95 (40°C) 

 

CF/E2/C TPB 30°C-60°C water immersion for 540 days Bond strength retention: 

0.72 (30°C), 0.66 (40°C), 0.60 

(50°C), 0.51 (60°C) 

 

  WD cycles for 345 days Bond strength retention: 

0.88 (40°C), 0.95 (60°C) 

 

CP/E3/C TPB 30°C-60°C water immersion for 365 days Bond strength retention: 

0.37 (30°C), 0.21 (40°C), 0.20 

(50°C), 0.18 (60°C) 

 

  WD cycles for 345 days Bond strength retention: 

0.34 (40°C), 0.21 (60°C) 

 

CP/E/NC S Water immersion for 90 days; 3kN sustained 

load 

Bond strength retention: 

1.09 

Al-Tamimi et al. (2015) 

 S Water immersion for 90 days; 5kN sustained 

load 

Bond strength retention: 

1.16 

 

CP/E/RNC FPB WD cycles for 417 days (40°C tap water) Bond strength retention: 

0.99 

Silva, Cidade, et al. (2014) 

 FPB Salt fog cycles for 417 days (35°C) Bond strength retention: 

0.93 

 

GP/E/RNC FPB WD cycles for 417 days (18°C salt water) Bond strength retention: 

1.16 

 

 FPB Salt fog cycles for 417 days (35°C) Bond strength retention:  
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0.98 

GF/E/NC S WD cycles for 417 days (salt water) Bond strength retention: 0.93 Biscaia et al. (2014) 

 S WD cycles for 417 days (salt water) Bond strength retention: 1.11  

CP/E/NC FPB Salt water immersion for 120 days (20°C) Bond strength retention: 1.05 Al-Mahmoud et al. (2014) 

CF/E/NC FPB Salt water immersion for 120 days (20°C) Bond strength retention: 0.52  

CP/E/NC S 25°C-60°C water immersion for 210 days Bond strength retention: 

1.11 (25°C), 1.02 (40°C), 0.73 

(60°C) 

Lai et al. (2013) 

CF/E/NC S 150 WD cycles: 16h water immersion + 8h 

drying 

Fracture energy retention: 0.88 Kim et al. (2013) 

CF/E1/NC TPB 30°C and 60°C water immersion for 180 days Bond strength retention: 

0.77 (30°C), 0.76 (60°C) 

Choi et al. (2012) 

  40°C and 50°C water immersion for 540 days Bond strength retention: 

0.89 (40°C), 0.94 (50°C) 

 

CF/E2/NC TPB 30°C and 60°C water immersion for 180 days Bond strength retention: 

0.76 (30°C),  0.42 (60°C) 

 

  40°C and 50°C water immersion for 540 days Bond strength retention: 

0.63 (40°C), 0.64 (50°C) 

 

CP/E3/NC TPB 30°C-60°C water immersion for 540 days Bond strength retention: 

0.67 (30°C), 0.55 (40°C), 0.43 

(50°C), 0.33 (60°C) 

 

CP/E4/NC TPB 30°C-60°C water immersion for 540 days Bond strength retention: 

0.90 (30°C), 0.82 (40°C), 0.81 

(50°C), 0.81 (60°C) 

 

CP/E5/NC TPB 30°C-60°C water immersion for 540 days Bond strength retention: 

1.05 (30°C), 0.94 (40°C), 0.95 

(50°C), 0.96 (60°C) 

 

CP/E/NC P 23°C and 50°C water immersion for 56 days Fracture energy retention: 0.28 

(25°C), 0.26 (50°C) 

Tuakta & Büyüköztürk 

(2011b) 

 S 23°C and 50°C water immersion for 56 days Fracture energy retention: 0.55 

(25°C), 0.42 (50°C) 
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 P 8 WD cycles: 7-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.49 

(25°C), 0.50 (50°C) 

 

 P 8 WD cycles: 14-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.41 

(25°C), 0.52 (50°C) 

 

 P 4 WD cycles: 21-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.54 

(25°C), 0.53 (50°C) 

 

 S 8 WD cycles: 7-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.48 

(25°C), 0.48 (50°C) 

 

 S 8 WD cycles: 14-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.56 

(25°C), 0.48 (50°C) 

 

 S 4 WD cycles: 21-day water immersion + 4-day 

drying (25°C and 50°C) 

Fracture energy retention: 0.61 

(25°C), 0.46 (50°C) 

 

CP/E1/NC S RH>95%; 40°C; duration: 390 days Bond strength retention: 

0.90 

Benzarti et al. (2011) 

CF/E2/NC S RH>95%; 40°C; duration: 390 days Bond strength retention: 

1.13 

 

CP/E/NC S 25°C-60°C water immersion for 84 days Fracture energy retention: 

0.77 (25°C), 0.66 (36°C), 0.60 

(48°C), 0.39 (60°C) 

Mahmoud et al. (2010) 

CS/E1/NC TPB WD cycles: 4-day 60°C sea water immersion + 

3-day drying; duration: 730 days 

Bond strength retention: 

0.89 

Dai et al. (2010) 

CS/E1/NC TPB WD cycles: 4-day 60°C sea water immersion + 

3-day drying; duration: 730 days 

Bond strength retention: 

1.18 

 

CS/E2/NC TPB WD cycles: 4-day 60°C sea water immersion + 

3-day drying; duration: 730 days 

Bond strength retention: 

0.80 

 

CP/E/RNC FPB Moisture cycles at 40°C: 12h RH=20% + 12h 

RH=90%; duration: 417 days 

Fracture energy retention: 

0.81 

Silva & Biscaia (2008) 

 FPB Salt fog cycles at 35°C: 8h fog + 16h drying; 

duration: 417 days 

Fracture energy retention: 0.93  

GF/E/RNC FPB Salt fog cycles at 35°C: 8h fog + 16h drying; 

duration: 417 days 

Fracture energy retention: 0.96  
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 FPB WD cycles: 12h 60°C salt water immersion + 

12h drying; duration: 417 days 

Fracture energy retention: 1.39  

 FPB 60°C salt water immersion for 417 days Fracture energy retention: 1.43  

CP/E/NC P Water immersion for 56 days Fracture energy retention: 0.34 Wan et al. (2006) 

CP/E/NC P 23°C and 50°C water immersion for 56 days Fracture energy retention: 0.37 

(25°C), 0.37 (50°C) 

 

 S 23°C and 50°C water immersion for 56 days Fracture energy retention: 0.87 

(25°C), 0.49 (50°C) 

 

GF/E/RC FPB WD cycles: 14-day 23°C water immersion + 

14-day drying; duration: 720 days 

Bond strength retention: 

1.00 

Almusallam (2006) 

 FPB WD cycles: 14-day 23°C saline water 

immersion + 14-day drying; duration: 720 days 

Bond strength retention: 

0.87 

 

CP/E/RC FPB 38C water immersion for 417days Bond strength retention: 0.67 Grace & Singh (2005) 

CF/E/RC FPB 38C water immersion for 417days Bond strength retention: 0.90  

CF1/E1/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

0.84 

Toutanji & Gómez (1997) 

CF1/E2/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.10 

 

CF1/E3/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.15 

 

CF2/E1/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

0.91 

 

CF2/E2/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.06 

 

CF2/E3/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.14 

 

GF1/E1/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

0.87 

 

GF1/E2/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

0.97 

 

GF1/E3/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.21 
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GF2/E1/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.00 

 

GF2/E2/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.11 

 

GF2/E3/RC FPB 300 WD cycles: 4h salt water immersion + 2h 

drying (35°C); duration; 75 days 

Bond strength retention: 

1.15 

 

 

  



284 
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Table A6.3 Summary of deterioration of FRP-to-concrete bonded interfaces subjected to natural exposure 

Note: 

Interface: (Bonded layer)/(Adhesive layer)/(Base concrete); for bonded layer, CF and GF are for carbon and glass fiber sheets, respectively; CP and GP are for carbon and glass 

plates, respectively; CS is for carbon strand sheet (Dai et al. 2010); for adhesive layer, E for epoxy, with the following number indicating different types of epoxy used in 

one study; for base concrete, RNC is for reinforced normal strength concrete; NC is for plain normal concrete; HC is for (plain) high strength concrete; C is for plain 

concrete without specified strength (presumably normal strength concrete); RC is for reinforced concrete without specified concrete strength (presumably normal strength 

concrete). 

Test setup: TPB for three point bending; S for shear test; FPB for four point bending; P for peeling test. 

 

Interface Test setup Exposure Result Reference 

CP/E/NC S Tropical: temperature of 23-35°C and RH of 

60-95%; duration: 180 days (Malaysia) 

Bond strength retention: 0.98 Hassan et al. (2015) 

 S Tropical: temperature of 23-35°C and RH of 

60-95%; duration: 180 days; 50% stressed 

(Malaysia) 

Bond strength retention: 1.05  

CF/E1/C TPB UV radiation, freezing-thawing cycles, and 

varying moisture; duration: 540 days 

(Wyoming, U.S.) 

Bond strength retention: 

0.45 

Deng et al. (2015) 

CF/E2/C TPB UV radiation, freezing-thawing cycles, and 

varying moisture; duration: 540 days 

(Wyoming, U.S.) 

Bond strength retention: 0.45  

CP/E3/C TPB UV radiation, freezing-thawing cycles, and 

varying moisture; duration: 540 days 

(Wyoming, U.S.) 

Bond strength retention: 0.30  

CP/E/NC S Solar exposure for 90 days (38°C-55°C); 3kN 

sustained load (UAE) 

Bond strength retention: 

1.10 

Al-Tamimi et al. (2015) 

 S Solar exposure for 90 days (38°C-55°C); 5kN 

sustained load (UAE) 

Bond strength retention: 

1.18 

 

CF/E1/NC TPB brackish water; duration: 540 days (Florida, 

U.S.) 

Bond strength retention: 

0.86 

Choi et al. (2012) 

CF/E2/NC TPB brackish water; duration: 540 days (Florida, 

U.S.) 

Bond strength retention: 

1.03 
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CP/E3/NC TPB brackish water; duration: 540 days (Florida, 

U.S.) 

Bond strength retention: 

1.23 

Almusallam (2006) 

GF/E/RC FPB UV radiation; hot-dry conditions; duration: 

720 days (Riyadh, Saudi Arabia) 

Bond strength retention: 

1.04 
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TABLES 

Table 6.1 Strength retention under different temperatures (Abanilla et al. 2006) 

Temp. Time (weeks) 

 0 0.7 3.9 7.4 16.0 31.9 52.0 78.0 100 

23°C (0.812) (0.853) (0.840) (0.881) (0.938) (0.927) (0.989) (1.000) (0.998) 

37.8°C (0.810) (0.784) (0.908) (0.692) (0.858) (0.833) 0.906 0.881 0.876 

60°C (0.812) (0.784) (0.653) (0.735) (0.832) (0.805) 0.830 0.817 0.805 

 

Table 6.2 Constitutive models of diffusion properties 

Material Diffusion model Parameters 

Concrete Figure 6.9a D0, Dw, D∞ = 0.05, 0.25, 1.00 mm2/h 

H1, H2, H3 = 0.63, 0.75, 0.90 

Epoxy Figure 6.9b Dw,0 = 16 × 10‒14 m2/s 

Dw,∞ = 1.8 × 10‒14 m2/s 

FRP Constant Dw = 3.19 × 10-13 m2/s 

 

Table 6.3 Environmental reduction factors 

Code or study Environmental reduction factor 

ACI 440.2R (2008) 0.85 (Exterior/Aggressive environment); 0.95 (Interior exposure) 

CNR-DT (2004) 0.85 (Exterior/Aggressive environment); 0.95 (Interior exposure) 

JSCE 0.77 

CIDAR (2006) 0.85 (Exterior/Aggressive environment); 0.95 (Interior exposure) 

GB 50608 (2010) 0.83 (Aggressive environment); 0.91(Aggressive environment); 

1.00 (Interior exposure) 

Eq. 6.7a 0.82 (50 years); 0.80 (75 years) 

Eq. 6.7b 0.80 (50 years); 0.80 (75 years) 

Eqs. 6.3 and 6.10 0.71 
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FIGURES 

 

Figure 6.1 Tri-layer representation of FRP-to-concrete bonded interfaces 

 

 

Figure 6.2 Schematic illustration of water effects on FRP-to-concrete bonded interfaces: 

disrupt of hydrogen bonds 
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Figure 6.3 Schematic illustration of the mechanism of FRP-to-concrete bond deterioration 
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(a) Pull-off test 

 
(b) Peel test 

  
(c) Single/double lap shear test 

 
(d) Beam test 

Figure 6.4 Different test setups for debonding strength 
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(a) CFRP-to-concrete bonded interfaces 

(System A in Deng et al. 2015) 

 
(b) CFRP-to-concrete bonded interfaces 

(System B in Deng et al. 2015)  

 
(c) CFRP-to-concrete bonded interfaces (Mahmoud et al. 2010) 

Figure 6.5 The temperature effect on the retention of bond properties (Mahmoud et al. 2010; 

Deng et al. 2015)  
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(a) Bank et al. (2003) model 

 
(b) Phani and Bose (1986) model 

Figure 6.6 Model fitting for FRP deterioration 

 

 
(a) Bank et al. (2003) model 

 
(b) Phani and Bose (1986) model 

Figure 6.7 Arrhenius plots of FRP deterioration 
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(a) Bank et al. (2003) model 

 
(b) Phani and Bose (1986) model 

Figure 6.8 Master curve of FRP deterioration 

 

 
(a) Concrete diffusion model 

 
(b) Epoxy diffusion model 

Figure 6.9 Constitution relations of concrete and epoxy diffusion (Ouyang and Wan 2008) 
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(a) Single lag shear test 

 
(c) Cross section of specimen  

Figure 6.10 Immersion test specimens of FRP-to-concrete joints  

F 
bf/2 

h 

CL 

b/2 

tf 

tp 

(b) Dimension of immersion specimens 

 TuBü11 PaXS15 

b (mm) 75 100 

h (mm) 37.5 100 

bf (mm) 25 25 

tf (mm) 1.28 1.3 

tp (mm) 1 1/0.2 
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(a) tp = 1.0mm (Pan et al. 2015) 

 
(b) tp = 0.2mm (Pan et al. 2015) 

 
(c) tp = 1.0mm (Tuakta and Büyüköztürk 2011) 

Figure 6.11 Calibration of bond deterioration model  
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Figure 6.12 Cross section of FRP-strengthened RC T-beam  

 

  

Figure 6.13 Comparison of FRP deterioration, bond deterioration and steel corrosion 
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CHAPTER 7 THRESHOLD-BASED PLANNING OF FRP STRENGTHENING 
FOR RC BRIDGE GIRDERS 

7.1 OVERVIEW 

The previous chapter presents an efficient sampling method to compute time-dependent 

reliability of deteriorating structures. In this chapter, this method is employed in the threshold-

based life-cycle management of deteriorating reinforced concrete (RC) bridge girders. 

 

Time-dependent reliability analysis has been used for performance evaluation and maintenance 

planning of deteriorating RC structures during their life-cycle. This chapter presents an 

improved threshold-based approach for rational scheduling and selection of maintenance 

actions for RC structures based on time-dependent reliability analysis, with particular 

application to the fiber-reinforced polymer (FRP) strengthening of RC bridge girders. The 

proposed approach is superior to existing approaches due to its consideration of time-dependent 

uncertainty in structural resistance in a computationally efficient manner. 

 

The dynamic Bayesian network (DBN) model for chloride-induced corrosion, which has been 

fully described in Chapter 5, is used herein to predict and update the deterioration of virgin RC 

structures. State-of-the-art deterioration models of FRP and FRP-to-concrete bonded interfaces 

as critically reviewed in Chapter 6 are employed to predict the deterioration of FRP 

strengthening systems under moisture conditions. According to the deterioration prediction of 

RC and FRP-strengthened RC structures, time-dependent failure probabilities of RC bridge 

girders, which is used herein as a life-cycle performance indicator, can be evaluated before and 

after FRP strengthening. Based on a prescribed reliability threshold, FRP strengthening 

systems are scheduled and designed for corroded RC girders. The proposed methodology is 
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demonstrated thoroughly by a numerical example. The methodology proposed herein allows 

for a detailed analysis of various factors influencing the life-cycle performance of RC and FRP-

strengthened RC girders including (a) historical data of inspections, (b) the deterioration of 

FRP and FRP-to-concrete bonded interfaces, (c) time-variant uncertainties of structural 

resistance, and (d) the correlation between flexural and shear limit states of girders.  

 

7.2 THRESHOLD-BASED MAINTENANCE PLANNING 

RC structures may be subjected to harsh environments during their service life. Deterioration 

of structural performance can jeopardize normal serviceability or even structural safety. 

Therefore, necessary maintenance/strengthening interventions should be scheduled during 

and/or after the design service life of a structure. As a structure continues to age, the life-cycle 

cost of strengthening can become so tremendous that the maintenance interventions should be 

performed in an effective and innovative way (e.g. FRP strengthening) as well as at appropriate 

points-in-time (through life-cycle management). 

 

Time-dependent reliability analysis has been used to study the life-cycle performance of 

deteriorating structures (Mori & Ellingwood 1993; Enright & Frangopol 1999b; Akiyama et al. 

2010; Bhargava et al. 2011). Maintenance actions can be scheduled based on a reliability 

threshold (Barone & Frangopol 2014). Existing algorithms for time-dependent reliability 

problems (Mori & Ellingwood 1993) usually adopt a deterministic function to model structural 

deterioration. An unfavorable implication of using such a deterministic function is that the 

time-dependency of uncertainty in resistance is totally neglected. This is usually contradictory 

to results from Monte Carlo simulation, in which the coefficient of variation (COV) of 

resistance increases with service life (Enright & Frangopol 1998).  
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This chapter presents an improved threshold-based approach for rational scheduling and 

selection of maintenance actions for deteriorating RC structures, with particular application to 

deteriorating RC bridge girders in marine environments. By virtue of this approach, life-cycle 

performance in terms of time-dependent reliability can be evaluated for deteriorating RC 

structures before and after maintenance interventions. In the present approach, a simplified 

method is proposed to consider the variation of uncertainty in resistance. 

 

As an example of maintenance techniques, externally bonded fiber reinforced polymer (FRP) 

reinforcement is adopted for structural strengthening whenever the reliability threshold is 

reached. As stated in Chapter 2, externally bonded FRP systems have been widely used in the 

strengthening of deficient RC structures due to the superb properties of FRP such as high 

strength-to-weight ratio, excellent corrosion resistance as well as ease and versatility for 

construction (Teng et al. 2002). During the past few decades, extensive research has been 

conducted on the FRP strengthening of structures, and several design guidelines have been 

developed to facilitate the design of FRP strengthening systems (Hollaway & Teng 2008). 

Indeed, the FRP strengthening technique is now well accepted in the strengthening of RC 

bridges and buildings (Bank 2006; Hollaway & Teng 2008). Though FRP does not suffer from 

electrochemical corrosion, FRP as well as the FRP-to-concrete bonded interfaces does 

deteriorate in harsh environments, albeit only slowly (see Chapter 6). More details about FRP 

and bonding deterioration can be found in Chapter 6. In this chapter, state-of-the-art models 

for the deterioration of FRP-strengthened concrete members, as those described in Chapter 6, 

are incorporated into the proposed approach to evaluate life-cycle performance of FRP-

strengthened RC girders. Using the efficient sampling method in Chapter 4, the time-

dependency of uncertainties in resistance can be properly considered, and the influence of 

correlation between the flexural and the shear limit states of girders is also investigated. 
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It should be noted that while the present chapter is focused on RC bridge girders strengthened 

with externally bonded FRP reinforcement in marine environments, the proposed approach can 

be easily adapted to deal with other aggressive environments and maintenance options. 

 

7.3 MAINTENANCE PLANNING BASED ON TIME-DEPENDENT RELIABILITY 

7.3.1 Cumulative-Time Failure Probabilities and Maintenance Thresholds 

Time-dependent reliability analysis is concerned with the determination of cumulative-time 

failure probability defined as follows (Enright & Frangopol 1999b): 

 𝑃𝑓(𝑡) = 1 − 𝑆(𝑡) = 1 − Pr[𝑇𝐹 > 𝑡] (7.1) 

 

where 𝑃𝑓(𝑡) is the cumulative-time failure probability; 𝑆(𝑡) is the survivor function (Barone & 

Frangopol 2014); and 𝑇𝐹 is the time to failure. Compared with point-in-time reliability, time-

dependent reliability represents a more rigorous requirement of structural safety. It considers 

not only the instantaneous failure probability at each load event, but also the cumulative 

conditions of a structure due to a time-dependent resistance and recurrence of load events 

during the structural service life. A more thorough comparison between the cumulative-time 

failure probability and point-in-time failure probability can be found in Chapter 4. 

 

As a threshold-based method, the proposed approach uses availability functions as defined in 

Ang & Tang (1984) for maintenance planning. Availability of structures is defined as the 

conditional survival probability of a structure given that the structure is safe at the time of 

reliability analysis and/or maintenance. For structures with only one intervention, the 

relationship between the survivor function (the total probability, 𝑆(𝑡) = Pr[𝑇𝐹 > 𝑡]) and the 

availability function (the conditional probability, 𝐴(𝑡) = Pr[𝑇𝐹 > 𝑡|𝑇𝐹 > 𝑡𝑅] ) is given as 

follows (Barone & Frangopol 2014): 
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𝐴(𝑡) = {

𝑆(𝑡) 𝑡 < 𝑡𝑅
𝑆(𝑡) 𝑆(𝑡𝑅)⁄ 𝑡 ≥ 𝑡𝑅

 (7.2) 

 

where 𝑡𝑅  is the time at maintenance intervention (or time at reliability analysis). The 

cumulative-time failure probability corresponding to structural availability is, therefore, 1 −

𝐴(𝑡). Maintenance actions are planned whenever this cumulative-time failure probability of 

structures reaches a prescribed threshold. Due the use of time-dependent reliability analysis, 

failure probabilities can be related to the target reliability indices in design guidelines/codes 

(e.g. CEN 2002; GB 50010 2010; AASHTO 2012) and selected directly for maintenance 

planning.  

 

7.3.2 Time-Dependency of Uncertainties in Structural Resistance 

For time-dependent reliability analysis of deteriorating RC structures, the deterioration of 

resistance is commonly represented as follows (Mori & Ellingwood 1993; Enright & Frangopol 

1999b): 

 𝑅(𝑡) = 𝑅0 ⋅ 𝑔(𝑡) (7.3) 

 

where 𝑅(𝑡)  is the time-dependent resistance; 𝑅0  is the initial resistance; and 𝑔(𝑡)  is a 

deterministic function for structural deterioration. The Poisson process is usually used to model 

the live load process of bridges (Enright & Frangopol 1999b), whose time-dependent reliability 

was derived by Mori & Ellingwood (1993) as follows: 

 
𝑃𝑓(𝑡𝐿) = 1 − ∫ exp(−𝜆𝐿 {𝑡𝐿 −∫ 𝐹𝑆𝐿 [

𝑟𝑔(𝑡) − 𝑠𝐷
𝑐

] 𝑑𝑡
𝑡𝐿

0

})𝑓𝑅0(𝑟)𝑑𝑟
∞

0

 (7.4) 

 

where 𝜆𝐿 is the arrival rate of the Poisson process; FSL is the cumulative distribution function 

(CDF) of the live load SL in each live load event; sD is the deterministic dead load; c is the live 

load weighting factor (e.g. the girder distribution factor); fR0 is the probability density function 

(PDF) of the initial resistance R0. 
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It should be noted that the adoption of the deterministic 𝑔(𝑡) in Eq. 7.3 implies a deterministic 

deterioration process (i.e., the COV of structural resistance is always constant during the 

service life under consideration): 

 
𝛿(𝑡) =

𝜇𝑅(𝑡)

𝜎𝑅(𝑡)
=
𝜇𝑅0 ∙ 𝑔(𝑡)

𝜎𝑅0 ∙ 𝑔(𝑡)
= 𝛿𝑅0 (7.5) 

 

where 𝛿(𝑡) is the time-variant COV of structural resistance; 𝜇𝑅(𝑡) and 𝜎𝑅(𝑡) are the mean and 

standard deviation of time-dependent resistance; 𝜇𝑅0 , 𝜎𝑅0 , and 𝛿𝑅0  are the mean, standard 

deviation, and COV of initial resistance, respectively. In fact, due to uncertainties in the 

deterioration process, the COV of structural resistance can vary substantially during the service 

life of a structure. In order to reflect the time-dependency of resistance COV, Bhargava et al. 

(2011) proposed a new expression for time-dependent resistance R(t). However, two random 

variables, instead of one random variable (R0 in Eq. 7.3), were used by them to formulate time-

dependent resistance. Consequently, the method is computationally less efficient than that 

using Eq. 7.3. 

 

Based on the work of Bhargava et al. (2011), a new method was proposed in the current study 

to consider the time-dependency of uncertainty in resistance without increasing the number of 

random variables in the expression of resistance. In the proposed method, instead of using 

Eq. 7.3, the residual resistance is given by the following equation: 

 𝑅(𝑡) = 𝜇𝑅0 ⋅ 𝑔(𝑡) ⋅ 휀0
𝑎(𝑡)

 (7.6) 

 

where 𝜇𝑅0  is the mean initial resistance; 휀0  is a random variable following a lognormal 

distribution [i.e. ln휀0 ∼ 𝑁(0, 𝜎ln𝜀0)]; 𝑎(𝑡) is a deterministic function related to the time-variant 

COV of structural resistance (herein termed as the COV evolution function). If the time-

dependent resistance is assumed to follow a lognormal distribution, the deterioration function 
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𝑔(𝑡)  and the COV evolution function 𝑎(𝑡)  in Eq. 7.6 can be determined from the mean 

deterioration, 𝜇𝑅(𝑡), and the time-variant COV, 𝛿𝑅(𝑡), as follows: 

 
𝑔(𝑡) =

𝜇𝑅(𝑡)

𝜇𝑅0

1

√1 + 𝛿2(𝑡)
 (7.7a) 

 

 

𝑎(𝑡) = √
1 + 𝛿2(𝑡)

𝜎ln𝜀0
2  (7.7b) 

 

 

By using Eq. 7.6, the time-variant statistical properties of structural resistance can be preserved 

The main advantage of the proposed approach over Bhargava et al.'s (2011) method is that the 

uncertainty of initial resistance is merged into the random variable 휀0, so that, unlike Bhargava 

et al.'s (2011) method, the total number of random variables is the same as that of Mori & 

Ellingwood's (1993) method. Therefore, the current approach is capable of considering the 

time-dependency of uncertainty in resistance at little additional computational cost. 

Substituting rg(t) in Eq. 7.4 with Eq. 7.6, one can easily obtain the expression of cumulative-

time failure probability considering the time-dependency of uncertainties in resistance as 

follows: 

 
𝑃𝑓(𝑡𝐿) = 1 − ∫ exp(−𝜆𝐿 {𝑡𝐿

∞

0

−∫ 𝐹𝑆𝐿 [
𝜇𝑅0 ∙ 𝑔(𝑡) ∙ 휀0

𝑎(𝑡)
− 𝑠𝐷

𝑐
] 𝑑𝑡

𝑡𝐿

0

}) 𝑓𝜀0(휀)𝑑휀 

(7.8) 

 

 

For a deteriorating RC bridge girder, both the flexural and the shear strengths affect structural 

safety. Therefore, a deteriorating girder can be modeled as a two-component series system; in 

this case, the time-dependent failure probability is 

 
𝑃𝑓(𝑡𝐿) = 1 − ∫ exp

Ω

{−𝜆𝐿 [𝑡𝐿 −∫ ℎ𝑠𝑦𝑠(𝐞, 𝑡)𝑑𝑡
𝑡𝐿

0

]} 𝑓𝐄0(𝐞)𝑑𝐞 (7.9) 
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in which 𝐄𝟎 = [휀0,𝑚, 휀0,𝑣] , where 휀0,𝑚  and  휀0,𝑣  are the flexural and the shear strengths, 

respectively; 𝑓𝐄0  is the joint probability density function (PDF) of the initial resistance 𝐄𝟎; 

ℎ𝑠𝑦𝑠(𝐞, 𝑡) is a system-related function at time 𝑡 given the sample vector 𝐞 = [휀𝑚, 휀𝑣]. 

 

The flexural and the shear capacities can be assumed to be independent since the shear and the 

flexural critical regions are usually different, especially for simply supported bridge girders. 

The effects due to the vehicle load, by contrast, are nearly fully correlated, since they are most 

likely to be induced by the same heavy truck(s). Therefore, for bridge girders, the flexural and 

the shear limit states are actually correlated. As a result, ℎ𝑠𝑦𝑠(𝐞, 𝑡)  in Eq. 7.9 should be 

calculated as follows: 

 
ℎ𝑠𝑦𝑠,𝑐𝑜𝑟𝑟 = 𝐹𝑆𝐿 [min (

𝑟𝑚𝑔𝑚(𝑡)휀𝑚
𝑎𝑚(𝑡) − 𝑠𝐷𝑀
𝑐𝑚

,
𝑟𝑣𝑔𝑣(𝑡)휀𝑣

𝑎𝑣(𝑡) − 𝑠𝐷𝑉
𝑐𝑣

)] (7.10) 

 

where 𝑟𝑚 and 𝑟𝑣 are the mean values of initial flexural and shear strengths respectively; 𝑔𝑚(𝑡) 

and 𝑔𝑣(𝑡) are the corresponding strength deterioration functions determined by Eq.  7.7a; 

𝑎𝑚(𝑡) and 𝑎𝑣(𝑡) are the corresponding COV evolution functions determined by Eq. 7.7b; 𝑠𝐷𝑀 

and 𝑠𝐷𝑉 are the moment and shear force respectively due to the deterministic dead load; 𝑐𝑚 

and 𝑐𝑣  are respectively the live load weighting factors related to girder distribution factors 

(GDFs). 

 

In order to simplify the problem, the flexural and the shear limit states are sometimes assumed 

to be independent of each other so that the system failure probability can be determined 

analytically from the component failure probabilities (Zhu & Frangopol 2012; Barone & 

Frangopol 2014). In this case, ℎ𝑠𝑦𝑠(𝐞, 𝑡)  in Eq. 7.9 can be represented by the following 

equation: 
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ℎ𝑠𝑦𝑠,𝑖𝑛𝑑𝑝 = 𝐹𝑆𝐿 [

𝑟𝑚𝑔𝑚(𝑡)휀𝑚
𝑎𝑚(𝑡) − 𝑠𝐷𝑀
𝑐𝑚

] × 𝐹𝑆𝐿 [
𝑟𝑣𝑔𝑣(𝑡)휀𝑣

𝑎𝑣(𝑡) − 𝑠𝐷𝑉
𝑐𝑣

] (7.11) 

 

It should be noted that Eq. 7.11 is in fact an approximation of the more accurate counterpart 

(Eq. 7.10). The error introduced by this approximation was investigated. 

 

As discussed in Chapter 4, existing methods for time-dependent reliability analysis (Mori & 

Ellingwood 1993) are not efficient for series systems that are likely to have multiple important 

regions. Therefore, the cross-entropy-based adaptive importance sampling method in Chapter 

4 was used to solve Eq. 7.9. Once Eq. 7.9 is solved, the availability of structure can be 

calculated easily based on Eq. 7.2 as follows: 

 
𝐴(𝑡) =

1 − 𝑃𝑓(𝑡)

1 − 𝑃𝑓(𝑡𝑅)
 (7.12) 

 

 

7.4 MODELING OF STRUCTURAL DETERIORATION 

7.4.1 Modeling of Deterioration of RC Structures 

RC structures in marine environments are subjected to chloride-induced corrosion. The 

mechanism of reinforcement corrosion is a complex electrochemical process, which involves 

chloride diffusion, electrochemical reactions, and concrete cracking (Papakonstantinou & 

Shinozuka 2013). As a result, great amounts of uncertainties are involved in the prediction of 

structural deterioration. In order to achieve more accurate assessments and predictions of the 

performance of deteriorating RC structures, condition assessment, field testing and monitoring 

techniques have been employed to consider site-specific information (Bertolini et al. 2004). 

Such inspection results and field measurements can be exploited to update the prior prediction 

by virtue of Bayesian updating (Enright & Frangopol 1999a; Estes & Frangopol 2003; Stewart 

& Suo 2009): 

 𝑓′′(𝜃) = 𝑘𝐿(𝜃|𝐸)𝑓′(𝜃) (7.13) 
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where f’(θ) and f’’(θ) are the prior and posterior distributions of the parameter of interest (θ, 

e.g. structural resistance), respectively; L(θ|E) is the likelihood function with respect to θ given 

an outcome event E; and k is a normalization factor. In reality, the outcome event E is mostly 

related to those parameters in the corrosion process (e.g. width of corrosion-induced cracks) 

that are only indirectly relevant to the parameter to be updated (e.g. structural resistance). As a 

result, Eq. 7.13 cannot be used directly used for parameter updating. 

 

In this chapter, the dynamic Bayesian network (DBN) model described previously in Chapter 

5 was employed to model the deterioration of RC structures prior to any required maintenance 

actions. The DBN model involves a sophisticated deterioration model (Papakonstantinou & 

Shinozuka 2013) that includes all important features of chloride-induced corrosion of RC 

girders (i.e. corrosion initiation, corrosion propagation, crack initiation, and crack propagation). 

The posterior distribution of structural resistance can be obtained through a graphical 

representation of correlated parameters (DBN) and the likelihood weighting sampling 

algorithm. More details of the DBN model can be found in Chapter 5. 

 

7.4.2 Modeling of Deterioration of FRP-Strengthened RC Structures 

In order to calculate the reliability of RC structures after FRP strengthening, deterioration of 

FRP-strengthened RC structures should be properly considered. The deterioration of FRP-

strengthened RC structure entails the deterioration of FRP itself and the deterioration of FRP-

to-concrete bonded interfaces. The present study is primarily focused on the deterioration due 

to moisture intake, which is one of the most detrimental environmental stressors for FRP-

strengthened RC structures in marine environments (Karbhari et al. 2003; Böer et al. 2014; Sen 

2015). 
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7.4.2.1 Modeling of FRP Deterioration 

Due to the excellent weathering resistance of fiber materials, the strength deterioration of FRP 

composites depends very much on matrix materials (Karbhari et al. 2003; Davalos et al. 2012; 

Böer et al. 2014). Moisture has a detrimental effect on the properties of resin materials in FRP 

composites through hydrolysis, plasticization, saponification, leaching and swelling stresses 

(Karbhari et al. 2003; Nukurunziza et al. 2005; Zaman et al. 2013; Robert & Benmokrane 2013; 

Böer et al. 2014). As a result, the deterioration of certain matrix-dominated strengths has been 

observed in experiments, e.g. flexural strength of thick composite beams (Karbhari & Abanilla 

2007). In contrast, tests for the deterioration of tensile strength often exhibit large scatters or 

even show totally opposite trends of the time-dependent development of tensile strength 

(Karbhari & Abanilla 2007; Shrestha et al. 2015; Sen 2015). Chapter 6 presents a 

comprehensive summary of available test data and existing prediction models for FRP 

deterioration. Based on the comparison, the model first proposed by Phani & Bose (1986,1987) 

was used herein to predict the tensile strength deterioration of FRP composites: 

 𝑟 = (1 − 0.8) × exp(−𝑡𝑤/216.1) + 0.8 (7.14) 

 

where tw is the immersion time [weeks]; r is the normalized strength retention. 

 

7.4.2.2 Modeling of FRP-to-concrete bonding deterioration 

FRP-to-concrete bonded interfaces are also subjected to moisture attack (Sen 2015). In a FRP-

to-concrete interface, not only the resin material is vulnerable to moisture intake; more 

importantly, the water molecule is prone to compromising the adhesive bonding between the 

resin and the substrate material by compromising the hydrogen bonds between the two 

(Büyüköztürk et al. 2012; Pan et al. 2015). In addition, moisture is prone to affecting the 

properties of resins, which in turn can compromise the mechanical interlocking between FRP 

and concrete substrates. Nevertheless, the mechanical interlocking has been found to be more 
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robust to moisture ingress if the temperatures is considerably below the glass transition 

threshold of resins (Tuakta & Büyüköztürk 2011; Ouyang & Wan 2008; Pan et al. 2015). The 

mechanical interlocking, therefore, implies a stable lower bound for FRP-to-concrete 

interfacial properties, which have been observed by multiple researchers (Tuakta & 

Büyüköztürk 2011; Ouyang & Wan 2008; Pan et al. 2015). 

 

To predict FRP-to-concrete bonding deterioration, the model presented in Chapter 6 was used 

to estimate the reduction of interfacial fracture energy and the associated strength deterioration. 

Specifically, fracture energy reduction was predicted based on moisture content in the resin-

concrete interface, which was determined through a FE model for diffusion. The relation 

between the fracture energy retention and the interfacial relative humidity was obtained by 

durability tests and is presented as follows: 

 𝐺𝑓,𝐸𝑁𝑉

𝐺𝑓,0
= 1 −

1 − 𝛽

1 + {[1 − 𝐻(𝐱, 𝑡)]/(1 − 𝐻𝑑)}
𝑛

 (7.15) 

 

where Gf,ENV is the fracture energy after exposure; Gf,0 is the initial fracture energy; H(x, t) 

represents the relative humidity, which is a function of location x and time t; β is a retention 

factor defining the ratio of residual to initial fracture energy; Hd is a location factor defining 

the relative humidity at which a significant drop of fracture energy occurs; n is a shape factor 

defining the deterioration rate; β=0.5, Hd=0.80, and n=4 were used based on the analysis in 

Chapter 6. The average fracture energy in the resin-concrete interface was then determined by 

the following equation; 

 
�̅�𝑓,𝐸𝑁𝑉(𝑡) =

1

𝐿
∫ 𝐺𝑓,𝐸𝑁𝑉[𝐻(𝑥, 𝑡)]𝑑𝑥
𝐿

0

 (7.16) 

 

where L is the length of the resin-concrete interface. Finally, the residual debonding strength 

was predicted based on the average fracture energy: 
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𝑓𝑑,𝐸𝑁𝑉(𝑡)

𝑓𝑑,0
= √

�̅�𝑓,𝐸𝑁𝑉(𝑡)

𝐺𝑓,0
 (7.17) 

 

where fd,ENV(t) is the time-dependent debonding strength at time t; fd,0 is the initial debonding 

strength. More details about the FE analysis of diffusion and the comparison with durability 

test results can be found in Chapter 6. 

 

7.5 ILLUSTRATIVE EXAMPLE 

7.5.1 RC Girder under Chloride-Induced Corrosion 

An example is presented in this section to illustrate the proposed approach for reliability-based 

scheduling and design of maintenance actions. The girder under consideration is an interior 

girder from a simple span RC bridge under airborne chloride attacks from the sea. Chloride-

induced corrosion is responsible for the structural deterioration of the bridge girder. The cross-

section of the girder is shown in Figure 7.1 (Enright & Frangopol 1998). Both the flexural and 

the shear reinforcements were assumed subjected to chloride-induced corrosion. 

 

Condition states (CSs) defined in Table 5.3 were assumed for the bridge girder under 

consideration. Specially, the transitions from CS 1 to CS2, CS 2 to CS 3 and CS 3 to CS 4 were 

considered to occur at year 10, 26 and 42 for flexural critical regions and at year 8, 20 and 34 

for shear critical regions (more details were given in Chapter 5). The assumed historical 

information was used herein as evidence to update the prior prediction of structural resistance 

within the framework of DBN. Based on the DBN model in Chapter 5, resistance deterioration 

obtained from Monte Carlo (MC) simulation can be approximated by polynomial expressions 

for both the flexural and the shear capacities [i.e., g(t) and a(t) in Eq. 7.7]. For the ease of 

readers, Figure 7.2 presents again the MC simulation results of structural deterioration. It can 

be found that the evidence implies a much more severe deterioration than the prior, which 
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demonstrates the importance of historical evidence in the prediction of life-cycle performance 

of existing structures. Figure 7.2 also shows the time-dependency of uncertainty in resistance, 

especially for the case of shear capacities where the increase in resistance COV should not be 

blindly neglected. Typical PDF of residual resistance can be found in Figures 5.14 and 5.15, 

from which it can be seen that lognormal distributions are capable of representing the 

probability distribution of structural resistance. Based on Eq. 7.7 and assuming 𝜇ln𝜀0 = 0 and 

𝜎ln𝜀0 = 0.1 (Bhargava et al. 2011), the polynomial functions for g(t) and a(t) in Eq. 7.6 are 

given as follows: 

 𝑔𝑀0(𝑡) = 1.00 − 1.21 × 10
−4𝑡 − 7.05 × 10−6𝑡2 + 6.13 × 10−8𝑡3 − 1.88

× 10−10𝑡4 
𝑎𝑀0(𝑡) = 1.34 − 6.02 × 10

−5𝑡 + 7.75 × 10−6𝑡2 − 3.24 × 10−8𝑡3 + 8.79
× 10−10𝑡4 

𝑔𝑉0(𝑡) = 1.00 − 8.74 × 10
−4𝑡 − 1.09 × 10−5𝑡2 + 1.14 × 10−7𝑡3 − 3.70

× 10−10𝑡4 
𝑎𝑉0(𝑡) = 1.51 − 2.14 × 10

−4𝑡 + 4.48 × 10−5𝑡2 − 2.48 × 10−7𝑡3 + 5.98
× 10−10𝑡4 

(7.18) 

 

for prior predictions, and 

 𝑔𝑀(𝑡) = 1.00 − 7.25 × 10
−4𝑡 − 4.16 × 10−6𝑡2 + 5.16 × 10−8𝑡3 − 1.88

× 10−10𝑡4 
𝑎𝑀(𝑡) = 1.37 − 9.09 × 10

−6𝑡 + 1.43 × 10−6𝑡2 + 1.75 × 10−8𝑡3 − 7.15
× 10−11𝑡4 

𝑔𝑉(𝑡) = 1.00 − 3.54 × 10
−3𝑡 + 3.36 × 10−6𝑡2 + 7.35 × 10−8𝑡3 − 3.59

× 10−10𝑡4 
𝑎𝑉(𝑡) = 1.48 − 1.17 × 10

−3𝑡 + 5.47 × 10−5𝑡2 − 1.80 × 10−7𝑡3 + 1.58
× 10−10𝑡4 

(7.19) 

 

for posterior predictions based on the preceding condition states. In Eqs. 7.18 and 7.19, gM0 

and aM0 as well as gM and aM are for flexural capacities while gV0 and aV0 as well as gV and aV 

are for shear capacities; t is the exposure duration [year], t ≤ 50. It should be noted that the 

polynomial expressions (Eqs. 7.18 and 7.19) were regressed from predictions up to 50 years 

after strengthening. A longer design service life can be adopted, but the parameters should be 

changed accordingly. Herein, the design service life is determined based on Concrete Society 

(2010), which only requires the strengthened structure to serve the remaining design service 
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life of the unstrengthened structure. Therefore, a 50-year post-strengthening life would suffice 

for this purpose. 

 

The statistical properties of the initial resistance and the load effects are summarized in Table 

7.1 (Nowak 1999; Enright & Frangopol 1999b), in which the dead load is for one girder while 

the live load is for one design lane. The dynamic load allowance (DLA) was considered in the 

live load values in Table 7.1. GDFs can be determined according to AASHTO (2012) as 

follows: 

 
𝐺𝐷𝐹𝑀 = 0.075 + (

𝑆

2900
)
0.6

(
𝑆

𝐿
)
0.2

(
𝐾𝑔

𝐿𝑡𝑠
3)

0.1

= 0.82 (7.20a) 

 

 
𝐺𝐷𝐹𝑉 = 0.2 +

𝑆

2900
− (

𝑆

10700
)
2.0

= 0.83 (7.20b) 

 

For simplicity, the CDF of the moment due to live load (SLM) was used as FSL in Eqs. 7.10 

and 7.11, and, consequently, cm and cv in these two equations are as follows: 

 𝑐𝑚 = 1.0 × 𝐺𝐷𝐹𝑀 = 0.82 (7.21a) 

 

 
𝑐𝑣 =

𝑆𝐿𝑀
𝑆𝐿𝑉

× 𝐺𝐷𝐹𝑉 = 0.39 (7.21b) 

 

where SLV is the shear force due to live load; GDFM and GDFV are, respectively, the GDFs for 

the moment and the shear forces due to vehicle loads (AASHTO 2012). The annual occurrence 

rate 𝜆𝐿 in Eq. 7.9 was assumed to be 1000 per year (Enright & Frangopol 1999). 

 

The bridge is supposed to serve for more than 100 years. After a certain period of service (e.g. 

50 years of service in the current example), it is necessary to decide if and when the bridge 

girder should be strengthened as well as the extended service life of the strengthened girder. In 

order to achieve this goal, the time-dependent reliability of the bridge in terms of availability 

was analyzed to schedule and design the FRP strengthening system for the RC girder. A 
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threshold reliability index of 𝛽𝑇 = 3.5  (Nowak 1999) was used to determine the time of 

strengthening and the extended service life. The flowchart as shown in Figure 7.3 was followed 

to conduct the reliability-based FRP strengthening of the RC girder. 

 

7.5.2 Time-Dependent Reliability Analysis of RC Girders 

For the RC girder under consideration, its time-dependent failure probability can be determined 

with the adaptive importance sampling method described in Chapter 4. The RC girder was 

considered with respect to both the flexural and the shear limit states. Hence, the girder was 

modeled as a simple two component series system as shown in Figure 7.4 (Estes & Frangopol 

1999). As stated earlier, two correlation scenarios for the flexural and the shear limit states, 

i.e. correlated and independent limit states, were considered in the analysis based on Eqs. 7.10 

and 7.11, respectively. Figure 7.5 shows the profile of cumulative-time failure probabilities 

during the first 100 years of service. As a comparison, cumulative-time failure probabilities 

with respect to the prior prediction of structural deterioration is also provided in Figure 7.5. It 

should be reiterated herein that there are two types of failure probabilities: the total probability 

of failure corresponding to the survivor function and the conditional probability of failure 

corresponding to the availability function. A very important difference in time-dependent 

reliability analysis between new and existing structures is that for new structures, the live load 

arrivals should be considered for the entire service life, while for existing structures, the live 

load arrivals can be reset at the time of the reliability analysis (i.e. year 50), which is equivalent 

to the determination of the conditional failure probability, Pr[𝑇𝑓 < 𝑡|𝑇𝑓 > 50]. This explains 

the drop of failure probability at year 50, when the preceding analysis was assumed to be 

conducted (Figure 7.5). Since the bridge girder was assumed to be surviving (i.e. 𝑇𝑓 > 50, 

otherwise there is no need to schedule maintenance actions), the conditional probability of 

failure with respect to system availability should be used in the scheduling of maintenance 
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actions (e.g. FRP strengthening systems). The comparison between Figures 7.5a and 7.5b also 

illustrates the importance of Bayesian updating in the threshold-based maintenance planning. 

Neglect of previous evidence can dramatically affect the maintenance planning, resulting in 

sometimes total omission of essential maintenance actions (Figure 7.5a). 

 

Figure 7.5b indicates that the system reliability is initially controlled by the flexural limit state; 

however, due to the severe deterioration of steel stirrups, the shear limit state takes over and 

finally induces the violation of the reliability requirement. As a result, at year 76 (when the 

reliability threshold is reached) only shear strengthening is needed. It can also be seen that, for 

this example, the correlation between the two limit states only has a minor effect on the time-

dependent failure probability. Therefore, the error introduced by the independence assumption 

can be neglected. 

 

The effect of the time-dependency of uncertainty in resistance can also be examined. Both 

Eqs. 7.3 and 7.6 were used to model resistance deterioration. The corresponding time-

dependent failure probabilities were calculated. The results obtained using both equations are 

presented in Figure 7.6. It can be seen that the time-dependency of uncertainty in resistance 

can affect the decision of maintenance actions under the threshold reliability index of 𝛽𝑇 = 3.5. 

Without proper consideration of the time-dependency of uncertainty in resistance, the failure 

probability would be underestimated, resulting in an unfavorable maintenance delay. 

 

7.5.3 Design of FRP Strengthening 

In the current threshold-based approach, maintenance actions were scheduled whenever the 

system reliability reaches the threshold value of 𝛽𝑇 = 3.5. Based on the previous reliability 

analysis, FRP shear strengthening was scheduled at year 76 and was designed to restore the 
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initial design capacity. From the earlier corrosion modeling and Bayesian updating, the mean 

residual diameter of shear rebars at year 76 is 10.4mm, based on which FRP strengthening was 

designed. The material properties of FRP materials are summarized in Table 7.2 (Atadero & 

Karbhari 2009). 

 

It has been found in Chapter 3 that the ACI model for shear strengthening (ACI 440.2R 2008), 

which could have been used in the present study, cannot provide accurate predictions for the 

shear capacity of FRP-strengthened RC girders. Therefore, the refined model in Chapter 3 was 

employed for the design of FRP shear strengthening systems. Two strengthening schemes were 

considered herein to strengthen the girder in shear: 

1. U-jackets with anchors; 50mm wide at 100mm center to center spacing; 1 layer of carbon 

FRP (CFRP) with a nominal thickness of 0.166mm; 

2. U-jackets without anchors; continuous in the shear-critical regions; 3 layers of CFRP with 

a total nominal thickness of 0.498 mm. 

The model error of the refined model for the two strengthening schemes above can be found in 

Chapter 3 and are summarized in Table 7.3. For the first scheme, steel corrosion was assumed 

to continue due to the spacing between FRP strips. For the second scheme, by contrast, further 

corrosion was assumed to be halted due to the use of continuous FRP sheets in shear-critical 

regions. Reliable anchors were hypothesized for strengthening scheme one, which implies that 

only the deterioration of FRP itself was needed for consideration. By contrast, both FRP and 

FRP-to-concrete bonded interfaces were assumed to deteriorate for the second scheme. 

Lognormal distributions were used again to approximate the distribution of shear resistance, as 

shown in Figure 7.7. The parameters of the lognormal distributions are summarized in Table 

7.4. 
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7.5.4 Deterioration of the FRP-Strengthened RC Girders 

Eqs. 6.7a and 7.14 were used to predict the strength deterioration of FRP materials. For FRP 

application in the example RC girder, Figure 7.8 illustrates the deterioration of FRP tensile 

strength during 50 years of service. Deterioration of FRP-to-concrete bonded interfaces was 

determined by Eqs. 7.15 to 7.17, in which the interfacial fracture energy was related to the 

interface region relative humidity (IRRH). In order to obtain the IRRH at the FRP-to-concrete 

interface, FE analysis was conducted by virtue of the analogy between diffusion to Fourier heat 

conduction. It should be mentioned again that bonding deterioration was only considered for 

strengthening scheme 2 as it does not affect strengthening scheme 1 where reliable anchors 

were provided to exclude debonding failure. The thickness of interfacial epoxy was assumed 

to be 1mm (Tuakta & Büyüköztürk 2011). The three-layer FRP in scheme 2 were assumed to 

be 2mm in thickness. Ambient relative humidity was assumed to be 75%. The FE model for 

the FRP-strengthened RC girder with continuous U-jackets was analyzed for moisture 

diffusion using ABAQUS (2010). The relative humidity distribution after 50 years of natural 

exposure was predicted. From the FE analysis, the development of IRRH at the FRP-to-

concrete interface is shown in Figure 7.9. The fracture energy can be then determined by virtue 

of Eq. 7.15 and is also presented in Figure 7.9. From the fracture energy distribution, debonding 

strength deterioration was determined by Eq. 7.17 and is presented in Figure 7.8. 

 

7.5.5 Time-Dependent Reliability Analysis of FRP-Strengthened RC Girder 

The time-dependent failure probability of the strengthened RC girder was evaluated using the 

same method as that used in the analysis of the unstrengthened RC girder. Results without 

consideration of the deterioration of FRP and FRP-to-concrete bonded interface are also given 

in Figure 7.10 for comparison purposes. From Figure 7.10, it can be seen that further corrosion 

of steel stirrups after FRP strengthening can substantially influence structural reliability. In 
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addition, Figure 7.10 shows that the rates of failure probabilities increase are almost the same 

for FRP-strengthened girders with or without considerating FRP and bonding deterioration. 

This implies that, based on the current deterioration models, the deterioration of FRP and FRP-

to-concrete bonded interfaces only has a marginal effect on the time-dependent reliability of 

the FRP-strengthened girder. Based on the same threshold reliability index, the strengthened 

girder can last for more than 50 years. Nevertheless, it should be noted that the deterioration 

models of FRP and FRP-to-concrete bonded interfaces, despite state-of-the-art, are still in need 

of further studies before decisive conclusions can be drawn from such a reliability study. 

However, the proposed approach does provide a feasible tool for the assessment of life-cycle 

advantages of FRP strengthening systems for corroded RC bridge girders. 

 

7.6 CONCLUSIONS 

This chapter presented a threshold-based approach for scheduling and design of maintenance 

actions, with particular application to the FRP strengthening of deteriorating RC bridge girders. 

In the proposed approach, a new method to represent resistance deterioration was adopted for 

time-dependent reliability analysis. The method is capable of accounting for the time-

dependency of uncertainty in resistance as well as the correlation between different limit states. 

Through the DBN model developed in Chapter 5, historic evidence was successfully exploited 

for Bayesian updating of deterioration predictions. Based on the comprehensive review in 

Chapter 6, state-of-the-art deterioration models of FRP-strengthened RC structures was 

employed to obtain the life-cycle performance of structures after maintenance. From the study, 

the following conclusions can be drawn: 

1. Historical data such as condition states can be used to update prior predictions by virtue of 

the dynamic Bayesian network model for steel corrosion. The posterior predictions thus 
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obtained is important for a precise evaluation of time-dependent resistance, which can 

directly affect maintenance planning. 

2. The influence of time-dependency of uncertainty in resistance should not be ignored in 

threshold-based scheduling of maintenance actions. Omission of this factor may cause 

substantial maintenance delays. 

3. The proposed approach is applicable to scheduling and selection of various maintenance 

actions that enhance the load-carrying capacity of structures. The effectiveness of the 

proposed approach hinges on the accuracy of the deterioration models employed in the 

analysis. 

4. For the proposed approach to be used in practice for the scheduling and the selection of 

externally-bonded FRP strengthening systems, more research is needed on the modeling of 

FRP deterioration and FRP-to-concrete bonding deterioration. the proposed approach does 

provide a feasible tool for the assessment of life-cycle advantages of FRP strengthening 

systems for corroded RC bridge girders. 
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TABLES 

Table 7.1 Parameters of random variables 

Variable Mean COV Distribution 

RM 1633.0 kNm 0.13 Lognormal 

RV 837.0 kN 0.15 Lognormal 

SDM 228.0 kNm — Deterministic 

SDV 99.7 kN — Deterministic 

SLM 365.9 kNm 0.23 Normal 

SLV 172.5 kN 0.23 Normal 

Note: RM = flexural resistance; RV = shear resistance; SDM = moment due to dead load; SDV 

= shear force due to dead load; SLM = moment due to live load; SLV = shear force due to 

live load. 

 

Table 7.2 Material properties of FRP 

Property Mean COV Distribution 

ffrp 3900MPa 0.10 Weibull 

Efrp 230GPa — Deterministic 

tfrp 0.166mm — Deterministic 

Note: ffrp, Efrp and tfrp are the tensile strength, elastic modulus and nominal thickness of the 

FRP reinforcement. 

 

Table 7.3 Model error of design model for shear strengthening 

Strengthening scheme Model error* 

 Mean COV Distribution 

U-jacketing w/ anchors 1.41 0.237 Lognormal 

U-jacketing w/o anchors 1.46 0.245 Lognormal 

*Note: model error is defined as the ratio of experimental results to model predictions 

 

Table 7.4 Statistical properties of shear resistance 

Shear resistance Mean (kN) COV Distribution 

Before strengthening 655 0.168 Lognormal 

U-jacketing w/ anchors 1036 0.238 Lognormal 

U-jacketing w/o anchors 1057 0.242 Lognormal 
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FIGURES 

 

Figure 7.1 Cross section of the RC girder (Enright & Frangopol 1998) 

 

 

Figure 7.2 Resistance deterioration with or without condition state evidence 
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Time-dependent resistance with evidence

Compute time-dependent failure probability Pf (t)

Pf (t)   Φ ( βT)

No

Flexural and/or shear strengthening

Time-dependent resistance of FRP-strengthened girders

Compute Pf (t) after strengthening

Predict service life of strengthened girders

Yes; t = t + 1

 

Figure 7.3 Flowchart of threshold-based life-cycle management 

 

 

Figure 7.4 Series system model of RC girder 

 

Flexural limit state Shear limit state 
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(a) prior prediction without evidence 

 

(b) posterior prediction based on condition state history 

Figure 7.5 Time-dependent failure probability of the RC girder: effect of Bayesian updating 
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Figure 7.6 Time-dependent failure probability of the RC girder: effect of time-dependency of 

uncertainty in resistance 

 

 
(a) CDF of shear capacity samples 

 
(b) PDF of shear capacity samples 

Figure 7.7 Shear resistance distribution of RC and FRP-strengthened RC girders 
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Figure 7.8 FRP deterioration 
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Figure 7.9 IRRH development and fractural energy reduction 
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Figure 7.10 Time-dependent failure probability after FRP strengthening 
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CHAPTER 8 LIFE-CYCLE OPTIMIZATION OF FRP STRENGTHENING FOR RC 
SUPERSTRUCTURES 

8.1 OVERVIEW 

With the ageing of transportation infrastructure, deterioration of RC bridges has become a 

major concern in most of the developed economies. The urgency of the issue is not only 

embodied in the massive repository of deficient bridges, but also the even scarcer resources 

that can be deployed on maintenance projects. The preceding chapter presents a threshold-

based method for the selection of appropriate maintenance actions of a deteriorating RC bridge 

girder. This method presents a holistic method to consider the maintenance options from life-

cycle and reliability perspectives. However, the maintenance cost, which relates implicitly to 

the reliability threshold, is not considered by the method in Chapter 7. As a result, the previous 

method cannot equip decision makers with feasible options when budgetary constraints are 

presented. 

 

In this chapter, multi-objective optimization is employed to plan appropriate maintenance 

actions under different budgetary constraints. Similar to the previous chapter, Fiber Reinforced 

Polymer (FRP) strengthening systems are used as an example of bridge maintenance actions 

due to the superb properties of FRP such as high strength-to-weight ratio, excellent corrosion 

resistance, as well as ease and versatility for construction. Specifically, a systematic method 

for the optimization of FRP strengthening for RC bridge superstructures is proposed to consider 

two conflicting objectives: life-cycle performance and strengthening cost. With the multi-

objective optimization, the proposed method is capable of seeking optimal strengthening times 

of different structural components in RC superstructures in the form of Pareto fronts. The 

obtained Pareto fronts can directly facilitate the scheduling and design of FRP strengthening 
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systems. It should be noted that the deterioration of FRP-strengthened RC structures differs 

from that of conventional RC structures and depends on the extent of contribution by the FRP 

strengthening system to the entire load-carrying capacity. Therefore, lifetime distributions for 

RC structures cannot be used in the life-cycle management of FRP strengthening interventions. 

The proposed method uses the efficient sampling algorithm in Chapter 4 to directly calculate 

cumulative-time failure probabilities during optimization processes. Two advanced heuristic 

optimization techniques, i.e. non-dominate sorting genetic algorithm II (NSGA-II) and multi-

objective particle swarm optimization (MSPSO), are employed to solve the optimization 

problem. The efficiency and effectiveness of finding global optimal solutions are compared 

and discussed. 

 

This newly proposed method is illustrated on a RC bridge superstructure subjected to chloride-

induced corrosion in marine environment. The method developed herein is the first of its kind 

to optimize FRP strengthening from life-cycle and reliability perspectives. In addition, the 

proposed method enables a direct comparison between optimal solutions based on two different 

types of life-cycle indicators, i.e. point-in-time failure probabilities from time-independent 

reliability analysis and cumulative-time failure probabilities from time-dependent reliability 

analysis. Bookkeeping techniques compatible with parallel computing are also employed to 

further improve the computational efficiency. 

 

8.2 DIFFERENT METHODS FOR LIFE-CYCLE MAINTENANCE OF DETERIORATING STRUCTURES 

8.2.1 Multi-Objective Optimization for Maintenance Planning 

Maintenance actions of deteriorating structures can be planned either with threshold-based 

methods or with multi-objective optimizations (Barone & Frangopol 2014a; Barone & 

Frangopol 2014b). Threshold-based methods schedule maintenance interventions to ensure that 



 

333 

 

the structural performance is always better than a prescribed threshold during the life-cycle of 

deteriorating structures (Barone & Frangopol 2014b). Under the category of threshold-based 

methods, essential maintenance, i.e. maintenance actions at times when the prescribed 

threshold is reached, can be applied in a straightforward way (Barone & Frangopol 2014b); 

preventive maintenance, i.e. maintenance actions before the threshold is reached, can be 

optimized given a specific time horizon (Estes & Frangopol 1999; Onoufriou & Frangopol 

2002; Neves et al. 2004; Sun et al. 2015). 

 

However, a deficiency of threshold-based methods is the determination of appropriate 

thresholds in practical problems (Onoufriou & Frangopol 2002). A more rigorous threshold 

generally implies a higher maintenance cost, which is inevitably constrained by funds available. 

Therefore, under more realistic circumstances, a more useful perspective of maintenance 

planning should be based on multi-objective optimizations, which are capable of equipping 

decision-makers with a series of options consisting of reasonable trade-offs among different 

objectives. Bi-objective optimizations, as a special case under this category, seek to obtain a 

series of trade-offs between life-cycle performance and cost, which can either be maintenance 

cost or total life-cycle cost considering initial cost (Kim et al. 2011; Barone & Frangopol 2014a; 

Sabatino et al. 2015). These trade-offs are presented in the form of Pareto fronts that can 

directly facilitate decision-making under various budget constraints. 

 

8.2.2 Indicators of Life-Cycle Performance 

Various indicators have been used to assess life-cycle performance of infrastructure (Frangopol 

2011; Frangopol et al. 2012; Zhu & Frangopol 2012; Frangopol & Soliman 2016). Since 

structural deterioration involves a considerable amount of uncertainties, probabilistic 

approaches are more appropriate for reasonable life-cycle assessment. Probabilistic indicators 
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can then be divided into two categories: annual indicators and lifetime distributions (Barone & 

Frangopol 2014a; Barone & Frangopol 2014b). 

 

Annual indicators include annual reliability and annual risk (Zhu & Frangopol 2012; Barone 

& Frangopol 2014b). Annual reliability is obtained by computing time-independent reliability 

within one year. As an alternative, annual risk considers the failure consequences by 

multiplying the annul failure probabilities (complementary to the annual reliability) with the 

corresponding failure cost in monetary value. Barone & Frangopol (2014b) compared 

maintenance actions planned by both annual reliability and annual risk. For one component, 

annual reliability and annual risk are equivalent for maintenance planning. For systems with 

multiple components, however, the failure cost can be viewed as a weighting factor to consider 

the different failure consequences of components. Therefore, during the maintenance planning, 

components of high failure cost can compete for maintenance attentions with less important 

components of high failure probabilities. 

 

Compared to annual indicators, lifetime distributions are approximated with cumulative-time 

failure probabilities from time-dependent reliability analysis. As indicated in Chapter 4, time-

dependent reliability analysis considers the previous conditions of structures, which indicates 

higher cumulative-time failure probabilities than point-in-time failure probabilities. For 

lifetime distributions, both availability functions and survivor functions can be used for 

maintenance planning. In addition, hazard functions, a metric of the increasing rate of 

conditional failure probabilities, have also been used for maintenance planning (Barone & 

Frangopol 2014b). The use of hazard functions indicates a constraint (threshold-based) or 

optimization (multi-objective optimization) on the increasing rate of failure probabilities, 

resulting in earlier maintenance actions. A common practice when using lifetime distributions 
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is to assume cumulative-time failure probabilities with simple lifetime distributions, e.g. 

exponential, Weibull, and gamma distributions (Leemis 1995). This simplification enables 

closed-form algebraic manipulations during maintenance planning (Barone & Frangopol 

2014b). However, the utilization of simple lifetime distributions brings in major concerns: (a) 

the accuracy of the approximated lifetime distributions can affect maintenance planning; (b) 

lifetime distributions after maintenance actions are difficult to estimate if the deterioration 

mechanism varies after interventions (e.g. FRP strengthening). 

 

As indicated in Chapter 4, the value of point-in-time probabilities and cumulative-time failure 

probabilities can be very different due to their different definitions. However, in multi-

objective optimization, point-in-time or cumulative-time failure probabilities are merely a 

metric of life-cycle performance. As the specific values of failure probabilities are no longer 

as relevant as those in threshold-based methods, it can be anticipated that both categories of 

life-cycle performance indicators should give similar, if not the same, maintenance strategies 

if multi-objective optimization is used for maintenance planning. Due to the high 

computational cost of time-dependent reliability analysis and the concerns using lifetime 

distribution approximations, direct comparison between these two categories of life-cycle 

indicators has never been conducted. With FRP strengthening as a particular example of 

maintenance actions, this chapter presents a direct comparison of optimized maintenance 

actions with respected to different life-cycle indicators (i.e. point-in-time failure probabilities 

and cumulative-time failure probabilities). 
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8.3 FRP STRENGTHENING OF DETERIORATING RC BRIDGES 

8.3.1 Deterioration of RC Bridges in Marine Environments 

RC bridges in marine environments deteriorate due to chloride-induced corrosion of steel 

reinforcement. As mentioned in Chapter 5, the corrosion process can be roughly divided into 

two phases: corrosion initiation and corrosion propagation (Enright & Frangopol 1998a; Vu & 

Stewart 2000; Melchers & Li 2006; Bastidas-Arteaga et al. 2008; Papakonstantinou & 

Shinozuka 2013). Based on these two phases, a large number of prediction models have been 

proposed to predict the service life of concrete structures (Enright & Frangopol 1998b; 

Bastidas-Arteaga et al. 2009; Frangopol 2011; Frangopol & Soliman 2016). Similar to the 

threshold-based method in Chapter 7, a great advantage of the present method is that the 

optimization is compatible with all these corrosion models. It is only necessary for the 

structural deterioration module to provide the evolution of residual capacity distributions. 

 

As an illustration of the structural deterioration module, the corrosion model in Enright & 

Frangopol (1998a) is presented herein. Specifically, corrosion initiation can be determined by 

Fick’s second law of diffusion: 

 
𝑇𝑖𝑛𝑖 =

𝑋2

4𝐷𝑐
[erf−1 (

𝐶0 − 𝐶𝑐𝑟
𝐶0

)] (8.1) 

 

where Tini = time to corrosion initiation [year]; X = thickness of concrete cover [mm]; Dc = 

diffusion coefficient of chloride [mm2/year]; C0 = surface chloride content [% weight of 

concrete]; Ccr = threshold chloride content that controls the corrosion initiation (same unit as 

C0); erf(·) = error function. 

 

During corrosion propagation, only uniform corrosion is considered for brevity. Residual 

diameter of corroded rebars can be expressed as (Stewart & Rosowsky 1998): 

 𝐷(𝑡) = 𝐷0 − 0.0232 ∙ 𝐼𝑐𝑜𝑟𝑟(𝑡 − 𝑇𝑖𝑛𝑖) for 𝑡 > 𝑇𝑖𝑛𝑖 (8.2) 
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where D(t) ≥0 [mm] = residual diameter at time t; Icorr = corrosion current density [μA/cm2]. 

Since the corrosion process often involves considerable uncertainties, all the variables in Eqs. 

8.1 and 8.2 are treated as random variables. Monte Carlo simulation with Latin hypercube 

sampling (LHS) is employed to obtain the probabilistic structural deterioration. 

 

8.3.2 FRP Strengthening of RC Bridges 

For RC bridges, FRP can be bonded onto the surface of girders and decks to increase the 

flexural and shear capacities of deficient structural components. Thanks to the properties of 

FRP such as the high strength-to-weight ratio, excellent corrosion resistance, as well as ease 

and versatility for construction, FRP has been widely used in the strengthening of deficient RC 

bridges (Hollaway & Teng 2008). As summarized in Chapter 3, a number of analytical models 

have been proposed to predict the capacities of strengthened RC components (Teng et al. 2002; 

Bank 2006; Hollaway & Teng 2008). 

 

As a particular type of maintenance actions, FRP strengthening systems are designed and 

implemented at specific points-in-time during the service life of bridges. The flexural and shear 

strengthening of deteriorating girders, as well as the flexural strengthening of bridge decks, are 

designed based on the ACI model for flexure and the revised ACI model for shear. Based on 

the conclusions in Chapter 7, deterioration of FRP and FRP-to-concrete bonded interfaces is 

neglected, while the further corrosion of reinforcing steel is assumed to continue regardless the 

existence of FRP strengthening systems. 
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8.4 MULTI-OBJECTIVE OPTIMIZATION OF FRP STRENGTHENING  

8.4.1 Reliability-Based Maintenance of Deteriorating RC Superstructure 

A typical bridge superstructure is comprised of bridge girders and a bridge deck, which can be 

modeled as components in a series-parallel system (Estes & Frangopol 1999; Akgül & 

Frangopol 2004). In order to simplify the evaluation of system reliability, the limit states of 

different components are assumed to be independent. Therefore, the failure probabilities of the 

entire bridge superstructure (either before or after FRP strengthening), represented by the 

failure probabilities of the series-parallel system, can be solved analytically from the failure 

probabilities of components with the decomposition method (Leemis 1995). 

 

As mentioned above, various life-cycle performance indicators have been used to evaluate the 

structural performance of deteriorating RC structures. In this chapter, point-in-time (annual) 

failure probabilities and cumulative-time failure probabilities are used respectively as the life-

cycle performance indicator, one objective in the bi-objective optimization. The other objective 

is the volume of the FRP material used for the strengthening, a metric equivalent to 

maintenance cost. For annual failure probabilities, First Order Reliability Method (FORM) is 

used to obtain the annual reliability index and the associated failure probabilities. Cumulative-

time failure probabilities are determined numerically through the novel and efficient adaptive 

importance sampling method proposed in Chapter 4. 

 

8.4.2 Multi-Objective Optimization 

Deteriorating bridge components are strengthened to restore their design values of their initial 

resistance. Later strengthening indicates severe corrosion that requires more bonded FRP 

reinforcement. However, a larger contribution of FRP to the total resistance implies a better 

post-strengthening performance due to the superior durability properties of the FRP 



 

339 

 

strengthening system. As a result, for the scheduling of FRP strengthening, there should exist 

a compromise between the strengthening cost and the life-cycle performance. In this case, 

multi-objective optimization is helpful in seeking these optimal trade-offs between conflicting 

objectives, i.e. the strengthening cost and the life-cycle performance. The optimal solution is 

presented as Pareto fronts that can directly facilitate decision making. 

 

For instance, the optimization problem of a bridge superstructure with an expected service life 

of 100 years can be formulated as follows: 

 𝐆𝐢𝐯𝐞𝐧: system configuration, expected service life 𝑡𝐿 = 100

𝐅𝐢𝐧𝐝: strengthening solutions: 𝑠 = {𝑓𝑙𝑒𝑥𝑢𝑟𝑒: 𝑥, 𝑠ℎ𝑒𝑎𝑟: 𝑦, 𝑑𝑒𝑐𝑘: 𝑧}

𝐓𝐨 𝐦𝐢𝐧𝐢𝐦𝐢𝐳𝐞: point-in-time failure probability, 𝑃𝑓1,𝑠𝑦𝑠(𝑡𝐿 , 𝑠) 

OR, cumulative-time failure probability, 𝑃𝑓2,𝑠𝑦𝑠(𝑡𝐿 , 𝑠)

and total strengthening cost, 𝐶𝐹𝑅𝑃(𝑠)

𝐒𝐮𝐛𝐣𝐞𝐜𝐭𝐞𝐝 𝐭𝐨: 𝑥, 𝑦, 𝑧 ∈ [0,100) and 𝑥, 𝑦, 𝑧 ∈ ℤ

 (8.3) 

 

where tL = expected service life; s = strengthening scheme with strengthening times of different 

components; Pf1,sys (tL, s) and Pf2,sys (tL, s) = point-in-time and cumulative-time failure 

probabilities respectively given tL and s; CFRP (s) = strengthening cost given s. Since there are 

no closed-form expressions for both objectives, conventional optimization cannot be easily 

implemented. Two heuristic optimization techniques, i.e. multi-objective genetic algorithm and 

multi-objective particle swarm optimization, are used in this chapter. The optimization results 

using these two techniques are compared with each other to examine their efficiency and 

effectiveness of finding optimal strengthening schemes. 

 

Genetic algorithm is a search heuristic inspired by natural evolution. The parameter space is 

searched for optimal solutions by a series of operators that mimic the process of mating 

(crossover and mutation) and natural selection (selection). A population of feasible solutions 

(individuals) evolves to the optimal solution after a certain number of generations. For multi-
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objective optimization, Pareto dominance is employed for selection among individuals. 

Genetic algorithm has been widely used in the area of maintenance optimization of structures 

(Frangopol 2011; Frangopol & Soliman 2016). The operators in genetic algorithm is well suited 

for optimization problems with discrete variables, e.g. the optimization formulated in Eq. 8.3. 

In this chapter, non-dominated sorting genetic algorithm II (NSGA-II) firstly proposed by Deb 

et al. (2002) is used for maintenance optimization. Elitism is achieved by selecting among both 

parent and offspring generations during the selection process (Deb et al. 2002). Diversity, a 

crucial factor to obtain global optimum and widespread Pareto front, is ensured with a crowded-

comparison method (Deb et al. 2002). The algorithm can be easily implemented by the DEAP 

package in Python (Fortin et al. 2012). Apart from elitism, a hall-of-fame object based on 

Pareto dominance is created to record and update the Pareto fronts during the whole evolution 

process. 

 

Particle swarm optimization was first proposed by Kennedy & Eberhart (1995) in their study 

of certain social behaviors in a bird flock or fish school. The method updates the position and 

speed of candidate solutions, termed individually as particles and collectively as a swarm, in 

the search space. The direction during one update is determined based on the personal best 

position of the particle (pbest) and the global (or neighbor) best position in the swarm (gbest): 

 𝒗(𝑖) = 𝑤𝒗(𝑖−1) + 𝜙𝑝𝑟𝑝(𝒑𝑝𝑏𝑒𝑠𝑡 − 𝒑
(𝑖−1)) + 𝜙𝑔𝑟𝑔(𝒑𝑔𝑏𝑒𝑠𝑡 − 𝒑

(𝑖−1)) 

𝒑(𝑖) = 𝒑(𝑖−1) + 𝒗(𝑖) 
(8.4) 

 

where p(i) and p(i -1) = particle position at the current and the previous step; v(i) and v(i -1) = 

particle speed at the current and the previous step; ppbest and pgbest = personal and global best 

positions up to the current step; w = inertial factor; ϕp and ϕg = pbest and gbest attraction factor; 

rp and rg = uniformly distributed random variables in the range of [0,1]. Given appropriate 

factors, particle swarm optimization has been reported to possess a better efficiency in a 

number of single-objective and multi-objective benchmark problems (Coello & Lechuga 2002; 
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Hassan et al. 2004). In this chapter, multi-objective particle swarm optimization (MOPSO) first 

proposed by Coello & Lechuga (2002) is employed to examine the efficiency of MOPSO in 

the maintenance optimization problem formulated in Eq. 8.3. The present study is the first to 

apply MOPSO in maintenance planning problems. Since the computational advantage of 

MOPSO is usually problem specific (Hassan et al. 2004; Coello & Lechuga 2002; Reyes-Sierra 

& Coello 2006), the present study serves as an exploration of the effectiveness and efficiency 

of particle swarm optimization in maintenance planning problems. For the purpose of 

comparison, MOPSO is implemented by DEAP package as well. The number of objective 

evaluations are compared with NSGA-II to examine the computational efficiency. Since both 

optimization techniques (NSGA-II and MOPSO) are heuristic methods, with which the 

convergence to global optimum cannot be guaranteed in general, the Pareto fronts obtained 

with these two methods are compared to evaluate the effectiveness of both methods in finding 

optimal maintenance strategies.  

 

Since the computation of both objectives is time-consuming, it is favorable to have external 

bookkeeping databases so that if some or all of the design variables are re-generated by the 

heuristic optimization algorithm, the values of objective functions can be directly retrieved 

from the database instead of going through the tedious computation (Okasha & Frangopol 

2009). In this paper, if the database searching is activated by only one reoccurring design 

variable, the corresponding bookkeeping technique is termed as local bookkeeping; global 

bookkeeping, by contrast, means that the database searching is only activated when the same 

solution (containing all design variables) reoccurs. 

 

For the optimization problem under consideration, it is important to clarify two types of 

objectives, namely component objectives and system objectives. The former refer to the 
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strengthening cost and the life-cycle performance (either point-in-time failure probabilities and 

cumulative-time failure probabilities) of one component in the series-parallel system model of 

a bridge superstructure (i.e. flexural strengthening of girders, shear strengthening of girders or 

flexural strengthening of decks). The latter refer to the strengthening cost and the life-cycle 

performance associated with the entire bridge superstructure, which are also the objective 

functions of the optimization problem. 

 

Local bookkeeping is advantageous when (a) the system objectives are easy to evaluate from 

component objectives; and (b) the component objectives used to evaluate system objectives are 

related only to its own design variable. This condition applies to both the strengthening cost 

and the cumulative-time failure probabilities. For strengthening cost, the system strengthening 

cost is merely a simple addition of all component strengthening costs, and the component cost 

is only dependent on the strengthening time of that component. For cumulative-time failure 

probabilities, the system performance is also fairly easy to obtain with decomposition method; 

as cumulative-time failure probabilities are non-decreasing, it is only necessary to know the 

component cumulative-time failure prior to the expected service life of the structure (tL), which 

is solely reliant on the strengthening time of the component of interest. By contrast, 

optimization of the system point-in-time failure probability is different from the preceding two 

scenarios, because the maximum point-in-time failure probability in the structure’s lifespan 

[Pf1,sys,max(tL)] can only be determined through the comparison of failure probabilities at a series 

of points-in-time, shown in the following equation: 

 𝑃𝑓1,𝑠𝑦𝑠,𝑚𝑎𝑥(𝑡𝐿)

= max {𝑃𝑓1,𝑠𝑦𝑠(1), 𝑃𝑓1,𝑠𝑦𝑠(𝑡𝑓), 𝑃𝑓1,𝑠𝑦𝑠(𝑡𝑠), 𝑃𝑓1,𝑠𝑦𝑠(𝑡𝑑), 𝑃𝑓1,𝑠𝑦𝑠(𝑡𝐿)} 
(8.5) 

 

where Pf1,sys(1) = initial point-in-time failure probability of the system; Pf1,sys(tf), Pf1,sys(ts) and 

Pf1,sys(td) = system point-in-time failure probabilities prior to the flexural and shear 

strengthening of girders and flexural strengthening of the deck (at year tf, ts, and td, respectively); 
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Pf1,sys(tL) = the system point-in-time failure probability prior to the end of service life. Therefore, 

the component point-in-time failure probabilities used to evaluate Pf1,sys,max(tL) are not only 

related to its own design variable (tf, ts, or td), but also dependent on the strengthening times of 

the other components. As a result, for life-cycle performance indicated by point-in-time failure 

probabilities, global bookkeeping of the system objective was used in the present study. 

 

It should be noted that, compared to global bookkeeping, the size of local bookkeeping 

database is much smaller. For instance, the maximum number of items for local bookkeeping 

is only n∙m versus that for global bookkeeping (nm), where n is the number of possible 

strengthening times for one component, and m is the number of components. As a result, the 

revisiting frequency to bookkeeping databases is also significantly increased for local 

bookkeeping. In addition, for local bookkeeping, the optimization process can still be 

accelerated even though only some of the design variables were generated before. Thanks to 

the efficient sampling method for time-dependent reliability analysis (Yang et al. 2017) and 

the bookkeeping technique, cumulative-time failure probabilities can be used directly in the 

optimization process, which not only overcomes the deficiencies of approximating lifetime 

distributions but also enables a direct comparison between the two reliability indicators used 

for the FRP strengthening planning. 

 

For both optimization methods, the algorithms are parallelized so that the optimization can be 

deployed to different processes. For this purpose, a mutable shared memory is created to store 

the bookkeeping database, and the message communication among different processes is 

managed by the manager object in the multi-processing package of Python (Python Software 

Foundation 2014).  
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8.5 ILLUSTRATIVE EXAMPLE 

8.5.1 RC Bridge Superstructure 

A RC bridge superstructure is presented as an illustrative example of multi-objective 

optimization of FRP strengthening. The bridge, adapted from the case study in Enright & 

Frangopol (1999), is a three-span simply supported RC girder bridge. The central 9.1m span 

was analyzed in this example. The cross-section of the bridge superstructure is shown in 

Figures 8.1a and 8.1b. For each girder, flexural and shear limit states were modeled as a series 

subsystem with two components(Estes & Frangopol 1999; Enright & Frangopol 1999). The 

limit state of the bridge deck is governed by its flexural capacity. The super-structure is 

considered failed when either the bridge deck or two adjacent girders fail, whichever occurs 

first (Estes & Frangopol 1999; Akgül & Frangopol 2004; Orcesi & Frangopol 2011; Zhu & 

Frangopol 2012; Barone & Frangopol 2014a). Therefore, the superstructure, as a whole, can 

be modeled as a series-parallel system as shown in Figure 8.1c (Estes & Frangopol 1999; Akgül 

& Frangopol 2004). All the geometric random variables are summarized in Table 8.1 (Enright 

& Frangopol 1999). 

 

Corrosion initiation and propagation were determined by Eqs. 8.1 and 8.2. Structural resistance 

of RC and FRP-strengthened RC components can be calculated by design models mentioned 

earlier. Mean corrosion rate of 1.0 μA/cm2 was used for flexural and shear reinforcement. All 

the corrosion-related variables are presented in Table 8.2 (Enright & Frangopol 1998a). 

 

LHS was employed to obtain the statistical properties of structural capacities and their 

deterioration. All the variables of material properties can be found in Table 8.3. Based on Eq. 

8.1, Figure 8.2 presents the probability density function (PDF) of corrosion initiation time. 

PDFs of flexural strengths of virgin and strengthened girders are presented in Figure 8.3. It can 
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be seen that the structural resistance follows lognormal distributions. This assumption is also 

valid for shear and deck strengths. Therefore, mean values and COVs are adequate to describe 

the statistical distributions of structural resistance. For the same girder, the histories of mean 

values and COVs of resistance are plotted in Figure 8.4. It can be found that the increase of the 

resistance COV is relatively trivial for the corrosion condition analyzed. Therefore, constant 

COVs were used in the time-dependent reliability analysis. Since only the convergence of mean 

values was needed, the number of Latin hypercube samples can be reduced to promote 

computational efficiency. For the example bridge, a convergence study showed that only 200 

samples were needed to obtain a stable estimation of mean resistance. The convergence of the 

girder flexural capacity is shown in Figure 8.3(b). 

 

The survival probability of the series-parallel system in Figure 8.1c can be determined with the 

decomposition method (Leemis 1995) as follows: 

 𝐿𝑠𝑦𝑠 = 𝐿𝑑 ∙ {Pr[sub|𝐵𝐶𝐷]Pr[𝐵𝐶𝐷] + Pr[sub|�̅�𝐶𝐷]Pr[�̅�𝐶𝐷]

+ Pr[sub|𝐵�̅�𝐷]Pr[𝐵�̅�𝐷] + Pr[sub|𝐵𝐶�̅�]Pr[𝐵𝐶�̅�]
+ Pr[sub|�̅��̅�𝐷]Pr[�̅��̅�𝐷] + Pr[sub|�̅�𝐶�̅�]Pr[�̅�𝐶�̅�]
+ Pr[sub|𝐵�̅��̅�]Pr[𝐵�̅��̅�] + Pr[sub|�̅��̅��̅�]Pr[�̅��̅��̅�]} 

= 𝐿𝑑 ∙ [𝐿𝐵𝐿𝐶𝐿𝐷 + 𝐿𝐴(1 − 𝐿𝐵)𝐿𝐶𝐿𝐷 + 𝐿𝐵(1 − 𝐿𝐶)𝐿𝐷
+ 𝐿𝐸𝐿𝐵𝐿𝐶(1 − 𝐿𝐷) + 0 + 𝐿𝐴𝐿𝐸(1 − 𝐿𝐵)𝐿𝐶(1 − 𝐿𝐷) + 0
+ 0] 

= 𝐿𝑑 ∙ 𝐿𝑏
2 ∙ (𝐿𝑏

3 − 4𝐿𝑏
2 + 3𝐿𝑏 + 1) 

(6) 

 

where Lsys = the system survival probability; LA = LB = LC = LD = Ld = the deck survival 

probability; Lb = the beam survival probability that, as series subsystems, are controlled by the 

survival probabilities with respect to flexure and shear limit states (Lf and Ls), respectively, i.e. 

Lb = Lf · Ls. The cumulative-time failure probability (or equivalently, the CDF of the system 

failure time) can be easily calculated based on Lsys as: 

 𝑃𝑓(𝑡𝐿) = 𝐹𝑇𝑓(𝑡𝐿) = 1 − 𝐿𝑠𝑦𝑠(𝑡𝐿) (7) 
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where Pf (tL) = the cumulative-time failure probability with respect to the expected service life; 

FTf (tL) = the cumulative distribution function (CDF) of the system failure time. 

 

All the random variables used in the reliability analysis are summarized in Table 8.4. The point-

in-time failure probabilities were evaluated with FORM using annual maximum statistics of 

live loads summarized in Table 8.4 (Nowak 1999). According to Fisher-Tippett-Gnedenko 

theorem, the annual maximum live loads can be approximated by Gumbel distributions with 

location and scale factors equal to the mean values and STDs of corresponding normal 

distributions (ML, VL or DL in Table 8.4) respectively. The cumulative-time failure probabilities 

of all the components and the entire system were calculated with the importance sampling 

method in Chapter 4. For time-dependent reliability analysis, the statistics of live load at each 

arrival is summarized in Table 8.4 as well (Nowak 1999). The annual arrival rate was assumed 

to be 1000 and 22000 times per year for the girders and the deck, respectively. Figures 8.5 and 

8.6 illustrate the life-cycle performance with respect to the two types of failure probabilities. 

In order to demonstrate the deficiencies of lifetime distribution approximations, common 

lifetime distributions, i.e. exponential, Weibull and gamma distributions (Leemis 1995), were 

used to approximate the lifetime distributions obtained from time-dependent reliability analysis, 

as shown in Figure 8.7. It can be found that these common lifetime distributions are incapable 

of reflecting the cumulative-time failure probabilities of the system, which justifies the direct 

use of time-dependent reliability analysis in the current study.  

 

8.5.2 Optimization Results and Discussion 

FRP strengthening was scheduled based on the multi-objective optimization. As mentioned 

earlier, both point-in-time and cumulative-time failure probabilities were employed to 

represent the life-cycle performance of the bridge superstructure. The cost of FRP 
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strengthening was quantified by the total volume of FRP materials required. Heuristic 

optimization techniques, i.e. genetic algorithm and particle swarm optimization, were 

employed to obtain the Pareto front of the optimization problem in Eq. 8.3. The efficiency and 

effectiveness of both heuristic optimization techniques were examined. In addition, results 

using both life-cycle performance indicators were compared.  

 

8.5.2.1 Genetic algorithm vs. particle swam optimization 

As mentioned earlier, NSGA-II has been widely used in the maintenance planning of 

deteriorating infrastructure (Frangopol 2011; Frangopol & Soliman 2016). Recently, MOPSO 

has demonstrated a certain degree of advantage in terms of computational efficiency compared 

with NSGA-II (Coello & Lechuga 2002). However, direct comparison between these two 

techniques has never been conducted in the context of maintenance planning. Based on the 

example, the optimization problem in Eq. 8.3 was solved by both heuristic optimization 

techniques. The purpose of the comparison is twofold. First, since global optimum cannot 

always be guaranteed using search heuristics, the optimization results were cross-checked with 

each other to ensure the quality of the obtained Pareto front. Second, the computational 

efficiency of these two methods were compared to decide on a more efficient optimization 

method for maintenance planning. 

 

For NSGA-II, 500 individuals were used in each generation. Each individual had a 

chromosome composed of three gene segments represented by the time of flexural, shear, and 

deck strengthening, i.e. each individual is a feasible solution s in Eq. 8.3. Within this population 

of individuals, 90% of the individuals underwent the mating process with one-point cross-over, 

while the remaining 10% were operated by uniform mutation powered by a random integer 

generation in the range of [0, 100] (Deb et al. 2002). The probability of mutation is the 
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reciprocal of the number of gene segments (optimization variables) (Deb et al. 2002), i.e. 1/3. 

Pareto dominance was employed for the selection of individuals in the coming generation, and 

diversity was ensured by giving selection priorities to individuals with larger crowding distance 

(Deb et al. 2002). Elitism was implemented by selecting individuals from both the parents and 

the offspring generations (Deb et al. 2002). In addition, the fist-rank Pareto front in each 

generation would enter an external archive called hall-of-fame and compete with the existing 

individuals in it based on Pareto dominance. The final optimization results were, therefore, 

stored in the hall-of-fame. 

 

Coello & Lechuga's (2002)  original proposal for MOPSO was first explored for its 

effectiveness in solving our problem. The method adopts an external archive (similar to the 

hall-of-fame in the previous genetic algorithm) to store the flight experiences of the swarm 

(gbests during the flight). A geographically-based grid defined in the objective space was 

employed by Coello & Lechuga (2002) to select leaders from the archive, to ensure diversity 

and to update the external archive when it becomes too crowded. As mentioned by Ray & Liew 

(2002), such space niching technique is not effective in finding discontinuous Pareto fronts. 

Therefore, crowding distance was employed as well to select leaders and update the external 

archive (Ray & Liew 2002). In the following comparison, Coello & Lechuga's (2002) original 

method is termed as MOPSO, while the modified version based on Ray & Liew (2002) is 

termed as MOPSO-II. For both methods, the inertia factor (w), the personal confidence factor 

(ϕp), and the global confidence factor (ϕg) were selected to be 0.8, 1.5, and 1.5, respectively 

(Eberhart & Shi 2007). For comparison purpose, 500 particles were included in a swarm. 

   

Convergence of heuristic search was determined based on the mean distance of Pareto fronts 

obtained in subsequent steps (Zitzler et al. 2000). Since the two objectives in our optimization 
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problem are in different orders, relative distance in objective space defined as follows was used 

to check convergence: 

 

𝑀1 =
1

𝑁(𝑖)
∑min {‖log10(𝒑𝑘

(𝑖)
) − log10(𝒑𝑗

(𝑖−1)
)‖

2
, 𝑗 = 1,⋯ ,𝑁(𝑖−1)}

𝑁(𝑖)

𝑘=1

 (8.8) 

 

where N(i) and N(i-1) = numbers of Pareto fronts after the ith and (i-1)th generation, respectively; 

p = objective vector consisting of the two objectives; log10(˙) = element-wise logarithm of the 

base 10; ||˙||2 = Euclid norm of vectors. The optimization was deemed converged if M1 of 10 

consecutive steps is less than the maximum value of a constant tolerance value Tconst = 0.001 

and a variable tolerance Tvar defined as follows: 

 
𝑇𝑣𝑎𝑟
(𝑖)

=
1

𝑁𝑝𝑜𝑝
max {‖log10(𝒑𝑟

(𝑖)
) − log10(𝒑𝑠

(𝑖)
)‖

2
, where 𝑟, 𝑠 = 1,⋯ ,𝑁(𝑖)} (8.9) 

 

where Npop = number of individuals or particles in one population or swarm (500). 

 

Two performance metrics were used to evaluate the two optimization methods: (a) the number 

of objective evaluations for computational efficiency comparison; and (b) Pareto frons obtained 

by both methods for effectiveness comparison. For the latter matric, the following distance 

defined in the parameter space was used (Zitzler et al. 2000):  

 

𝑀2 =
1

𝑁1
∑min {‖𝒔1,𝑖 − 𝒔2,𝑗‖2, where 𝑖, 𝑗 = 1,⋯ ,𝑁2}

𝑁1

𝑖=1

 (8.10) 

 

where N1 = the number of individuals or particles on Pareto front 1; s1,i and s2,j = solutions (in 

parameter space) on Pareto front 1 and 2, respectively. When using Eq. 8.10, it is required that 

the number of individuals (or particles) on Pareto front 1 be smaller than that on Pareto front 

2. To deal with discrete design variables, new positions of particles were rounded to the nearest 

integers in the range of [0,100] during the update in Eq. 8.4 (Hassan et al. 2004). 
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For technique, i.e. NSGA-II, MOPSO and MOPSO-II, 20 optimizations were carried out. 

Cumulative-time failure probabilities were used to represent the life-cycle performance of 

deteriorating structures. Thanks to the adoption of component-based bookkeeping, the 

remaining 19 optimizations became extremely fast after the first optimization. Table 8.5 

presents the comparison of three optimization techniques. From Table 8.5, it can be seen that 

MOPSO is not efficient due to the use of geographical grids in the leader selection. In addition, 

the number of solutions located on the Pareto front is much smaller than that in the other two 

methods. Therefore, only the distance between Pareto fronts obtained by NSGA-II and 

MOPSO-II are presented in Table 8.5. Figure 8.8 shows the Pareto front obtained with NSGA-

II and MOPSO-II. From Table 8.5 and Figure 8.8, it can be observed that both optimization 

techniques can converge to the same Pareto front, which indicates the high likelihood of finding 

the real global optimum using both optimization techniques. In terms of computational 

efficiency, particle swarm optimization (MOPSO-II) is substantially more efficient than the 

genetic algorithm. This is consistent with previous studies on heuristic optimization (Coello & 

Lechuga 2002; Hassan et al. 2004; Reyes-Sierra & Coello 2006). Therefore, in the remaining 

analysis, MOPSO-II was used for optimization. 

 

8.5.2.2 Point-in-time vs. cumulative-time failure probability 

Point-in-time failure probabilities and cumulative-time failure probabilities were used 

respectively as the life-cycle performance indicator in the optimization problem. The former 

was calculated by FORM, while the latter was obtained with the importance sampling method 

in Chapter 6. As indicated previously, the point-in-time failure probability was not compatible 

with the component-based bookkeeping technique. Therefore, system-based bookkeeping as in 

Okasha & Frangopol (2009) was employed for the evaluation of point-in-time failure 

probabilities in order to save computational time. 
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Based on the comparison results of heuristic algorithms, optimization was carried out using 

MOPSO-II with the same evolution parameters as those in the earlier comparison. As the point-

in-time and cumulative-time failure probabilities are usually different from each other by 

several orders (see Chapter 6), Pareto fronts in objective space cannot be compared directly. 

To this end, Eq. 8.10 was used to measure the adjacency in the parameter space of optimal 

solutions obtained using both indicators. Figure 8.9 presents the optimal solutions in the 

parameter space. The comparison between the optimal solutions are summarized in Table 8.6. 

The M2 value of the two Pareto fronts is less than 2, indicating that the mean difference between 

both fronts is less than 2 years in the parameter space. Since structural deterioration is latent 

and gradual, optimal solutions obtained by both indicators can be regarded as quite similar. 

The number of objective evaluations, including evaluation and retrieval from bookkeeping 

database, is very similar regardless of the performance indicator used (see Table 8.6). However, 

by virtue of the component-based bookkeeping, the computational time of the optimization 

with respect to the cumulative-time failure probability is much shorter than that of the 

optimization with respect to the point-in-time failure probability. Since the solutions are very 

similar using both indicators, cumulative-time failure probabilities were used in the following 

analysis. For maintenance planning with multi-objective optimization, the current study 

demonstrates that, with the same underlying deterioration mechanism, annual indicators can 

give similar optimal maintenance solutions to those obtained by lifetime distributions. Since 

annual indicators can deal with more complicated reliability problems, the finding herein favors 

the direct use of annual indicators in the maintenance planning of more complex structures. 
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8.5.2.3 Pareto front of maintenance optimization 

The Pareto front of multi-objective optimization can equip stakeholders with reasonable 

solutions of appropriate strengthening schemes at optimal points-in-time given certain 

budgetary constraints. The Pareto front of the current example problem is presented in Figure 

8.10, in which four typical strengthening options are indicated. Based on the data stored in the 

bookkeeping database, the relation between the strengthening time and the strengthening cost 

can be easily obtained, as shown in Figure 8.11. It should be noted that this relation is fluctuant 

at a few regions due to the variation of mean resistance obtained by LHS. However, the 

fluctuation does not affect the optimization results. The four typical options denoted in Figure 

8.10 are summarized in Table 8.7. The profiles of cumulative-time failure probabilities are 

provided in Figure 8.12 for the four strengthening options in Table 8.7. 

 

It can be seen that the Pareto front in Figure 8.10 exhibits an obvious tuning point, which 

corresponds to the transition from strengthening the deck to strengthening both the deck and 

shear-critical regions of girders. This important feature implies that deck strengthening plays a 

crucial role in the enhancement of life-cycle performance of this bridge superstructure. A 

scrutiny of component performance indicates that the shear component of a given girder and 

the deck (flexural) component have similar cumulative-time failure probabilities, but the 

former together with the shear component(s) of the adjacent girder(s) constitutes a parallel 

subsystem that reduces the criticality of shear limit state.  

 

Compared with deck strengthening, shear strengthening of bridge girders is not efficient in 

reducing the failure probability of the entire system. This is due to the more expensive 

strengthening cost, the severe corrosion condition and the larger demand of FRP material in 

order to effectively strengthen the shear critical regions. Figure 8.11 provides more details on 
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the strengthening costs of different components, from which the higher cost of shear 

strengthening is clearly seen. 

 

The effect of flexural strengthening of bridge girders on the investment return, i.e. the effect 

on lifetime failure probability when using FRP flexural strengthening, is even less obvious than 

that of shear strengthening as a result of the in-significant corrosion of flexural reinforcement. 

This observation reiterates the importance of thicker concrete covers and larger rebar diameters 

for better durability. From a life-cycle perspective, for the same reinforcement ratio, it is 

important to provide a sufficient concrete cover and to use rebars of a larger diameter. This 

finding is also consistent with that of the previous threshold-based study given in Chapter 7. 

 

Naturally, the optimal solution is dependent on various factors such as the concrete cover 

thicknesses and the corrosion rates associated with different components. These possible 

variations justify the need to pursue a systematic method for maintenance optimization, as 

outlined in the present study. 

 

8.6 CONCLUSIONS 

In this chapter, maintenance planning using multi-objective optimization is systematically 

studied with particular application for FRP strengthening of deteriorating RC superstructures. 

Two advanced heuristic optimization techniques, i.e. non-dominated sorting genetic algorithm 

(NSGA-II) and multi-objective particle swarm optimization (MOPSO-II), have been compared 

with each other for maintenance optimization problems where life-cycle performance and 

maintenance cost are two (conflictive) objectives. Compared with existing studies based on 

annual indicators and lifetime distributions, a new method has been proposed to optimize FRP 

strengthening of RC bridge superstructures based directly on the cumulative-time failure 
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probability obtained by time-dependent reliability analysis. The novel importance sampling 

algorithm, bookkeeping techniques and parallel computing enable direct computation of 

cumulative-time failure probability in the optimization module of the propose method. By 

virtue of the bi-objective optimization, the method offers a set of optimal solutions located on 

the Pareto front that can directly guide the decision making process. Different solutions can be 

then selected to suit different budgetary constraints. Using this new method, the optimization 

solutions based on cumulative-time failure probabilities have been compared with those based 

on point-in-time (annual) failure probabilities. From the current study, the following 

conclusions can be drawn: 

1. By using crowding distance to select flight leaders, multi-objective particle swarm 

optimization (MOPSO-II) is more efficient than that of the multi-objective genetic 

algorithm (NSGA-II) for the optimization problem of maintenance planning. Nevertheless, 

both methods are equally effective in finding global solutions of the current optimization 

problem. 

2. Existing lifetime distributions, e.g. exponential, Weibull and gamma distributions, are 

incapable of approximating the cumulative-time failure probabilities in the time horizon of 

interest. Nevertheless, optimization based on point-in-time failure probabilities and 

cumulative-time failure probabilities can give similar solutions as long as the underlying 

deterioration mechanism is the same. 

3. The proposed method employs an independent module to evaluate the time-dependent 

resistance of members during the pre- and post-strengthening periods. As a result, the 

proposed method is capable of accommodating any type of strengthening/repair techniques 

as long as there exists a realistic deterioration model (e.g. deterioration of steel structures). 

It is of special relevance to FRP strengthening interventions due to the fact that the 
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deterioration rate changes due to strengthening as a result of the superior durability of FRP-

substrate interfaces. 

4. Due to the system configuration and the thinner cover of bridge deck, the performance of 

the deck often governs the reliability of the system if identical corrosion rates are assumed 

for all superstructure components. Therefore, the deck is often the first component that 

should be strengthened in the overall maintenance plan of a bridge superstructure. 

Nevertheless, it should be noted that the optimal solution hinges very much on the corrosion 

conditions of different components, and therefore the optimization method as presented in 

this paper is believed to be highly valuable for more general situations. 
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TABLES 

Table 8.1 Geometric variables for corrosion initiation 

Variables Nominal Mean COV Distribution 

Dgirder 663 663 0.03 Normal 

Ddeck 157 157 0.03 Normal 

Xflex 51 51 0.20 Lognormal 

Xshear 38 38 0.20 Lognormal 

Xdeck 25 25 0.20 Lognormal 

Ds,flex 35.8 35.8 0.02 Lognormal 

Ds,shear 12.7 12.7 0.02 Lognormal 

Ds,deck 35.8 35.8 0.02 Lognormal 

Note: Dgirder and Ddeck = effective depths of the girder and the deck [mm], respectively; Xflex, 

Xshear, and Xdeck = cover thickness of flexural, shear, and deck members [mm], 

respectively; Ds,flex, Ds,shear, and Ds,deck = rebar diameters of flexural, shear, and deck 

reinforcement [mm], respectively. 

 

Table 8.2 Variables for corrosion modeling 

Variables Mean COV Distribution 

Dc 663 0.03 Normal 

C0 157 0.03 Normal 

Ccr 51 0.20 Lognormal 

Icorr 38 0.20 Lognormal 

Note: Dc = diffusion coefficient [mm2/year]; C0 = surface chloride content 

[%]; Ccr  = critical chloride content; Icorr = corrosion current density 

[μA/cm2]. 
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Table 8.3 Variables in FRP strengthening systems 

Variables Nominal Mean COV Distribution 

Fc 20.7 25.9 0.15 Normal 

Fs 276 310.5 0.12 Lognormal 

Efrp 230 230 0.10 Lognormal 

Ffrp 3450 3900 0.10 Weibull 

bfrp,flex 400 400 — Deterministic 

bfrp,shear 50 50 — Deterministic 

bfrp,deck 100 100 — Deterministic 

sfrp,shear 100 100 — Deterministic 

sfrp,deck 100 100 — Deterministic 

Note: Fc = concrete compressive strength [MPa]; Fs = steel yield stress [MPa]; Efrp = elastic 

modulus of FRP [GPa]; Ffrp = FRP strength [MPa]; bfrp,flex = width of FRP flexural 

strengthening [mm]; bfrp,shear = width of FRP shear strengthening [mm]; bfrp,deck = width 

for FRP deck strengthening [mm]; sfrp,shear = spacing of FRP shear strengthening [mm]; 

sfrp,shear = spacing of FRP deck strengthening [mm]. 

 

Table 8.4 Variables in reliability analysis 

Variables Nominal Mean COV Distribution 

Δf — 1.02 0.06 Lognormal 

Δs — 1.08 0.10 Lognormal 

Δf,FRP — 1.13 0.08 Lognormal 

Δs,FRP — 1.59 0.19 Lognormal 

MD 217 228 — Deterministic 

VD 95.0 99.7 — Deterministic 

DD 1.57 1.65 — Deterministic 

ML 469 300 0.23 Normal 

VL 244 143 0.23 Normal 

DL 27.4 17.5 0.23 Normal 

λL,girder 1000 — — Deterministic 

λL,deck 22000 — — Deterministic 

Note: Δf and Δs = model error of RC members in flexure and shear, respectively; Δf,FRP and 

Δs,FRP = model error of FRP-strengthened members in flexure and shear, respectively; 

MD, VD, and DD = deal-load-induced moment [kNm], shear [kN] in girder and moment 

[kNm] in deck, respectively; ML, VL, and DL = live-load-induced moment [kNm], shear 

[kN] in girder and moment [kNm] in deck at each live load arrival, respectively; λL,girder 

= annual arrival rate of live load events for girders; λL,deck = annual arrival rate of live 

load events for deck. 
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Table 8.5 Comparison between different optimization techniques 

 Number of evaluations Number of solutions Distance 

 NSGA-II MOPSO MOPSO-II 
NSGA-

II 
MOPSO 

MOPSO-

II 
 

1 10000 8500 6500 52 41 53 2.945 

2 10000 23000 6500 60 39 57 3.360 

3 7500 22000 6500 63 40 64 1.628 

4 10500 24000 6500 56 40 59 1.546 

5 8500 14000 6500 54 42 58 0.9868 

6 10000 34000 6500 64 42 56 2.831 

7 9000 47000 6500 65 37 62 1.343 

8 10000 7000 6500 58 43 73 1.707 

9 10000 22000 6500 59 38 59 1.131 

10 8000 32500 6500 51 43 58 0.8236 

11 14000 10500 6000 65 41 58 2.412 

12 10500 8500 6500 62 39 61 2.115 

13 10000 11500 6000 60 38 62 0.9265 

14 11500 25000 6500 61 43 67 1.042 

15 10000 16500 6500 61 41 55 2.538 

16 11500 7000 7000 61 36 58 2.929 

17 11500 39000 7000 54 39 58 1.048 

18 8500 18500 6500 56 41 58 1.526 

19 15000 23000 6500 60 42 57 2.439 

20 9500 9500 6500 57 41 59 1.135 

Mean 10275 20150 6500 59 40 60 1.821 

Std 1771 11033 224 4 2 4 0.7840 

Note: Distance = mean distance between Pareto fronts obtained with NSGA-II and 

MOPSO-II (Eq. 8.10) 

 

Table 8.6 Comparison between different life-cycle indicators 

 Point-in-time Cumulative-time 

Number of solutions 85 59 

Distance (year) 2.60 

 

Table 8.7 Optimal solutions 

Solution Strengthening time (years) Failure 

probability 

(×10‒6) 

Volume of FRP 

(×105 mm3) Girder Deck 

Flexure Shear 

A - - 9 10.6 5.34 

B - - 24 1.85 9.94 

C - 26 29 0.849 32.7 

D 51 32 29 0.848 61.8 
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FIGURES 

 
(a) Bridge section 

 

 
(b) Girder and deck section 

 

 
(c) System diagram 

 

Figure 8.1 Bridge superstructure (dimensions in mm) 

  



 

364 

 

 

Figure 8.2 Corrosion initiation 

 

 

 
(a) Convergence of mean value 

 
(b) PDF of resistance 

Figure 8.3 Convergence and PDF of resistance 
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Figure 8.4 Deterioration of resistance 

 

 

Figure 8.5 Point-in-time failure probability of the RC superstructure 
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Figure 8.6 Cumulative-time failure probability of the RC superstructure 

 

 

Figure 8.7 Fitting of lifetime distributions 
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Figure 8.8 Pareto fronts (NSGA-II vs MOPSO-II) 

 

 

Figure 8.9 Optimal solutions (point-in-time vs. cumulative-time failure probability) 
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Figure 8.10 Pareto front 

 

 

Figure 8.11 Strengthening costs at different strengthening time 
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Figure 8.12 Cumulative-time failure probabilities of different strengthening solutions 
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CHAPTER 9 RISK-BASED BRIDGE RANKING CONSIDERING 
TRANSPORTATION NETWORK PERFORMANCE 

9.1 OVERVIEW 

In previous chapters, maintenance actions of a structural component (Chapter 7) and a bridge 

super structures (Chapter 8) have been planned with threshold-based and multi-objective 

optimization methods, respectively. In practice, a highway agency usually possesses a large 

number of bridges that makes it infeasible to apply the previous analysis and management 

methods to all of its bridges. In addition, budgetary constraints require decision makers to 

allocate maintenance/rehabilitation funds wisely, which necessitates proper considerations of 

not only the current conditions of bridges, but also the possible consequences of their failure. 

In the current chapter, a new method is proposed to rank bridges for maintenance actions based 

on their failure risks that are quantified by the production of failure probabilities and the 

incurred direct and indirect consequences due to failure. Failure probabilities are estimated 

based on the condition ratings of superstructures and substructures. The time-dependent 

evaluation of condition states, as well as their corresponding reliability indices, is determined 

through a Markov chain deteriorating model. The Markovian transition matrix is obtained from 

a comprehensive database of national bridge inventory (NBI) from year 1992 to 2014. Failure 

probabilities of bridges in a transportation network are correlated based on a simplified 

random-field model and can be updated using the Bayesian rule. For the evaluation of failure 

consequences, direct costs are determined according to the dimension of bridges. 

Transportation network analysis is carried out to assign the total traffic demand in the highway 

network where candidate bridges are located. Based on the traffic assignment, social costs in 

terms of running and time costs are evaluated based on the flow pattern of traffic in the 

transportation network with deteriorating bridges. Bridge risk in monetary terms can then be 
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calculated as a priority metric for maintenance actions, and all bridges in the transportation 

network can be ranked for interventions. Two numerical examples are presented to illustrate 

the proposed method and to compare the proposed ranking method with the state-of-the-

practice approaches, i.e. the worst-first methods base on safety and sufficiency ratings. It is 

found that the state-of-the-practice methods are incapable of considering the performance of 

transportation network, which often leads to an inappropriate ranking of maintenance priorities. 

The proposed method, by contrast, is capable of taking into account of the bridge and the traffic 

conditions in a consistent and quantitative way. In addition, the current method presents a 

generic framework, in which the analysis results of previous chapters (e.g. Chapters 7 and 8) 

can be easily incorporated for more involved and accurate analysis. 

 

9.2 RANKING OF MAINTENANCE PRIORITIES 

Bridges in a transportation network deteriorate due to aging. Limited resources for bridge 

maintenance require that the intervention priority should be ranked reasonably based on their 

condition states as well as their impacts on the transportation network. Based on a questionnaire 

by Federal Highway Administration (FHWA 2010), most states in the United States do not 

have a systematic strategy for allocating funds among deficient bridges. Worst-first approaches 

based on sufficiency rating or other indicative indicators are still being widely in use though it 

has been commonly acknowledged that the impact of bridge failure on the entire transportation 

network is different from one bridge to another (Frangopol & Bocchini 2012; Ghosn et al. 

2016). For instance, a bridge of the worst condition in a group of bridges may not have a 

significant impact on the transportation network so that its maintenance can be postponed; by 

contrast, a bridge in a comparatively better condition may be more important so that 

maintenance should be executed first. To this end, a framework for properly ranking bridges 

for necessary maintenance is an important issue to be tackled. The current chapter presents a 
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new ranking method based on the risk of bridge failure considering both the direct cost and the 

social cost of bridges in a transportation network. 

 

9.2.1 State-of-the-Practice Methods for Bridge Ranking 

The state-of-the-practice methods for bridge ranking are still based on the worst-first 

philosophy (FHWA 2000): maintenance priorities are ranked based on the safety or sufficiency 

ratings of bridges. 

 

Bridge safety is related to the conditions of superstructure, substructure, culvert, and inventory 

ratings (FHWA 1995). Table 9.1 lists the criteria for condition rating regarding super- and 

substructure. Based on the worst-first philosophy, the resources are first allocated to those 

bridges with the lowest safety ratings. For most of highway bridges, safety ratings of bridges 

can be determined by the condition ratings of super- and substructure as follows (FHWA 1995): 

 
𝑆𝑠𝑎𝑓𝑒 =

55 −min (𝐴𝑠𝑢𝑝, 𝐴𝑠𝑢𝑏)

55
 (9.1) 

 

where Ssafe is the safety rating considering only the conditions of super- and substructure; Asup 

and Asub are indices for super- and substructure, respectively. Asup and Asub are selected based 

on condition ratings (FHWA 1995): for condition ratings smaller than or equal to 2, indices 

A = 55; for condition ratings equal to 3, indices A = 40; for condition ratings equal to 4, indices 

A = 25; for condition ratings equal to 5, indices A = 10; for condition ratings larger than or 

equal to 6, indices A = 0. 

 

Beside safety ratings, sufficiency ratings are another indicator widely used for bridge ranking 

(FHWA 1995). Sufficiency ratings consider a number of aspects of bridges that include: (a) 

structural adequacy and safety (S1); (b) serviceability and functional obsolescence (S2); (c) 

essentiality for public use (S3); and (d) special reduction with respect to detour length, traffic 
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safety features and structural types (S4). Sufficiency ratings (S) are defined as a percentage 

value from 0 to 100 % that covers all the aforementioned four aspects (FHWA 1995): 

 𝑆 = 𝑆1 + 𝑆2 + 𝑆3 − 𝑆4 (9.2) 

 

This sufficiency rating is calculated every year according to the inspection data recorded in the 

NBI database. 

 

Though sufficiency ratings are more comprehensive than safety ratings, they still have some 

major deficiencies: (a) the sufficiency rating cannot be easily projected to the future; (b) 

contributions of S1 to S4 are based on previous experiences and engineering judgement; and 

(c) the ratings are not directly related to monetary values that can be conveniently leveraged 

by policy makers. 

 

Both indicators mentioned above cannot directly consider the impacts of bridge deficiency on 

the performance of the transportation network. Therefore, the social cost related to bridges is 

either neglected completely (safety ratings) or approximately considered in terms of 

essentiality for public use (sufficiency rating). 

 

9.2.2 Consideration of Transportation Network Performance 

To properly consider transportation network performance is a complicated task as the 

transportation network cannot always be simplified to series or parallel systems or their 

combinations (Bocchini & Frangopol 2011b). For network analysis, there are two major 

indicators of network performance, i.e. network connectivity and total travel time (Frangopol 

& Bocchini 2012; Ghosn et al. 2016). 
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Network connectivity, as a network performance indicator, has been widely used in the analysis 

of networks subjected to extreme events such as earthquakes (Bocchini & Frangopol 2011a; 

Rokneddin & Ghosh 2013; Ghosh et al. 2014; Rokneddin et al. 2014; Lim et al. 2015). In these 

situations, the traffic demand is usually dramatically decreased compared to the normal use. In 

this scenario, decision makers are more concerned with the availability of basic supplies for 

rescue and reconstruction than the cost of traffic users. For maintenance of deteriorating 

bridges, the connectivity-based indictor was first used by Bocchini & Frangopol (2013) for the 

maintenance optimization of bridges in a network. However, there are two major problems in 

regard to the use of connectivity-based indicators in a latently and gradually deteriorating 

bridge network (e.g. deterioration due to corrosion and fatigue). First of all, in an urban 

highway system, detours are usually available after bridge failures or during bridge 

maintenance (FHWA 1992). As a result, unlike in extreme events, connectivity between origin-

destination pairs (ODs) is usually retained despite bridge failures. Secondly, as bridge 

deterioration is a slow and ongoing process, it is not likely to influence the traffic demands 

between ODs. Therefore, decision makers, when coping with deteriorating bridge networks, 

should be more concerned with the consequences of bridge failures to the normal traffic use 

than the connectivity between ODs. 

 

Due to the aforementioned deficiencies, a number of studies have started to analyze the network 

performance in terms of total travel time (TTT) and/or total travel distance (TTD) of all traffic 

users (Zhou et al. 2010; Bocchini & Frangopol 2011b; Bocchini & Frangopol 2012; Saydam 

et al. 2013). The traffic demands between ODs are assigned to highway links based on 

transportation network analysis. Bridge failures can affect the link cost and, consequently, the 

route choice of trip makers. The social cost of bridge failures can then be calculated in more 

detail. For traffic assignment, traffic demands are either obtained from census data (Zhou et al. 
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2010) or deduced by gravitational models (Bocchini & Frangopol 2011b; Bocchini et al. 2011; 

Bocchini & Frangopol 2012). Though having been used successfully for networks under 

extreme events, gravitational models are not appropriate for a deteriorating bridge network, as 

they assume that the demands are related to the travel cost of ODs. This assumption implies 

that the travel cost will affect the origins and destinations of traffic users, which is an unrealistic 

behavioral assumption in most normal use conditions (Patriksson 2015). Therefore, census data 

is used in the present study for the determination of traffic demands.  

 

9.2.3 Risk-Based Bridge Ranking Considering Transportation Network Performance 

In this chapter, a bridge ranking method is proposed based on the risk of bridge failures, which 

is defined herein as the production of failure probabilities and failure consequences. This 

concept of risk has been extensively used for both single structures (Saydam & Frangopol 2013) 

and infrastructure systems (Saydam et al. 2013). The failure probabilities of bridges are 

predicted based on a Markov chain model of deteriorating bridges as well as a relation between 

Markovian states and reliability indices. The consequences of bridge failures are divided into 

two categories: bridge (direct) cost and social (indirect) cost. The bridge cost is computed 

directly based on the dimension of bridges (Decò & Frangopol 2011), while the social cost is 

determined based on the results of transportation network analysis. The ranking method is 

based on three comprehensive databases, as shown in Figure 9.1. Specifically, the procedures 

of bridge ranking can be summarized as follows: 

Step 1  Collect bridge data, geographic data, and census data for transportation network 

analysis; 

Step 2  Predict future Markovian states (MS) through current condition ratings and the 

transition matrix; compute failure probabilities of bridges by the relation between MS 

and reliability indices; 
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Step 3  For each bridge under consideration, assume its failure and update the failure 

probabilities of the other bridges based on the correlation of bridges and the Bayesian 

rule (the correlation of bridges is estimated by random field models); 

Step 4  Construct the OD demands in the transportation network using Voronoi diagram and 

census data; define the link cost function based on the bridge failure conditions on 

each link; assign traffic flows on each link based on user equilibrium (UE) assumption 

and Frank-Wolfe algorithm; 

Step 5  Calculate the bridge (direct) cost due to bridge failures and the social (indirect) cost 

due to detours and congestion; 

Step 6  Calculate the marginal risk imposed by the bridge under consideration (i.e. the 

assumed failed bridge in Step 3);  

Step 7  Repeat Step 3 to Step 6 to rank all the bridges in the network based on their risks; 

select bridges for maintenance actions or more detailed analysis as formulated in 

Chapters 7 and 8. 

 

If more detailed reliability analysis is conducted in Step 7 (following the procedure in either 

Chapter 7 or Chapter 8), the analysis results can provide more accurate life-cycle profiles of 

bridge reliability than those deduced with the Markov chain model. Such reliability profiles 

can then be used in the ranking again (i.e. in Step 3), creating an iterative procedure for life-

cycle management of bridges in a transportation network. 

 

9.3 MARKOV CHAIN MODEL OF BRIDGE DETERIORATION 

9.3.1 Transition Matrix of Deteriorating Bridges 

Markov chain model has been extensively used in infrastructure management (Cesare et al. 

1993; Roelfstra et al. 2004; Saydam & Frangopol 2013; Saydam et al. 2013; Bocchini et al. 
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2013). The model divides the performance of structural components into a series of mutually 

exclusive and exhaustive states (Markovian states). The basic assumption of Markov chain 

model is that the following Markovian states are solely controlled by the current state. The 

transition from one state to another is defined by a probability of transition, which can be 

assembled to a matrix referred to as Markovian transition matrix (MTM). As a result, if 

condition ratings are regarded as Markovian states of bridges, future Markovian states of 

bridges (or bridge elements) can be predicted as follows: 

 

𝐱(𝑠+1) = 𝐓𝑇𝐱(𝑠) =

[
 
 
 
 
𝑎11 𝑎12 𝑎13 ⋯ 𝑎1𝑛
0 𝑎22 𝑎23 ⋯ 𝑎2𝑛
0 0 𝑎33 ⋯ 𝑎31
⋮ ⋮ ⋮ ⋱ ⋮
0 0 0 ⋯ 1 ]

 
 
 
 
𝑇

𝐱(𝑠) (9.3) 

 

where x(s) and x(s+1) are the vectors of probabilities with respect to each Markovian state at the 

current time slot s and the following time slot s+1, respectively; aij is the transition probability 

from state i to state j; n is the total number of Markovian states; and T is the MTM of Markov 

chain model. 

 

Bridges in a transportation network are usually required to be inspected on a regular basis. For 

instance, bridges in the United States are inspected every two years. The inspection results are 

collected by the department of transportation of each state. An annual report is submitted to 

FHWA (FHWA 1995). Based on these results, a data file is created and stored in the NBI 

database. In existing bridge management systems [e.g. PONTIS (Thompson et al. 1998)], 

condition ratings collected from field inspections are directly used as Markovian states for the 

scheduling of intervention actions. These inspection results can be based on commonly 

recognized structural elements or national bridge elements. Another system of condition rating 

for structural components of bridges is adopted by FHWA (FHWA 1995). It is more general 

in the sense that only superstructure, substructure, and culverts are rated for structural safety. 
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Table 9.1 lists the ratings and their descriptions for super- and substructure (FHWA 1995). 

These condition ratings defined by FHWA (Table 9.1) have been employed by researchers to 

model the deterioration of a group of bridges (Madanat et al. 1995). Due to its accessibility to 

the public, the condition ratings adopted by FHWA are used as Markovian states of the Markov 

chain model in the present study. In addition, condition ratings 8 and 9 are merged as one single 

Markovian state since their negligible difference in structural capacity (see Table 9.1). 

Similarly, condition ratings from 0 to 2 (inclusive) are regarded as one Markovian state as well 

due to the low structural reliability associated with these ratings. Overall, seven Markovian 

states are used to model structural deterioration in the present analysis, i.e. n = 7 in Eq. 9.3. 

 

Transition probabilities in Eq. 9.3 are usually determined by previous data and engineering 

judgement (Cesare et al. 1993; Roelfstra et al. 2004; Sobanjo 2011). In the present study, the 

data stored in the NBI database is used to determine transition probabilities of Markovian states. 

The data ranging from year 1992 to 2014 can be obtained from the website of FHWA in plain 

text format. To make better use of the data, the plain text files are first imported into a 

PostgreSQL database (The PostgreSQL Global Development Group 1996), through which 

efficient inquiries can be conducted by Structural Query Language (SQL). Subsequently, the 

transition frequency from one Markovian state to another is searched within the database. In 

particular, given a current condition rating, the next condition ratings of super- and substructure 

are looked up in the database and kept track of along with the current condition rating. For 

instance, given a condition rating in year 1992, the next condition rating is looked up in the 

data of year 1993 and year 1994. The coming condition ratings given the current ratings are 

stored for further use. Based on all recorded bridges in California in NBI, for each year from 

1992 to 2013, one can obtain a population of current condition ratings and the transition 

frequencies during the a two-year inspection interval: 
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𝑓𝑖𝑗 =
𝑛𝑗
(𝑠+1)

𝑛𝑖
(𝑠)

 (9.4) 

 

where fij is the transition frequency from state i to j between inspection s and the next inspection 

s + 1, i.e. a two-year interval; ni
(s) is the number of bridges in condition rating i at inspection s, 

and nj
(s+1) is the number of bridges in condition rating j in the next inspection (inspection s+1). 

Since the next condition rating is not necessarily available for condition ratings in 2014 and 

2015, data in 2014 and 2015 are not included in the determination of transition frequencies. 

The 22 sets of two-year transition frequencies from condition rating 7 to condition rating 6 of 

a substructure are shown in Figure 9.2(a). It can be seen that the transition frequencies show a 

great amount of uncertainties. To reduce the influence of extrmem values, median values are 

used to represent the two-year transition probabilities. Therefore, for super- and substructure, 

each has 22 sets of transition frequencies deduced by Eq. 9.4. The median value of these 22 

sets of transition frequencies is used herein as the transition probabilities with respect to a two-

year interval. The one-year transition probabilities can then be deduced based on the basic 

assumption of Markov chain by solving the following equation: 

 

𝑝𝑖𝑗 =∑𝑎𝑖𝑘𝑎𝑘𝑗

𝑗

𝑘=𝑖

 (9.5) 

 

where pij is the two-year transition probability, and aij is the corresponding one-year transition 

probability. The MTMs of bridge superstructure and substructure thus obtained are presented 

as follows: 

 

𝐓𝑠𝑢𝑝 =

[
 
 
 
 
 
 
0.9847 0.0126 0.0018 0.0009 0 0 0
0 0.9808 0.0140 0.0043 0.0005 0.0004 0
0 0 0.9756 0.0212 0.0022 0.0010 0
0 0 0 0.9880 0.0085 0.0031 0.0004
0 0 0 0 0.9852 0.0113 0.0035
0 0 0 0 0 0.9944 0.0056
0 0 0 0 0 0 1 ]

 
 
 
 
 
 

 (9.6a) 
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𝐓𝑠𝑢𝑏 =

[
 
 
 
 
 
 
0.9238 0.0699 0.0047 0.0016 0 0 0
0 0.9873 0.0116 0.0009 0.0002 0 0
0 0 0.9838 0.0132 0.0023 0.0005 0.0002
0 0 0 0.9825 0.0139 0.0025 0.0011
0 0 0 0 0.9824 0.0140 0.0036
0 0 0 0 0 0.9871 0.0129
0 0 0 0 0 0 1 ]

 
 
 
 
 
 

 (9.6b) 

 

Figure 9.2 illustrates the evolution of Markovian states of bridges using the MTMs in Eq. 9.6. 

 

9.3.2 Reliability Estimation 

Condition ratings are used to represent bridge conditions that only indirectly reflect bridge 

reliability. Though a lower rating is usually indicating a lower safety margin, there is no 

quantitative relation between condition rating and structural reliability. Estimation of structural 

reliability from condition ratings was first attempted by Saydam & Frangopol (2013), who 

assigned hypothetically a percentage loss of reinforcement cross-section to each condition 

rating in PONTIS. Instead of condition ratings in PONTIS, the present method uses condition 

ratings in NBI due to their accessibility to the public. Nevertheless, a similar relation between 

resistance loss and condition ratings can be assumed as well.  This relation can be back-

calculated based on assumptive reliability indices associated with the highest and the lowest 

Markovian states. To obtain this relation, it is assumed that condition ratings equal to or larger 

than 8 (MS 1) correspond to an annual reliability index of 4.7, while condition ratings of 2 and 

below (MS 7) indicate an annual reliability index of 0. The reliability index associated other 

MSs (condition ratings) can be determined as follows: 

1. Assume that the coefficients of variation (COV) of capacity and demand are δR = 0.150 and 

δS = 0.375, respectively (Nowak 1999). 

2. Based on the following equation, the ratios of mean capacity (μR) to mean demand (μS), 

usually referred to as central safety factor θ, can be determined for MS 1 and MS 7: 

 
𝛽 =

𝜇𝑅 − 𝜇𝑆

√𝜇𝑅
2𝛿𝑅

2 + 𝜇𝑆
2𝛿𝑆

2
=

𝜃 − 1

√𝜃2𝛿𝑅
2 + 𝛿𝑆

2
 (9.7) 
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3. A linear relation between MSs (condition ratings) and the capacity-to-demand ratio is 

assumed as follows: 

 
𝜃(𝑀𝑆) =

𝜃7 − 𝜃1
7 − 1

(𝑀𝑆 − 7) + 𝜃7 (9.8) 

 

where θ1  = 4.84 and  θ7  = 1 based on Eq. 9.7. 

4. Based on Eqs. 9.7 and 9.8, the reliability indices corresponding to different MSs (condition 

ratings) can be determined. 

Figure 9.3 presents the relation between MSs (condition ratings) and reliability indices obtained 

as above. 

 

9.4 TRANSPORTATION NETWORK ANALYSIS 

Highway transportation network model can be constructed based on the geospatial information 

on the website of OpenStreetMap (OpenStreetMap contributors 2004). Highway links in the 

region of interest can be extracted from the shape file. Highway joints are modeled as nodes, 

while all the highways are modeled as bidirectional links between these nodes. Based on this 

network model, transportation network analysis, which typically consists of trip generation, 

trip distribution, modal split, and traffic assignment, is conducted to determine social 

importance of each bridge (Patriksson 2015). 

 

Trip generation and trip distribution decide traffic demands between ODs. As mentioned earlier, 

census data on the website of FHWA (FHWA 2000) are employed for this purpose. In a latently 

deteriorating transportation network, bridge deterioration is not likely to influence the OD 

behavior of trip makers. For instance, the breakdown of a bridge will not influence the demand 

for home-work commute between an OD pair. In this case, the use of gravitational model, 

which assumes that the number of trip makers between a specific OD pair is inversely 
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proportional to the travel cost, implies an unrealistic behavior of trip makers (Patriksson 2015). 

Therefore, the adoption of census data is more realistic than gravitational models used in the 

previous studies (e.g. Bocchini & Frangopol 2011a). The data on the FHWA website (FHWA 

2000) website summarizes the daily number of people commuting between different traffic 

analysis zones (TAZs), categorized by different means of transportation. These data can be 

easily converted to an hourly number of vehicles traveling from one TAZ to another by 

assuming a daily peak hour of 5 hours. Voronoi diagram is then employed to aggregate the 

traffic demands in TAZs to their closest nodes (Zhou et al. 2010). The final result is a table of 

hourly traffic demands between ODs as illustrated in Table 9.2. 

 

Modal split divides the traffic demand among competitive alternatives of travel modes, e.g. 

walking, cycling, public transportation, and private motor vehicles. This information can also 

be found in the census data. It should be noted that the present study assumes that all trip makers 

prefer using highway transportation regardless of the distance between ODs and the availability 

of secondary roads. Though this assumption is likely to overload highways, it constitutes the 

worst scenario for highway usage. As the present study is focused primarily on the ranking of 

highway bridges instead of an accurate prediction of traffic flow, such an assumption is deemed 

acceptable. In addition, by neglecting travels relying on secondary roads, it is no longer 

necessary to model these links, leading to better computational efficiency. 

 

For traffic assignment, user equilibrium (UE) is employed to load the highway transportation 

network according to travel costs of links. UE states that every user has an incentive to 

minimize his/her own travel cost to the largest extent, which ultimately leads to an equilibrium 

state of the network. UE is based on the behavioral principle proposed by Wardrop, thus also 

known as Wardrop’s first principle as follows (Patriksson 2015): 
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Wardrop’s first principle. The journey times on all the routes actually used are equal, and 

less than those which would be experienced by a single vehicle on any unused route. 

In the present study, link costs are determined as follows: 

 
𝑡𝑎(𝑓𝑎) = 𝑡𝑎,0 [1 + 𝛼 (

𝑓𝑎
𝑓𝑎,𝑐

)

𝛽

] =
𝑠𝑎,0
𝑣
[1 + 𝛼 (

𝑓𝑎
𝑓𝑎,𝑐

)

𝛽

] (9.9) 

 

where α = 0.15 and β = 4 (Ortúzar & Willumsen 2011; Bocchini & Frangopol 2011a); ta,0 is 

the free speed travel time equal to the ratio of length (sa,0) to free speed (v); and fa and fa,c are 

the flow on link a and the capacity on link a, respectively.  

 

According to Wardrop’s first principle, UE is reached when no user can minimize his/her travel 

cost by switching to another unused route (unilateral action). As a result, the traffic assignment 

problem under UE can be formatted to a mathematical programming as follows (Bell & Iida 

1997; Patriksson 2015): 

 
min 𝑇(𝐟) ≜ ∑ ∫ 𝑡𝑎(𝑠)𝑑𝑠

𝑓𝑎

0𝑎∈𝒜

 

subjected to: 

∑ ℎ𝑝𝑞𝑟
𝑟∈ℛ𝑝𝑞

= 𝑑𝑝𝑞, ∀(𝑝, 𝑞) ∈ 𝒞,

ℎ𝑝𝑞𝑟 ≥ 0, ∀𝑟 ∈ ℛ𝑝𝑞 , ∀(𝑝, 𝑞) ∈ 𝒞,

∑ ∑ 𝛿𝑝𝑞𝑟𝑎ℎ𝑝𝑞𝑟
𝑟∈ℛ𝑝𝑞(𝑝,𝑞)∈𝒞

= 𝑓𝑎, ∀𝑎 ∈ 𝒜.

 

(9.10) 

 

where 𝒜 is the set of all links; 𝒞 is the set of ODs; ℛ𝑝𝑞 is the set of paths (routes) between OD 

pq; hpqr is the flow on path r between OD pq; dpq is the traffic demand between OD pq; fa is the 

link flow on a; and δpqra is referred to as the link-route incidence matrix and defined as follows: 

 
𝛿𝑝𝑞𝑟𝑎 ∶= {

1, if route 𝑟 ∈ ℛ𝑝𝑞 uses link 𝑎

0, otherwise
, ∀𝑎 ∈ 𝒜,∀𝑟 ∈ ℛ𝑝𝑞, ∀(𝑝, 𝑞) ∈ 𝒞 (9.11) 

 

It has been demonstrated that for monotonically increasing link cost, the optimization problem 

in Eq. 9.10 is a convex problem (Bell & Iida 1997). Frank-Wolfe (FW) algorithm has been 



 

385 

 

widely used for the optimization of this convex problem (Bell & Iida 1997; Ortúzar & 

Willumsen 2011; Patriksson 2015). The basic steps of FW algorithm can be summarized as 

follows (Patriksson 2015): 

Step 0  (Initialization) Initialize f(0) as a feasible solution, e.g. all-or-nothing (AON) 

assignment; lower bound LBD = 0; convergence criteria ε > 0; and iteration number 

k = 0. 

Step 1  (Search direction generation) Let 

 �̅�(𝐟) ≜ 𝑇(𝐟(𝑘)) + ∇𝑇(𝐟(𝑘))
𝑇
(𝐟 − 𝐟(𝑘)) (9.12) 

 

solve the linear programming sub-problem: 

 min �̅�(𝐟) 
subjected to 

∑ ℎ𝑝𝑞𝑟
𝑟∈ℛ𝑝𝑞

= 𝑑𝑝𝑞, ∀(𝑝, 𝑞) ∈ 𝒞,

ℎ𝑝𝑞𝑟 ≥ 0, ∀𝑟 ∈ ℛ𝑝𝑞 , ∀(𝑝, 𝑞) ∈ 𝒞,

∑ ∑ 𝛿𝑝𝑞𝑟𝑎ℎ𝑝𝑞𝑟
𝑟∈ℛ𝑝𝑞(𝑝,𝑞)∈𝒞

= 𝑓𝑎, ∀𝑎 ∈ 𝒜.

 

(9.13) 

 

Let y(k) be its solution, and p(k) = y(k) – f(k) the resulting search direction. 

Step 2  (Convergence check) Let LBD ∶= max{LBD, �̅�(𝐲(𝑘))}. If 

 𝑇(𝐟(𝑘)) − LBD

LBD
< 휀 (9.14) 

 

then terminate, with f(k) as the approximate solution. Otherwise, continue. 

Step 3  (Line search) Find a step length, l(k), which solves the one-dimensional problem 

 min {𝑇(𝐟(𝑘) + 𝑙(𝑘)𝐩(𝑘))|0 ≤ 𝑙(𝑘) ≤ 1} (9.15) 

 

Step 4  (Update) Let f(k+1) = f(k) + l(k) p(k). 

Step 5  (Convergence check) If 

 𝑇(𝐟(𝑘+1)) − LBD

LBD
< 휀 (9.16) 
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Then terminate, with f(k+1) as the appropriate solution. Otherwise, let 𝑘 ∶= 𝑘 + 1, and go to 

Step 1. 

 

If fixed step size 1 / (k + 2) is used instead of line search in Step 3, FW algorithm reduces to 

the method of successive average (MSA). For the sub-problem Eq. 9.13, linear programming 

algorithms can be used directly. Alternatively, since 

 min�̅�(𝐟) ≡ min∇𝑇(𝐟)𝑇𝐟 (9.17) 

 

the linear programming sub-problem is equivalent to an AON assignment with fixed link cost: 

 ∇𝑇(𝐟(𝑘)) = {𝑡𝑎(𝑓𝑎
(𝑘)
)} (9.18) 

 

The second approach is used in the present study. In order to conduct the AON assignment, 

which essentially amounts to a process of finding the shortest path between ODs, two 

algorithms, i.e. Floyd-Warshall algorithm and Dijkstra’s shortest path algorithm, have been 

wide used (Bell & Iida 1997). According to Bell & Iida (1997), Dijkstra’s shortest path 

algorithm is more efficient unless all nodes serve as both origins and destinations as they are 

in gravitational models. As census data are used for trip generation and distribution, Dijkstra’s 

shortest path algorithm is used in the current study. 

 

9.5 RISK-BASED BRIDGE RANKING 

In the proposed method, bridges are ranked for maintenance priorities based on their failure 

risks. Risk is defined as the product of failure probabilities and failure consequences in 

monetary value (Decò & Frangopol 2011; Saydam & Frangopol 2013): 

 𝑅 = 𝑃𝑓 ∙ 𝐶 (9.19) 

 

where Pf is the failure probability; C is the failure consequences (C) in monetary value. Clearly, 

a reasonable estimation of bridge risk involves these two aspects: evaluations of failure 

probabilities and failure consequences. 
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As presented earlier, failure probabilities of bridges can be related to their condition ratings. 

However, it should be realized that bridge failures in a network are very likely to be correlated 

due to their shared environmental and loading conditions. To this end, the random field theory 

are used in the proposed method to quantify the spatial correlation between bridges. Based on 

Bocchini et al. (2011), correlated Bernoulli samples are generated to reflect spatial correlation 

of bridges. In addition, when analyzing a particular bridge by assuming its failure, one should 

also be aware of the fact that the failure of this bridge implies higher failure probabilities of 

bridges surrounding it. Therefore, Bayesian rule is used to update failure probabilities given 

the failure of the bridge under consideration. 

 

Given the failure of a certain bridge, the failure consequences are measured in two perspectives, 

i.e. the direct cost of bridges and the social cost in the transportation network. The latter can be 

further divided into two categories: running cost due to detours and congestion (Decò & 

Frangopol 2011). 

 

9.5.1 Failure Probabilities of Bridges 

The failure probability of a bridge can be determined by modeling the bridge as a series system 

composing of two components representing super- and substructure. Since the failure of super- 

and substructure are correlated, the following expression is used to obtain the failure 

probability of this two-component series system: 

 
𝑝𝑓 = 𝑝𝑠𝑢𝑝 + 𝑝𝑠𝑢𝑏 − 𝛾√𝑝𝑠𝑢𝑝𝑝𝑠𝑢𝑏(1 − 𝑝𝑠𝑢𝑝)(1 − 𝑝𝑠𝑢𝑏) − 𝑝𝑠𝑢𝑝𝑝𝑠𝑢𝑏 (9.20) 

 

where psup and psub are failure probabilities of superstructure and substructure, respectively; and 

γ is the coefficient of correlation between superstructure and substructure failure modes. 
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Bridges adjacent to each other are likely to share similar environmental stressors and traffic 

loadings. Therefore, failures of adjacent bridges are expected to be correlated as well. The 

assumption of independent failures is likely to incur modeling error (Bocchini et al. 2011). 

Therefore, the correlation of bridges is considered by the random field based approach 

proposed by Bocchini et al. (2011). The coefficient of correlation between two bridges X and 

Y is defined by the exponential relation as follows: 

 
𝜌𝑋𝑌 = exp(−

𝑑𝑋𝑌
2

𝜆2
) (9.21) 

 

where ρXY is the coefficient of correlation between bridges X and Y; dXY is their distance [km]; 

and λ is the correlation length [km].  

 

Modification has been made to improve Bocchini et al.'s (2011) method. Specifically, instead 

of modeling the random field using discretization method, the correlated samples are directly 

drawn at bridge locations. Therefore, the effort to simulate the random field becomes dependent 

on the number of bridges. However, since the number of bridges is usually limited, the method 

can still be very efficient. In addition, the error introduced by the discretization of random fields 

can be eliminated. Nataf transformation is used to model the correlated random variables 

following uniform distributions (Bucher 2009). The uniform distribution is first transformed to 

the standard normal space using probabilistic transformation: 

 𝑉𝑖 = Φ
−1 (𝐹𝑈𝑖(𝑈𝑖)) (9.22) 

 

The correlation between Vi is adjusted by solving the following equations: 

 
𝜎𝑋𝑖𝜎𝑋𝑗𝜌𝑖𝑗 =∬ (𝑥𝑖 − 𝑋�̅�)(𝑥𝑗 − 𝑋�̅�)𝑓𝐗(𝑥𝑖 , 𝑥𝑗)𝑑𝑥𝑖𝑑𝑥𝑗

𝛺𝐗

 (9.23) 
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where Xi and Xj are original random variables following a distribution with joint probability 

density function (PDF) of fX(·);𝑋�̅� and 𝑋�̅� are corresponding mean values. Due to probabilistic 

transformation (Eq. 9.22), 

 
𝑓𝐗(𝐱) = 𝑓𝐕[𝐯(𝐱); 𝜌𝑖𝑗

′ ]∏⌊
𝑑𝑣𝑖
𝑑𝑥𝑖

⌋

𝑛

𝑖=1

= 𝑓𝐕[𝐯(𝐱); 𝜌𝑖𝑗
′ ]∏⌊

𝑓𝑋𝑖(𝑥𝑖)

𝜑[𝑣𝑖(𝑥𝑖)]
⌋

𝑛

𝑖=1

 (9.24) 

 

Given ρij’, the joint PDF of correlated multivariate standard normal distribution fV(v) in Eq. 

9.24 can be easily calculated. Eq. 9.23 can be solved by Monte Carlo simulation. Figure 9.4 

illustrates the correlation structure before and after the probabilistic transformation (Eq. 9.22). 

It can be seen that for positive correlation, the adjusted correlation ρij’ is approximately the 

same as the original ρij after the probabilistic transformation to the standard normal space. The 

result is consistent with the earlier analysis by Liu & Der Kiureghian (1986). 

 

For a specific bridge under consideration, the conditional failure probabilities of other bridges 

should be updated based on the Bayesian rule since all bridges are correlated. Specifically, the 

posterior failure probability can be determined as follows: 

 

𝑝𝑓
′ = Pr[𝑋 = 1|𝑋𝑒=1] =

𝜌√𝑝𝑓,𝑒(1 − 𝑝𝑓,𝑒)𝑝𝑓(1 − 𝑝𝑓) + 𝑝𝑓,𝑒𝑝𝑓

𝑝𝑓,𝑒
 

(9.25) 

 

where pf’ is the updated failure probability of any other bridge X given that the bridge Xe has 

failed; pf,e is the failure probability of bridge Xe; ρ is the coefficient of correlation between 

bridge X and bridge Xe obtained from Eq. 9.21. The derivations of Eqs. 9.20 and 9.25 are 

provided in the Appendix. Since Bayesian updating is conducted, the increase of failure 

probabilities of bridges adjacent to the bridge of interest can be properly considered according 

to Eq. 9.25.  
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9.5.2 Consequences of Bridge Failure 

Highway bridges are located into the highway transportation network model based on their 

geographic coordinates stored in the NBI database. As stated earlier, the consequences of 

bridge failure consist of three components, i.e. bridge cost, running cost and time cost. In order 

to measure the risk involved in the future, an annual discount rate r = 2 % is used to obtain the 

present value of cost in the future (Decò & Frangopol 2011; Saydam & Frangopol 2013). 

 

The cost of a bridge (present value) is assumed to be related to the bridge length and width as 

follows (Decò & Frangopol 2011; Saydam & Frangopol 2013): 

 
𝐶𝑏𝑟𝑖𝑑𝑔𝑒(𝑡) =

𝑐𝑏𝑟𝑖𝑑𝑔𝑒𝑊𝐿

(1 + 𝑟)𝑡
 (9.26) 

 

where Cbridge is the total cost; cbridge is the cost per unit area; W and L are the width and length 

of bridges, respectively, which can be found in the NBI database of bridges. The running cost 

and the time cost are incurred by detours and congestion due to bridge failure, which should be 

determined by transportation network analysis. For a specific bridge, bridge failure will 

increase the free speed cost due to detours and decrease the capacity of the link because of 

switching to secondary roads. Specifically, the following equations are used to adjust the link 

properties if failed bridges are present on a link: 

 
𝑡𝑎,0
′ =

𝑠𝑎,0 + ∑ 𝑠𝑏𝑠𝑏∈ℱ𝑎

𝑣
 (9.27a) 

 

 𝑓𝑎,𝑐
′ = 𝑓𝑎,𝑐 ∙ (1 − max

𝑑𝑐∈ℱ𝑎
𝑑𝑐) (9.27b) 

 

where ta,0’ is the modified free speed cost; ℱ𝑎 is the set of failed bridges on link a; sb is the 

detour length of bridges; fa,c’ is the modified link capacity; and dc is the capacity drop of bridges. 

Based on the traffic flow on each link, total travel time (TTT) and total travel distance (TTD) 

can be determined as follows (Bocchini & Frangopol 2011a):  
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 TTT = ∑ 𝑓𝑎𝑡𝑎(𝑓𝑎)

𝑎∈𝒜

 (9.28a) 

 

 

TTD = ∑ 𝑓𝑎 (𝑠𝑎,0 + ∑ 𝑠𝑏
𝑠𝑏∈ℱ𝑎

)

𝑎∈𝒜

 (9.28b) 

 

Due to the increase of traffic cost (Eq. 9.27), the additional social consequences in terms of 

running and time costs of all the vehicles in the network can be eventually calculated according 

to (Decò & Frangopol 2011; Saydam & Frangopol 2013): 

 
𝐶𝑟𝑢𝑛(𝑡) = [𝑐𝑟𝑢𝑛,𝑐𝑎𝑟 ∙ (1 −

𝑇

100
) + 𝑐𝑟𝑢𝑛,𝑡𝑟𝑢𝑐𝑘 ∙

𝑇

100
]
(TTD𝑐𝑜𝑛𝑑 − TTD0)

(1 + 𝑟)𝑡
 (9.29a) 

 

 
𝐶𝑡𝑖𝑚𝑒(𝑡) = [𝑐𝐴𝑊𝑂𝑐𝑎𝑟 ∙ (1 −

𝑇

100
) + (𝑐𝐴𝑇𝐶𝑂𝑡𝑟𝑢𝑐𝑘 + 𝑐𝑔𝑜𝑜𝑑)

∙
𝑇

100
]
(TTT𝑐𝑜𝑛𝑑 − TTT0)

(1 + 𝑟)𝑡
 

(9.29b) 

 

where Crun and Ctime are the total running cost and the total time cost, respectively; TTDcond and 

TTTcond are the conditional TTD and TTT given bridge failures; TTD0 and TTT0 are the initial 

TTD and TTT without any bridge failure; descriptions of all other parameters are summarized 

in Table 9.3 (Saydam et al. 2013). 

 

9.5.3 Mean Risks of Bridges 

Both ingredients for risk assessment, i.e. failure probabilities and failure consequences, are 

random variables with uncertainties. The uncertainty of failure probabilities stems from the 

Markov chain model where specific MSs (and the associated failure probability) cannot be 

assured in the future. The uncertainty of failure consequences arises from the stochastic failure 

combinations of different bridges. Therefore, bridges are ranked based on the mean risk 

associated with each bridge, which is obtained by Monte Carlo simulation. 

 



 

392 

 

For each bridge under consideration, Monte Carlo simulation is conducted with samples of 

failure probabilities as well as direct and indirect consequences. First, failure probability 

samples, except the (hypothetically) failed bridge under consideration, are generated based on 

the condition rating distributions, spatial correlation and Bayesian updating. Based on Eq. 9.26, 

the mean direct risk can be easily calculated. To obtain the mean indirect risk of bridge failures, 

each bridge in the transportation network is modeled as a Bernoulli random variable X, with 

X = 1 representing the occurrence of a bridge failure. Samples of bridge failures are then 

generated based on spatial correlation and posterior failure probabilities. Specifically, samples 

of bridge failures are obtained by comparing the posterior failure probabilities with a set of 

spatially correlated and uniformly distributed variables, i.e. 

 {𝑋 = 1} ⇔ {𝑈𝑋 < 𝑝𝑓} (9.30) 

 

where UX is the random variable in the random field at the location of bridge X. It should be 

noted the correlation length of UX and X is not exactly the same, but the difference is negligible 

(Bocchini & Frangopol 2011a). Based on the simulated bridge failures, new link cost functions 

are generated by Eq. 9.27. Subsequently, multiple traffic assignments are conducted to obtain 

samples of link flow ( fa ). The mean value of additional social consequences and the associated 

social risk can be eventually evaluated by Eqs. 9.28 and 9.29. 

 

9.6 NUMERICAL EXAMPLES 

In this section, two numerical examples of ranking bridge networks are presented to illustrate 

the application of the proposed method and to compare the ranking results with those using the 

existing methods. The first example is a simple 4-node and 4-link network with one bridge on 

each link. The first example is dedicated to analyzing the effects of correlation (between 

superstructure and substructure as well as among bridges) on bridge risks and the 

corresponding bridge rankings. The second example features a real-world highway 
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transportation network in Los Angeles county with 40 nodes, 66 bidirectional links, and 91 

highway bridges. Bridge rankings based on mean risks are compared with those obtained by 

the conventional worst-first approach based on safety and sufficiency ratings. 

 

9.6.1 Simple Network 

The simple network for the first example is a 4-node and 4-link network shown in Figure 9.5, 

with a traffic demand of 2000 vehicles per hour from origin node 1 to destination node 4. Link 

properties are summarized in Table 9.4. Link costs can be expressed by Eq. 9.9 as follows: 

 
𝑡1 =

2

108
× [1 + 0.15 × (

𝑓1
200

)
4

] 

𝑡2 =
10

108
× [1 + 0.15 × (

𝑓2
200

)
4

] 

𝑡3 =
10

108
× [1 + 0.15 × (

𝑓3
200

)
4

] 

𝑡4 =
2

108
× [1 + 0.15 × (

𝑓4
200

)
4

] 

(9.31) 

 

Each link carries one bridge with detailed information given in Table 9.5. From Table 9.5, it 

can be seen that the four bridges cannot be differentiated in terms of safety ratings (Eq. 9.1), 

since it was assumed that all four bridges possess the same ratings for superstructure and 

substructure (Table 9.5). If detour length is considered as in sufficiency-rating-based ranking, 

bridges 1 and 4 are more important due to longer detour length. 

 

By virtue of the proposed method, one can calculate the mean risk with respect to each bridge 

failure, based on which bridge can be ranked for maintenance actions. In this simple example, 

all the four bridges were ranked based on the risks of bridge failures after 50 years. The effect 

of correlation between superstructure and substructure failure was first studied. Three 

coefficients of correlation between superstructure and substructure failure were assumed, i.e. 

γ = 0, 0.5, 0.9. The mean risks with respect to the four bridges are summarized in Table 9.6. It 
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is of interest to note that the mean risk decreases with respect to the coefficient of correlation, 

but the bridge rankings are not affected by the correlation. This can be explained by the fact 

that the correlation is likely to affect the risks of all bridges to the same extent (Eq. 9.20). It 

should also be mentioned that the difference between bridge 1 and bridge 4, as well as that 

between bridge 2 and bridge 3, is within the error of Monte Carlo simulation, so that they 

should be viewed as of the same importance. Table 9.6 indicates that the correlation between 

superstructure and substructure only has a minor effect on the risk-based ranking. Therefore, 

γ = 0 was used in the following analysis. 

 

Another issue of interest is the spatial correlation of bridges. To study the effect of spatial 

correlation, three coefficients of correlation between bridge 1 and bridge 2 were assumed, i.e. 

ρ12 = 0, 0.5, 0.9. For the latter two cases, the effects of Nataf transformation were studied as 

well. Table 9.7 presents the analysis results. As expected, the correlation between bridge 1 and 

bridge 2 increased their mean risks, especially for bridge 2, which used to have no statistically 

significant difference with bridge 3 in terms of risks. For the latter two correlated cases, it was 

found that Nataf transformation did not have manifest effects on the obtained risks. This result 

is consistent with Figure 9.4. Therefore, the correlation structure of uniform variables in the 

random field can be directly used for standard normal variables after probabilistic 

transformation, i.e. ρij = ρij’ in Eqs. 9.23 and 9.24. Based on the preceding analysis, it can be 

concluded that the spatial correlation is important for proper ranking of bridges, but Nataf 

transformation is not necessary in most cases. 

 

9.6.2 Highway Transportation Network of Los Angeles County 

A real-world highway transportation network as shown in Figure 9.6 was analyzed in this 

second example. Nodes were defined as highway intersections, the coordinates of which were 
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imported from the geographic database. Link data of highways were extracted from the 

shapefile downloaded from OpenStreetMap website and imported into a PostgreSQL database. 

Link costs in terms of travel time were defined according to Eq. 9.9, with the capacity 

fa,c = 8000 vehicle/h and the free speed v = 108 km/h. Link lengths were calculated based on 

the geographic data of links. Traffic demands between ODs were obtained from the census data 

on the FHWA website. Highway bridges were located in the network based on geographical 

data in the NBI database. Bridges with condition ratings equal or less than 6 (either 

superstructure or substructure) were considered in the bridge ranking process. Figure 9.7a 

presents the network model consisting of 40 nodes, 66 bidirectional links, and 91 bridges. In 

the case where no bridge fails, the traffic assignment in the highway transportation network is 

given in Figure 9.7b as an example of the flow pattern in the network. 

 

For each bridge in the network, the bridge risk in 10 years was calculated. For the region under 

analysis, λ = 8.43 km was assumed in Eq. 9.21 to obtain spatial correlation of bridge failures 

(Bocchini et al. 2011). Given the failure of the bridge under consideration, the failure 

probabilities of the other bridges were updated based on Eq. 9.25. Figure 9.8 presents the 

changes of failure probabilities given the failure of bridge 53 0143. It can be seen that the 

updating has a significant impact on the nearby bridges. For consequence evaluation, direct 

and indirect cost of bridge failure were differentiated as mentioned earlier. Based on the bridge 

dimension data (length and width) recorded in the NBI database, the direct cost due to bridge 

failures was determined by Eq. 9.26. Monte Carlo simulation with 2000 samples was used to 

generate representative failure patterns of highways bridges. For each failure pattern, the detour 

length for every failed bridge was searched within the NBI database. As the highway network 

is located in an urban region, it was assumed that there always exist enough local roads to 

alleviate traffic congestion due to bridge failures. Therefore, a 10% drop in traffic capacity was 
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assumed for all bridge failures (Bocchini & Frangopol 2011b). Based on the bridge failures on 

each link, new link cost functions were computed according to Eq. 9.27. After the link cost 

functions were updated, new traffic assignment was conducted, and the social cost due to 

bridge failures was determined by Eq. 9.29. By conducting the same procedures to all bridges, 

mean risks were evaluated and used to rank bridges for maintenance priorities. The 

convergence of mean bridge risks was checked. The convergence study of the top 10 bridges 

in terms of mean risks is shown in Figure 9.9. The mean risks of these top 10 bridges are 

summarized in Table 9.8 along with top 10 bridges ranked by safety ratings (Eq. 9.1) and 

sufficiency ratings (Eq. 9.2). To better illustrate the difference of these three ranking methods, 

top 10 bridges ranked by different methods are presented in Figure 9.10. It can be found that 

the worst-first approach based on safety or sufficiency ratings cannot provide risk-informed 

rankings of candidate bridges. Some of the bridges with low safety/sufficiency ratings are 

actually located in low usage regions as shown in Figure 9.7. The proposed risk-based method, 

by contrast, considers the spatial correlation of bridges, network configuration and usage, as 

well as the consequences of bridge failures. As the proposed ranking method is based on risks 

in monetary terms, the results of bridge ranking can be directly used to other tasks such as 

portfolio management and cost-benefit analysis. 

 

9.7 CONCLUSIONS 

For bridges in a highway transportation network, a new method to rank maintenance priorities 

is proposed in the present study. The ranking method is based on risks of bridge failures, 

considering both the direct cost of bridges and the indirect social cost of traffic users. Future 

condition ratings of deteriorating bridges are estimated by Markov chain models. The 

Markovian transition matrices are constructed for both super- and substructures by virtue of 

the comprehensive database in the National Bridge Inventory. A relation between Markovian 
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state and structural resistance is proposed to estimate the reliability indices of bridges. Bridge 

risks are evaluated considering the spatial correlation of bridges and the results of 

transportation network analysis. Bridge failures with spatial correlation are simulated with a 

simplified random-field-based method based on posterior failure probabilities updated by 

Bayesian rule. The direct cost of bridges is calculated based on bridge dimensions; the indirect 

social cost, resulted from running costs on detours and time loss due to congestion, is 

determined on the basis of transportation network analysis. The new method features a number 

of novel characteristics compared with the state-of-the-practice methods. The following 

conclusions can be drawn: 

1. Failure probabilities of bridges can be determined based on condition ratings. It is found 

from the current study that though the correlation between super- and substructure can 

affect the failure probabilities of bridges, it only has a minor effect on bridge rankings. In 

contrast to the correlation between super- and substructure, the spatial correlation of bridges 

is more important in the bridge ranking process. Nataf transformation of spatial correlation, 

however, is not necessary in most cases. 

2. Transportation network analysis is needed in order to take into account the network 

configuration. The results of traffic assignment serve as a basis for the determination of 

social consequences in risk assessment. Information on trip generation and distribution are 

collected based on census data. Compared with existing studies, the origin-destination 

demands deduced from census data provide a better behavioral model of traffic users in a 

latently deteriorating network. Frank-Wolfe algorithm with Dijkstra’s shortest path routine 

can efficiently assign traffic demands. 

3. By applying different ranking methods to highway bridges in Los Angeles county, it is 

shown that the state-of-the-practice methods for bridge ranking, i.e. the worst-first method 

based on safety or sufficiency ratings, cannot consider the traffic usage appropriately. 
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These methods are likely to rank bridges in low usage with high maintenance priorities. 

The proposed method, by contrast, can properly rank the bridges for maintenance priorities 

considering failure probabilities and possible consequences. In addition, the risks obtained 

in monetary terms can be used directly in more involved management tasks such as 

portfolio management and cost-benefit analysis. The bridge ranking results can be also 

leveraged by decision makers in more detailed maintenance planning and life-cycle 

optimization.  
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APPENDIX 

Proof of Eqs. 9.20 and 9.25 can be expressed by the following problem: 

Assume 𝑋1~Bernoulli(𝑝1) and 𝑋2~Bernoulli(𝑝2). The coefficient of correlation between X1 

and X2 is ρ. Proof of Eqs. 9.20 and 9.25 is equivalent to the proof of the following two relations, 

respectively: 

 Pr[𝑋1 = 1 ∪ 𝑋2 = 1] = 𝑝1 + 𝑝2 − [𝜌√𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2) + 𝑝1𝑝2] (A9.1) 

 

 
Pr[𝑋2 = 1|𝑋1 = 1] =

𝜌√𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2) + 𝑝1𝑝2
𝑝1

 (A9.2) 

 

 

Proof. According to the definition of coefficients of correlation, one can express ρ by the 

following equation: 

 
𝜌 =

𝔼(𝑋1𝑋2) − 𝔼(𝑋1)𝔼(𝑋2)

𝜎𝑋1𝜎𝑋2
=

𝔼(𝑋1𝑋2) − 𝑝1𝑝2

√𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2)
 (A9.3) 

 

where 𝜎𝑋1  and 𝜎𝑋2  are the standard deviations of X1 and X2, respectively; 𝔼(𝑋)  is the 

expectation of a random variable X. 

 

Based on the definition of expectations, 𝔼(𝑋1𝑋2) in Eq. A9.3 can be determined as follows: 

 𝔼(𝑋1𝑋2) = Pr[𝑋1 = 1 ∩ 𝑋2 = 1] ∙ 1 ∙ 1 + Pr[𝑋1 = 1 ∩ 𝑋2 = 1] ∙ 1 ∙ 0
+ Pr[𝑋1 = 1 ∩ 𝑋2 = 1] ∙ 0 ∙ 1 + Pr[𝑋1 = 1 ∩ 𝑋2 = 1] ∙ 0 ∙ 0
+ Pr[𝑋1 = 1 ∩ 𝑋2 = 1] ∙ 0 ∙ 0 

= Pr[𝑋1 = 1 ∩ 𝑋2 = 1] 

(A9.4) 

 

Substituting Eq. A9.4 to A9.3, one can obtain the following expression: 

 Pr[𝑋1 = 1 ∩ 𝑋2 = 1] = √𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2) + 𝑝1𝑝2 (A9.5) 

 

Therefore, 

 Pr[𝑋1 = 1 ∪ 𝑋2 = 1] = Pr[𝑋1 = 1] + Pr[𝑋1 = 1] − Pr[𝑋1 = 1 ∩ 𝑋2 = 1] 

= 𝑝1 + 𝑝2 − [𝜌√𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2) + 𝑝1𝑝2] 
(A9.6a) 
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Pr[𝑋2 = 1|𝑋1 = 1] =

Pr[𝑋1 = 1 ∩ 𝑋2 = 1]

Pr[𝑋1 = 1]
 

=
𝜌√𝑝1𝑝2(1 − 𝑝1)(1 − 𝑝2) + 𝑝1𝑝2

𝑝1
 

(A9.6b) 

□ 
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TABLES 

Table 9.1 Condition ratings for superstructure and substructure (FHWA 1995) 

Code Description 

N NOT APPLICABLE 

9 EXCELLENT CONDITION 

8 VERY GOOD CONDITION — no problems noted. 

7 GOOD CONDITION — some minor problems. 

6 SATISFACTORY CONDITION — structural elements show some minor 

deterioration 

5 FAIR CONDITION — all primary structural elements are sound but may have 

minor section loss, cracking, spalling or scour. 

4 POOR CONDITION — advanced section loss, deterioration, spalling or scour. 

3 SERIOUS CONDITION — loss of section, deterioration of primary structural 

elements. Fatigue cracks in steel or shear cracks in concrete may be present. 

2 CRITICAL CONDITION — advanced deterioration of primary structural 

elements. Fatigue cracks in steel or shear cracks in concrete may be present or scour 

may have removed substructure support. Unless closely monitored it may be 

necessary to close the bridge until corrective action is taken. 

1 “IMMINENT” FAILURE CONDITION — major deterioration or section loss 

present in critical structural components or obvious vertical or horizontal 

movement affecting structure stability. Bridge is closed to traffic but corrective 

action may put it back in light service. 

0 FAILED CONDITION — out of service; beyond corrective action. 

 

Table 9.2 Example of a traffic demand table after trip generation and distribution 

From node To node Traffic demand per hour 

32 54 20.8 

31 6 192.2 

57 50 99.1 

… … … 
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Table 9.3 Parameters in risk analysis (Saydam et al. 2013) 

Parameter Description Value 

T Ratio of average daily truck to average daily traffic 0.12 

cOTC Average compensation for truck drivers 26.797 USD/h 

Ocar Average vehicle occupancies for cars 1.5 

Otruck Average vehicle occupancies for trucks 1.05 

cAW Average wage of car drivers 22.82 USD/h 

cbridge Rebuilding cost of bridges 894 USD/m2 

crun,car Running cost of cars 0.08 USD/km 

crun,truck Running cost of trucks 0.375 USD/km 

cgood Time value of a cargo 4 USD/h 

 

Table 9.4 Link properties 

Link From node To node Free speed 

(m/s) 

Capacity 

(vehicle/hour) 

Length 

(km) 

1 1 2 30 200 2 

2 1 3 30 2000 10 

3 2 4 30 2000 10 

4 3 4 30 200 2 

 

Table 9.5 Bridge properties 

Bridge Length 

(m) 

Width 

(m) 

Superstructure 

rating 

Substructure 

Rating 

Detour 

(km) 

Capacity 

drop 

On 

link 

1 50 10 6 7 10 10% 1 

2 50 10 6 7 1 10% 2 

3 50 10 6 7 1 10% 3 

4 50 10 6 7 10 10% 4 

 

Table 9.6 Bridge risk (different correlations between superstructure and substructure) 

Bridge Risk (USD) 

 γ = 0 γ = 0.5 γ = 0.9 

1 71546.68 69806.93 68344.64 

2 44106.82 43927.64 42521.19 

3 43778.59 43244.60 42538.20 

4 70887.40 70355.21 68685.76 

  



 

406 

 

Table 9.7 Bridge risk (different spatial correlations) 

Bridge Risk (USD) 

 γ = 0.5 

w/o Nataf 

γ = 0.5 

w/ Nataf 

γ = 0.9 

w/o Nataf 

γ = 0.9 

w/ Nataf 

1 74318.13 73853.84 75347.05 75977.75 

2 49994.44 48567.93 52481.79 51267.65 

3 44535.03 44851.63 44517.53 45321.68 

4 70957.33 71289.45 70175.51 72339.01 

 

Table 9.8 Bridge ranking with different methods 

Rank Proposed method Safety rating Sufficiency rating 

1 53 1397R 53 1138 53 1395S 

2 53 0968 53 1116 53 2063K 

3 53 1359L 53 1084 53 1658S 

4 53 1424 53 1077L 53 2004G 

5 53 1938 53 1075R 53 1022L 

6 53 1168 53 1075L 53 1388S 

7 53 0615 53 1032 53 0648K 

8 53 0840 53 1022L 53 0649K 

9 53 1301 53 1167 53 1956S 

10 53 0577 53C0932 53 1957K 

Note: safety and sufficiency rating are based on the most recent data. 
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Figure 9.1 Risk-based bridge ranking 
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(a) Time series of two-year transition frequency 

 
(b) Superstructure condition rating 

 
(c) Substructure condition rating 

Figure 9.2 Evolution of Markovian states 
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Figure 9.3 Relation between Markovian states and reliability indices 

 

 

Figure 9.4 Nataf transformation of correlated uniform random variables 
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Figure 9.5 Simple network 

 

Figure 9.6 Highway network of L.A. county 
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(a) Model of L.A. county highway transportation network 

 
(b) Traffic assignment (ratio of assigned flow to link capacity) 

Figure 9.7 Transportation network analysis 
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Figure 9.8 Updating of failure probabilities given the failure of bridge 53 0143 

 

 

Figure 9.9 Convergence of Monte Carlo simulation 
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Figure 9.10 Bridge rankings based on different methods 
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CHAPTER 10 CONCLUSIONS 

10.1 SUMMARY 

The massive stock of deficient reinforced concrete (RC) structures and the ever diminishing 

availability of resources mean that deteriorating RC structures should be maintained using 

innovative and sustainable techniques that can benefit their life-cycle performance. Fiber 

reinforced polymer (FRP) composites, due to many life-cycle advantages, provide an attractive 

option for maintenance actions of deteriorating RC structures. However, there is a lack of 

systematic knowledge of the reliability and life-cycle performance of FRP-strengthened RC 

structures. As a result, relevant life-cycle management techniques are not yet available.  

 

Based on the in-depth studies conducted in the present Ph.D. project, this thesis presented a 

coherent and generic framework for the reliability-based analysis and life-cycle management 

of FRP-strengthened RC structures. The work presented in this thesis consists of three major 

parts: (a) uncertainty quantification and reliability assessment, (b) deterioration modeling and 

(c) development of life-cycle management techniques. In the first part, the epistemic 

uncertainties associated with different design models were carefully quantified through two 

comprehensive databases; the reliability of various design models was then assessed and 

calibrated. The present project also proposed an efficient method, i.e. the cross-entropy-based 

importance sampling method, for use in the time-dependent reliability analysis and the 

reliability-based life-cycle management of FRP-strengthened RC structures. In the second part, 

deterioration modeling was studied for both un-strengthened (virgin) RC structures and FRP-

strengthened RC structures. For the former, the focus was on the development of an evidence-

based deterioration model using the dynamic Bayesian network theory and possible inspection 

results, whereas the latter included a critical review of the existing studies on the durability of 
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FRP strengthening systems for RC structures, leading to state-of-the-art models for moisture-

induced deterioration of FRP itself and FRP-to-concrete bonded interfaces. By capitalizing on 

the results presented in the first two parts, the third and final part of the present project 

developed a number of techniques for life-cycle management of FRP-strengthened RC 

structures. These techniques covered two major categories of life-cycle management, i.e. 

threshold-based maintenance and optimization-based maintenance. A higher-level risk-based 

bridge ranking approach was also established to assist decision makers in pinpointing critical 

bridges for either threshold-based or optimization-based maintenance. 

 

10.2 UNCERTAINTY QUANTIFICATION AND RELIABILITY ASSESSMENT OF FRP-STRENGTHENED 
RC BEAMS 

Uncertainty quantification is extremely important for both time-independent and time-

dependent reliability analyses. The work presented in Chapter 3 included the establishment of 

two comprehensive databases, based on which the epistemic uncertainties were carefully 

quantified for design models of FRP flexural and shear strengthening. From the model error 

evaluation, the following conclusions can be drawn: 

 The epistemic uncertainties associated with FRP-strengthened RC beams are substantially 

greater than those for conventional RC beams. Within FRP-strengthened RC beams, FRP 

shear strengthening models generally show a higher uncertainty level than FRP flexural 

strengthening models. 

 In terms of model errors, models underpinned by accurate debonding models [e.g. Teng et 

al.’s (2003) model and Lu et al.’s (2007) model for flexural strengthening as well as Chen 

& Teng’s (2003) model for shear strengthening] perform much better than empirical 

models (e.g. the ACI and the fib models for shear strengthening). 

The time-independent reliability assessment based on the quantified uncertainties revealed 

some important issues as follows: 
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 Although the existing models for flexural strengthening can deliver a satisfactory safety 

level, design models for shear strengthening need systematic calibration based on structural 

reliability. 

It was also shown that the current ACI model for side-bonded FRP shear strengthening systems 

needs fundamental revisions (instead of minor calibration) in order to ensure structural safety. 

 

Time-independent reliability analysis as discussed in Chapter 3 can quantify structural safety 

at the initial application of the FRP system, but it cannot be directly used to evaluate structural 

safety during a long lifespan, especially for deteriorating structures. For reliability-based life-

cycle management, time-dependent reliability analysis has to be performed in an efficient 

manner. A novel importance sampling method, cross-entropy-based importance sampling 

method, was proposed in Chapter 4 to facilitate the follow-up application of time-dependent 

reliability analysis in life-cycle management. The proposed sampling method is more efficient 

than the existing methods, especially for series systems with multiple important regions. 

 

10.3 DETERIORATION MODELING OF RC AND FRP-STRENGTHENED RC STRUCTURES 

Deterioration modeling for both RC and FRP-strengthened RC structures was presented in 

Chapters 5 and 6, respectively. For the deterioration of RC structures, the focus of the present 

project was on chloride-induced steel corrosion. By leveraging DBN models, site-specific 

predictions were made possible through Bayesian updating. It was found that both qualitative 

and quantitative inspection results can shed light on the latent corrosion process; a corrosion 

model that can reflect the corrosion rate variation is extremely important to the accurate 

updating of holistic corrosion process when using DBN models. 
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As the present project was focused on externally bonded (EB) FRP strengthening systems as 

maintenance measures, Chapter 6 was primarily focused on one of the most detrimental 

environments to FRP strengthening systems for RC structures: the moisture environment. 

Moisture-induced deterioration was considered for both FRP itself and FRP-to-concrete 

bonded interfaces. A critical review of existing studies in this area was conducted, to 

understand the deterioration mechanism and to comb through the enormous (accelerated) test 

results for realistic durability data. Based on the study, the following conclusions were drawn: 

 Though elevated temperatures are still the most common and practical method to accelerate 

durability tests, they are also very likely to alter the deterioration mechanism, 

compromising the credibility of the accelerated test results. Before extrapolating the test 

results under high temperatures to longer time scales, one should use Arrhenius plots first 

to verify that the deterioration mechanism has not changed during the accelerated tests. 

 For EB FRP deterioration, the tensile strength is susceptible to moisture ingress, whereas 

the elastic modulus is inert to the aquatic environment. For bonding deterioration, moisture 

accumulation in the bondline can jeopardize the FRP-to-concrete interfacial properties, 

resulting in the switching of failure mode from cohesion failure within the concrete to 

adhesion failure at the adhesive-concrete bi-mmmaterial interface. A stable lower bound 

for bond performance, which is provided by the remaining mechanical interlocking after 

exposure, can be expected, though this stable lower bound may be extremely sensitive to 

the exposure temperature. 

 

10.4 DEVELOPMENT OF LIFE-CYCLE MANAGEMENT TECHNIQUES FOR FRP-STRENGTHENED 
RC STRUCTURES 

Various techniques for life-cycle management were developed in the current Ph.D. project and 

were presented in Chapters 7 and 8. A number of unique features regarding FRP strengthening 

systems were considered for different life-cycle management approaches. With a focus on 
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FRP-strengthening of RC structures, two different categories of life-cycle management 

techniques, i.e. threshold-based methods and life-cycle optimization-based methods, were 

explored and implemented on exemplary RC structures. 

 

For the threshold-based method developed in the present project (Chapter 7), a prescribed 

reliability index was used as a threshold to regulate essential maintenance actions. The 

following conclusions can be drawn from the current project: 

 The accurate evaluation of time-dependent reliability is crucial to the developed threshold-

based method. To this end, the historic data, incorporated into life-cycle management 

through the DBN model in Chapter 5, can play an important role in accurately deciding the 

best maintenance opportunity. For the example bridge girder presented in Chapter 7, 

neglecting previous inspection results can even lead to the withholding of essential 

maintenance actions. In addition, the influence of time-dependency of uncertainties in 

resistance should not be ignored in the threshold-based scheduling of maintenance actions. 

Omission of this factor may cause substantial maintenance delays. 

 

For life-cycle optimization, it needs to be noted that FRP strengthening can change the 

deterioration process of the virgin structure. Also, unlike some conventional maintenance 

techniques, the lifetime distribution depends on the time of FRP strengthening. Therefore, 

existing lifetime distributions, which have been commonly used to replace time-consuming 

time-dependent reliability analysis, are no longer capable of approximating cumulative-time 

failure probabilities. As a result, cumulative-time failure probabilities directly obtained from 

time-dependent reliability analysis were used in the proposed life-cycle optimization procedure, 

thanks to the efficient algorithm presented in Chapter 4. From the study, the following 

conclusions can be drawn: 
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 By using crowding distance to select flight leaders, multi-objective particle swarm 

optimization (MOPSO) is more efficient than the multi-objective genetic algorithm 

(NSGA-II) for the optimization of maintenance planning. Nevertheless, both methods are 

equally effective in finding global solutions on the Pareto front. 

 It is shown that optimization based on point-in-time failure probabilities and cumulative-

time failure probabilities can give similar solutions as long as the underlying deterioration 

mechanism is the same. 

 

Both the threshold-based method and the life-cycle optimization method are difficult to 

implement for a huge quantity of deficient bridges in a highway network. In order to identify 

critical bridges for maintenance actions or life-cycle management, a bridge ranking technique 

was developed based on bridge failure risks. Condition ratings of bridge super- and 

substructures were used to obtain the probability ingredient (i.e. structural failure probability) 

in a risk assessment, while transportation network analysis was leveraged to quantify societal 

consequences. The following conclusions can be drawn:  

 Though the correlation between super- and substructures can affect the failure probabilities 

of bridges, it is shown that this inter-component correlation only has a minor effect on the 

bridge risk and the associated bridge ranking. Spatial correlation, on the other hand, plays 

a more important role in bridge ranking. 

 Transportation network analysis should serve as a basis for a reasonable evaluation of 

societal cost. The state-of-the-practice methods for bridge ranking (i.e. the worst-first 

method based on safety or sufficiency ratings) are likely to rank bridges in low usage with 

high maintenance priorities. The proposed method, by contrast, can rank the bridges 

properly by taking into account both failure probabilities and failure consequences.  
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10.5 SUGGESTIONS FOR FURTHER WORK 

This Ph.D. thesis has been primarily concerned with EB FRP strengthening systems for RC 

beams. FRP composites, as a versatile strengthening material, have a much wider application 

scope, and considerable research effort is needed on the reliability-based design and life-cycle 

performance of other FRP strengthening applications. Recent development in soft computing 

can also be beneficially employed to further improve the computational work presented in the 

present thesis. Suggestions for future work are as follows: 

 The test databases for reliability calibration given in the present thesis mainly consist of 

small specimens tested in laboratories. Larger specimens that are more representative of 

real-life structures are still needed to better quantify model errors. Also, similar work needs 

to be undertaken for other FRP strengthening techniques, e.g. FRP confinement and near-

surface mounted systems. 

 The investigation into the reliability of FRP-strengthened RC beams presented in the thesis 

dealt only with the simple combination of dead and superimposed live loads. Though this 

load combination usually dominates beam design, other load combinations such as those 

including wind and earthquake effects can become more critical in certain regions or 

structures. These combinations are not included in the current study and should be 

investigated in the future using a similar approach. 

 The proposed DBN model is capable of taking advantage of condition ratings that are 

related to the steel corrosion-induced crack widths. However, crack widths may exhibit 

considerable spatial variability, and the inspection results may be expressed by spatial 

information, e.g. percentage of cracked area. Future improvement of the DBN model 

should consider this spatial variability as well. For instance, this type of spatial information 

can be handled using the concept of soft evidence. 
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 For Bayesian updating within the proposed DBN framework, more efficient algorithms, 

either exact inference or approximate inference by virtue of sampling, need to be developed 

in order to accommodate evidence with low likelihood. For exact inference, methods for 

network simplification and efficient memory management are potential areas for further 

study (Straub & Der Kiureghian 2010a; Straub & Der Kiureghian 2010b; Tien & Der 

Kiureghian 2013); for efficient sampling methods for approximate inference, promising 

candidates for further study includes Gibb sampling for DBN and Metropolis-Hasting 

sampling inside Gibbs sampling (Russell & Norvig 2010).  

 Aside from Bayesian updating and statistical inference, the DBN can easily evolve into 

decision graphs by adding decision and utility nodes (Jensen & Nielsen 2007; Bensi et al. 

2015). Such decision graphs can be used for data-driven decision making. Application in 

civil engineering has been attempted by Bensi et al. (2015) for optimizing intervention 

strategies under seismic hazards. Life-cycle management in this approach, though, has been 

barely studied. 

 For structural deterioration of FRP-strengthened RC structures, the present thesis has 

provided a review of existing deterioration models and come up with state-of-the-art 

models for FRP deterioration and FRP-to-concrete bond deterioration. Though the current 

work presented in the thesis represents a significant progress in this area, more research is 

definitely needed on the deterioration modeling of FRP strengthening systems. For instance, 

all deterioration models of FRP strengthening systems cannot directly reflect the 

deterioration mechanisms; moreover, extrapolation from accelerated test results to real-life 

exposure conditions has not been well understood and cannot be conducted with confidence. 

 In the present project, deterministic traffic assignment was combined with Monte Carlo 

simulation to determine societal cost of bridges in a transportation network. Since traffic 

assignment in a realistic transportation network requires considerable computational costs, 
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this method is extremely time-consuming. As the state of bridges (i.e. safe or failed) is 

modeled as a Bernoulli random variable, the link cost in a transportation network is in fact 

a random variable. In this case, stochastic traffic assignment (Patriksson 2015) may be 

employed to avoid risk assessment using tedious Monte Carlo simulation. Further studies 

in this direction are required. 

 Recently, the concept of resilience has gained even increasing attention in the area of life-

cycle management of structures and infrastructure systems (Frangopol & Bocchini 2012). 

For better management of a bridge stock, the concept of resilience can be used to decide 

optimum maintenance strategies. Based on the study presented in Chapter 9 and some 

potential efficient traffic assignment algorithms (e.g. stochastic traffic assignment 

mentioned previously), the development of a practical method for network resilience 

assessment and the corresponding maintenance optimization should also be an interesting 

area requiring future studies. 
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APPENDIX A DESIGN MODELS FOR FRP FLEXURAL AND SHEAR 
STRENGTHNING 

Existing design models analyzed in Chapter 3 are briefly introduced herein. Flexural and shear 

strengthening models are described respectively. For dimensionally inconsistent equations in 

the subsequent sections, the following conventions are used unless denoted otherwise: stress 

and elastic modulus are in MPa; lengths are in the unit of mm; forces are in N. Due to the 

deficiencies of the current design model for FRP shear strengthening in the ACI guidelines 

(ACI 440.2R 2008) (see Section 3.5.2.1), a possible revision based on the Hong Kong model 

(Teng et al. n.d.) is also presented and analyzed at the end of this appendix. 

 

A.1 DESIGN MODELS OF FRP-STRENGTHENED RC BEAMS IN FLEXURE 

A.1.1 fib Model 

The debonding strength model used in the fib report (fib TG 9.3 2001) is based on 

Holzenkämpfer's (1994) study. For externally bonded FRP strengthening (fib TG 9.3 2001), 

Holzenkämpfer's (1994) model was presented in the fib report as an improvement to the 

approximate strain limit associated with intermediate crack-induced (IC) debonding (i.e. 

0.0065 to 0.0085). In a recent concrete code (fib 2010), Holzenkämpfer's (1994) model was 

further revised to determine the effective strain in IC debonding cases. Specifically, the 

effective FRP strain (i.e. strain limit against IC debonding) is determined by the following 

equation: 

 2/32 c
fe k b L

frp frp

f
k k

E t
   (A.1) 

 



 

426 

 

where fc is the concrete strength (fib 2010); Efrp and tfrp are the modulus and thickness of FRP, 

respectively; kk=0.255 for intermediate debonding; βl and kb are width and length related factors 

defined as follows: 
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in which the effective bond length Le is defined as follows: 
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where fct is the concrete tensile strength that can be determined based on the fib code or 

Eurocode (fib 2010; CEN 2004). 

 

To account for the limited strain capacity of FRP materials, the following equations are used 

to revise the stress block in cross-section analysis (fib TG 9.3 2001): 
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where εc, ψ and δG are illustrated in Figure A.1. Eqs. A.5 and A.6 are derived from the stress-

strain curve in the Eurocode (fib TG 9.3 2001; CEN 2004). 
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A.1.2 Italian model 

The Italian model used to adopt a similar approach as in the fib model to predict the effective 

strain for IC debonding (CNR-DT 200 2004). A recent revision (CNR-DT 200 R1 2013), 

however, refined the prediction model for the effective bond length. Specifically, the effective 

bond length is determined as follows: 
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max ,200mm
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frp frp Fd

e
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E t
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f





  
  

  

 (A.7) 

 

where fbd = 2 ГFd/su, with su = 0.25mm, is the design bond strength between FRP and concrete; 

γRd = 1.25 is a corrective factor; ГFd is the specific fracture energy (in MPa∙mm) computed as 

follows: 

 
Fd b G c ctk k f f   (A.8) 

 

where kb is calculated using Eq. A.3, but bf/b ≥ 0.25 (if bf/b < 0.25, kb = 1.18) is required; 

kG=0.063mm and 0.077mm for pre-cured and wet lay-up systems, respectively. Based on the 

effective bond length given by Eq. A.7, the effective strain for IC debonding can be calculated 

using the following equation: 
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   (A.9) 

 

where kG,2=0.32mm; kq=1.25 and 1.0 for distributed loads and all other load configurations, 

respectively. 

 

The Italian model does not give explicit expressions for any equivalent stress block of concrete. 

It seems that the stress-strain curve of concrete should be used to determine the resultant force 

of concrete in compression. Considering the similarity between fib and Italian models, where 

the stress-strain curve of concrete in the Eurocode (CEN 2004) is recommended, the use of Eqs. 

A.5 and A.6 with the Italian model should be acceptable. 
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A.1.3 ACI model 

Cross-section analysis as illustrated in Figure A.1 is used in the ACI model to determine the 

flexural capacity of FRP-strengthened RC beams. For IC debonding, the effective strain in FRP 

is determined as follows (ACI 440.2R 2008): 

 
0.41 0.9c

fe fu

frp frp

f

E t
    (A.10) 

 

where εfu is the ultimate tensile strain of FRP. Eq. A.10 is based on Teng et al.'s (2003) model. 

However, the original model was simplified based on test data collected by the ACI committee 

(ACI 440.2R 2008). Various variables with clear physical meanings, such as the effective bond 

length and the facture-mechanics-based factors, are not explicitly expressed in the ACI model. 

Instead, their effects are incorporated into the empirical parameter 0.41 regressed by test data. 

Therefore, the ACI model is by nature an empirical model. Its accuracy can be highly 

dependent on the test results used to calibrate the empirical parameter. 

 

For the stress block used for concrete in compression, the equivalent rectangular stress 

distribution for RC beams (ACI 318 2011) is deemed valid for FRP-strengthened RC beams 

despite the limited strain capacity of FRP materials (ACI 440.2R 2008). More precise stress 

blocks are allowed, but no recommendations are given in ACI 440.2R (2008). Therefore, the 

rectangular stress block of ACI 318 (2011) for RC beams was used in the current study for the 

ACI model. 

 

A.1.4 Australian model 

The Australian model is based on the model in Teng et al. (2002) for IC debonding. The 

effective strain for IC debonding is determined as follows: 
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where αEB=0.887 for beams and slabs; βb is equal to kb in Eq. A.3; βL is related to the bond 

length by the following equation based on a linear relation between the bond length and the 

debonding strength in cases where L<Le: 
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The effective bond length in the preceding equation is determined as follows: 
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The Australian design guidance documents (Standards Australia 2008; Standards Australia 

2009), for both FRP-strengthened RC and RC structures respectively, do not give any specific 

stress-strain curves of concrete. Any reasonable curves are allowed according to both 

documents. AS 3600 (2009) for RC structures does provide a simplified stress block for 

concrete, but it is explicitly stated in Standards Australia (2008) that this stress block shall not 

be used in those cases where the concrete cannot reach its ultimate strain. 

 

A.1.5 Chinese and Hong Kong models 

For IC debonding, both Hong Kong and Chinese models are based on the same study conducted 

by Lu et al. (2007). Debonding strains can be determined using the following equation: 
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 (A.14) 

 

where k1=1.1 and k2=0.2 for the Chinese model, while k1=0.754 and k2=0.133 for the Hong 

Kong model; βw is the width-ratio factor defined in the Chinese model as follows: 
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In the Hong Kong model, kb in Eq. A.3 is used as it is in the fib, Italian and Australian models. 

 

Lu et al.'s (2007) model arises from an advanced interfacial stress analysis. The determination 

for IC debonding initiation is based on the interfacial shear strength between FRP and concrete 

(Lu et al. 2007). It should be noted that the concrete tensile strength in the Chinese model 

should be calculated based on the empirical relation in the Chinese design code for concrete 

structures (GB 50010 2010), while 𝑓𝑐𝑡 = 0.56√𝑓𝑐 in ACI 318 (2011) is referred to by the Hong 

Kong model. Also, the Hong Kong model considers contributions from anchors, which are 

beyond the scope of the current investigation and not included in Eq. A.14.  

 

To account for the limited deformability at FRP failure, refined stress blocks are recommended 

in both the Chinese and Hong Kong design documents based respectively on the stress-strain 

curves in the Chinese concrete code (GB 50010 2010) and the Hong Kong concrete code 

(Buildings Department 2013). Specifically, the Chinese model uses a constant δG = 0.40 and 

relies on the following equation to determine ψ in Figure A.1: 
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where εfc is the strain in FRP when concrete crushing occurs, i.e. εc=0.0033. The Hong Kong 

model employs the following equation to determine δG and ψ in Figure A.1: 

 
1 for 

2 6

1 for 
3

c c c c
c co

c c

co
co c u

c

E E

f f

 
 




  


  
   

   
   



 (A.17) 

 



 

431 

 

 
0.33 0.045 for  0c

G c cu

co


  


     (A.18) 

 

where Ec, εco and εcu should be determined according to the Hong Kong concrete code 

(Buildings Department 2013). 

 

A.2 DESIGN MODELS FOR RC BEAMS SHEAR-STRENGTHENED WITH FRP 

A.2.1 fib model 

The fib model employs the superposition approach for the contributions from concrete, steel 

and FRP (fib 2001). For the first two components, i.e. the concrete and steel contributions, the 

fib model recommends the previous Eurocode for use in calculation (CEN 1992).   

 

For the FRP contribution, the following equation is used by the fib model based on the 

assumption of 45° diagonal cracks: 

 
𝑉𝑓𝑟𝑝 = 2𝐸𝑓𝑟𝑝휀𝑓𝑒𝑡𝑓𝑟𝑝𝑤𝑓𝑟𝑝

ℎ𝑓𝑒(sin𝛽 + cos𝛽)

𝑠𝑓𝑟𝑝
 (A.19) 

 

where εfe is the effective strain of FRP; tfrp, wfrp and sfrp are the thickness, width and spacing of 

FRP strips, respectively; for continuous sheet, sfrp = wfrp/sinβ (Chen & Teng 2003b); hfe is the 

effective depth of FRP shear strengthening; and β is the angle of FRP fiber direction to the 

longitudinal axis of beams. The effective strain in the FRP shear strengthening system is 

derived from empirical equations obtained from test results. Specifically, the following 

equations are used to determine the effective debonding and the rupture strains in of the FRP 

shear strengthening system (fib TG 9.3 2001): 
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where ρfrp is the FRP strengthening ratio defined as (2tfrp/b)∙(wfrp/sfrp); the effective strain for 

debonding failure cannot be larger than that for rupture failure. As stated previously, debonding 

failure usually occurs for side bonding and U-jacketing schemes, while rupture failure is most 

common for the complete wrapping scheme. 

 

A.2.2 Italian model 

The latest Italian model relies on the current Eurocode to determine the RC contribution to the 

total shear capacity of FRP-strengthened RC beams (CNR-DT 200 R1 2013). Therefore, the 

combined contribution from concrete and steel is determined based on the variable-angle truss 

model as illustrated in the Eurocode (CEN 2004). 

 

A general debonding strength model applicable to both flexural and shear strengthening forms 

part of the Italian model (CNR-DT 200 R1 2013). For the side bonding and the U-jacketing 

schemes (without anchors), the failure is generally governed by FRP debonding. The effective 

strain is determined using the following equation: 
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where Le is the effective bond length defined by Eq. A.7;  ffd is the debonding stress in the FRP 

computed as follows: 
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where L is the bond length; ГFd is the fracture energy determined by Eq. A.8. 
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For complete wrapping and other strengthening schemes with reliable anchors, the effective 

FRP strain can be calculated as follows: 
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 (10.23) 

 

where the second term is considered only when it is larger than zero; ffu is the tensile strength 

of FRP; ϕR is the corner radius factor defined by the following equation: 
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in which rc is the corner radius of the section to be wrapped; b is the beam width. 

 

A.2.3 ACI model 

Analogous to the fib model, the superposition method is used in the ACI model to determine 

the total shear resistance. Also, the angle of diagonal cracks is assumed to be 45°, which leads 

to the same expression for FRP contributions as Eq. A.19. The design code for RC structures, 

i.e. ACI 318 (2011), is referred to in order to determine the contributions from concrete and 

steel reinforcement. 

 

Two typical failure modes are considered to determine the effective FRP strain, i.e. debonding 

failure in the side bonding and U-jacketing schemes (without anchors) and FRP rupture failure 

in the complete wrapping scheme (or other schemes with reliable anchors). For complete 

wrapping, a constant value is used by the ACI model as the effective rupture strain: 
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For debonding failure, the effective FRP strain is determined as follows: 
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where k1 is a factor related to concrete strength; k2 is the stress distribution factor; Le is the 

effective bond length. The factors k1 and k2 as well as the effective bond length Le are given by 

the following equations: 
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A.2.4 Australian and Hong Kong models 

Both the Australian and the Hong Kong models use the concept of superposition in order to 

calculate the contribution from the RC part. The Australian concrete standard (Standards 

Australia 2009) and the Hong Kong concrete code (Buildings Department 2013) are employed 

respectively to determine the RC contribution. Similar to the previous models, the angle of 

shear cracks is assumed to be 45°. 

 

For the FRP contribution, both models are based on the model firstly proposed by Chen & 

Teng (2003a; 2003b). The effective strain is determined by the following equation: 

 
fse frp fmD   (A.30) 

 

where Dfrp accounts for the strain non-uniformity along a shear crack; εfm is the maximum strain 

in FRP for shear strengthening. The distribution factor Dfrp and the maximum strain in FRP εfm 

depend on the failure mode. For FRP rupture failure,  
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where dft the distance from the top end of FRP to the top surface of the RC beam. For debonding 

failure, 
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where λ is the ratio of the bond length L to the effective bond length Le; βw is the width-ratio 

factor. The bond length L, the effective bond length Le and the factor βw are defined as follows: 
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For L<Le, the Australian and the Hong Kong models adopt different length-ratio factors (βL) 

based on different approximations of bond strength development with respect to bond length. 

In the Australian model,  
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while the relation used by Chen & Teng (2003b) is employed by the Hong Kong model to 

reduce the debonding strain as follows: 
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The Hong Kong model further considers the adverse interaction between FRP and steel stirrups. 

This interaction has been found to be most detrimental for side bonding (Chen et al. 2013). To 

this end, a reduction factor kfrp is used by the Hong Kong model to reduce the FRP contribution 

obtained from the previous analysis: 
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where Vfrp,0 is the FRP contribution calculated with Eq. A.19; Vs is the contribution from steel 

stirrups; ds is the stirrup diameter; fyv is the yield strength of steel stirrups. For U-jacketing and 

complete wrapping schemes, the interaction is not as relevant as it is in the side bonding scheme. 

Therefore, kfrp = 1 for the U-jacketing and the complete wrapping schemes. 

 

A.2.5 Chinese model 

The superposition method is used in GB 50608 (2010) as well. Similar to the other models, the 

calculation of concrete and steel reinforcement contributions should be consistent with the 

Chinese design code for RC structures (GB 50010 2010). 
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For the FRP contribution, the same equation. i.e. Eq. A.19, is used by the Chinese model. The 

FRP rupture failure and the debonding failure are differentiated with different effective FRP 

strains. Specifically, the following equation is employed for the complete wrapping scheme: 
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where 
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The effective FRP strain associated with debonding failure is determined as follows: 
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where 
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sin𝛽√𝐸𝑓𝑟𝑝𝑡𝑓𝑟𝑝 + 0.3ℎ𝑓𝑒𝑓𝑐𝑡
 (A.45) 

 

 𝜏𝑏 = 1.2𝛽𝑤𝑓𝑐𝑡 (A.46) 

 

and 

 

𝛽𝑤 = √
2.25 − 𝑤𝑓𝑟𝑝/(𝑠𝑓𝑟𝑝sin𝛽)

1.25 + 𝑤𝑓𝑟𝑝/(𝑠𝑓𝑟𝑝sin𝛽)
 (A.47) 

 

For the side bonding and the U-jacketing schemes, ϕ in Eq. A.45 equals to 1.0 and 1.3, 

respectively. 

 

A.2.6 UK model 

Similar to the Italian model, the UK model is based on the current Eurocode. The truss analogy 

is used for determining both the RC and the FRP contributions. However, a variable-angle truss 

model is adopted for the RC part, while a fixed 45° truss is used for the FRP contribution. As 
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stated in Concrete Society (2012), the combination of these two truss models with different 

strut angles can be viewed to be equivalent to a truss model with an average angle weighted by 

the RC and the FRP contribution. 

 

For the FRP contribution, the effective FRP strain can be determined in a similar manner to 

that in the Italian model and is given by: 
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 (A.48) 

 

where εfa is an average FRP strain to account for the variation of strain along a shear crack as 

well as to guarantee concrete integrity; ns = 0, 1, 2 for complete wrapping, U-jacketing and side 

bonding, respectively; Le is the effective bond length determined by the following equation: 
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The average FRP strain εfa is determined as the minimum of the following three values: 
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The above function not only takes into account of the strain variation (i.e. the first value in Eq. 

A.50), but also tries to insure concrete integrity based on a mostly empirical and intuitive 

approach, i.e. the latter two values in Eq. A.50.  

 

A.3 REVISED ACI MODEL FOR FRP SHEAR STRENGTHENING 

A.3.1 Revised ACI Model for FRP Shear Strengthening 

Based on Eqs. A.33 and A.34 in the Hong Kong model, the debonding stress can be expressed 

by the following equation: 
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The first term in Eq. A.51 is equivalent to the concrete-strength-related parameter 𝑘1 in Eq. 

A.26. 𝐷𝑓𝑟𝑝 and 𝛽𝐿 are both related to the ratio (𝜆) of the maximum to the effective bond lengths. 

Therefore, they can be combined together as a reduced distribution factor that is equivalent to 

𝑘2 in Eq. A.26. The bonding-width effect characterized by 𝛽𝑤 can be neglected based on the 

comprehensive test data reported in a recent study (Mofidi & Chaallal 2011), which revealed 

that the effect of width-to-spacing ratio is not as obvious in FRP-strengthened beams in shear 

as it is in bond tests. Therefore, as a simplification, 𝛽𝑤 is not included in the revision of the 

ACI model. In summary, the debonding strength can be expressed as follows: 

 
𝑓𝑓𝑟𝑝,𝑒 =

𝑘1𝑘2𝐿𝑒
𝑡𝑓𝑟𝑝

 (A.52) 

 

where 𝑘1 = √𝑓𝑐/𝜂; 𝑘2 = 𝐷𝑓𝑟𝑝𝛽𝐿; and 𝐿𝑒 is the bond length computed by Eq. A.36. 

 

Furthermore,  𝑘2 = 𝐷𝑓𝑟𝑝𝛽𝐿 can be simplified using the following equation: 

 

𝑘2 = {
0.7907𝜆 − 0.02818𝜆2 − 0.1261𝜆3 for 𝜆 ≤ 1

1 −
0.3634

𝜆
for 𝜆 > 1

 (A.53) 

 

The polynomial expression of 𝑘2 when 𝜆 ≤ 1 is fitted under the constrains of (a) 𝑘2 = 0 when 

𝜆 = 0 and (b) 𝑘2 = 2/𝜋 when 𝜆 = 1. Figure A.2 shows the differences between the precise 

𝑘2 = 𝐷𝑓𝑟𝑝 ⋅ 𝛽𝐿 and the fitted polynomial for 𝜆 ≤ 1. It can be seen that the polynomial fitting 

performs very well. For 𝜆 > 1, Eq. A.53 is simply an algebraic rearrangement so that it can be 

regarded as precise values. 
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As for the adverse interaction between FRP and steel stirrups, the model proposed by Chen et 

al. (2013) is simplified as well. A new interaction factor (kfrp) dependent solely on the ratio of 

steel to FRP contributions is proposed based on Chen et al.'s (2013) original model. Specifically, 

for side bonding schemes, an additional interaction factor as follows should be included for the 

estimation of FRP debonding strength: 

 𝑘𝑓𝑟𝑝 = 1.0 − 0.2𝜇 ≥ 0 (10.54) 

 

where μ=Vs/Vfrp; and kfrp=1 for U-jacketing and full wrapping schemes (Chen et al. 2013). The 

expression in Eq. 10.54 is a linear regression of the interaction factors of tested beams 

calculated with Chen et al.'s (2013) model, as shown in Figure A.3. This kfrp can be incorporated 

into the FRP strength reduction factor (ψf) for side debonding schemes. 

 

For complete wrapping schemes, Eqs. A.31 and A.32 that reflect non-uniform distributions of 

FRP strain can be used directly to replace the current strain limit in the ACI model. As stated 

in Chapter 3, the strain limit in the ACI model is therefore prone to drastically underestimating 

the shear capacity. The model error evaluation in Chapter 3 indicates that the Hong Kong model 

for complete wrapping scheme provides a viable alternative to the current strain limit. 

 

A.3.2 Model Error Analysis 

The same test database in Chapter 3 was used to obtain the model errors (Eq. 3.1) of the revised 

ACI model for different shear strengthening schemes, i.e. side bonding, U-jacketing and 

complete wrapping. The obtained model errors are shown in Figure A.4 and compared with 

those of the current ACI model in Table A.1. It can be seen that the revised model performs 

much better in terms of uncertainty reduction: the model errors for both side-bonding and U-

jacketing schemes exhibit lower dispersion. Especially for the side-bonding scheme, the COV 

of model error decreases from 44.96% to 26.90%. The uncertainty of U-jacketing schemes, 
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though not as obvious as the side bonding scheme, is also lower than that of the current ACI 

model. The mean value of the model error for complete wrapping decreases considerably 

thanks to the lift of the over-conservative limit of FRP stain. 

 

A.3.3 Reliability Analysis and Calibration 

The same random variables (Table 3.1) and design cases (Table 3.11) in Chapter 3 are used 

herein to assess the reliability of the revised model. Reliability indices with respect to different 

FRP reduction factors are calculated using the MC-FORM method for the purpose of 

reliability-based calibration. Again, the target reliability with respect to a 50-year design 

service life is selected to be 3.5 following the detailed discussion in Chapter 3. The effect of 

design service life on the reliability target is taken into account through the relation in Eq. 3.5. 

Based on the reliability target, the appropriate FRP reduction factors are recommended for the 

revised ACI model. 

 

The results of reliability analysis are presented in Figure A.5 for scenario 1 concrete (Table 

3.1). Due to the lower uncertainty of capacity prediction, the reliability of debonding-controlled 

strengthening schemes, especially that of side bonding schemes, increases substantially. For 

side bonding, 𝜓𝑓 = 0.60 gives a mean reliability index of 3.434, which is close to the target 

reliability level with respect to a 50-year design service life. For U-jacketing schemes, the 

reliability of the new model also increases so that no FRP strength reduction factors are needed. 

The reliability of complete wrapping schemes decreases from the current over-conservative 

level to a similar level comparable to the other two strengthening schemes. The calibrated FRP 

strength reduction factors are summarized in Table A.2. 
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TABLES 

Table A.1 Model errors of the current ACI model and the revised ACI model 

 ACI model Revised ACI model 

 Mean CoV (%) Mean CoV (%) 

Side bonding (S) 1.2297 44.96 1.3337 26.90 

U-jacketing (U) 1.4423 26.94 1.4593 24.54 

Complete wrapping (W) 1.7456 23.32 1.4122 23.70 

 

Table A.2 Calibrated FRP reduction factors of the revised ACI model (with respect to a 50-

year design service life) 

 Side bonding U-jacketing Complete wrapping 

Concrete scenario 1 0.60 1.05 (1.00) 1.10 (1.00) 

Concrete scenario 2 0.55 1.00 1.05 (1.00) 
Note: FRP reduction factors can be replaced by 1.00 if the obtained factors from calibration are 

larger than 1. 
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FIGURES 

 

Figure A.1 Cross-section analysis of FRP-strengthened RC beams 

 

 

Figure A.2 Comparison between the precise and simplified reduced distribution factor 
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Figure A.3 Interaction factor of side bonding schemes 
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(a) Side bonding 

 
(b) PDF of side bonding 

 
(c) U-jacketing 

 
(d) PDF of U-jacketing 

 
(e) Complete wrapping 

 
(f) PDF of complete wrapping 

Figure A.4 Model errors of the revised ACI model 
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(a) Reliability index (revised ACI, side bonding) 

 
(b) Reliability index (revised ACI, U-jacketing) 

 
(c) Reliability index (revised ACI, wrapping) 

 
(d) Calibration 

 
(e) Service life effects 

Figure A.5 Reliability-based calibration of the revised ACI model (shear strengthening) 
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APPENDIX B TEST DATABASES 

Table B.1 Test database of FRP flexural strengthening for concrete beams  

Note: 

b = web width; h = beam height; bfl = flange width; tfl = flange thickness; L = beam span; Lb = bond length; d = effective depth; d’ = distance of compressive rebar centroid to 

compressive fiber of concrete; fc’ = concrete strength; fy = yield stress of tensile rebars; As = total area of tensile rebars; fy’ = yield stress of compressive rebars; As’ = total area 

of compressive rebars; fb = fiber type (C for carbon, G for glass, A for aramid, H for hybrid); Efrp = FRP modulus; ffrp = FRP tensile strength; tfrp = FRP thickness; bfrp = FRP 

width; Mu = ultimate flexural capacity. 

 

(a) Intermediate crack-induced (IC) debonding 

No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

1 Bonacci & 

Maalej 2000 

B2 270 400 270 0 3650 1199 341 54 22.6 484 900 507 142 C 230 3400 0.334 250 192.4 

2 Garden et al. 

1998 

C4u,1.0 100 100 100 0 587 567 84 16 51.2 350 85 350 57 C 111 1414 0.820 67 9.1 

3  C5u,1.0 100 100 100 0 772 752 84 16 51.2 350 85 350 57 C 111 1414 0.820 67 8.7 

4  A1 150 300 150 0 2130 1065 250 0 51.7 427 792 0 0 C 230 3400 0.165 150 77.5 

5  A2 150 300 150 0 2130 1065 250 0 51.7 427 792 0 0 C 230 3400 0.330 150 90.4 

6  A7 150 300 150 0 2130 1065 250 0 51.7 427 792 0 0 C 230 3400 0.330 75 91.7 

7  C1 150 300 150 0 2130 1065 250 0 51.7 427 792 0 0 C 230 3400 0.165 150 82.2 

8  B3u,1.0 100 100 100 0 900 320 84 16 43.2 350 85 350 57 C 111 1414 0.820 67 5.8 

9  B4u,1.0 100 100 100 0 900 380 84 16 43.2 350 85 350 57 C 111 1414 0.820 67 6.9 

10  B5u,1.0 100 100 100 0 900 380 84 16 43.2 350 85 350 57 C 111 1414 0.820 67 6.9 

11  B1u, 4.5 145 230 145 0 4400 1485 205 25 37.6 556 226 556 101 C 115 1284 1.280 90 45.8 

12 Rahimi & 

Hutchinson 

2001 

B3 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 C 127 1532 0.400 150 20.7 

13   B4 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 C 127 1532 0.400 150 19.7 

14   B5 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 C 127 1532 1.200 150 26.2 

15   B6 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 C 127 1532 1.200 150 26.1 

16   B7 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 G 36 1074 1.800 150 22.2 

17   B8 200 150 200 0 2100 665 120 30 49.2 460 157 460 157 G 36 1074 1.800 150 23.1 

18 Saadatmanesh 

& Ehsani 1991 

B 205 455 205 0 4575 1828 400 55 35.0 456 982 456 258 G 37 400 6.000 152 247.9 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

19 Triantafillou 

& Plevris 

1992 

4 76 127 76 0 1220 383 111 0 44.7 517 33 0 0 C 186 1450 0.650 63 6.8 

20   5 76 127 76 0 1220 383 111 0 44.7 517 33 0 0 C 186 1450 0.650 63 7.0 

21   6 76 127 76 0 1220 383 111 0 44.7 517 33 0 0 C 186 1450 0.900 63 6.4 

22   7 76 127 76 0 1220 383 111 0 44.7 517 33 0 0 C 186 1450 0.900 63 5.9 

23   8 76 127 76 0 1220 383 111 0 44.7 517 33 0 0 C 186 1450 0.900 64 8.6 

24 Yao et al. 

2002 

CP1 302 151 302 0 1100 900 117 0 27.0 343 314 0 0 C 165 2800 1.200 50 20.0 

25  CP2 304 152 304 0 1100 900 111 0 37.7 343 314 0 0 C 165 2800 1.200 50 17.6 

26  CP3 303 150 303 0 1100 900 108 0 12.6 343 157 0 0 C 165 2800 1.200 50 13.3 

27  CP5 304 149 304 0 1100 900 117 0 25.6 355 157 0 0 C 165 2800 1.200 50 10.0 

28  CS1 303 151 303 0 1100 900 115 0 21.4 343 157 0 0 C 271 3720 0.165 50 8.5 

29  GS1 302 151 302 0 1100 900 118 0 22.6 343 157 0 0 G 21 269 1.270 90 10.0 

30 Beber et al. 

1999 

VR5 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 0.440 120 40.0 

31   VR6 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 0.440 120 39.4 

32   VR7 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 0.770 120 48.6 

33   VR8 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 0.770 120 48.5 

34   VR9 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 1.100 120 50.7 

35   VR10 120 250 120 0 2349 708 214 34 33.6 565 157 565 57 C 230 3400 1.100 120 53.6 

36 Benjamin 

2005 

L1 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 25 45.3 

37  HI 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 25 42.8 

38  L2 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 51 50.3 

39  L2x1 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 51 51.6 

40  H2 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 51 49.4 

41  H2x1 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 51 51.2 

42  L4 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 102 58.8 

43  H4 152 254 152 0 4537 2269 229 25 23.3 429 398 429 157 C 155 2792 1.400 102 55.8 

44 Chan et al 

2001 

B2 250 470 250 0 4600 1550 430 40 42.4 505 628 505 402 C 181 3180 1.200 150 228.0 

45   B3 250 470 250 0 4600 1550 430 40 42.4 505 943 505 402 C 181 3180 1.200 150 281.6 

46   B6 250 470 250 0 4600 1550 430 40 42.4 505 628 505 402 C 181 3180 1.200 150 206.4 

47   B8 250 470 250 0 4600 1550 430 40 42.4 505 1257 505 402 C 181 3180 1.200 150 352.0 

48 Chan & Li 

2000 

S6-50-0 330 100 330 0 2500 850 76 0 53.4 677 113 0 0 C 165 2940 1.200 50 12.7 

49  S8-50-0 330 100 330 0 2500 850 76 0 53.4 653 201 0 0 C 165 2940 1.200 50 15.2 

50  S8-50-0F 330 100 330 0 2500 850 76 0 53.4 653 201 0 0 C 165 2940 1.200 50 14.0 

51 Delaney 2006 R_UC_C1 150 200 150 0 1800 770 160 40 49.1 477 266 477 266 C 51 817 1.400 150 36.4 

52   R_UC_C2 150 200 150 0 1800 770 160 40 50.1 477 266 477 266 C 51 817 1.400 150 40.6 

53   R_UC_C3 150 200 150 0 1800 770 160 40 50.2 477 266 477 266 C 51 817 1.400 150 37.1 

54   R_UC_C4 150 200 150 0 1800 770 160 40 50.4 477 266 477 266 C 51 817 1.400 150 39.8 

55 Esfahani et al. 

2007 

B11-20D-1L 150 200 150 0 1600 600 162 25 24.1 350 628 365 157 C 237 2845 0.176 150 32.7 

56 Gao et al. 2004 AO 150 200 150 0 1500 350 162 27 35.7 531 157 531 101 C 235 4200 0.200 75 20.2 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

57   A10 150 200 150 0 1500 350 162 27 35.7 531 157 531 101 C 235 4200 0.200 75 19.7 

58   A20 150 200 150 0 1500 350 162 27 35.7 531 157 531 101 C 235 4200 0.200 75 22.0 

59 Kishi et al. 

1998 

A200-1 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 A 127 2480 0.100 130 38.9 

60  A200-2 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 A 127 2480 0.100 130 39.9 

61  A415-1 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 A 127 2480 0.300 130 43.8 

62  A623-1 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 A 127 2480 0.400 130 41.5 

63  A623-2 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 A 127 2480 0.400 130 42.3 

64  C300-1 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 C 231 4070 0.200 130 41.6 

65  C300-2 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 C 231 4070 0.200 130 39.4 

66  C445-1 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 C 231 4070 0.200 130 44.1 

67  C445-2 150 250 150 0 2600 1000 210 40 24.8 378 402 378 402 C 231 4070 0.200 130 43.5 

68 Kishi et al. 

2003 

A-250-1 150 250 150 0 2600 950 210 40 29.6 406 402 406 402 A 118 2060 0.300 130 44.2 

69   A-400-2 150 400 150 0 2600 950 360 40 29.6 406 402 406 402 A 118 2060 0.600 130 84.0 

70 Kotynia 2005 B-08/S1 150 300 150 0 3000 650 270 30 33.8 490 339 490 157 C 172 2915 1.200 80 72.0 

71  BF-04/0.5S 150 300 150 0 3000 1350 270 30 33.0 421 157 421 157 C 172 2915 1.200 40 36.0 

72  BF-06/S 150 300 150 0 3000 1350 270 30 32.5 490 226 490 157 C 172 2915 1.200 80 64.5 

73  B-08/M 150 300 150 0 4200 1325 270 30 37.3 436 339 436 157 C 220 2742 1.400 120 98.0 

74  B-08/S2 150 300 150 0 4200 1325 270 30 32.3 436 339 436 157 C 172 2915 1.200 50 65.8 

75  B-083m 150 300 150 0 4200 1325 270 30 34.4 436 339 436 157 C 170 2915 0.400 150 64.4 

76 Kurihashi et 

al. 2000 

R7-2 150 250 150 0 3400 1350 210 40 28.2 378 402 378 402 A 127 2480 0.600 130 50.7 

77   R6-2 150 250 150 0 3020 1160 210 40 28.2 378 402 378 402 A 127 2480 0.600 130 52.0 

78   R5-2 150 250 150 0 2600 950 210 40 28.2 378 402 378 402 A 127 2480 0.600 130 48.8 

79   R4-2 150 250 150 0 2180 740 210 40 28.2 378 402 378 402 A 127 2480 0.600 130 49.2 

80   R3-2 150 250 150 0 1800 550 210 40 28.2 378 402 378 402 A 127 2480 0.600 130 50.4 

81 Leung 2004 B11 300 800 300 0 7200 1600 740 60 41.5 526 2513 526 1030 C 235 4200 0.900 300 1221.1 

82  B12 300 800 300 0 7200 1600 740 60 41.5 526 2513 526 1030 C 235 4200 0.900 300 1239.6 

83  B21 150 400 150 0 3600 800 370 30 41.5 535 603 535 226 C 235 4200 0.400 150 164.6 

84  B22 150 400 150 0 3600 800 370 30 41.5 535 603 535 226 C 235 4200 0.400 150 163.5 

85  B31 75 200 75 0 1800 400 170 30 41.5 599 157 599 101 C 235 4200 0.200 75 19.3 

86  B32 75 200 75 0 1800 400 170 30 41.5 599 157 599 101 C 235 4200 0.200 75 19.3 

87  B41 75 200 75 0 1800 400 185 15 41.5 599 157 599 101 C 235 4200 0.200 75 20.9 

88  B42 75 200 75 0 1800 400 185 15 41.5 599 157 599 101 C 235 4200 0.200 75 22.7 

89  NB1-8 300 800 300 0 7200 2340 740 60 29.0 519 2513 519 1030 C 235 4200 0.900 300 1228.8 

90  NB1-16 300 800 300 0 7200 2340 740 60 29.0 519 2513 519 1030 C 235 4200 1.800 300 1316.4 

91  NB2-2 150 400 150 0 3600 1170 370 30 29.0 521 603 521 226 C 235 4200 0.200 150 129.7 

92  NB2-4 150 400 150 0 3600 1170 370 30 29.0 521 603 521 226 C 235 4200 0.400 150 143.5 

93  NB2-6 150 400 150 0 3600 1170 370 30 29.0 521 603 521 226 C 235 4200 0.700 150 153.1 

94  NB2-8 150 400 150 0 3600 1170 370 30 29.0 521 603 521 226 C 235 4200 0.900 150 165.5 

95  NB3-2 75 200 75 0 1800 585 185 15 29.0 599 157 599 101 C 235 4200 0.200 75 20.7 

96  NB3-4 75 200 75 0 1800 585 185 15 29.0 599 157 599 101 C 235 4200 0.400 75 22.3 

97 Maalej & 

Leong 2005 

A3 115 146 115 0 1500 475 120 26 42.8 547 236 547 157 C 235 3550 0.200 108 19.4 

98   A4 115 146 115 0 1500 475 120 26 42.8 547 236 547 157 C 235 3550 0.200 108 18.9 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

99   A5 115 146 115 0 1500 475 120 26 42.8 547 236 547 157 C 235 3550 0.300 108 21.9 

100   A6 115 146 115 0 1500 475 120 26 42.8 547 236 547 157 C 235 3550 0.300 108 21.5 

101   B3 230 292 230 0 3000 950 240 52 42.8 544 943 544 628 C 235 3550 0.300 216 131.8 

102   B4 230 292 230 0 3000 950 240 52 42.8 544 943 544 628 C 235 3550 0.300 216 130.2 

103   B5 230 292 230 0 3000 950 240 52 42.8 544 943 544 628 C 235 3550 0.700 216 147.4 

104   B6 230 292 230 0 3000 950 240 52 42.8 544 943 544 628 C 235 3550 0.700 216 142.2 

105   C3 368 467 368 0 4800 1520 384 83 42.4 552 2413 552 1609 C 235 3550 0.500 368 522.3 

106   C4 368 467 368 0 4800 1520 384 83 42.4 552 2413 552 1609 C 235 3550 0.500 368 535.4 

107 Maeda et al. 

2001 

SP-C 200 200 200 0 1800 720 165 35 35.0 360 266 360 266 C 236 4120 0.200 200 29.4 

108  SP-C2 200 200 200 0 1800 720 165 35 35.0 360 266 360 266 C 236 4120 0.300 200 40.9 

109 M'Bazaa et al. 

1996 

P111 200 300 200 0 3000 950 240 0 44.3 439 157 0 0 C 82   0.900 167 49.9 

110 Mikami et al. 

1999 

A-140 150 250 150 0 3000 1400 200 50 23.9 364 266 364 266 C 127 2480 0.300 80 30.2 

111 Niu et al. 

2006 

Al 960 203 960 0 4200 1625 168 0 31.6 452 861 0 0 C 184 2446 1.300 200 134.2 

112   A2 960 203 960 0 4200 1625 168 0 33.4 452 861 0 0 C 195 2384 1.200 200 136.9 

113   A3 960 203 960 0 4200 1625 168 0 35.2 452 861 0 0 C 80 724 1.400 300 107.8 

114   A4 960 203 960 0 4200 1625 168 0 34.4 452 861 0 0 C 109 859 2.600 300 140.4 

115   A5 960 203 960 0 4200 1625 168 0 35.9 452 861 0 0 C 109 859 2.600 200 112.8 

116   A6 960 203 960 0 4200 1625 168 0 35.1 452 861 0 0 C 80 724 1.400 200 98.4 

117   Bl 960 203 960 0 4200 1125 168 0 35.2 452 861 0 0 C 184 2446 1.300 200 115.0 

118   B2 960 203 960 0 4200 1125 168 0 34.5 452 861 0 0 C 80 724 1.400 300 90.7 

119   B3 960 203 960 0 4200 1125 168 0 34.7 452 861 0 0 C 80 724 1.400 200 86.6 

120   C2 960 203 960 0 4200 1625 168 0 33.3 446 896 0 0 C 184 2446 1.300 200 140.5 

121   C3 960 203 960 0 4200 1625 168 0 34.1 446 896 0 0 C 80 724 1.400 300 112.6 

122   C4 960 203 960 0 4200 1625 168 0 34.5 446 896 0 0 C 80 724 1.400 200 95.0 

123 Seim et al. 

2001 

S11 480 102 480 0 2030 915 81 0 33.2 462 214 0 0 C 198 2270 1.200 100 20.7 

124  S12 480 102 480 0 2030 915 81 0 33.2 462 214 0 0 C 198 2270 1.200 100 21.6 

125  S5 480 102 480 0 2030 915 81 0 33.2 462 214 0 0 C 198 2270 1.200 100 21.9 

126  S1m 480 102 480 0 2030 730 81 0 33.2 462 214 0 0 C 198 2270 1.200 100 21.3 

127  C12 480 102 480 0 2030 915 81 0 33.2 462 214 0 0 G 64 675 1.100 480 41.0 

128  C21 480 102 480 0 2030 915 81 0 33.2 462 214 0 0 G 92 724 1.200 480 36.2 

129 Spadea et al. 

1998 

A1.1 140 300 140 0 4800 1750 261 39 27.4 435 402 435 402 C 152 2300 1.200 80 78.1 

130   A3.1 140 300 140 0 4800 1750 263 37 28.5 435 402 435 402 C 152 2300 1.200 80 67.3 

131 Takahashl & 

Sato 2003 

Fl 200 300 200 0 1600 650 250 50 35.8 371 573 371 63 C 230 3480 0.200 200 79.5 

132  F2 200 300 200 0 1600 650 250 50 40.2 371 573 371 63 C 230 3480 0.300 200 85.4 

133  F3 200 300 200 0 1600 650 250 50 39.0 371 573 371 63 C 230 3480 0.500 200 94.5 

134  F5 200 300 200 0 1600 650 250 50 50.3 371 573 371 63 C 230 3480 0.300 200 97.3 

135  F6 200 300 200 0 1600 650 250 50 49.5 371 573 371 63 C 230 3480 0.500 200 108.9 

136 Takeo et al. 

1999 

No.2 160 260 160 0 2000 930 225 35 31.3 356 266 356 266 C 230 3480 0.200 140 33.9 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

137   No.3 160 260 160 0 2000 730 225 35 31.3 356 266 356 266 C 230 3480 0.200 140 30.7 

138   No.4 160 260 160 0 2000 630 225 35 31.3 356 266 356 266 C 230 3480 0.200 140 30.5 

139   No.5 160 260 160 0 2000 480 225 35 39.0 356 266 356 266 C 230 3480 0.200 140 36.3 

140   No.6 160 260 160 0 2000 930 225 35 39.0 356 266 356 266 C 230 3480 0.200 140 39.3 

141   No.7 160 260 160 0 2000 930 225 35 39.0 356 266 356 266 C 230 3480 0.200 140 42.8 

142 Teng & Yao 

2007 

CS-W50 151 255 151 0 1500 450 223 33 32.8 536 157 536 157 C 256 4114 2.010 50 35.7 

143  GS 151 252 151 0 1500 450 218 35 32.3 536 157 536 157 G 23 351 1.670 148 41.0 

144 Wu et al. 

1999 

H-s CFRP 150 200 150 0 1800 550 150 50 33.8 390 402 390 266 C 230 4200 0.300 150 41.0 

145   H-m CFRP 150 200 150 0 1800 550 150 50 33.8 390 402 390 266 C 290 4000 0.300 150 47.1 

146 Wu et al. 

2000 

RC-1 150 200 150 0 1800 850 160 40 30.2 360 402 360 266 C 230 3200 0.100 140 29.3 

147  RC-2 150 200 150 0 1800 850 160 40 30.2 360 402 360 266 C 230 3200 0.100 140 31.0 

148  RCS-1 150 200 150 0 1800 850 160 40 34.6 360 402 360 266 C 230 3200 0.222 140 33.1 

149 Yao et al. 

2005 

GS1 302 151 302 0 1100 900 118 0 22.6 343 157 0 0 G 21 269 1.270 90 10.0 

150   GS2 303 151 303 0 1100 900 113 0 54.2 343 157 0 0 G 21 269 1.270 90 9.0 

151   CS1 303 151 303 0 1100 900 115 0 21.4 343 157 0 0 C 271 3720 0.165 50 8.5 

152   CS2 302 151 302 0 1100 900 109 0 60.8 343 157 0 0 C 271 3720 0.165 50 8.8 

153   CP1 302 151 302 0 1100 900 117 0 27.0 343 314 0 0 C 165 2800 1.200 50 20.0 

154   CP2 304 152 304 0 1100 900 111 0 37.7 343 314 0 0 C 165 2800 1.200 50 17.6 

155   CP3 303 150 303 0 1100 900 108 0 12.6 343 314 0 0 C 165 2800 1.200 50 13.3 

156   CP4 305 150 305 0 1100 900 120 0 46.2 343 157 0 0 C 165 2800 1.200 50 13.5 

157   II-1 303 153 303 0 1100 900 118 0 25.6 349 157 0 0 C 257 4519 0.200 30 7.2 

158   II-2 305 149 305 0 1100 900 117 0 25.3 332 157 0 0 C 257 4519 0.200 50 8.4 

159   II-3 305 150 305 0 1100 900 118 0 30.2 332 157 0 0 C 257 4519 0.200 70 8.9 

160   II-4 302 150 302 0 1100 900 119 0 21.9 332 157 0 0 C 257 4519 0.200 90 10.2 

161   II-8 204 152 204 0 1100 900 115 0 23.8 364 157 0 0 C 257 4519 0.200 50 8.4 

162   II-9 320 151 320 0 1100 900 117 0 22.2 332 157 0 0 C 257 4519 0.200 30 6.9 

163   III-l 203 155 203 0 2000 900 121 0 22.5 346 157 0 0 C 257 4519 0.200 50 7.5 

164   III-2 199 157 199 0 2000 900 123 0 21.2 373 157 0 0 C 257 4519 0.200 100 10.7 

165   III-4 150 154 150 0 2000 900 122 0 22.4 351 157 0 0 C 257 4519 0.200 50 9.2 

166 Zarnic et al. 

1999 

1 200 300 200 0 2900 860 270 30 25.0 450 339 450 226 C 150 2400 1.200 50 56.1 

167  2 800 120 800 0 2900 860 105 15 25.0 450 339 450 156 C 150 2400 1.200 100 30.2 

168 Zhang et al. 

2005 

A-l 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 76.0 

169   A-2 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 76.2 

170   A-3 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 75.7 

171   A-4 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 79.0 

172   A-5 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 74.6 

173   A-6 150 340 150 0 3000 1100 300 40 31.5 407 402 407 402 A 118 2060 0.600 130 74.5 

174   B-2 150 250 150 0 2600 950 210 40 31.5 407 402 407 402 C 230 3400 0.200 130 42.5 

175   B-3 150 250 150 0 2600 950 210 40 31.5 407 402 407 402 A 118 2060 0.300 130 44.2 

176   B-4 150 250 150 0 2600 950 210 40 31.5 407 402 407 402 A 79 2350 0.400 130 43.1 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

177   B-6 150 400 150 0 2600 950 360 40 31.5 407 402 407 402 C 230 3400 0.300 130 82.1 

178   B-7 150 400 150 0 2600 950 360 40 31.5 407 402 407 402 A 118 2060 0.600 130 83.6 

179   B-8 150 400 150 0 2600 950 360 40 31.5 407 402 407 402 A 79 2350 0.800 130 82.0 

180   C-l 150 235 150 0 1800 550 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 48.7 

181   C-2 150 250 150 0 1800 550 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 49.4 

182   C-4 150 235 150 0 2600 950 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 47.5 

183   C-5 150 250 150 0 2600 950 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 49.6 

184   C-6 150 270 150 0 2600 950 205 40 31.5 407 402 407 402 A 118 2060 0.600 130 50.9 

185   C-7 150 235 150 0 3500 1350 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 49.9 

186   C-8 150 250 150 0 3500 1350 210 40 31.5 407 402 407 402 A 118 2060 0.600 130 49.3 

187   C-9 150 270 150 0 3500 1350 205 40 31.5 407 402 407 402 A 118 2060 0.600 130 51.3 

188 Dai et al. 

2005 

SP-C1 200 200 200 0 1800 750 165 0 35.0 360 265 0 0 C 236 4120 0.167 200 29.4 

189  SP-C2 200 200 200 0 1800 750 165 0 35.0 360 265 0 0 C 236 4120 0.334 200 40.9 

190  SP-C3 200 200 200 0 1800 750 165 0 35.0 360 265 0 0 C 236 4120 0.501 200 40.5 

191 Fanning & 

Kelly 2001 

F3 155 240 155 0 3000 1100 203 37 80.0 532 339 532 226 C 155 2400 1.200 120 61.0 

192   F4 155 240 155 0 3000 1100 203 37 80.0 532 339 532 226 C 155 2400 1.200 120 65.2 

193 Matthys 2000 BF2 200 450 200 0 3800 1180 409 35 36.5 590 804 0 0 C 159 3200 1.200 100 231.3 

194  BF3 200 450 200 0 3800 1180 409 35 34.9 590 804 0 0 C 159 3200 1.200 100 232.5 

195  BF6 200 450 200 0 3800 1180 409 35 35.9 590 804 0 0 C 159 3200 1.200 100 228.8 

196  BF8 200 450 200 0 3800 1180 409 35 39.4 590 402 0 0 C 159 3200 1.200 100 139.1 

197  BF9 200 450 200 0 3800 1180 409 35 33.7 590 402 0 0 C 233 3500 0.222 100 119.8 

198 Kotynia et al. 

2008 

B-08S 150 300 150 0 4200 1325 265 35 32.3 490 334 524 157 C 172 2915 1.200 50 67.2 

199   B-08M 150 300 150 0 4200 1325 265 35 37.3 490 334 524 157 C 220 2743 1.400 120 98.0 

200   B-08Sm 150 300 150 0 4200 1325 265 35 33.5 490 334 524 157 C 172 2915 1.200 50 71.4 

201   B-08Mm 150 300 150 0 4200 1325 265 35 38.2 490 334 524 157 C 220 2743 1.400 120 106.4 

202   B-08Sk 150 300 150 0 4200 1325 265 35 33.8 490 334 524 157 C 172 2915 1.200 50 71.4 

203   B-08Mk 150 300 150 0 4200 1325 265 35 32.0 490 334 524 157 C 220 2743 1.400 120 105.0 

204   B-083m 150 300 150 0 4200 1325 265 35 34.4 436 334 524 157 C 230 3500 0.390 150 64.4 

205   B-083mb 150 300 150 0 4200 1325 265 35 25.8 436 334 524 157 C 230 3500 0.260 150 86.1 

206   B-08Smb 150 300 150 0 4200 1325 265 35 25.7 436 334 524 157 C 172 2915 1.200 50 79.8 

207 Yalim et al. 

2008 

W-0U-CSP1 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 70.1 

208  W-0UF-CSP1 152 305 305 76 1981 991 249 53 36.3 414 402 414 157 C 71 847 1.020 102 73.8 

209  W-0U-CSP2-3 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 73.6 

210  W-0U-CSP6-9 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 68.1 

211  W-4U-CSP1.1 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 70.7 

212  W-4U-CSP1.2 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 69.0 

213  W-4U-CSP1.3 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 71.2 

214  W-4U-CSP2-3.1 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 72.5 

215  W-4U-CSP2-3.2 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 73.1 

216  W-4U-CSP2-3.3 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 63.0 

217  W-4U-CSP6-9.1 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 76.5 

218  W-4U-CSP6-9.2 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 69.6 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

219  W-4U-CSP6-9.3 152 305 305 76 1981 858 249 53 36.3 414 402 414 157 C 71 847 1.020 102 76.3 

220  P-4U-CSP1.1 152 305 305 76 1981 858 249 53 34.7 414 402 414 157 C 131 2450 1.400 51 64.9 

221  P-4U-CSP2-3.1 152 305 305 76 1981 858 249 53 34.7 414 402 414 157 C 131 2450 1.400 51 64.6 

222  P-4U-CSP2-3.2 152 305 305 76 1981 858 249 53 34.7 414 402 414 157 C 131 2450 1.400 51 67.7 

223  P-4U-CSP6-9.1 152 305 305 76 1981 858 249 53 34.7 414 402 414 157 C 131 2450 1.400 51 65.9 

224  P-2U-CSP6-9.2 152 305 305 76 1981 858 249 53 34.7 414 402 414 157 C 131 2450 1.400 51 67.0 

225 Choi et al. 

2008 

NPFB 150 300 150 0 3300 1500 265 35 52.5 400 402 400 285 C 165 2800 1.200 30 62.9 

226 Xue et al. 

2008 

RC-2 150 250 150 0 2500 950 215 35 46.9 289 421 500 57 C 150 2500 1.400 50 40.6 

227  RC-3 150 250 150 0 2500 950 215 35 46.9 289 421 500 57 C 150 2500 1.400 20 41.3 

228  RC-4 150 250 150 0 2500 950 215 35 46.9 289 339 500 57 C 150 2500 1.400 20 42.8 

229 Pan et al. 

2009 

D2-P2-I2 150 200 150 0 1800 713 163 36 59.0 550 157 400 101 C 235 4200 0.220 150 26.3 

230   D3-P4-I2 150 200 150 0 1800 488 163 36 59.0 550 157 400 101 C 235 4200 0.220 150 29.7 

231   D4-P8-I2 150 200 150 0 1800 375 163 36 59.0 550 157 400 101 C 235 4200 0.220 150 31.0 

232   D5-P8-I4 150 200 150 0 1800 375 163 36 59.0 550 157 400 101 C 235 4200 0.440 150 35.5 

233   D6-P2-I6 150 200 150 0 1800 713 163 36 59.0 550 157 400 101 C 235 4200 0.660 150 37.2 

234 Mazzoti & 

Savoia 2009 

TN3 250 400 250 0 3000 735 365 35 45.5 550 462 550 226 C 195 3100 1.200 100 149.6 

235  TN1 250 400 250 0 3000 735 365 35 47.6 550 770 550 226 C 195 3100 1.200 100 214.6 

236  TN5 250 400 250 0 3000 735 365 35 46.1 550 462 550 226 C 195 3900 0.260 250 165.6 

237  TN8 250 400 250 0 3000 735 365 35 44.5 550 462 550 226 C 290 3900 0.260 250 166.7 

238  TN4 250 400 250 0 3000 735 365 35 48.0 550 770 550 226 C 290 3900 0.260 250 236.5 

239 Pellegrino & 

Modena 2009 

RC-EA 300 500 300 0 10000 3200 460 40 56.8 536 710 536 308 C 166 2780 1.200 100 345.3 

240 Yang et al. 

2009 

NFCB1 200 300 200 0 2400 1125 265 37 16.4 475 236 466 398 C 173 2350 1.300 50 46.2 

241 Yalim et al. 

2009 

W-0-1 152 305 305 76 1981 858 249 53 35.6 455 402 455 157 C 71 849 1.020 152 64.6 

242   W-0-2 152 305 305 76 1981 858 249 53 35.6 455 402 455 157 C 71 849 1.020 152 71.4 

243   P-0-1 152 305 305 76 1981 858 249 53 24.8 455 402 455 157 C 131 2400 1.400 50 70.7 

244   P-0-2 152 305 305 76 1981 858 249 53 24.8 455 402 455 157 C 131 2400 1.400 50 72.3 

245 Hashemi et al. 

2009 

ACG3 150 250 150 0 3000 850 215 35 69.0 413 402 421 157 H 230 3850 0.293 100 47.1 

246  BCG3 150 250 150 0 3000 850 215 35 69.0 413 760 421 157 H 230 3850 0.293 100 73.0 

247 Khalifa & 

Al-tersawy 

2013 

B2-1W2U 100 200 100 0 1700 650 166 33 20.0 547 226 547 157 C 230 3400 0.130 100 23.1 

248  B3-2W2U 100 200 100 0 1700 650 166 33 20.0 547 226 547 157 C 230 3400 0.260 100 24.7 

249  B4-3W2U 100 200 100 0 1700 650 166 33 20.0 547 226 547 157 C 230 3400 0.390 100 25.1 

250 Dong et al. 

2013 

CR5 150 250 150 0 1500 500 212 35 18.2 410 308 330 101 C 242 4103 0.222 100 30.4 

251   CR7 150 250 150 0 1500 500 214 35 18.2 340 157 330 101 C 242 4103 0.222 100 20.1 

252 Mitolidis et 

al. 2012 

SCM 200 400 200 0 3000 1000 365 35 22.0 550 452 550 226 C 160 2880 1.230 150 112.4 
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No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

253 Al-Negheimish 

et al. 2012 

PL-1-0.6 500 250 500 0 5000 1900 215 35 30.0 562 804 533 452 C 165 2800 1.400 480 178.8 

254   PL-1-0.3 500 250 500 0 5000 1900 215 35 30.0 562 804 533 452 C 165 2800 1.400 240 122.0 

255   PL-2-0.6 500 250 500 0 5000 1900 215 35 30.0 562 804 533 452 C 165 2800 2.800 240 168.4 

256   S-3-0.2 500 250 500 0 5000 1900 215 35 30.0 562 804 533 452 C 240 4000 0.900 240 120.8 
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(b) FRP rupture 

No. Reference Specimen b h bfl tfl L Lb d d' fc' fy As fy' As' fb Efrp ffrp tfrp bfrp Mu 

   /mm /mm /mm /mm /mm /mm /mm /mm /MPa /MPa /mm2 /MPa /mm2  /GPa /MPa /mm /mm /kNm 

1 Yalim et al. 

2008 

CSP1-11 152 305 243 62 1981 991 243 59 36.3 414 402 414 157 C 71 849 1.020 102 79.1 

2  CSP23-11 152 305 243 62 1983 992 243 59 36.3 414 402 414 157 C 71 849 1.020 102 72.7 

3  CSP69-11 152 305 243 62 1985 993 243 59 36.3 414 402 414 157 C 71 849 1.020 102 85.3 

4 Dong et al. 

2013 

CR2 150 250 150 0 1500 500 212 35 18.2 340 157 330 101 C 242 4103 0.111 100 19.2 

5  CR3 150 250 150 0 1500 500 214 35 18.2 340 157 330 101 C 242 4103 0.222 100 23.4 

6 Khalifa and 

Al-tersawy 

2013 

B6-1W4U 100 200 100 0 1700 650 166 33 20.0 547 226 547 157 C 230 3400 0.130 100 23.6 

7  B7-2W4U 100 200 100 0 1700 650 166 33 20.0 547 226 547 157 C 230 3400 0.260 100 28.0 

8 Lee et al. 2010 CFRP 230 580 580 100 6096 2266 519 43 32.0 522 1200 522 1200 C 72 876 1.000 230 446.4 

9  GFRP 230 580 580 100 6096 2266 519 43 32.0 522 1200 522 1200 G 26 378 1.400 230 410.1 

10 El-Ghandour 

2011 

B1F 120 300 120 0 1800 900 257 39 38.5 400 603 290 101 C 240 3800 0.176 100 76.5 

11 Soudki et al. 

2007 

S0 150 250 150 0 2250 750 219 31 35.0 460 157 460 157 C 165 2800 1.200 50 44.2 

12 Brena et al. 

2003 

B2 203 356 203 0 2690 1065 318 35 37.2 440 402 440 157 C 230 3400 0.336 50 75.6 

13  B4 203 356 203 0 2690 1065 318 35 34.3 438 402 438 157 C 230 3400 0.336 50 70.6 

14 Hsu et al. 2003 B5 152 305 152 0 2743 1372 233 65 42.6 400 314 400 113 C 155 2400 1.200 50 56.5 

15  B6 152 305 152 0 2743 1372 233 65 42.6 400 314 400 113 C 155 2400 1.200 50 57.1 

16 Lam and Teng 

2001 

Slab III 500 102 500 0 600 600 48 0 33.0 451 251 0 0 G 21 269 1.270 161 11.0 

17 Teng et al. 

2001 

A2 500 102 500 0 600 600 90 0 33.9 306 251 0 0 G 21 269 1.270 80 9.5 

18  C2 500 103 500 0 600 600 79 0 34.0 354 393 0 0 G 21 269 1.270 80 12.4 

19  F7 200 300 200 0 1600 700 250 43 50.1 371 567 377 57 C 230 3480 0.167 200 87.2 

20 Ceroni 2001  D2 100 150 100 0 1400 350 120 30 29.0 550 157 550 157 C 230 3430 0.165 80 11.6 

21 Ritchie et al. 

1991  

E 152 305 152 0 2438 686 251 0 41.6 414 258 0 0 G 12 161 4.763 154 56.9 
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Table B.2 Test database of FRP shear strengthening for concrete beams 

Note: 

fc’ = concrete strength; bw = web width; h = beam height; bfl = flange width; d = effective depth; dfrp = FRP height; dfrp.t = distance from FRP top end to the top of the beam; s/d 

= shear span ratio; B = stirrup type (N for N stirrups, D for deformed stirrups and P for plan stirrups); ds = stirrup diameter; ss = stirrup spacing;  fy = yield stress of stirrups; fb 

= fiber type (C for carbon, G for glass, A for aramid, H for hybrid); Efrp = FRP modulus; ffrp = FRP tensile strength; tfrp = FRP thickness; wfrp = FRP width; sfrp = FRP spacing 

(center to center); β = FRP incline angle; Vu = ultimate shear capacity. 

(a) Side bonding scheme  

No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds ss fy fb Efrp tfrp ffrp wfrp sfrp β Vu 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

1 Uji 1992 5 24.1 100 200 160 200 0 2.66 N    C 230 0.097 2454 100 100 90 44.59 

2  6 26.9 100 200 160 200 0 2.66 N    C 230 0.097 2454 100 141 45 56.84 

3  7 26.9 100 200 160 200 0 2.66 N    C 230 0.194 2454 100 100 90 44.59 

4 Al-Sulaimani 

et al. 1994 

SO 37.7 150 150 113 150 0 3.54 D 6 200 450 C 16 3 200 20 50 90 41.5 

5  SP 37.7 150 150 113 150 0 3.54 D 6 200 450 C 16 3 200 20 50 90 41.2 

6  WO 37.7 150 150 113 135 15 3.54 D 6 200 450 C 16 3 200 20 20 90 42 

7  WP 37.7 150 150 113 135 15 3.54 D 6 200 450 C 16 3 200 20 20 90 45.2 

8 Sato et al. 

1996 

S2 45.2 200 300 260 300 0 2.69 N  120 390 C 230 0.11 3480 30 60 90 80.25 

9  S4 37.5 200 300 260 300 0 2.69 N  120 390 C 230 0.11 3480 30 30 90 78.15 

10 Kage et al. 

1997 

SB1310 39.2 200 200 160 200 0 4.06 R 3 100 132.3 C 284 0.097 3430 100 100 90 84.67 

11  SB1210 39.2 200 200 160 200 0 4.06 R 3 100 132.3 C 284 0.097 3430 100 100 90 78.95 

12  SB1214 39.2 200 200 160 200 0 4.06 R 3 100 132.3 C 284 0.097 3430 100 100 90 78.2 

13  SB1218 39.2 200 200 160 200 0 4.06 R 3 100 132.3 C 284 0.097 3430 100 100 90 79.18 

14 Mitsui et al. 

1998 

A1 28.5 150 250 220 250 0 1.14 N    C 230 0.167 3430 50 50 90 134.35 

15  B1 28.5 150 250 220 250 0 1.14 N    C 230 0.167 3430 50 50 90 137.3 

16  C1 28.5 150 250 220 250 0 1.14 N    C 230 0.167 3430 50 50 90 128.45 

17  D1 28.5 150 250 220 250 0 1.59 N    C 230 0.167 3430 50 50 90 126.5 

18  E1 28.5 150 250 220 250 0 1.59 N    C 230 0.167 3430 50 50 90 108.85 

19  F1 28.5 150 250 220 250 0 1.59 N    C 230 0.167 3430 50 50 90 88.75 

20 Triantafillou 

1998 

S1a 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 45 90 21.75 

21  S1b 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 45 90 19.45 

22  S1(45) 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 63.6 45 22.25 

23  S2a 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 30 90 24.05 

24  S2b 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 30 90 21.1 

25  S2(45) 30 70 110 100 110 0 3.20 N    C 235 0.11 3300 30 42.4 45 23.65 

26  S3a 30 70 110 100 110 0 3.20 N    C 235 0.147 3300 30 30 90 21.4 

27  S3b 30 70 110 100 110 0 3.20 N    C 235 0.147 3300 30 30 90 18.75 

28  S3(45) 30 70 110 100 110 0 3.20 N    C 235 0.147 3300 30 42.4 45 20.35 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds ss fy fb Efrp tfrp ffrp wfrp sfrp β Vu 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

29 Chaallal et al. 

1998 

RS90 35 150 250 210 250 0 2.38 D 6 200 400 C 150 1 2400 50 100 90 91.25 

30  RS135 35 150 250 210 250 0 2.38 D 6 200 400 C 150 1 2400 50 150 45 96.75 

31 Kachlakev & 

Barnes 1999 

C1, 1-layer 27.5 152 152 101 152 0 1.51 N    C 230 0.111 3400 1 1.41 45 64.6 

32  C1, 2-layer 27.5 152 152 101 152 0 1.51 N    C 230 0.222 3400 1 1.41 45 80.3 

33  C1, 3-layer 27.5 152 152 101 152 0 1.51 N    C 230 0.333 3400 1 1.41 45 85.05 

34 Taljsten & 

Elfgren 2000 

SR1 53.8 180 500 460 500 0 3.50 N    C 70.8 0.8 860 300 849 45 195 

35  SR2 52.7 180 500 460 500 0 2.60 N    C 70.8 0.8 860 1 1.41 45 243 

36 Khalifa & 

Nanni 2000 

BT5 35 150 405 360 405 100 2.60 N    C 228 0.165 3790 50 125 90 121.5 

37 Pellegrino & 

Modena 2002 

TR30C2 27.5 150 300 250 300 0 3.00 D 8 200 548 C 234 0.165 3550 1 1 90 120 

38  TR30C3 27.5 150 300 250 300 0 3.00 D 8 200 548 C 234 0.495 3550 1 1 90 112.8 

39  TR30C4 27.5 150 300 250 300 0 3.00 D 8 200 548 C 234 0.495 3550 1 1 90 140.2 

40  TR30D10 31.4 150 300 250 300 0 3.00 D 8 200 548 C 234 0.33 3550 1 1 90 193 

41  TR30D2 31.4 150 300 250 300 0 3.00 D 8 200 548 C 234 0.495 3550 1 1 90 213.3 

42  TR30D20 31.4 150 300 250 300 0 3.00 D 8 200 548 C 234 0.495 3550 1 1 90 247.5 

43  TR30D4 31.4 150 300 250 300 0 3.00 D 8 200 548 C 234 0.33 3550 1 1 90 208.8 

44  TR30D40 31.4 150 300 250 300 0 3.00 D 8 200 548 C 234 0.33 3550 1 1 90 212 

45 Zhang & Hsu 

2005 

Z4-90 43.83 152.4 228.6 188.6 228.6 0 2.83 N    C 165 1.2 2800 40 127 90 73.7 

46  Z4-45 43.83 152.4 228.6 188.6 228.6 0 2.83 N    C 165 1.2 2800 40 127 45 82.2 

47  Z6-90 43.83 152.4 228.6 188.6 228.6 0 2.83 N    C 165 1.2 2800 40 127 90 63.9 

48 Grande & 

Rasulo 2009 

RS2Sa 21 250 450 410 450 0 3.41 D 8 200 476 C 392 0.191 2600 1 1 90 240 

49  RS3Sa 21 250 450 410 450 0 3.41 D 8 300 476 C 392 0.191 2600 1 1 90 205 

50  RS3Sb 21 250 450 410 450 0 3.41 D 8 300 476 C 392 0.191 2600 1 1 90 220 

51  RS4Sb 21 250 450 410 450 0 3.41 D 8 400 476 C 392 0.191 2600 1 1 90 180 

52 Sundarraja & 

Rajamohan 2008 

V3 29.11 100 150 120 150 0 2.75 R 6 150 240 G 73 1 3400 20 45 90 24.5 

53  V4 29.11 100 150 120 150 0 2.75 N    G 73 1 3400 40 45 90 29.5 

54 Kim et al. 2008 CP2-1DS 34.7 250 250 220 250 0 1.70 N    C 158 1.2 3160 50 100 45 178 

55  CP3-1VS 34.7 250 250 220 250 0 2.20 N    C 158 1.2 3160 50 100 90 95.5 

56 Monti & Loitta 

2007 

SF90 13.3 250 450 400 450 150 2.20 D 8 400 500 C 390 0.22 3000 1 1 90 112.5 

57 Corolin & 

Taljsten 2005 

290a 46.61 180 500 435 500 0 2.20 N    C 234 0.11 4500 1 1 90 256 

58  290b 41.08 180 500 435 500 0 2.20 N    C 234 0.11 4500 1 1 90 298 

59  345 56.09 180 500 435 500 0 2.20 N    C 234 0.17 4500 1 1.41 45 334 

60  290 36.34 180 400 335 400 0 2.20 D 6 200 515 C 234 0.11 4500 1 1 90 298 

61  390 36.34 180 400 335 400 0 2.20 D 6 200 515 C 234 0.17 4500 1 1 90 298 

62 Beber & 

Campos Filho 

2005 

V9_A 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 98.12 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds ss fy fb Efrp tfrp ffrp wfrp sfrp β Vu 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

63  V9_B 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 104.29 

64  V21_A 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 115.19 

65  V12_B 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 141 45 101.65 

66  V14_B 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 50 141 45 91.65 

67  V13_A 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 1 1 90 122.01 

68  V13_B 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 1 1 90 125.75 

69  V14_A 32.8 150 300 261 300 0 2.86 N    C 230 0.111 3400 1 1.41 45 128.39 

70  V15_A 32.8 150 300 261 300 0 2.86 N    C 230 0.111 3400 1 1.41 45 120.56 

71  V20_B 32.8 150 300 261 300 0 2.87 N    C 205 1.4 2500 50 100 90 142.91 

72  V22_B 32.8 150 300 261 300 0 2.87 N    C 205 1.4 2500 50 100 90 112.51 

73  V21_B 32.8 150 300 261 300 0 2.87 N    C 205 1.4 2500 50 141 45 135.7 

74  V22_A 32.8 150 300 261 300 0 2.88 N    C 205 1.4 2500 50 141 45 125.60 

75 Taljsten 2003 RC1 67.4 180 500 465 500 0 2.69 N    C 234 0.11 4500 1 1.41 45 306.05 

76  C1 67.4 180 500 465 500 0 2.69 N    C 234 0.07 4500 1 1.41 45 246.65 

77  C2 71.4 180 500 465 500 0 2.69 N    C 234 0.11 4500 1 1.41 45 257.2 

78  C3 58.7 180 500 465 500 0 2.69 N    C 234 0.11 4500 1 1 90 260.6 

79  C5 71.4 180 500 465 500 0 2.69 N    C 234 0.165 4500 1 1.41 45 334.3 

80 Park et al. 

2001 

3 25.4 100 250 200 250 0 2.55 N    C 179 1.2 2868 25 75 90 44.05 

81  5 25.4 100 300 250 300 50 3.24 D 6 75 325 C 179 1.2 2868 25 75 90 107.25 

82 Dash 2009 S2 17.8 200 250 224 250 0 2.98 N    G 11.3 0.6 334.5 1 1 90 54 

83 Berset 1992 3 42.9 114 102 78.65 96 6 3.81 N    G 16.8 0.64 344.7 1 1.41 45 31.25 

84  4 42.9 114 102 78.65 96 6 3.81 N    G 16.8 1.6 345.7 1 1.41 45 39.45 

85 Kamiiharako 

et al. 1999 

4 32.6 250 500 400 500 0 2.50 N    C 244 0.111 3990 40 100 90 183.9 

86  5 32.6 250 500 400 500 0 2.50 N    A 90 0.169 2920 40 100 90 180.9 

87 Taljsten 1997 S2 54.73 180 500 460 500 0 2.61 N    C 101 0.6 1450 1 1.41 45 274 

88  S3 41.09 180 500 460 500 0 2.61 N    C 49 2 577 1 1.41 45 273 

89  SR1 44.36 180 500 460 500 0 3.48 N    C 70.8 0.8 860 50 100 45 195 

90  SR2 44.36 180 500 460 500 0 2.61 N    C 70.8 0.8 860 1 1.41 45 243 

91 Panda et al. 

2013 

S0-1L-SZ- 

S-90 

39.58 100 260 225 260 60 3.26 N    G 13.2 0.36 160 1 1 90 65 

92  S200-1L- 

SZ-S-90 

40.38 100 260 225 260 60 3.26 R 6 200 252 G 13.2 0.36 160 1 1 90 92 

93  S300-1L- 

SZ-S-90 

42.08 100 260 225 260 60 3.26 R 6 300 252 G 13.2 0.36 160 1 1 90 89 

94 Mostofinejad 

et al. 2013 

IIVSUA55 35.8 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 55 90 12.30 

95  IIIVSUA55 34.5 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 55 90 12.48 

96  IVVWUA60 37.6 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 60 90 12.07 

97  IVVSUA60 37.6 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 60 90 12.12 

98  IVVWUA80 36 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 80 90 11.72 

99  IVVSUA80 36 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 80 90 11.95 

100  IVVWLA80 26.2 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 80 90 11.36 

101  IVVSLA80 26.2 70 85 60 85 0 3.33 N    C 231 0.12 4100 40 80 90 11.56 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds ss fy fb Efrp tfrp ffrp wfrp sfrp β Vu 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

102 Ebead & Saeed 

2013 

G1-B- 

4W-V 

34 150 250 212 250 0 3.07 N    H 72 3.2 1003.4 100 190 90 76.80 

103  G2-B- 

8N-V 

34 150 250 212 250 0 3.07 N    H 72 3.2 1003.4 50 90 90 85.25 

104  G2-B- 

6N-V 

35 150 250 212 250 0 3.07 N    H 72 3.2 1003.4 50 125 90 73.98 

105  G3-B- 

8N-I 

36 150 250 212 250 73 3.07 N    H 72 3.2 1003.4 50 90 45 88.77 

106  G3-B- 

6N-I 

37 150 250 212 250 73 3.07 N    H 72 3.2 1003.4 50 125 45 78.20 

107  G4-B- 

6N-V-S 

34 150 250 212 250 0 3.07 D 6 150 410 H 72 3.2 1003.4 50 125 90 86.66 

108 Alsayed & 

Siddiqui 2013 

BSV-1 35 200 300 265 300 0 2.83 R 6 150 275 C 77.3 1 850.3 50 150 90 95.97 

109  BSV-2 35 200 300 265 300 0 2.83 R 6 150 275 C 77.3 1 850.3 50 150 90 96.74 

110  BSI-1 35 200 300 265 300 0 2.83 R 6 150 275 C 77.3 1 850.3 50 150 30 111.01 

111  BSI-2 35 200 300 265 300 0 2.83 R 6 150 275 C 77.3 1 850.3 50 150 30 110.53 

112 Ahmad et al. 

2013 

D2 50.06 152.4 304.8 262.8 304.8 0 2.90 N    C 235 0.34 3450 1 1 90 112.39 

113  D3 50.06 152.4 304.8 262.8 304.8 0 2.90 N    C 235 0.34 3450 1 1 90 109.58 

114  D4 50.06 152.4 304.8 262.8 304.8 152.4 2.90 N    C 235 0.34 3450 1 1 90 89.9 

115 Etman 2012 TSCV 21 80 600 515 600 80 1.94 R 6 500 240 C 238 0.11 4300 25 90 90 115.5 

116  TSCI 21 80 600 515 600 80 1.94 R 6 500 240 C 238 0.11 4300 25 90 60 140 

117 Panda et al. 

2011 

S0-1L- 

CT-S-90 

40.09 100 250 225 250 60 3.26 N    G 13.2 0.36 160 1 1 90 66 

118  S0-2L- 

CT-S-90 

40.09 100 250 225 250 60 3.26 N    G 13.2 0.72 160 1 1 90 69 

119  S0-3L- 

CT-S-90 

40.09 100 250 225 250 60 3.26 N    G 13.2 1.08 160 1 1 90 75 

120  S300-1L- 

CT-S-90 

40.67 100 250 225 250 60 3.26 R 6 300 252 G 13.2 0.36 160 1 1 90 88 

121  S300-2L- 

CT-S-90 

40.67 100 250 225 250 60 3.26 R 6 300 252 G 13.2 0.72 160 1 1 90 90 

122  S300-3L- 

CT-S-90 

40.67 100 250 225 250 60 3.26 R 6 300 252 G 13.2 1.08 160 1 1 90 91 

123  S200-1L- 

CT-S-90 

40.66 100 250 225 250 60 3.26 R 6 200 252 G 13.2 0.36 160 1 1 90 90 

124  S200-2L- 

CT-S-90 

40.66 100 250 225 250 60 3.26 R 6 200 252 G 13.2 0.72 160 1 1 90 93 

125  S200-3L- 

CT-S-90 

40.66 100 250 225 250 60 3.26 R 6 200 252 G 13.2 1.08 160 1 1 90 98 

126 Lim 2010 SCF- 

12.5-NO 

40 200 300 254.3 300 0 3.28 N    C 165 1.2 3100 50 125 90 126.61 

127  SCF- 

15-NO 

40 200 300 254.3 300 0 3.28 N    C 165 1.2 3100 50 150 90 124.26 



 

465 

 

No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds ss fy fb Efrp tfrp ffrp wfrp sfrp β Vu 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

128  SCF- 

25-NO 

40 200 300 254.3 300 0 3.28 N    C 165 1.2 3100 50 250 90 111.81 

129  SCF-25-A 40 200 300 254.3 300 0 3.28 D 12.7 150 400 C 165 1.2 3100 50 250 90 183.39 

130  SCF-25-B 40 200 300 254.3 300 0 3.28 D 12.7 300 400 C 165 1.2 3100 50 250 90 181.37 

131 Bukhari et al. 

2010 

C3 60 152 305 267 300 0 2.85 N    C 235 0.34 3450 1 1 90 127 

132  C4 60 152 305 267 300 150 2.86 N    C 235 0.34 3450 1 1 90 115.4 

133  C6 60 152 305 267 300 0 2.86 N    C 235 0.34 3450 1 1.41 45 144.3 

134  D6 40 152 305 267 300 0 2.87 N    C 235 0.34 3450 1 1.41 45 138.5 
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(b) U-jacketing scheme 

No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

1 Khallifa & 

Nanni 2000 

BT2 35 150 405 360 405 100 2.97 N    C 228 0.165 3970 1 1 90 155 

2  BT3 35 150 405 360 405 100 2.98 N    C 228 0.165 3970 1 1 90 157.5 

3  BT4 35 150 405 360 405 100 2.97 N    C 228 0.165 3970 50 125 90 162 

4 Khallifa & 

Nanni 2002 

SO3-2 27.5 150 305 250 305 0 3.04 N    C 228 0.165 3970 50 125 90 131 

5  SO4-2 27.5 150 305 250 305 0 3.04 N    C 228 0.165 3970 50 125 90 127.5 

6  SO3-3 27.5 150 305 250 305 0 3.04 N    C 228 0.165 3970 75 125 90 133.5 

7  SO3-4 27.5 150 305 250 305 0 4.08 N    C 228 0.165 3970 1 1 90 144.5 

8  SO4-3 27.5 150 305 250 305 0 4.08 N    C 228 0.165 3970 1 1 90 155 

9 Diagana et al. 

2003 

PU1 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 200 90 142.5 

10  PU2 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 250 90 130 

11  PU3 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 300 45 154.5 

12  PU4 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 350 45 150 

13 Monti & Liotta 

2007 

US60 13.3 250 450 400 450 150 2.20 D 8 400 500 C 390 0.22 3000 150 300 60 111 

14  UF90 13.3 250 450 400 450 150 2.20 D 8 400 500 C 390 0.22 3000 1 1 90 125 

15 Matthys 2000 BS5 36 200 450 390 450 0 2.20 D 6 400 590 C 233 0.111 3500 50 400 90 170 

16 Pellegrino & 

Modena 2006 

A-U1- 

C-17 

41.4 150 300 250 300 0 2.20 D 8 170 534 C 230 0.165 3450 1 1 90 238.1 

17  A-U2- 

C-17 

41.4 150 300 250 300 0 2.20 D 8 170 534 C 230 0.33 3450 1 1 90 243 

18  A-U1- 

C-20 

41.4 150 300 250 300 0 2.20 D 8 200 534 C 230 0.165 3450 1 1 90 225 

19  A-U2- 

C-20 

41.4 150 300 250 300 0 2.20 D 8 200 534 C 230 0.33 3450 1 1 90 229.7 

20  A-U1- 

S-17 

41.4 150 300 250 300 0 2.20 D 8 170 534 C 230 0.165 3450 1 1 90 247.3 

21  A-U1- 

S-20 

41.4 150 300 250 300 0 2.20 D 8 200 534 C 230 0.165 3450 1 1 90 235.1 

22 Sato et al. 

1996 

S3 41.3 200 300 260 300 0 2.20 N    C 230 0.11 3480 30 60 90 101.05 

23  S5 39.7 200 300 260 300 0 2.20 N    C 230 0.11 3480 1 1 90 99.1 

24 Sato et al. 

1997 

No.2 35.7 150 300 232 300 100 2.20 R 6 100 387 C 230 0.111 3480 1 1 90 223 

25 Malek & 

Saadatmanesh 

1998 

IIGu 36.5 127 203 165 203 0 2.20 R 6 205.6 420 C 200 1.68 105 1 1.41 45 100.8 

26 Khallifa et al. 

1999 

CO2 20.5 150 305 264 305 0 2.20 N    C 228 0.165 3500 50 125 90 88 

27  CO3 20.5 150 305 264 305 0 2.20 N    C 228 0.165 3500 50 50 90 113 

28 Hatchinson & 

Rizkalla 1999 

S-Diag-CL 59 70 475 410 345 105 2.20 D 5.5 300 640 C 230 0.11 3400 50 150 45 272 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

29 Rizzo & 

Lorenzis 2009 

UW 90 29.3 200 210 173 210 0 3.00 D 6 160 665.3 C 230 0.165 3430 1 1 90 141.5 

30 Barros & Dias 

2006 

A10_M 49.2 150 300 280 300 0 2.14 N    C 390 0.334 3000 25 190 90 61 

31  A12_M 49.2 150 300 280 300 0 2.14 N    C 390 0.334 3000 25 95 90 89.8 

32 Dias & Barros 

2010 

2S-M 31.7 180 400 360 400 100 2.50 D 6 300 542 C 218 0.176 2863 60 180 90 155.55 

33  2S-M(1) 39.7 180 400 360 400 100 2.50 D 6 300 542 C 218 0.176 2863 60 114 90 162.55 

34  2S-M(2) 39.7 180 400 360 400 100 2.50 D 6 300 542 C 218 0.352 2863 60 114 90 185.05 

35 Feng  et al. 

2004 

SB1-3 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.22 4200 1 1 90 240 

36  SB1-4 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.22 4200 1 1 90 253 

37  SB1-5 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.22 4200 40 120 90 246 

38  SB1-6 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.22 4200 40 120 90 230 

39  SB1-9 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.44 4200 40 120 90 240 

40  SB1-10 32.64 150 360 314 360 0 2.96 R 6 135 395 C 235 0.44 4200 40 120 90 243 

41  SB2-3 32.64 150 360 314 360 0 2.87 R 6 135 395 C 235 0.22 4200 40 120 90 270 

42  SB3-2 32.64 150 360 314 360 0 2.29 R 6 135 395 C 235 0.22 4200 40 120 90 310 

43 Beber & 

Campos Filho 

2005 

V10_A 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 107.49 

44  V10_B 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 104.29 

45  V17_A 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 115.19 

46  V11_A 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 107.49 

47  V11_B 32.8 150 300 261 300 0 2.84 N    C 230 0.111 3400 50 100 90 105.99 

48  V17_B 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 50 100 90 102.79 

49  V19_A 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 50 141 45 118.42 

50  V19_B 32.8 150 300 261 300 0 2.85 N    C 230 0.111 3400 50 141 45 115.13 

51  V15_B 32.8 150 300 261 300 0 2.86 N    C 230 0.111 3400 1 1 90 138.37 

52  V16_B 32.8 150 300 261 300 0 2.86 N    C 230 0.111 3400 1 1 90 112.43 

53 Deniaud & 

Cheng 2001 

T6NS-C45 44.1 140 600 520 600 150 2.98 N    C 230 0.11 3400 50 141 45 213.6 

54  T6S4-C90 44.1 140 600 520 600 150 2.98 R 6 400 520 C 230 0.11 3400 50 100 90 272.8 

55  T6S4-G45 44.1 140 600 520 600 150 2.98 R 6 400 520 G 17.7 1.8 106 1 1 90 297.45 

56 Adhikary et al. 

2004 

C-1 37.2 300 300 245 300 55 4.08 N    C 230 0.167 3400 1 1 90 165 

57  A-1 39.6 300 300 245 300 55 4.08 N    A 120 0.286 2000 1 1 90 155 

58 Panda et al. 

2013 

S0-1L-SZ- 

U-90 

39.58 100 260 225 260 60 3.26 N    G 13.2 0.36 160 1 1 90 66 

59  S200-1L- 

SZ-U-90 

40.38 100 260 225 260 60 3.26 R 6 200 252 G 13.2 0.36 160 1 1 90 94 

60  S300-1L- 

SZ-U-90 

42.08 100 260 225 260 60 3.26 R 6 300 252 G 13.2 0.36 160 1 1 90 90 

61 Koutas & 

Triantafillou 

2013 

U2C 22.7 140 300 254 300 80 1.97 N    C 230 0.23 3790 1 1 90 103 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

62 Godat & 

Chaallal 2013 

LSB- 

140-1L 

37.9 126.5 446 343 446 90 2.00 D 9.5 140 441 C 231 2 3650 1 1 90 268.48 

63  LSB- 

140-2L 

37.9 126.5 446 343 446 90 2.00 D 9.5 140 441 C 231 4 3650 1 1 90 287.78 

64  LSB- 

203-1L 

37.9 126.5 446 343 446 90 2.00 D 9.5 203 441 C 231 2 3650 1 1 90 250.02 

65  LSB- 

203-2L 

37.9 126.5 446 343 446 90 2.00 D 9.5 203 441 C 231 4 3650 1 1 90 276.03 

66  LSB- 

203-3L 

37.9 126.5 446 343 446 90 2.00 D 9.5 203 441 C 231 6 3650 1 1 90 295.33 

67  LSB- 

406-1L 

37.9 126.5 446 343 446 90 2.00 D 9.5 406 441 C 231 2 3650 1 1 90 231.56 

68  LSB- 

406-2L 

37.9 126.5 446 343 446 90 2.00 D 9.5 406 441 C 231 4 3650 1 1 90 268.48 

69  LSB- 

610-1L 

37.9 126.5 446 343 446 90 2.00 D 9.5 610 441 C 231 2 3650 1 1 90 216.46 

70  LSB- 

610-2L 

37.9 126.5 446 343 446 90 2.00 D 9.5 610 441 C 231 4 3650 1 1 90 213.11 

71  LSB- 

610-3L 

37.9 126.5 446 343 446 90 2.00 D 9.5 610 441 C 231 6 3650 1 1 90 216.46 

72 Bae & Belarbi 

2013 

RC-8- 

S90-NA 

20.7 457 934 848.5 934 178 3.22 D 9.5 204 414 C 228 0.165 3792 254 381 90 851 

73  RC-12- 

S90-NA 

28.9 457 934 848.5 934 178 3.22 D 9.5 305 414 C 228 0.165 3792 254 381 90 765 

74  RC-12- 

S45-NA 

41.7 457 934 848.5 934 178 3.22 D 9.5 305 414 C 228 0.165 3792 254 381 45 965 

75 Alzate et al. 

2013 

U90C5- 

a-long 

24.47 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 1 1 90 217.04 

76  U90C5- 

a-short 

24.47 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 1 1 90 194.49 

77  U90C5- 

b-long 

22.64 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 1 1 90 243.37 

78  U90C5- 

b-short 

22.64 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 1 1 90 221.93 

79  U90S5- 

a-long 

36.95 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 90 246.73 

80  U90S5- 

a-short 

36.95 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 90 218.14 

81  U90S5- 

b-long 

28.01 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 90 235.92 

82  U90S5- 

b-short 

28.01 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 90 225.62 

83  U45S5- 

long 

30.67 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 45 206.22 

84  U45S5- 

short 

30.67 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.293 4000 300 500 45 221.4 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

85  U90C3- 

a-long 

30.2 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 1 1 90 208.84 

86  U90C3- 

a-short 

30.2 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 1 1 90 215.43 

87  U90C3- 

b-long 

30.2 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 1 1 90 201.77 

88  U90C3- 

b-short 

30.2 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 1 1 90 203.95 

89  U90S3- 

a-long 

20.5 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 207.43 

90  U90S3- 

a-short 

20.5 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 195.64 

91  U90S3- 

b-long 

22.58 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 203.61 

92  U90S3- 

b-short 

22.58 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 223.86 

93  U90S3- 

c-long 

28.01 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 231.82 

94  U90S3- 

c-short 

28.01 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 90 179.25 

95  U45S3- 

a-long 

20.5 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 45 189.61 

96  U45S3- 

a-short 

20.5 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 45 198.8 

97  U45S3- 

b-long 

30.67 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 45 211.03 

98  U45S3- 

b-short 

30.67 250 420 348.3333 420 105 3.62 D 8 380 500 C 240 0.165 3800 300 500 45 207.64 

99 Morsy et al. 

2012 

EB 20 160 300 232 300 0 3.02 R 6 150 240 C 238 0.131 4300 60 150 90 130 

100 Mofidi et al. 

2012 

S3-EB-NA 29.6 152 406 350 406 102 3.00 D 8 350 650 C 231 0.12 3650 1 1 90 243.2 

101 Higgins et al. 

2012 

RIT12 31.8 356 1219 1024 1067 0 2.93 D 12.7 305 350 C 227 0.165 3800 254 610 90 1201 

102  RIT18 27.4 356 1219 1024 1067 0 2.93 D 12.7 457 350 C 227 0.165 3800 254 305 90 947 

103  RT18 29.8 356 1219 996 1219 152 3.37 D 12.7 457 350 C 227 0.165 3800 254 508 90 1010 

104 Mofidi & 

Chaallal 2011 

S0-0.12R 29 152 406 350 406 122 3.00 N    C 230 0.11 3450 40 115 90 120.9 

105  S0-0.17R1 29 152 406 350 406 122 3.00 N    C 230 0.11 3450 87.5 175 90 134.5 

106  S0-0.17R2 29 152 406 350 406 122 3.01 N    C 230 0.11 3450 1 2 90 102.4 

107  S0-0.20R1 29 152 406 350 406 122 3.01 N    C 230 0.11 3450 53 87.5 90 135.7 

108  S0-0.20R2 29 152 406 350 406 122 3.01 N    C 230 0.11 3450 30 50 90 131.1 

109  S0-0.23R 29 152 406 350 406 122 3.01 N    C 230 0.11 3450 87.5 125 90 150.6 

110  S0-0.33R 29 152 406 350 406 122 3.02 N    C 230 0.11 3450 1 1 90 120 

111  S0-0.66R 29 152 406 350 406 122 3.02 N    C 230 0.11 3450 1 1 90 121.7 

112  S1-0.17R1 29 152 406 350 406 122 3.02 D 8 175 540 C 230 0.11 3450 87.5 175 90 242.3 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

113  S1-0.17R2 29 152 406 350 406 122 3.03 D 8 175 540 C 230 0.11 3450 87.5 175 90 246.7 

114  S1-0.23R 29 152 406 350 406 122 3.03 D 8 175 540 C 230 0.11 3450 87.5 125 90 253.9 

115  S1-0.33R 29 152 406 350 406 122 3.03 D 8 175 540 C 230 0.11 3450 1 1 90 250.6 

116 El-Ghandour 

2011 

B2S 39.5 120 300 236 300 40 3.81 R 6 200 290 C 240 0.176 3800 50 187.5 90 112.5 

117 Park et al. 

2001 

2 17.4 100 250 185 250 0 2.67 N    C 240 0.16 3400 1 1 90 64.5 

118  3 17.4 100 250 185 250 0 2.67 N    G 155 1.2 2400 25 75 90 44.5 

119 Abdel et al. 

2003 

B15 51.4 150 200 165 200 0 2.42 N    C 230 0.27 3500 1 1 90 86.9 

120  B16 50.1 150 200 165 200 0 2.42 N    C 230 0.54 3500 1 1 90 80 

121 Barros et al. 

2007 

B10-M 56.2 150 150 135 150 0 2.22 N    C 390 0.334 3000 25 80 90 55.57 

122  B12-M 56.2 150 150 135 150 0 2.22 N    C 390 0.334 3000 25 40 90 71.5 

123 Bae et.al. 2012 S-Str 25.2 203 368 305 368 0 3.00 N    C 228 0.165 3450 76 229 90 113 

124  M-Str 32 305 546 457 546 0 3.00 N    C 228 0.165 3450 152 305 90 230.4 

125  L-Str 32 406 699 610 699 0 3.00 N    C 228 0.165 3450 252 381 90 354.1 

126 Mofidi & 

Chaallal 2014a 

NR-ST-LF 27 152 406 350 406 102 3.00 N    C 230 0.11 3450 87.5 175 90 134.5 

127  NR-ST-HF 27 152 406 350 406 102 3.00 N    C 230 0.11 3450 87.5 125 90 150.6 

128  NR-SH 27 152 406 350 406 102 3.00 N    C 230 0.11 3450 1 1 90 120 

129 Mofidi & 

Chaallal 2014b 

NT-ST-35 31 152 406 350 406 102 3.00 N    C 230 0.11 3450 40 115 90 120.9 

130  NT-ST-50 31 152 406 350 406 102 3.00 N    C 230 0.11 3450 87.5 175 90 134.5 

131  NT-ST-60 31 152 406 350 406 102 3.00 N    C 230 0.11 3450 30 50 90 131.3 

132  NT-ST-61 31 152 406 350 406 102 3.00 N    C 230 0.11 3450 53 87.5 90 135.7 

133  NT-ST-70 31 152 406 350 406 102 3.00 N    C 230 0.11 3450 87.5 125 90 150.6 

134  NT-SH- 

100 

31 152 406 350 406 102 3.00 N    C 230 0.11 3450 1 1 90 120 

135  NT-SH- 

200 

31 152 406 350 406 102 3.00 N    C 230 0.22 3450 1 1 90 121.7 

136 Taerwe et al. 

1997 

BS2 28.2 200 450 420 450 0 2.98 R 6 200 559 C 280 0.11 3494 50 400 90 247.5 

137  BS5 28.2 200 450 420 450 0 2.98 R 6 400 559 C 280 0.11 3494 50 400 90 170 

138  BS6 28.2 200 450 420 450 0 2.98 R 6 400 599 C 280 0.11 3494 50 400 90 166.6 

139 Norris et al. 

1997 

IE 36.5 127 203 167 203 0 2.74 D 6 205 420 C 34.1 1 390 1 1 90 68 

140  IIE 36.5 127 203 167 203 0 2.74 D 6 205 420 C 33.4 1 395 1 1 90 70 

141 Wu et al. 2000 SL9 31.4 150 300 264 300 0 2.20 R 6 200 420 C 235 0.11 3550 62 157 90 190 

142  SL10 31.4 150 300 264 300 0 2.20 R 6 200 420 C 235 0.11 3550 62 157 90 190 

143  SL11 31.4 150 300 264 300 0 2.20 R 6 200 420 C 235 0.11 3550 1 1 90 230 

144 Chaallal et.al. 

2002 

G5.5-1L 37.9 92 445 343 445 88.9 2.00 D 9.5 139.7 441 C 231 2 3650 1 1 90 320.23 

145  G5.5-2L 37.9 92 445 343 445 88.9 2.00 D 9.5 139.7 441 C 231 4 3650 1 1 90 342.51 

146  G8-1L 37.9 92 445 343 445 88.9 2.00 D 9.5 203.2 441 C 231 2 3650 1 1 90 298 

147  G8-2L 37.9 92 445 343 445 88.9 2.00 D 9.5 203.2 441 C 231 4 3650 1 1 90 329.2 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

148  G8-3L 37.9 92 445 343 445 88.9 2.00 D 9.5 203.2 441 C 231 6 3650 1 1 90 351.41 

149  G16-1L 37.9 92 445 343 445 88.9 2.00 D 9.5 406.4 441 C 231 2 3650 1 1 90 275.8 

150  G16-2L 37.9 92 445 343 445 88.9 2.00 D 9.5 406.4 441 C 231 4 3650 1 1 90 320.3 

151  G24-1L 37.9 92 445 343 445 88.9 2.00 D 9.5 609.6 441 C 231 6 3650 1 1 90 258 

152  G24-2L 37.9 92 445 343 445 88.9 2.00 D 9.5 609.6 441 C 231 2 3650 1 1 90 253.6 

153  G24-3L 37.9 92 445 343 445 88.9 2.00 D 9.5 609.6 441 C 231 4 3650 1 1 90 258 

154 Tan & Ye 2003 S-CU-2-1 25.3 150 260 215 260 0 2.16 R 6 200 441 C 235 0.11 3500 50 100 90 146.9 

155  S-GU-1-1 31.4 150 260 215 260 0 1.50 R 6 200 441 G 102 0.17 2802 50 100 90 173.4 

156  S-GU-2-1a 31.4 150 260 215 260 0 2.16 R 6 200 441 G 102 0.17 2802 50 100 90 150.4 

157  S-GU-2-2 30.4 150 260 215 260 0 2.16 R 6 200 441 G 102 0.17 2802 80 105 90 141.2 

158  S-GU-2-3 30.4 150 260 215 260 0 2.16 R 6 200 441 G 102 0.17 2802 1 1 90 171.6 

159  S-GU-2-1b 25.4 150 260 215 260 0 2.16 R 8 160 441 G 102 0.17 2802 50 100 90 253.3 

160  S-GU-3-1 32.1 150 260 215 260 0 2.80 R 6 200 441 G 102 0.17 2802 50 100 90 109.9 

161 Ozden et al. 

2014 

FBwoA- 

C 

12.4 120 360 320 360 75 3.80 R 6 340 249 C 238 0.13 4300 20 120 90 62 

162  FBwoA 

-Hi-C 

12.4 120 360 320 360 75 3.80 R 6 340 249 C 640 0.14 2600 20 120 90 55 

163  FBwoA- 

G 

12.4 120 360 320 360 75 3.80 R 6 340 249 G 73 0.16 3400 20 120 90 61.3 
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(c) Complete wrapping scheme 

No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

1 Diagana et al. 

2003 

PC1 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 200 90 177.5 

2  PC2 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 250 90 155 

3  PC3 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 300 45 145.5 

4  PC4 40 130 450 425 450 0 2.12 R 6 300 240 C 105 0.43 1400 40 350 45 132 

5 Adhikary et al. 

2004 

C-2 41 300 300 245 300 0 4.08 N    C 230 0.167 3400 1 1 90 228.5 

6  C-3 41.1 300 300 245 300 0 4.08 N    C 230 0.167 3400 1 1 90 237.5 

7  C-4 42.4 300 300 245 300 0 4.08 N    C 230 0.167 3400 1 1 90 250 

8  A-2 41.8 300 300 245 300 0 4.08 N    A 120 0.286 2000 1 1 90 200 

9  A-3 43.9 300 300 245 300 0 4.08 N    A 120 0.286 2000 1 1 90 245 

10  A-4 43.5 300 300 245 300 0 4.08 N    A 120 0.286 2000 1 1 90 244 

11 Corolin & 

Taljsten 2005 

245W 46 180 500 416 500 0 3.00 N    C 234 0.182 4500 1 1.41 45 338 

12  290W 52 180 500 416 500 0 3.00 N    C 234 0.182 4500 1 1 90 367 

13  290WR 46 180 500 416 500 0 3.00 N    C 234 0.182 4500 1 1 90 388 

14 Monti & Liotta 

2007 

W45+ 13.3 250 450 400 450 0 3.50 D 8 400 500 C 390 0.22 3000 50 212 45 158.5 

15 Leung et al. 

2007 

SB-F1 30.9 76 180 155 180 0 2.90 R 4 120 500 C 235 0.11 4200 20 60 90 66.1 

16  SB-F2 30.9 76 180 155 180 0 2.90 R 4 120 500 C 235 0.11 4200 20 60 90 66.65 

17  MB-F1 30.9 150 360 305 360 0 2.95 R 6 135 500 C 235 0.22 4200 40 120 90 236.35 

18  MB-F2 30.9 150 360 305 360 0 2.95 R 6 135 500 C 235 0.22 4200 40 120 90 250.3 

19  LB-F1 30.9 300 720 660 720 0 2.73 R 8 240 500 C 235 0.44 4200 80 240 90 871.55 

20  LB-F2 30.9 300 720 660 720 0 2.73 R 8 240 500 C 235 0.44 4200 80 240 90 881.15 

21 Ianniruberto 

et al. 2004 

ST1b 41.03 150 350 300 350 0 3.00 R 6 160 494.5 G 75.9 0.12 3600 1 1 90 242 

22  ST2b 41.03 150 350 300 350 0 3.00 R 6 160 494.5 G 75.9 0.24 3600 1 1 90 270 

23  ST3a 41.03 150 350 300 350 0 3.00 R 6 160 494.5 G 75.9 0.36 3600 1 1 90 318 

24  ST3b 41.03 150 350 300 350 0 3.00 R 6 160 494.5 G 75.9 0.36 3600 1 1 90 279 

25 Alzate et al. 

2009 

V4L 24 250 420 362 420 0 3.76 R 8 380 430 C 240 0.293 4000 300 500 90 271 

26  V4C 24 250 420 362 420 0 3.18 R 8 380 430 C 240 0.293 4000 300 500 90 271 

27  V6L 22.6 250 420 362 420 0 3.76 R 8 380 430 C 227 0.165 3800 300 500 90 279 

28  V6C 22.6 250 420 362 420 0 3.18 R 8 380 430 C 227 0.165 3800 300 500 90 318 

29 Melo et al. 

2006 

6 45.7 150 400 355 400 0 3.01 R 4.2 170 771 C 228 0.165 3790 150 230 90 325 

30  7 45.8 150 400 355 400 0 3.01 R 4.2 170 772 C 228 0.33 3790 150 230 90 389 

31  8 46.6 150 400 355 400 0 3.01 R 4.2 170 773 C 228 0.33 3790 150 230 45 306 

32 Miyauchi et al. 

1997 

AN-1/5Z-3 35.1 125 200 165 200 0 3.00 N    C 230 0.11 3480 20 100 90 64.05 

33  AN-1/2Z-3 32.4 125 200 165 200 0 3.00 N    C 230 0.11 3480 50 100 90 93.35 

34  AS150- 

1/5Z-2.7S 

35 125 200 165 200 0 2.70 D 6 150 418 C 230 0.11 3480 20 100 90 91.1 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

35  AN-1/5Z- 

2.4 

32.4 125 200 165 200 0 2.40 N    C 230 0.11 3480 20 100 90 62.75 

36  AN-1/5Z- 

1.8 

32.4 125 200 165 200 0 1.80 N    C 230 0.11 3480 20 100 90 73.65 

37  CN-1/2Z-2 39.1 125 200 165 200 0 2.00 N    C 230 0.11 3480 50 100 90 93.1 

38 Umezu et al. 

1997 

AS1 43 150 300 272 300 0 2.94 N    A 73 0.044 2700 200 200 90 91 

39  AS2 43 150 300 272 300 0 2.94 N    A 73 0.044 2700 100 200 90 90 

40  AS3 44.8 150 300 272 300 0 2.94 N    A 73 0.088 2700 200 200 90 114 

41  CS1 40.5 300 300 257 300 0 2.96 N    C 244 0.111 4200 200 200 90 214 

42  CS2 40.5 300 300 257 300 0 3.15 N    C 244 0.111 4200 100 200 90 159 

43  CS3 44.8 150 300 257 300 0 3.15 N    C 244 0.111 4200 100 200 90 116 

44  AB1 41.9 150 300 253 300 0 3.20 N    A 73 0.044 2700 200 200 90 110 

45  AB2 45.6 300 300 253 300 0 3.20 N    A 73 0.044 2700 200 200 90 173 

46  AB3 41.9 300 300 253 300 0 3.20 N    A 73 0.088 2700 200 200 90 209 

47  AB4 41.9 300 300 253 300 0 3.20 N    A 73 0.088 2700 200 200 90 224 

48  AB5 42.7 300 300 253 300 0 3.20 N    A 73 0.144 2700 200 200 90 254 

49  AB8 43.5 600 300 253 300 0 3.20 N    A 73 0.144 2700 200 200 90 424 

50  AB9 39.9 450 450 399 450 0 3.01 N    A 73 0.144 2700 200 200 90 379 

51  AB10 39.9 550 550 499 550 0 3.01 N    A 73 0.144 2700 200 200 90 569 

52  AB11 40.6 550 550 499 550 0 3.01 N    A 73 0.288 2700 200 200 90 662 

53 Taerwe et al. 

1997 

BS7 34.7 200 450 395 450 0 3.16 R 6 400 486.1 C 240 0.11 3400 50 200 90 236 

54 Alzate et al. 

2013 

W90S3-a- 

long 

22.64 250 420 348.3333 420 0 3.62 D 8 380 500 C 240 0.165 3800 300 200 90 284.34 

55  W90S3-a- 

short 

22.64 250 420 348.3333 420 0 3.62 D 8 380 500 C 240 0.165 3800 300 200 90 276.62 

56  W90S3-b- 

long 

22.58 250 420 348.3333 420 0 3.62 D 8 380 500 C 240 0.165 3800 300 200 90 311.42 

57  W90S3-b- 

short 

22.58 250 420 348.3333 420 0 3.62 D 8 380 500 C 240 0.165 3800 300 200 90 321.35 

58 Lee et al. 2012 C1 35 350 450 395 450 0 3.04 D 9.53 200 300 C 250 0.11 4510 1 1 90 603.15 

59  G1 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 0.5 350 1 1 90 469 

60  G2 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 1 350 1 1 90 551.5 

61  G3 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 1.5 350 1 1 90 581.25 

62  G4 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 2 350 1 1 90 689.5 

63  GS1 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 0.5 350 100 300 90 319.5 

64  GS1a 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 0.5 350 100 200 90 319.5 

65  GS3 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 1.5 350 100 200 90 356 

66  GS5 35 350 450 395 450 0 3.04 D 9.53 200 300 G 17 2.5 350 100 200 90 427.5 

67 Uji 1992 3 24.6 100 200 170 200 0 2.50 N    C 230 0.1 2645 1 1 90 59.5 

68 Kamiharako 

et al. 1997 

2 32.9 250 500 400 500 0 2.50 N    C 244 0.11 3990 40 100 90 285.2 

69  7 34.9 400 700 600 700 0 1.67 N    C 244 0.11 3990 40 100 90 568.8 

70  3 32.9 250 500 400 500 0 2.50 N    A 90 0.17 2920 40 100 90 236 

71  8 34.9 400 700 600 700 0 1.67 N    A 90 0.17 2920 40 100 90 529.6 
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No. Reference Specimen f'
c bw h d dfrp dfrp,t s/d B ds Ss fy fb Efrp tfrp ffrp wfrp sfrp β Vtotal 

   /MPa /mm /mm /mm /mm /mm   /mm /mm /MPa  /GPa /mm /MPa /mm /mm /° /kN 

72 Beber et al. 

2005 

V12_A 32.8 150 300 253 300 0 2.92 N    C 230 0.111 3400 50 100 90 116.4 

73  V18_A 32.8 150 300 253 300 0 2.92 N    C 230 0.111 3400 50 100 90 127.3 

74  V20_A 32.8 150 300 253 300 0 2.92 N    C 230 0.111 3400 50 100 90 140.1 

75 Teng et al. 

2009 

BDF-00 43.04 150 300 260 300 0 2.50 N    C 266 0.11 3970 20 50 90 132.1 

76 Bukhari et al. 

2010 

C5 36 152 305 267 305 0 3.14 N    C 235 0.34 3450 1 1 90 135.6 

77 Godat et al. 

2010 

W7 42.7 300 600 498 600 0 1.51 N    C 237 0.33 3550 90 150 90 1110.5 

78 Matthys 2000 BS7 34.7 200 450 370 450 0 3.20 R 6 400 560 C 230 0.111 3500 50 400 90 235.5 

79 Cao et.al. 2005 A2 24.4 150 250 223 250 0 2.70 R 6 200 303 C 249 0.167 3635 30 100 90 185 

80  A3 24.4 150 250 223 250 0 2.70 R 6 200 303 C 249 0.167 3635 30 150 90 187 

81  A5 24.4 150 250 223 250 0 1.80 R 6 200 303 C 249 0.167 3635 30 100 90 227 

82 Teng et al. 

2009 

BDF-R6 40.48 150 300 260 300 0 2.50 R 6 125 271 C 266 0.11 3970 20 50 90 180.9 

83  BDF-R8 36.32 150 300 260 300 0 2.50 R 8 125 342.2 C 266 0.11 3970 20 50 90 213.6 

84 Grande et al. 

2009 

RS2Wa 21 250 450 420 450 0 3 R 8 200 476 C 392 0.191 2600 1 1 90 300 
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