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Abstract 

Extreme hazards such as earthquakes, floods, and hurricanes can significantly affect the 

performance and serviceability of structures and infrastructure systems during their 

lifetime. Recent prominent examples include the 2017 earthquake in the vicinity of Iran-

Iraq border and the 2017 earthquake in Mexico that led to hundreds of fatalities. Hurricane 

Matthew (2016), Harvey (2017), Irma (2017), and Jose (2017) caused significant damage 

to critical infrastructure systems in a number of south-eastern states in the U.S. Such 

hazards can occur multiple times during the lifetime of infrastructure systems. Each event 

is accompanied by a set of adverse consequences including, among others, human 

casualties, physical damage, and downtime due to the repair of damage and restoration of 

the functionality of the system. In addition, as infrastructure assets are exposed to 

environmental stressors and service loads, they undergo gradual aging and deterioration 

over their lifetime. The subsequent degradations in the capacity of the systems increase 

their vulnerability against hazards over time. These compounding effects, among others, 

pose a tremendous challenge for evaluating the performance of structures and infrastructure 

systems, and managing their performance. In the light of such challenges and budget 

limitations, it is important to evaluate the lifecycle cost of infrastructure systems in order 

to minimize the potential losses over their service lifetime. 
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For structures or infrastructure systems that are exposed to multiple hazards during 

their lifetimes, damage accumulation is a critical issue. As supported by historical records, 

the accumulation of damage from prior events can considerably increase the vulnerability 

of structures and infrastructure systems to future hazards. However, this phenomenon is 

either disregarded or addressed inadequately in existing risk management frameworks. In 

addition, these frameworks do not incorporate effects of gradual deterioration on the 

reduced capacity of infrastructure systems against hazards, or they make significant 

simplifications in doing so. This limitation may lead to unrealistic assessments of the 

lifecycle performance of these critical assets, and subsequently, ineffective retrofit or repair 

decisions.  

This doctoral research proposes probabilistic lifecycle cost and resilience analysis 

methods that properly incorporate the foregoing effects in order to arrive at optimal design 

or retrofit decisions among a list of pre-specified alternatives for individual structures and 

infrastructure systems. In the developed methods, design or retrofit alternatives are 

considered to be applied at the current time for a specified lifetime, where the state of the 

system is known perfectly at the current time. In addition, hazards of the same or different 

types are considered to be independently occurring. The new contributions of the proposed 

frameworks in this research include:   

‐ Probabilistic consideration of the impact of damages induced by prior hazards on the 

increased vulnerability of systems against future potential hazards for lifecycle cost and 

resilience assessments when hazards are of the same type.  
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‐ Incorporation of the dependencies between different types of damages that are induced 

by multiple types of hazards in the lifecycle cost analysis.  

‐ Integration of the impact of gradual deterioration on the reduced capacity of the system 

over time in lifecycle cost analysis with multiple types and occurrences of hazards. 
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1 

Chapter 1: Introduction 

1.1.  Motivation 

Extreme hazards such as earthquakes, floods, and hurricanes can significantly affect the 

performance and serviceability of structures and infrastructure systems during their 

lifetime. Despite their low probability of occurrence, the consequences of these extreme 

events can be catastrophic. Recent prominent examples include the 2017 earthquake in 

Iran-Iraq border and the 2017 earthquake in Mexico that led to hundreds of fatalities. 

Hurricane Matthew in 2016, and hurricanes Harvey, Irma, and Jose in 2017 caused 

significant damage to critical infrastructure systems in a number of south-eastern states in 

the United States. Only the insured losses amounted to between $1~5 billion (1–3), and the 

total losses are expected to be considerably higher. Such hazards can occur multiple times 

during the lifetime of structures and infrastructure systems, especially in hazard prone 

areas. Each event has the potential to incur a set of losses including, among others, human 

casualties, physical damage, and downtime due to the repair of damage and restoration of 

the functionality of the system. The incurred losses may considerably increase if hazards 

occur within a short period of time from previous events, leaving insufficient time for the 

repair of the induced damages from prior hazards. This can have catastrophic 

consequences, as it increases the vulnerability of structures and infrastructure systems 
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against hazards. A number of historical examples that support this view are elaborated 

below: 

- A chain of three consecutive major earthquakes occurred in Central Italy from 

August 2016 to October 2016 (4). The first event on August 24 had a magnitude of 

6.1, the second on October 26 occurred with a magnitude of 5.9, and the third one 

on October 30 had a magnitude of 6.5. Following reconnaissance investigations on 

the extent of structural damage after each of these earthquakes, it was observed that 

many structures in the affected villages and hamlets sustained significant 

accumulation of damage after the earthquakes in October (4). Considering that the 

three earthquakes were almost similar in magnitude with short inter-arrival times, 

it is inferred that untreated hazard-induced damages reduced the capacity of 

structural systems resulting in their higher vulnerability against the next events. 

- Following the damaging Northridge earthquake on January 1994 in San Fernando 

Valley, affected structures sustained additional damage during the subsequent 

aftershocks (5). Considering that the aftershocks were all smaller in magnitude 

compared to the main-shock (6), the additional damage sustained by structures 

during aftershocks is in part attributed to the reduced capacity of structures because 

of the main-shock.     

- In September 2010, an earthquake with the magnitude of 7.1 caused widespread 

damage to structures and infrastructure systems in Christchurch, New Zealand (7). 

Six months later, an aftershock with the magnitude of 6.3 shook the same region 

and induced further damage in already damaged structures and infrastructure 
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systems. 185 casualties were reported due to the aftershock (8), among which 115 

were due to the collapse of the Canterbury television building. The collapse has 

been attributed to the non-ductile design of the building and the accumulated 

damage from the previous earthquake on September 10th and its aftershocks (9,10).   

- In 2011, in the east coast of Honshu, Japan, a devastating tsunami took place due 

to a strong earthquake that happened just before the tsunami (11). The sequence of 

earthquake and tsunami caused massive destructions to the region’s infrastructure 

(12). 

- In 2017, hurricane Harvey struck regions close to Cameron, Louisiana two times in 

less than a week, and caused notable damage to the transportation infrastructure 

(13,14). 

Risk analysis for such circumstances is further exacerbated by uncertainties in 

structural response and randomness in the intensity of hazards and their times of 

occurrence.   

Another source of complexity is the aging and deterioration of infrastructure 

systems over their lifetime due to exposure to environmental stressors and service loads. 

The subsequent degradations in the capacity of the systems increase their vulnerability 

against hazards over time. These compounding effects, among others, pose a tremendous 

challenge for evaluating the performance of structures and infrastructure systems, and 

managing their safety and serviceability. In light of budget limitations, it is important to 

accurately evaluate the lifecycle cost and resiliency of structures and infrastructure systems 

in order to minimize the potential losses over their service lifetime. Considering individual 
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structures and infrastructure systems, this doctoral research proposes probabilistic lifecycle 

cost and resilience analysis methods that properly incorporate the foregoing effects in order 

to arrive at optimal decisions for these assets.   

1.2.  Background 

A proper decision-making framework should take into account all possible hazard incidents 

and the corresponding consequences. In performance-based design engineering, for 

different levels of the frequency of hazard events, different performance objectives in terms 

of acceptable damage-states are recommended. For instance, FEMA 445 (15) specifies that 

only little or no damage is acceptable for frequently happening events, whereas 

considerable damage is allowed to occur in case of extremely large and rare hazard events. 

The logic behind the acceptability of such performance levels is the risk associated with 

each damage-state. This risk is normally expressed as the product of the damage-state 

likelihood by its implications. The implications are often articulated in terms of monetary 

loss. The foregoing product is also referred to as the risk cost. 

Lifecycle cost (LCC) of infrastructure systems is a capable and comprehensive 

performance measure that incorporates the associated risk costs of the entire set of 

considered damage-states during the lifetime of the system. In the literature of risk analysis 

for infrastructure systems, LCC is considered as one of the most appropriate performance 

measures for infrastructure decision-making (16–19). In addition to hazard-induced risk 

costs, LCC can include the initial construction or retrofit costs, as well as the costs of 

routine maintenance and inspections that are periodically performed. A number of studies 
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have developed and applied LCC frameworks to investigate effects of a single type of 

hazard on an infrastructure and identify optimal strategies for managing risks to the system. 

Examples of such studies include (20–26). In these studies that consider multiple hazard 

incidents, it is assumed that repairs following hazard occurrences are instantaneous or there 

are no repair actions after each incident of hazards. In reality, however, the time required 

for repairing damage to infrastructure systems depends on the extent of damage, type of 

repair action, availability of materials and crew, and socio-economic factors, among others. 

When repair times are long, the possibility of next hazards happening before the damage 

arising from previous hazards are repaired increases. This results in accumulation of 

damage and represents a vulnerable condition for infrastructure systems. 

When looking at infrastructure systems located in regions that are exposed to more 

than one type of hazard, many studies, such as (27,28), disregarded the dependency 

between damage conditions induced by various hazard types. Jalayer et al. (29) attempted 

to address such dependencies for multiple hazard types in a framework that requires 

simulating all possible scenarios for the order of hazard events of various types and 

intensities. In addition, each of these scenarios requires time-consuming structural 

pushover and dynamic analyses. These requirements make the framework computationally 

prohibitive for a comprehensive LCC analysis. Moreover, there are a number of 

assumptions in that framework that may not accurately represent the performance of actual 

systems (30). These assumptions will be elaborated in Chapter 2. 

Very few studies have investigated LCC analysis for structures and infrastructure 

systems subjected to both random hazard occurrences and gradual deterioration due to 
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environmental stressors. Some of these studies include (31–34). In these studies, either the 

potential of damage accumulation induced by successive hazards are overlooked or major 

simplifications are made in the suggested frameworks that can impose considerable error 

to LCC calculations. These simplifications are elaborated in Chapter 4. In addition, none 

of the proposed methods incorporate more than one type of hazard, which is essential for 

proper management of many infrastructure systems.  

Besides LCC analysis, resilience has also gained considerable attention as a 

prominent measure for the functionality performance of structures and infrastructure 

systems against hazards. Proper estimation of this metric for structures and infrastructure 

systems can assist in disaster management. For problems where hazard occurrences are 

considered over the lifetime of the infrastructure systems, a number of research studies 

have proposed expected lifecycle resilience indexes (35–38). However, these measures 

neglect the following two primary factors: 

- The relative time between hazard occurrences, which can be less than the 

considered control time in the resilience index formulation. 

- The possibility of a weakened system due to the incomplete repair of damages 

induced by previous hazards, or leaving those damages untreated. 

In summary, the potential of damage-accumulation is either disregarded or 

addressed inadequately in existing risk management frameworks. In addition, these 

frameworks do not incorporate the effects of gradual deterioration due to environmental 

stressors on the reduced capacity of infrastructure systems against hazards, or they make 

major simplifications. These limitations may lead to unrealistic assessments of the lifecycle 
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performance of these critical assets, and subsequently, ineffective retrofit or repair 

decisions. 

1.3.  Objectives and Scope of the Research 

The objective of this doctoral research is to develop comprehensive probabilistic 

methods that can minimize the lifecycle cost of individual structures and infrastructure 

systems considering potential exposures to multiple extreme events in the lifetime of these 

systems and the compounding effects of aging and deterioration. This goal has been 

achieved here through development of probabilistic lifecycle cost and resilience analysis 

methods that properly incorporate the foregoing effects in order to arrive at optimal design 

or retrofit decisions among a list of pre-specified alternatives for structures and 

infrastructure systems. The new contributions of the proposed frameworks in this research 

include:   

‐ Probabilistic consideration of the impact of damages induced by prior hazards on the 

increased vulnerability of systems against future potential hazards for lifecycle cost and 

resilience assessments when hazards are of the same type.  

‐ Incorporation of the dependencies between different types of damages that are induced 

by multiple types of hazards in the lifecycle cost analysis.  

‐ Integration of the impact of gradual deterioration on the reduced capacity of the system 

over time in lifecycle cost analysis with multiple types and occurrences of hazards. 

In the developed methods, the following assumptions and considerations exist: 

‐ Design or retrofit alternatives are exogenously predetermined. 
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‐ Design or retrofit alternatives are considered to be applied at the current time for a 

specified lifetime. 

‐ The damage-state of the system at the current time is known perfectly (with probability 

one).  

‐ Hazards of the same or different types are considered to be independently occurring. 

Whereas the developed frameworks in this dissertation have attempted to more 

realistically and accurately estimate the expected LCC of individual structures and 

infrastructure systems compared to the existing methods in the field of multi-hazard LCC 

analysis, the foregoing limitations may limit the reliability and accuracy of the calculated 

LCCs and the scope of the identified findings. Further research studies can be conducted 

in the future to relax these assumptions to arrive at more reliable and accurate estimates for 

LCC analyses and widen the scope of the applicability of the corresponding findings.       

1.4.  Dissertation Agenda 

Chapter 1 presents an introduction to multi-hazard risk management of infrastructure 

systems and describes the motivations for carrying out this research study. In Chapter 2, a 

lifecycle cost analysis framework for decision-making across predetermined design or 

retrofit alternatives is developed that probabilistically incorporates the possibility of 

multiple occurrences of one type of hazard during the lifetime of the structure or 

infrastructure system. Unlike other methods, this method accounts for the dependencies of 

damages from consecutive hazards, which can increase the vulnerability of the system due 

to the potential of damage accumulations. These damage-dependencies are incorporated 
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through a recursive function to significantly reduce the computational demand of the 

framework. Chapter 2 also presents a comprehensive framework for the assessment of the 

lifecycle resilience of structures and infrastructure systems considering damage-

dependencies from consecutive hazards of one type. As mentioned earlier, resilience index 

is a prominent measure of the functionality performance of structures and infrastructure 

systems against hazards, and thus proper estimation of this index is important for disaster 

management. Chapter 3 extends the probabilistic framework proposed for one hazard type 

in Chapter 2 to multiple types of hazards that may occur at any time and order during the 

lifetime of the system. In Chapter 4, effects of gradual deterioration due to environmental 

stressors are probabilistically integrated with the potential of multiple types of hazards. 

This new framework facilitates reliable lifecycle cost assessment for aging infrastructure 

systems against extreme hazards. Finally, the overall conclusions of this study and the 

future research directions are discussed in Chapter 5. 
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Chapter 2: Risk-Based Lifecycle Cost and Resilience Analysis 
Considering Multiple Occurrences of one Hazard Type 

2.1.  Summary 

The performance and serviceability of structural systems during their lifetime can be 

significantly affected by the occurrence of extreme events. Despite their low probability, 

there is a potential for multiple occurrences of such hazards during the relatively long 

service life of systems. This chapter proposes a comprehensive framework for the 

assessment of LCC of structures and infrastructure systems subject to multiple hazard 

events throughout their lifetime. The framework entails the LCCs of maintenance and 

repair, as well as the salvage value of the structure at the end of the lifetime. The primary 

feature of the proposed framework is the incorporation of effects of incomplete repair 

actions on the accumulated damage through damage-state dependent repair times, 

considering the possibility of multiple occurrences of a single type hazard. In addition, the 

developed method requires limited resources in terms of input data and computational 

costs.  A dynamic programming procedure is proposed to calculate the expected damage-

condition of the structure for each possibility of the number of hazard incidents based on 

state-dependent fragility curves. Based on the proposed LCC analysis method optimal 

decision-making can be made across predetermined design or retrofit alternatives.    
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The foregoing features are also integrated in the resilience index formulation, 

which is a common measure in the field of disaster recovery assessment following hazard 

occurrences.  Resilience index is a capable measure that properly reflects the serviceability 

performance of infrastructure systems against hazards. This chapter proposes a new 

formulation of the resilience index that accurately accounts for the possibility of multiple 

hazard occurrences in the lifetime of a structure or an infrastructure system. Unlike 

existing resilience indexes, the proposed index, called Risk-based Lifecycle Resilience 

Index (RLRI), probabilistically accounts for 1) the inter-arrival time between stochastic 

hazard occurrences, and 2) damage accumulations due to plausible incomplete repairs, or 

untreated structural damages. These factors are incorporated using the theorem of total 

probability, conditional probability chain rule at multiple levels, Bayes rule, the foregoing 

dynamic programming procedure for damage-state transition probabilities, and time-

variant reward functions for system recovery at different damage-states.  

The proposed LCC framework is first applied to a moment-frame building located 

in a region with high seismicity and LCCs are evaluated for six retrofit plans. The results 

displayed variation in the ranking of the retrofit actions with respect to lifetime. 

Furthermore, sensitivity analyses demonstrated that disregarding repair time in the LCC 

analysis can result in false identification of unsafe retrofit actions as optimal and reliable 

strategies. In a second case study, the developed framework in this chapter is applied to a 

realistic bridge system located in a seismic region. Six alternatives for the repair of 

earthquake-induced damages corresponding to the extent and speed of performing such 

repairs are evaluated. Results show that not performing repair actions for slight damages 
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results in less incurred expected lifecycle hazard costs compared to the case where all 

extents of damage are repaired following an earthquake. This is attributed to the high 

traffic demand, and consequently considerable traffic disruption on the bridge due to 

repairs, while the improvement on the capacity of the bridge caused by repairs on slight 

damages is insignificant. Furthermore, investing on fast repair technologies decreases the 

expected lifecycle hazard costs, despite the higher costs of implementing these methods. 

Implementation of the proposed lifecycle resilience index for the realistic case 

study bridge shows that for a region with a moderate chance of high-intensity earthquakes, 

avoiding repairs for slight damages and subsequent reduced traffic disruptions result in 

higher lifecycle functionality for the bridge. However, when the bridge is located in a 

region with a more chance of high-intensity earthquakes, for service lifetimes more than 

35 years, the agency is recommended to conduct repairs for all extents of damages. A 

comparison between these optimal alternatives that are recognized following the lifecycle 

resilience index framework with those determined according to the proposed total LCC 

framework shows that repair plans that lead to maximum functionality do not necessarily 

incur minimum expected lifecycle hazard-induced costs. The latter focuses only on the 

serviceability performance of the system, while the former incorporates all consequences 

objectively through the unified metric of cost.   

The results of the lifecycle resilience index also indicate that disregarding 

couplings between damages from consecutive earthquakes can result in significant 

overestimation of the resilience index, as well as false identification of the optimal repair 
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policy. This improper policy may impose considerable adverse consequences on the 

community. 

2.2.  Introduction 

Extreme natural and manmade hazards can significantly impact the performance and 

serviceability of structures and infrastructure systems during their lifetime. While these 

extreme events may rarely happen, there is a possibility for multiple occurrences of such 

events throughout the service life of infrastructure systems. For instance, a building in a 

seismic region is prone to experience multiple earthquake occurrences throughout its 

lifetime. Each occurrence of an extreme event is accompanied by a set of advert 

consequences including, among others, human casualties, physical damage, and downtime 

due to the repair of damage and restoration of the functionality of the system. This 

highlights the need for efficient frameworks that enable identification of proper 

maintenance and retrofit strategies to reduce the potential of such negative implications 

and ensure an acceptable level of safety and serviceability throughout the service life of 

the system. 

2.2.1.  Existing and the Proposed Lifecycle Cost Analysis Frameworks 

A proper decision-making framework should take into account all possible hazard 

incidents and the corresponding consequences. In performance-based design engineering, 

for different levels of the frequency of hazard events, different performance objectives in 

terms of acceptable damage-states are recommended. For instance, FEMA 445 (15) 
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specifies that only little or no damage is acceptable for frequently happening events, 

whereas considerable damage is allowed to occur in case of extremely large and rare 

hazard events. The logic behind the acceptability of such performance levels is the risk 

associated with each damage-state. This risk is normally expressed by the product of the 

damage-state likelihood by its implications. The implications are often articulated in terms 

of monetary loss. Hereafter, the foregoing product is referred to as risk cost. LCC of 

infrastructure systems is a capable and comprehensive performance measure (16,17,19) 

that incorporates the associated risk costs of the entire set of considered limit-states during 

the lifetime of the system. This metric has found many applications for management of 

civil infrastructure systems. For example, Frangopol and Estes (39) determined the 

optimal periodic inspection and maintenance strategies of a bridge by minimizing the 

expected LCC of the system. The only considered limit-state in that research was failure 

of the bridge. In addition, deterioration in structural elements was the sole cause of 

strength degradation. Considering random hazards, a number of studies have developed 

and applied LCC frameworks to investigate effects of multiple occurrences of a single 

type of hazard on a structures or an infrastructure and identify optimal strategies for 

managing risks to the system. Examples of such studies include Vanmarcke et al. (20–

26). In these investigations, for all possible damage-states that the system may experience, 

the repair following each hazard occurrence was considered to be instantaneous or it was 

assumed that no repair action is performed after such events. In reality however, the repair 

time and the time of preparing for the repair actions vary depending on the damage-state 

that the system experiences, type of rehabilitation/repair strategies, and socio-economic 
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factors, among others. In case of long repair times in the aftermath of severe damage-

states, the likelihood of next hazards occurring before the system is completely repaired 

increases. In this case, the existing damage very likely aggravates the level of damage that 

the next hazard can induce, therefore increasing the vulnerability of the infrastructure 

system. On the other hand, if the structure sustains a less severe damage following an 

extreme event, there is a high probability that the repair action is complete and the system 

is back to the intact damage-state before next hazard events affect the system. Jalayer et 

al. (29) proposed a procedure for the LCC assessment of structures against multiple types 

of hazards by considering the possibility of incomplete repair scenarios as a function of 

structural damage-states. The discounted maintenance costs, the possibility of multiple 

hazard occurrences and the repair costs following each hazard event were considered in 

the expected lifetime cost of the system. The damage-state at the occurrence of each 

hazard event was assumed dependent on the repair strategies and the sequence of the 

occurrence of different types of previous hazard scenarios. Considering all possible 

combinations of these ordered-event scenarios can make the problem exponentially large 

and significantly time-consuming. Furthermore, the procedure for deriving such 

conditional damage-states requires numerous static pushover and dynamic time history 

analyses. The process should be repeated for all of the sequences of hazard events which 

significantly increases the computational demand when the number of combinations is 

large. In addition, the formulation of the framework is based on a set of assumptions that 

may not truly represent the behavior of actual systems. For instance, the probabilistic 

event of exceeding a particular damage-state i at jth occurrence of a hazard incident is 
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considered independent of the previously exceeded damage-states other than i. However 

in reality, the damage-state of the system after each hazard incident directly depends on 

the extent of damage that the structure has experienced from prior events. Furthermore, 

when breaking down the probability of exceeding a damage-state i into events of prior 

damaged and undamaged states, the repair time for damage-state i is assigned to all prior 

damage sustained in past events independent of the damage condition of the system 

following those events.  

This chapter proposes a new method for probabilistic LCC assessment of 

individual structural systems exposed to multiple occurrences of a hazard type. It is worthy 

to note that in the literature of structures and infrastructure management, occurrences of 

multiple types of hazards such as earthquake, scour, and flood are referred to as “multi-

hazard” occurrences, which will be investigated in Chapters 4 and 5. The focus of this 

chapter however, is on multiple occurrences of a particular hazard type e.g. multiple 

earthquake events. The cost elements in the proposed framework include the expected 

annual maintenance cost, the expected incurred costs due to multiple hazard incidents, and 

the expected salvage value as a function of the hazard-induced damage-state of the system 

at the end of its service life. The expected hazard-induced cost is calculated by considering 

all scenarios of hazard events. Probabilities of damage-states of the system are determined 

recursively and the associated risk costs are computed using damage-state dependent 

fragility curves for multiple structural limit-states considering the possibility of 

incomplete repair actions at the time of occurrence of the next hazard incident. The 

framework is comprehensive yet time-efficient due to a dynamic programming method 
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that is proposed to estimate the damage-state at a hazard incident through consideration 

of possible sequences of prior hazard events.  

In Section 2.3, the analytical framework of the proposed LCC method is 

elaborated. This framework is applied to a case study frame building with six retrofit 

options introduced in Section 2.5. In this section, the optimal strategy with the least 

expected LCC is identified, and the effect of repair time on the identification of the optimal 

decision is evaluated. In Section 2.6, the developed method is implemented on a second 

case study; a bridge system which is located in a seismic region. This section provides 

characteristics and other case study bridge data required for the application of the 

proposed LCC analysis framework. This is followed by the LCC results evaluated for six 

alternatives for the repair of earthquake-induced damages corresponding to the extent and 

speed of performing such repairs.  

2.2.2.  Existing and the Proposed Lifecycle Resilience Analysis Frameworks 

As mentioned in the previous section, it is significant to integrate effects of incomplete 

repair actions on the accumulated damage into LCC analysis. This can be achieved using 

damage-state dependent repair times, considering the possibility of multiple hazard 

occurrences. These effects are also integrated in the resilience index formulation, which 

is a common measure in disaster recovery assessment following hazard occurrences. 

Among various infrastructure performance measures, resilience index is a capable 

measure that properly reflects the serviceability performance of structures and 

infrastructure systems against hazards. This index can be particularly useful for risk-
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informed decision-making when recovering the functionality of systems is the priority. 

Resilience index incorporates the track of system recovery after a hazard, and various 

resilience properties of a system including robustness, rapidity, resourcefulness, and 

redundancy (40,41). For a single hazard event, resilience index, ܴ, is defined as the area 

under the functionality curve of the system from the time of hazard occurrence, ݐ, to the 

end of a considered control time, ݐ   , i.e. the gray area in Figure 2-1, over theݐ

functionality area during this period when the system is fully operational. In mathematical 

terms:  

ܴ ൌ
 ݐሻ݀ݐሺܨ
௧బା௧
௧బ

100% ൈ ݐ
 (2-1) 

where ܨሺݐሻ is the percentage-wise recovery function (or functionality) of the system at 

time ݐ) ݐ ൏ ݐ ൏  ,). Noticeably, in the resilience index formulation in Equation (2-1)ݐ

functionality of the system after a hazard incident is compared with the full functionality 

of this system before the occurrence of the hazard. Control time, ݐ, is commonly 

considered as a time, during which the full recovery of the system can be achieved. For 

structures and infrastructure systems, this value is often considered as a value between 

one and two years (35,38,41–43). In hazard prone regions during the service lifetime of 

structures or infrastructure systems, they may experience multiple hazards. For instance, 

the rate of earthquake occurrence is approximately one per 2.7 years for the cities of 

Sacramento and Sierra Madre in California (calculated from U.S. Geological Survey 

(44)). This translates to 28 expected earthquakes for an infrastructure located in either of 

these cities with a service lifetime of 75 years. Thus, a realistic and accurate resilience 
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index should account for the potential of multiple hazard occurrences. To comply with 

this need, some research studies have suggested expected resilience indexes that account 

for multiple hazard occurrences in the lifetime of infrastructure systems and uncertainties 

in the robustness and recovery functions of these systems (35–38). However, these 

methods face the following two primary limitations: 

1) The inter-arrival time between hazard occurrences is neglected, which affects 

the accuracy of resilience estimates. For more clarification, let’s consider a 

scenario where a hazard takes place at time ݐଵ following the occurrence of a 

previous hazard at time ݐ. There can be cases where the time difference 

between these two hazards is less than the considered control time for the 

evaluation of the resilience index (see Figure 2-1). However in existing 

resilience index formulations based on Equation (2-1), functionality of the 

system is evaluated until the end of the control time, which as noted, may be 

longer than the occurrence time of the next hazard event. In addition, there is 

a potential for multiple occurrences of such a scenario, since multiple hazard 

incidents with random inter-arrival times may hit the system during its 

lifetime. Thus, to accurately calculate the lifetime resilience index of the 

system with regard to these issues, both the system functionality and the full 

functionality areas in the resilience index formulation should probabilistically 

account for the inter-arrival times between hazard occurrences.  

2) The possibility of a weaker system due to incomplete repairs of damages 

induced by previous hazards or due to leaving those damages untreated is 
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neglected. Agencies responsible for management of infrastructure systems 

may decide to repair hazard-induced damages or leave them untreated in the 

aftermath of an event. In the latter case, or the former when the repair actions 

are interrupted by the next hazard, the system is at a damage-state more severe 

than the intact condition at the time of the next hazard. In such circumstances, 

the system is more vulnerable to hazard-induced damages compared to the 

situation where the system is in the intact state. This issue is also extensively 

discussed in the previous chapter. An accurate and reliable resilience index 

should properly account for such dependencies between the damages from 

successive hazards.   

The foregoing issues are probabilistically integrated in a risk-based lifecycle 

resilience index (RLRI) that is proposed in this chapter. The rest of this chapter is 

organized as follows: In Section 2.4, the development of the proposed RLRI formulation 

is presented. This index is then evaluated for the case study bridge system that is explained 

in the previous chapter. Section 2.7.1 and 2.7.2 explain the required data for the 

implementation of the proposed resilience index on the case study bridge. In Section 2.7.3, 

the results of the RLRI for the case study bridge are presented. In addition, the significance 

of stochastically incorporating the dependencies between damages from consecutive 

hazards, as well as their inter-arrival times in the resilience assessment are analyzed. 

Moreover, the proposed expected RLRI is employed to determine the best option among 

various repair alternatives based on their expected incurred LCCs and the agency’s 
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available budget. Finally, Section 2.8 summarizes the findings of the entire chapter and 

presents the concluding remarks. 

 

Figure 2-1 Functionality recovery of an infrastructure after the occurrence of a hazard 

2.3.  Analytical Framework for Lifecycle Cost Assessment 

For a structure or an infrastructure system exposed to multiple hazard incidents during its 

lifetime, the expected LCC (்ܥ) is the aggregate LCCs of construction, maintenance, and 

repair, as well as the salvage value of the structure: 

்ܥ̅ ൌ 	 ܥ̅  ெܥ̅  ோܥ̅ െ തܸௌ (2-2) 

where ̅ܥ is the expected initial construction cost, ̅ܥெ is the expected total maintenance 

cost, ̅ܥோ is the expected total hazard-induced cost following hazard events, and തܸௌ is the 

expected salvage value as a function of the hazard-induced damage-state of the system at 

the end of its service life. In this equation, the negative sign indicates that the salvage 

value is a benefit in favor of the owner(s). In order to account for the discounted costs in 
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the analysis, the costs incurred throughout the lifetime of the structure (i.e. ̅ܥெ and ̅ܥோ) are 

considered on a yearly basis. Through the Net Present Value (NPV) formulation, all 

incurred costs, except for the ̅ܥ, are converted to their equivalent value at the present 

time. Thus, the NPV for the total LCC of a structure (்̅ܥ,ே) is given by: 

ே,்ܥ̅ ൌ 	 ܥ̅  ெ,ேܥ̅  ோ,ேܥ̅ െ	 തܸௌ,ே 
(2-3) 

where ̅ܥெ,ே and ̅ܥோ,ே are the NPV of the expected maintenance and hazard-induced 

LCCs respectively, and തܸௌ,ே  is the NPV of the expected salvage value of the structure 

at the end of its lifetime. 

2.3.1.  Expected Lifecycle Maintenance Cost 

Periodical maintenance actions are often performed to maintain the structure in a healthy 

condition. In this dissertation, the periodical maintenance cost is approximated by a yearly 

expected constant value of ̅ܥ throughout the lifetime of the structure. The NPV for this 

cost incurred at time t (̅ܥ,ே) can be written as: 

,ேܥ̅ ൌ ߛ	
௧ ൈ  ܥ̅

(2-4) 

where ߛ is the uniform annual discount factor, which can be calculated as 
ଵ

ଵାఋ
, with ߜ 

representing the discount rate. While yearly maintenance is performed on the structure, 

the NPV equivalent of the expected total lifecycle maintenance cost (̅ܥெ,ேሻ can be 

derived as follows: 

ெ,ேܥ̅ ൌ 	ߛ௧ ൈ ܥ̅

்ಽ

௧ୀଵ

 
(2-5) 
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where ܶ is the service lifetime of the structure. 

2.3.2.  Expected Hazard-Induced Lifecycle  

When a structure is hit by an extreme hazard, it may sustain damage or stay intact. The 

extent of damage depends on the intensity of the hazard. The induced cost consists of 

direct losses due to physical damage to the system, injuries and casualties, as well as 

indirect losses due to the delay in providing services during downtime. Generally, after 

damages that are induced by hazards, the structure or infrastructure is planned for repair. 

Repair, downtime, and casualty costs depend on the damage-state of the structure after 

exposure to the event. It is common that the space of the damage-state of a structure 

following a hazard is represented by a mutually exclusive and collectively exhaustive set 

of discrete events. Here, the nth damage-state of the structure is represented by ܵܦ and 

the associated expected cost due to repair, downtime, and casualty by ̅ܥሺܵܦሻ.  For a 

single occurrence of a hazard incident, based on the total probability theorem, the expected 

hazard-induced cost at each time (̅ܥோ,௧) can be calculated by considering all the damage-

states that the structure can experience and their corresponding costs as follows: 

ோ,௧ܥ̅ ൌ 	 ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾݐ, ݐ  1ሿሻ

ேವೄ

ୀଵ

 
(2-6) 

 

where ݊ represents the index for the damage-state of the structure, ranging from the intact 

condition (n=1) to the most severe state (݊ ൌ ܰௌ) i.e. the collapse of the system (this 

state is also referred to as complete damage). In addition, the term ܲሺܵܦ, ሾݐ, ݐ  1ሿሻ 

represents the probability that the structure is in damage-state n between time t and t+1. 
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The expected hazard-induced cost at time t when the structure is in damage-state n can be 

expressed as the difference between the expected hazard-induced cost if damage-state n 

is visited within timespan [0 t+1], and the expected hazard-induced cost due to damage-

state n during time period [0 t]. Thus, Equation (2-6) can be rewritten as: 

ோ,௧ܥ̅ ൌ ሼ̅ܥሺܵܦሻ ൈ ܲሺܵܦ, ሾ0, ݐ  1ሿሻ െ ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾ0, ሿሻሽݐ

ேವೄ

ୀଵ

 (2-7) 

In the context of structural reliability, fragility curves are developed to determine 

the probability that critical engineering demand parameters (EDP) of the structure exceed 

certain limit-states given a particular hazard intensity (see Figure 2-2). Using this concept, 

ܲሺܵܦ, ሾ0,  ,ାଵܵܮ  andܵܮ ሿሻ can be derived as the difference between the probabilities ofݐ

which denote the events of exceeding limit-states n and n+1, respectively: 

ܲሺܵܦ, ሾ0, ሿሻݐ ൌ ܲሺܵܮ, ሾ0, ሿሻݐ െ ܲሺܵܮାଵ, ሾ0,  ሿሻ (2-8)ݐ

The procedure to compute ܲ ሺܵܦ, ሾ0,  ,ሿሻ is also graphically depicted in Figure 2-2ݐ

where LS1~LS4 are limit-states 1~4 and DS1~DS4 stand for damage-states 1~4. Using 

Equation (2-7) and (2-8), Equation (2-6) can be rewritten as: 

ோ,௧ܥ̅ ൌ ሼ̅ܥሺܵܦሻ ൈ ሾܲሺܵܮ, ݐ  1ሻ െ ܲሺܵܮାଵ, ݐ  1ሻሿ െ ሻܵܦሺܥ̅

ேವೄ

ୀଵ

ൈ ሾ	ܲሺܵܮ, ሻݐ െ 	ܲሺܵܮାଵ,  ሻሿሽݐ

(2-9) 

In order to incorporate the effect of multiple hazard incidents, the term ̅ܥሺܵܦሻ in 

ሻܵܦሺܥ̅ ൈ ሾܲሺܵܮ, ݐ  1ሻ െ ܲሺܵܮାଵ, ݐ  1ሻሿ and ̅ܥሺܵܦሻ ൈ ሾ	ܲሺܵܮ, ሻݐ െ

	ܲሺܵܮାଵ,  ሻሿ should represent the accumulated hazard-induced cost due to multiple timesݐ

of experiencing damage-state n, which are caused by multiple occurrences of hazard 
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events until times t and t+1, respectively. Based on this reasoning, Equation (2-9) should 

be modified to: 

ோ,௧ܥ̅ ൌ ሼ̅ܥሺܵܦ, ݐ  1ሻ ൈ ሾܲሺܵܮ, ݐ  1ሻ െ ܲሺܵܮାଵ, ݐ  1ሻሿ

ேವೄ

ୀଵ

െ ,ܵܦሺܥ̅ ሻݐ ൈ ሾ	ܲሺܵܮ, ሻݐ െ 	ܲሺܵܮାଵ,  ሻሿሽݐ

(2-10) 

where ̅ܥሺܵܦ,  ሻ is the expected accumulated hazard-induced cost incurred on theݐ

structure, if limit-state n is exceeded between time 0 and t. 

 

Figure 2-2 Illustration of damage-state probability calculation using exceedance 
probabilities of limit-states 

Having calculated ̅ܥோ,௧ for the entire life-time of the structure (i.e. t=0,…,	 ܶ), 

the NPV of the expected total LCC of repair (̅ܥோ,ே) follows Equation (2-11): 
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ோ,ேܥ̅ ൌ 	ߛ௧ ൈ

்ಽ

௧ୀଵ

 ோ,௧ (2-11)ܥ̅

Substituting Equation (2-10) into Equation (2-11), ̅ܥோ,ே can be rewritten as follows: 

ோ,ேܥ̅ ൌ 	ߛ௧ ൈ

்ಽ

௧ୀଵ

ሼ̅ܥሺܵܦ, ݐ  1ሻ

ேವೄ

ୀଵ

ൈ ሾܲሺܵܮ, ݐ  1ሻ െ ܲሺܵܮାଵ, ݐ  1ሻሿ െ ,ܵܦሺܥ̅ ሻݐ

ൈ ሾ	ܲሺܵܮ, ሻݐ െ 	ܲሺܵܮାଵ,  ሻሿሽݐ

(2-12) 

A structure may be exposed to multiple hazards during its life-time, and 

therefore, the chance of exceeding a limit-state in the time period [0, t] depends on the 

number of hazard occurrences. Based on the total probability theorem for the number of 

hazard events, ̅ܥሺܵܦ, ሻݐ ൈ ሾ	ܲሺܵܮ, ሻݐ െ 	ܲሺܵܮାଵ,  :ሻሿ can be expanded and written asݐ

,ܵܦሺܥ̅ ሻݐ ൈ ሾ	ܲሺܵܮ, ሻݐ െ 	ܲሺܵܮାଵ, ሻሿݐ

ൌ 	̅ܥሺܵܦ, ,ݐ ݅ሻ ൈ ሾܲሺܵܮ|݅, ሻݐ െ ܲሺܵܮାଵ|݅, ሻሿݐ

ஶ

ୀ

ൈ ܲሺ݅,  ሻݐ

(2-13) 

where ܲ ሺ݅,  ሻ stands for the probability that i hazard events occur up to time t. Consideringݐ

hazard scenarios as independent events with the total rate of υ, ܲሺ݅,  ሻ can be expressed asݐ

a Poisson process with the occurrence probability given by: 

ܲሺ݅, ሻݐ ൌ 	
ሺυ ൈ tሻ݁ିሺൈ୲ሻ

݅!
 (2-14) 

In Equation (2-13), ܲሺܵܮ|݅,  ሻ denotes the probability of exceeding limit-state nݐ

resulting from the entire i hazard events. ܥሺܵܥ, ,ݐ ݅ሻ is the cumulative cost of reaching 
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damage-state n from time 0 to t when i hazard events occur. This term is calculated by 

summing the expected cost of repair over the entire i hazard events, and can be derived 

by breaking down the i hazard events into i mutually exclusive and collectively exhaustive 

scenarios. Thus, Equation (2-13) can be expanded as follows: 

,ܵܦሺܥ̅ ሻݐ ൈ ሾܲሺܵܮ, ሻݐ െ ܲሺܵܮାଵ, ሻሿݐ

ൌ 	̅ܥ൫ܵܦ
൯ ൈ ሾܲ൫ܵܮ

ห݅, ൯ݐ െ ܲ൫ܵܮାଵ
 ห݅, ൯ሿݐ



ୀ

ஶ

ୀ

ൈ ܲሺ݅,  ሻݐ

(2-15) 

where ̅ܥ൫ܵܦ
൯ is the incurred cost if the structure reaches damage-state n at the jth 

occurrence of hazard event. ܲ ሺܵܮ
|݅,  ሻ indicates the probability that the structure exceedsݐ

limit-state n at the jth hazard incident. Replacing Equation (2-15) into Equation (2-12) and 

following the same approach for the term ̅ܥሺܵܦ, ݐ  1ሻ ൈ ሾܲሺܵܮ, ݐ  1ሻ െ

ܲሺܵܮାଵ, ݐ  1ሻሿ in Equation (2-12), ̅ܥோ,ே can be expressed as: 
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ோ,ேܥ̅ ൌ 	ߛ௧
்ಽ

௧ୀଵ

ൈቐሼ̅ܥ൫ܵܦ
൯ ൈ ሾܲ൫ܵܮ

ห݅, ݐ  1൯



ୀ

ஶ

ୀ

ேವೄ

ୀଵ

െ ܲ൫ܵܮାଵ
 ห݅, ݐ  1൯ሿ ൈ ܲሺ݅, ݐ  1ሻሽ

െሼ̅ܥ൫ܵܦ
൯ ൈ ሾܲ൫ܵܮ

ห݅, ൯ݐ െ ܲ൫ܵܮାଵ
 ห݅, ൯ሿݐ



ୀ

ஶ

ୀ

ൈ ܲሺ݅,  ሻሽቑݐ

(2-16) 

When the structure is hit by an extreme event at the j-1th hazard occurrence, the 

event may incur damage or leave the structure intact. If the structure is damaged, based 

on the damage-state it experiences after such an event, a repair action may be performed 

to bring back the structure to its original condition. Thus, the duration of the repair action 

is a function of the structural damage-state following the hazard occurrence. Similar to 

the assumption made by Jalayer et al. (29), in this paper, the structure is presumed 

damaged (with the same damage-state), if the next hazard event (i.e. the jth occurrence) 

happens before the repair process is complete. In this case, the damage-state of the 

structure just before the jth hazard event is identical to the damage-state of the structure 

after the j-1th hazard incident. Therefore, the probabilities of exceeding any limit-state 

right after the jth occurrence of hazard event depends on the damage-state of the structure 

after the j-1th hazard incident, and the intensity of hazard at jth occurrence represented by 

IM. Consequently, ܲሺܵܮ
|݅,  :ሻ can be expanded as given in Equation (2-17)ݐ
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ܲሺܵܮ
|݅, ሻݐ ൌ 	  ܲሺܵܮ

หൣܴܲ, ᇲܵܦ
ିଵ൧, ,ܯܫ ݅, ൯ݐ

ூெோௌ
ᇲ
ೕషభ

ൈ ܲሺሾܴܲ, ᇲܵܦ
ିଵሿ|ܯܫ, ݅, ሻݐ ൈ ܲሺܯܫ|݅,  ሻݐ

(2-17) 

where ܴܲ indicates the status of the repair action taken on the structure; it takes a value 

of 1, if the repair action is complete and 0 otherwise. In addition, ܵܦᇲ
ିଵ denotes the 

damage-state of the structure after the j-1th hazard event. The combination of these two 

parameters in ሾܴܲ, ᇲܵܦ
ିଵሿ represents the existing damage-state of the structure when the 

jth hazard scenario takes place. 	ሾܴܲ, ᇲܵܦ
ିଵሿ is characterized as follows: 

ሾܴܲ, ᇲܵܦ
ିଵሿ ൌ ൝

ᇲܵܦ
ିଵ		݂݅	ܴܲ ൌ 0

ܦ ଵܵ
ିଵ		݂݅	ܴܲ ൌ 1

 
(2-18) 

where ܦ ଵܵ
ିଵ is the intact damage-state of the structure. 

Since ሾܴܲ, ᇲܵܦ
ିଵሿ is independent of the intensity measure and the repair time is 

dependent on the damage-state of the structure, the term ܲሺሾܴܲ, ᇲܵܦ
ିଵሿ|݅,  ሻ in Equationݐ

(2-17) can be decomposed as follows: 

ܲ൫ൣܴܲ, ᇲܵܦ
ିଵ൧หܯܫ, ݅, ൯ݐ ൌ ܲ൫ൣܴܲหܵܦᇲ

ିଵ൧, ݅, ൯ݐ ൈ ܲሺܵܦᇲ
ିଵ|݅,  ሻݐ

(2-19) 

As a particular case of the term ܲ൫ൣܴܲหܵܦᇲ
ିଵ൧, ݅,  ,൯ in Equation (2-19)ݐ

ܲ൫ൣܴܲ ൌ 0หܵܦᇲ
ିଵ൧, ݅,  ൯ is the probability that the repair action after the j-1th hazardݐ

occurrence is incomplete, knowing that i hazards take place between time 0 and t. In order 

for the repair action to be incomplete, jth hazard should take place before there is enough 

time for repairing damage-state ݊ᇱ due to j-1th hazard (and obviously no hazards take 
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place between j-1th and jth hazard incidents). Based on Equation (2-17), j-2 hazard 

incidents can take place any time from 0 to t preceding j-1th hazard event. Again according 

to this equation, in total, i hazard events should occur within timespan ሾ0		ݐሿ. Thus, i-j 

hazard incidents should take place after the occurrence of the jth hazard event until time 

t. These scenarios are graphically shown in Figure 2-3. 

 

Figure 2-3 Timeline of events for multiple occurrences of hazards, for the calculation of 
the probabilities of complete/incomplete repairs 

Consequently, ܲ൫ൣܴܲ ൌ 0หܵܦᇲ
ିଵ൧, ݅,  ൯ can be replaced byݐ

ܲ൫ݐ െ ିଵݐ ൏ ߬ᇲห൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, -ିଵ are the times of jݐ  andݐ ൧ൟ൯, whereݐ		ݐൣ

1th and jth hazard occurrences, respectively, ߬ ᇲ is the required time to repair the structure 

at damage-state ݊ᇱ, ൛݆ െ 2,  ,ିଵ൧ݐ		ିଵ൧ൟ is the event of occurring j-2 hazards within ൣ0ݐ		0ൣ

and ൛݅ െ ݆, ݅ ൧ൟ is the event ofݐ		ݐൣ െ ݆ hazards occurring during ൣݐ		ݐ൧. Applying Bayes 

rule, ܲ൫ݐ െ ିଵݐ ൏ ߬ᇲห൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆,  :൧ൟ൯ can be expressed asݐ		ݐൣ
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ܲ൫ݐ െ ିଵݐ ൏ ߬ᇲห൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, ൧ൟ൯ݐ		ݐൣ

ൌ
ܲሺݐ െ ିଵݐ ൏ ߬ᇲ, ൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, ൧ൟሻݐ		ݐൣ

ܲሺ൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, ൧ൟሻݐ		ݐൣ
 

(2-20) 

where the term ܲሺ൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, ,൧ൟሻ is equivalent to ܲሺ݅ݐ		ݐൣ  ሻ as shown inݐ

Equation (2-14), since there is no constraint for the occurrence times of  ݐିଵ and ݐ except 

that  0  ିଵݐ ൏ ݐ   , can vary in the timespan of interestݐ ିଵ andݐ Considering that .ݐ

the term ܲሺݐ െ ିଵݐ ൏ ߬ᇲ, ൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆,  ൧ൟሻ in Equation (2-20) can beݐ		ݐൣ

determined using the total probability theorem as follows: 

ܲ൫ݐ െ ିଵݐ ൏ ߬ᇲ, ൛݆ െ 2, ,ିଵ൧ൟݐ		0ൣ ൛݅ െ ݆, ൧ൟ൯ݐ		ݐൣ

ൌ න න ܲ൫݆ െ 2, ିଵ൧൯ݐ		0ൣ ൈ ܲ൫0, ൧൯ݐ		ିଵݐൣ

୫୧୬	ሼ௧ೕషభାఛᇲ	,௧ሽ

௧ೕషభ

௧



ൈ ܲ൫݅ െ ݆, ൧൯ݐ		ݐൣ ൈ υଶ ൈ .ݐ݀  ିଵݐ݀

(2-21) 

where ܲ൫݆ െ 2, ,ିଵ൧൯, ܲ൫0ݐ		0ൣ ൧൯, and ܲ൫݅ݐ		ିଵݐൣ െ ݆,  ൧൯ are the Poissonݐ		ݐൣ

probabilities of j-2 hazards occurring in time ൣ0		ݐିଵ൧, no hazard happening during 

݅ ൧, andݐ		ିଵݐൣ െ ݆ hazards taking place in ൣݐ		ݐ൧, respectively. Also, υ. .ିଵand υݐ݀  ݐ݀

are the probabilities of j-1th and jth hazards at times ݐିଵ and ݐ, respectively. 

In addition, ܲ൫ൣܴܲ ൌ 1หܵܦᇲ
ିଵ൧, ݅, ൯ can be calculated as 1ݐ െ

ܲ൫ൣܴܲ ൌ 0หܵܦᇲ
ିଵ൧, ݅,  .൯ based on the fact that the considered events are complimentaryݐ
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With the analogy provided for Equation (2-8), ܲሺܵܦᇲ
ିଵ|݅,  ሻ in Equation (2-19)ݐ

can be computed as the difference between the exceedance probabilities of the two 

consecutive limit-states ܵܮᇲ
ିଵ and ܵܮᇲାଵ

ିଵ : 

ܲ൫ܵܦᇲ
ିଵ|݅, ൯ݐ ൌ 	ܲሺܵܮᇲ

ିଵ|݅, ሻݐ െ ܲሺܵܮᇲାଵ
ିଵ |݅,  ሻݐ

(2-22) 

In Equation (2-17), ܲ ሺܯܫ|݅,  ሻ represents the probability that intensity measure IMݐ

occurs, if the jth hazard scenario takes place. This event has the following probability (45): 

ܲሺܯܫ|݅, ሻݐ ൌ
1
υ
ൈ  ሻ| (2-23)ܯܫሺߣ∆|

where υ is the mean annual rate of hazard occurrence, and ߣሺܯܫሻ is the mean annual rate 

of exceeding intensity measure IM. For the case of earthquakes, ߣሺܯܫሻ can be derived 

from Probabilistic Seismic Hazard Analysis (PSHA) curves for a region of interest. 

Substituting Equation (2-19), (2-22) and (2-23) into Equation (2-17), ܲሺܵܮ
|݅,  ሻ can beݐ

rewritten as: 

ܲሺܵܮ
|݅, ሻݐ ൌ   ܲሺܵܮ

หൣܴܲ, ᇲܵܦ
ିଵ൧, ,ܯܫ ݅, ൯ݐ

ூெோୀ,ଵ

ேವೄ

ᇲୀ

ൈ ܲ൫ൣܴܲหܵܦᇲ
ିଵ൧൯ ൈ ሾܲሺܵܮᇲ

ିଵ|݅, ሻݐ െ ܲሺܵܮᇲାଵ
ିଵ |݅, ሻሿݐ ൈ

1
υ

ൈ  |ሻܯܫሺߣ∆|

(2-24) 

where the two terms ܲሺܵܮᇲ
ିଵ|݅, ᇲାଵܵܮሻ and ܲሺݐ

ିଵ |݅,  ሻ can be derived in a recursive wayݐ

from Equation (2-24). It is worthy to note that the damage-state of the structure either 

remains the same or worsens, if two consecutive hazard scenarios occur and there does 

not exist sufficient repair time after the first hit. This implies that ܲሺܵܮหൣܴܲ ൌ
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0, ᇲܵܦ
ିଵ൧, ,ܯܫ ݅, ൯ is zero for ݊ᇱݐ  ݊. Furthermore, to solve for ܲሺܵܮ

|݅,  ሻ, one needs toݐ

first input the damage-state probability distribution of the structure before any hazard 

occurrences (j=0),	ܲሺܵܮ|݅, ,ሻݐ ∀݊.  As a prior knowledge about the damage-state of the 

structure at the beginning of the decision-making period, it is assumed that ܲ൫ܵܦᇲ
 ൯ is 

known. Consequently, ܲሺܵܮଵ|݅,  :ሻ is determined asݐ

ܲሺܵܮଵ|݅, ሻݐ ൌ  ܲሺܵܮଵหܵܦᇲ
 , ,ܯܫ ݅, ൯ݐ ൈ ܲ൫ܵܦᇲ

 ൯ ൈ
1
υ
ൈ |ሻܯܫሺߣ∆|

ூெ

ேವೄ

ᇲୀ

 (2-25) 

Assuming that the damage-state of the structure at t=0 (i.e. after the structure is 

constructed) is known with certainty to be perfect (ܵܦ
), Equation (2-25) can be 

simplified to: 

ܲሺܵܮଵ|݅, ሻݐ ൌܲሺܵܮଵ|ܵܦ
, ,ܯܫ ݅, ሻݐ ൈ

1
υ
ൈ |ሻܯܫሺߣ∆|

ூெ

 
(2-26) 

where ܲሺܵܮଵ|ܵܥܦ
, ,ܯܫ ݅,  ሻ is the conventional fragility model. Knowing the value ofݐ

ܲሺܵܮଵ|݅, ܵܮሻ, ܲሺݐ
|݅,  .ሻ can be derived through recursive operationsݐ

2.3.3.  Expected Lifecycle Salvage Value 

The structure, at the end of its lifetime, may have a certain monetary value depending on 

its damage-state at ݐ ൌ ܶ. Similar to the case in Equation (2-6) and considering different 

possibilities for the number of hazard occurrences, തܸௌ,ே can be determined based on the 

total probability theorem for the damage-states that the structure can experience and the 

number of hazard incidents: 
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തܸௌ,ே ൌ ಽ்ߛ തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ܲሺܵܦ , ሾ ܶሿ, ݅, ܶሻ

ேವೄ

ୀ

ஶ

ୀ

 (2-27) 

where തܸ௦ሺܵܦ, ሾ ܶሿሻ stands for the salvage value of the structure as a function of its 

damage-state at time ܶ. ܲሺܵܦ , ሾ ܶሿ, ݅, ܶሻ also denotes the probability of ending in 

damage-state n at time ܶ after the occurrence of the ith hazard incident when i hazard 

events occur during [0, ܶ ]. If the structure is intact after the ith hazard occurrence, it will 

be at the intact condition (n=0) at the time ܶ as well. Therefore, ܲ൫ܵܦ
 , ሾ ܶሿ൯ ൌ

ܲ൫ܵܦ
 ห݅, ܶ൯. Thus, Equation (2-27) can be expanded for damage-state 0 as follows: 

തܸௌ,ே ൌ ಽሾቐൣ்ߛ തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ܲሺܵܦ , ሾ ܶሿ, ݅, ܶሻ൧

ேವೄ

ୀଵ

ቑ

ஶ

ୀ

 തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ܲ൫ܵܦ
 ห݅, ܶ൯ ൈ ܲሺ݅, ܶሻሿ 

(2-28) 

where ܲሺ݅, ܶሻ can be computed using Equation (2-14). The probability of being in the 

intact damage-state, ܲ൫ܵܦ
 ห݅, ܶ൯, can be computed by (see Figure 2-2): 

ܲ൫ܵܦ
 ห݅, ܶ൯ ൌ 	1 െ ܲሺܮ ଵܵ

|݅, ܶሻ (2-29) 

In order for the structure to end up in damage-state n, the ith hazard event should 

degrade the damage-state of the structure to n, and the required repair action should be 

incomplete. It should be noted that in such a case, the owner`s decision to sell the structure 

may change, and he/she may decide to wait for a short time for the completion of the 

repair process. In this chapter, salvage value is considered assuming that the lifetime of 

the structure is fixed, however, in further chapters this cost will be excluded due to the 

aforementioned uncertainty. In this study however, it is assumed that the lifetime of the 
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structure is fixed. With this assumption, for the structure to experience damage-state n at 

the end of its lifetime, the repair time (߬ᇲ) after the ith hazard ( ܶ) event should exceed 

the end of the time horizon of the structure ( ܶ ൏ ܶ  ߬). Therefore, ܲሺܵܦ , ሾ ܶሿሻ can 

be expressed as follows: 

ܲ൫ܵܦ , ሾ ܶሿ, ݅, ܶ൯ ൌ 	ܲ൫ܵܦ ห݅, ܶ൯ ൈ ܲሺሾ ܶ ൏ ܶ  ߬ሿ, ݅, ܶሻ (2-30) 

The term ܲ൫ܵܦ ห݅, ܶ൯ can be simplified as ܲሺܵܮ |݅, ܶሻ െ ܲሺܵܮାଵ
 |݅, ܶሻ and 

computed according to Equation (2-24). The event  ܶ ൏ ܶ  ߬ can be considered as 

the occurrence of the ith hazard event during timespan [ ܶ െ ߬  ܶ] preceded by i-1 

hazard incidents. If ith hazard occurs at time ݐᇱwithin timespan [ ܶ െ ߬  ܶ], then i-1 

preceding hazards should happen during [0  ݐᇱ] and no hazard should occur in time period 

 Thus, applying the total probability theorem for the time of the ith hazard .[ᇱ  ܶݐ]

incident, i.e. ݐᇱ, with the occurrence probability of υ. ᇱ, ܲሺሾݐ݀ ܶ ൏ ܶ  ߬ሿ, ݅, ܶሻ in 

Equation (2-30) can be computed as: 

ܲሺሾ ܶ ൏ ܶ  ߬ሿ, ݅, ܶሻ

ൌ න ܲሺ݅ െ 1, ሾ0		ݐᇱሿሻ ൈ υ ൈ ܲሺ0, ሾݐᇱ		 ܶሿሻ. ᇱݐ݀
்ಽ

்ಽିఛ

 (2-31) 

On the contrary, if ܶ  ܶ  ߬, there will be sufficient repair time before the 

lifetime of the structure is over. In this case, the value of the structure at the end of its 

lifetime is the same as the one for the intact building. This scenario occurs if no hazard 

event takes place within time period [ ܶ െ ߬  ܶ]. Given the occurrence of i hazard 

events within the time horizon of the building, the i hazard incidents must take place 
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during [0 ܶ െ ߬]. Therefore, ܲሺሾ ܶ ൏ ܶ  ߬ሿ, ݅, ܶሻ can be mathematically 

presented as follows: 

ܲሺሾ ܶ  ܶ  ߬ሿ, ݅, ܶሻ ൌ ݁ିሺൈఛሻ ൈ
ሺυ ൈ ሺ ܶ െ ߬ሻሻ݁ିሺൈሺ்ಽିఛሻሻ

݅!
 (2-32) 

Substituting Equation (2-7), and (2-28)-(2-32) into (2-27), the NPV of the expected 

salvage value is derived as: 

തܸௌ,ே ൌ ಽቐ்ߛ തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ሾܲሺܵܮ |݅, ܶሻ െ ܲሺܵܮାଵ
 |݅, ܶሻሿ

ேವೄ

ୀଵ

ஶ

ୀ

ൈ ሺන ܲሺ݅ െ 1, ሾ0		ݐᇱሿሻ ൈ υ ൈ ܲሺ0, ሾݐᇱ		 ܶሿሻ. ᇱݐ݀
்ಽ

்ಽିఛ

ሻ

 തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ሾܲሺܵܮ |݅, ܶሻ െ ܲሺܵܮାଵ
 |݅, ܶሻሿ

ൈ ݁ିሺൈఛሻ ൈ
ሺυ ൈ ሺ ܶ െ ߬ሻሻ݁ିሺൈሺ்ಽିఛሻሻ

݅!


 ൣ തܸ௦ሺܵܦ, ሾ ܶሿሻ ൈ ሾ1 െ ܲሺܮ ଵܵ
|݅, ܶሻሿ൧

ൈ
ሺυ ൈ ܶሻ݁ିሺൈ்ಽሻ

݅!
ቑ 

(2-33) 

2.3.4.  Lifecycle Reliability Assessment 

As explained before, human casualties and injuries are likely consequences of structural 

damage. However, estimation of a cost value for such consequences may be debatable and 

ethically questionable (46,47). As an alternative approach and a common practice in the 

management of civil structures and infrastructure systems, reliability assessment can be 
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used for the consideration of life safety criterion. This analysis is a complement to the 

proposed LCC framework for the definition of optimal design strategies, if casualty and 

injury losses are not included (which is the case for the first case study in this chapter). In 

reliability analysis, structural annual rate of collapse should be always above a minimum 

threshold recommended by the research community and accepted by public decision 

makers. In past studies, the annual rate of collapse given a hazard occurrence is calculated 

with the assumption that the structure or infrastructure is in the intact damage-state. 

However, considering the possibility of multiple hazard occurrences and the required 

repair time for incurred structural damage, the system may not be in the intact state for 

next occurrences of the hazard. On this basis, considering i hazards occurring during the 

lifetime of the system, the most critical event for reliability assessment corresponds to the 

last incident. Consequently, based on the total probability theorem, the mean annual rate 

of collapse for an expected lifetime of ܶ, λி
்ಽ, can be derived through: 

λி
்ಽ ൌλሺܨ|݅, ܶሻ ൈ ܲሺ݅, ܶ|݅  1ሻ



 
(2-34) 

where ܲሺ݅, ݅|ݐ  1ሻ is the probability of i hazards occurring during time [0 t] given that at 

least one hazard occurs in this time period. According to Bayes rule, this term can be 

expressed as 
ሺ,௧ሻ

ሺஹଵሻ	
 with ܲሺ݅  1ሻ ൌ 1 െ ݁ିൈ௧ following the exponential function for 

independent events. The term λሺܨ|݅, ܶሻ is the annual rate of collapse for the expected 

lifetime of ܶ if i hazard incidents have occurred within time period [0 t). This definition 

is similar to the formulation provided for the exceedance probability of collapse in 

Equation (2-24). In order to compute the mean annual rate of exceedance as opposed to 
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the probability of exceedance, 
ଵ


 is removed from the right-hand-side of this equation. 

Consequently, the mean annual rate of collapse limit-state exceedance can be computed 

as: 

λሺܨ|݅, ܶሻ ൌ   ܲሺܵܮหൣܴܲ, ᇲܵܦ
 ൧, ,ܯܫ ݅, ܶ൯ ൈ ܲ൫ൣܴܲหܵܦᇲ

 ൧൯
ூெோୀ,ଵ

ேವೄ

ᇲୀ

ൈ ሾܲሺܵܮᇲ
 |݅, ܶሻ െ ܲሺܵܮᇲାଵ

 |݅, ܶሻሿ ൈ  |ሻܯܫሺߣ∆|

(2-35) 

where ܵܮ corresponds to the collapse limit-state. It should be noted that ܲሺܵܮᇲ
 |݅, ܶሻ is 

calculated recursively according to Equation (2-24). 

2.4.  Analytical Framework for Lifecycle Resilience Assessment 

During the lifetime of a structure or an infrastructure system in hazard prone regions, the 

functionality of the system may be impacted by a large number of events. Since resilience 

index represents functionality performance after hazard occurrences, occurrence of at least 

one hazard event during the lifetime of the infrastructure should be considered in the 

formulation of the resilience index. Based on the theorem of total probability for the 

number of hazard occurrences, the expected risk-based lifecycle resilience index for a 

service lifetime of ܶ, ܴܫܴܮതതതതതതത்ಽ, can be presented as:     

തതതതതതത்ಽܫܴܮܴ ൌ ሺܴܫܴܮതതതതതതത்ಽ|݅  1ሻ

ൌሺܴܫܴܮതതതതതതത|݅, ܶ, ݅  1ሻ ൈ ܲሺ݅, ܶ|݅  1ሻ
ஶ

ୀଵ

 
 (2-36) 
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where ሺܴܫܴܮതതതതതതത்ಽ|݅  1ሻ is the expected risk-based lifecycle resilience index for a service 

lifetime of ܶ given the assumption that at least one hazard occurs during this lifetime,   

 ሺܴܫܴܮതതതതതതത|݅, ܶሻ is the expected risk-based lifecycle resilience index conditioned on ݅ , ݅ 

1, hazards occurring during the system service lifetime, and ܲሺ݅, ܶ|݅  1ሻ is the 

probability of this i hazards occurring during the lifetime of the system given the 

assumption of at least one hazard happening in this period. According to Bayes rule, 

ܲሺ݅, ܶ|݅  1ሻ can be expressed as 
ሺ,்ಽ,ஹଵሻ

ሺஹଵሻ
. Since at least one hazard occurrence is 

considered in the formulation of ܴ ,തതതതതതത (see Equation (2-36)), the term ܲሺ݅ܫܴܮ ܶ, ݅  1ሻ can 

be simplified to ܲሺ݅, ܶሻ. Without limiting the generality of the framework, if hazard 

occurrences are considered independent random events, ܲሺ݅, ܶሻ can be articulated 

according to Poisson distribution function as follows:  

ܲሺ݅, ܶሻ ൌ 	
ሺυ ൈ ܶሻ݁ିሺൈ்ಽሻ

݅!
 (2-37) 

where υ is the annual rate of hazard occurrences. Following the assumption of 

independency among hazard occurrences, ܲሺ݅  1ሻ can be also computed as 1 െ

݁ିሺൈ்ಽሻ. Thus, for independent hazards, ܲሺ݅, ܶ|݅  1ሻ in Equation (2-36) can be 

determined as follows:  

ܲሺ݅, ܶ|݅  1ሻ ൌ 	
ሺυ ൈ ܶሻ݁ିሺൈ்ಽሻ

݅! ൈ ሺ1 െ ݁ିሺൈ்ಽሻሻ
 (2-38) 

With the same analogy provided for ܲሺ݅, ܶ, ݅  1ሻ to be simplified to ܲሺ݅, ܶሻ, 

the term ሺܴܫܴܮതതതതതതത|݅, ܶ, ݅  1ሻ in Equation (2-36) can be also reduced to ሺܴܫܴܮതതതതതതത|݅, ܶሻ. In 
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order to calculate the term ሺܴܫܴܮതതതതതതത|݅, ܶሻ, functionality of the system after each of the i 

hazard incidents should be accounted for. On this basis, ሺܴܫܴܮതതതതതതത|݅, ܶሻ is expressed as:  

ሺܴܫܴܮതതതതതതത|݅, ܶሻ ൌ
∑ ሺܨത

|݅, ܶሻ

ୀଵ

∑ ሺܨܨ
|݅, ܶሻ

ୀଵ

 
 (2-39) 

where ܨത
 and ܨܨ

 are the area under expected functionality curve, and full functionality 

curve of the system after jth hazard event, respectively. Considering the definition of 

resilience index, the formulation presented in Equation (2-39) compares the expected 

functionality of the system during its lifetime with the full functionality of that system in 

the same period when i hazards occur. 

As previously mentioned, functionality of the system after the time of each hazard 

occurrence is calculated until the end of the duration considered for the control time, i.e. 

 . However, there is a possibility that the restoration process of the system following aݐ

hazard is interrupted by the occurrence of a next hazard. Thus, functionality area following 

any hazard should be calculated from the occurrence time of that hazard to the minimum 

of 1) the time of next hazard, and 2) sum of the time of the current hazard occurrence and 

the considered control time. Considering ݐ and ݐାଵ	as the time of jth and j+1th hazard 

incidents, ሺܴܫܴܮതതതതതതത|݅, ܶሻ can be expanded as follows:  

ሺܴܫܴܮതതതതതതത|݅, ܶሻ ൌ
∑  ,݅|ݐതሺܨ ܶሻ. ݐ݀

୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ


ୀଵ

∑ 100% ൈ ൫min൫ݐାଵ, ݐ  ൯ݐ െ ,݅|ݐ ܶ൯
ୀଵ

	  (2-40) 

where ܨതሺݐሻ is the expected functionality of the system at time t. As noted, in Equation 

(2-40), the upper bound of the integral function in the numerator, which computes the 
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functionality area between jth and j+1th hazards, is bounded by min൫ݐାଵ, ݐ   ൯. Theݐ

same upper bound is considered in the denominator of Equation (2-40), where the area 

corresponding to full functionality of the system between jth and j+1th hazards is 

calculated. Figure 2-4 illustrates the calculation of ሺܴܫܴܮതതതതതതത|݅, ܶሻ in Equation (2-40) 

corresponding to three hazard events occurring at times tଵ, tଶ, and tଷ. 

 

 

Note: CL = Control time 

Figure 2-4 Illustration of the calculation of ሺܴܫܴܮതതതതതതത|݅, ܶሻ corresponding to the 
occurrence of three hazard events 

 

The functionality curve of the system at each time period ሾݐ	ݐାଵሿ depends on the 

damage-state that the structure experiences after the jth hazard, among other factors. This 

factor identifies the initial functionality of the system at time period ሾݐ	ݐାଵሿ. Considering 

the discrete space of the damage-state possibilities, ሺܴܫܴܮതതതതതതത|݅, ܶሻ in Equation (2-40) can 

be further expanded to:  
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ሺܴܫܴܮതതതതതതത|݅ ൌ 3, ܶሻ ൌ 
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ሺܴܫܴܮതതതതതതത|݅, ܶሻ

ൌ
∑ ∑ ܲ൫ܵܦ

|݅, ܶ൯ ൈ  ܵܦ|ݐതሺܨ
, ݅, ܶሻ

୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ

. ேವೄݐ݀
ୀଵ


ୀଵ

∑ 100%ൈ ൫min൫ݐାଵ, ݐ  ൯ݐ െ ,݅|ݐ ܶ൯
ୀଵ

 

 

 (2-41) 

where ܲ൫ܵܦ
|݅, ܶ൯ stands for the probability that the system sustains damage-state n 

due to jth hazard incident, and ܨതሺܵܦ|ݐ
, ݅, ܶሻ indicates the expected functionality of the 

system at time ݐ, where  ݐ ൏ ݐ ൏  . is nݐ ାଵ and the damage-state of the system at timeݐ

As mentioned in the previous chapter, damage-state 1 and ܰ ௌ represent the intact and the 

most severe state of the system, respectively. These damage-states are mutually exclusive 

and collectively exhaustive. In the rest of this section, the procedures for the calculation 

of ܲ൫ܵܦ
|݅, ܶ൯,  ܵܦ|ݐതሺܨ

, ݅, ܶሻ
୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ

. and 100% ,ݐ݀ ൈ ൫min൫ݐାଵ, ݐ 

൯ݐ െ ,݅|ݐ ܶ൯ in Equation (2-41) are provided. 

2.4.1.  Calculating ࡼ൫ࡿࡰ
 ,|  ൯ࡸࢀ

As explained in Chapter 2, the term ܲ൫ܵܦ
|݅, ܶ൯ incorporates the potential of damage 

accumulations due to untreated damages or due to the possibility of incomplete repairs. 

The procedure for the calculation of this term is elaborated in Section 2.3.2.  

2.4.2.  Calculating  ࡿࡰ|࢚ഥሺࡲ
 , , ሻࡸࢀ

൯ࢎ࢚ା࢚,శ࢚൫ܖܑܕ
࢚

.  ࢚ࢊ

As explained previously, the initial functionality of the system at the start of each period 

 depends on the damage-state of the system just after the occurrence of the jth [ାଵݐ ݐ]
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hazard. Generally, after the jth hazard incident, system recovers until full functionality is 

achieved. As explained before, the recovery process may be interrupted by the next 

hazard, i.e. j+1th incident, in which case functionality area should be calculated until the 

time of j+1th hazard. This indicates that the system functionality depends on the inter-

arrival times of jth and j+1th hazards, which are stochastic events. On this basis, 

 ܵܦ|ݐതሺܨ
, ݅, ܶሻ

୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ

.  :can be expanded as ݐ݀

න ܵܦหݐത൫ܨ
, ݅, ܶ൯

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

. 	ݐ݀

ൌ න ܵܦหݐത൫ܨ
, ݅, ܶ, ,ݐ ାଵ൯ݐ

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

ൈ ܲ൫ݐ, ܵܦ|ାଵݐ
, ݅, ܶ൯ .  ݐ݀

 (2-42) 

where ܲ൫ݐ,  ,ାଵݐ  andݐ ାଵ൯ is the probability that jth and j+1th hazards occur atݐ

respectively. These events are independent of the structural damage-state at the time of 

jth hazard incident; thus, ܲ൫ݐ, ܵܦ|ାଵݐ
, ݅, ܶ൯ can be reduced to ܲ൫ݐ, ,݅|ାଵݐ ܶ൯. Using 

Bayes rule, ܲ൫ݐ, ,݅|ାଵݐ ܶ൯ can be articulated as:    

ܲ൫ݐ, ,݅|ାଵݐ ܶ൯ ൌ
ܲ൫ݐ, ,ାଵݐ ݅, ܶ൯

ܲሺ݅, ܶሻ
  

 (2-43) 

The following timeline of events determine ܲ൫ݐ, ,ାଵݐ ݅, ܶ൯ in Equation (2-43):  

- j-1 hazards take place during [0 ݐିଵ]. 

- Two hazards, jth and j+1th incidents, occur at times ݐ and ݐାଵ. 

- No hazards take place between times ݐ and ݐାଵ. 



 

44 

- i-j-1 hazards occur during [ݐାଵ     .[ାଵ ܶݐ݀

On this basis, ܲ൫ݐ, ,ାଵݐ ݅, ܶ൯ can be written as: 

ܲ൫ݐ, ,ାଵݐ ݅, ܶ൯

ൌ ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫0, ାଵ൧൯ݐ		ݐൣ

ൈ ܲ൫݅ െ ݆ െ 1, 		ାଵݐൣ ܶ൧൯ ൈ υଶ ൈ .ݐ݀  ାଵݐ݀

 
 (2-44) 

Applying the total probability theorem over the entire space of occurrence times 

for ݐ and ݐାଵ, and inserting Equation (2-44) and Equation (2-43) into Equation (2-42), 

 ܵܦหݐത൫ܨ
, ݅, ܶ൯

୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ

.   :can be expressed as 	ݐ݀

න ܵܦหݐത൫ܨ
, ݅, ܶ൯

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

. 	ݐ݀

ൌ
1

ܲሺ݅, ܶሻ

ൈ න න න ܵܦหݐത൫ܨ
, ݅, ܶ, ,ݐ ାଵ൯ݐ

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

்ಽ

௧ೕ

்ಽ



ൈ ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫0, ାଵ൧൯ݐ		ݐൣ

ൈ ܲ൫݅ െ ݆ െ 1, 		ାଵݐൣ ܶ൧൯ ൈ υଶ ൈ .ݐ݀ .ାଵݐ݀  ݐ݀

 (2-45) 

2.4.3.  Calculating % ൈ ൫൫࢚ା, ࢚  ൯ࢎ࢚ െ ,|࢚  ൯ࡸࢀ

The term 100% ൈ ൫min൫ݐାଵ, ݐ  ൯ݐ െ ,݅|ݐ ܶ൯ in the denominator of Equation (2-41) 

is the expected lifetime functionality area of the system at a fully operational status. 



 

45 

Therefore, this term can be calculated using Equation (2-45), by replacing 

ܵܦหݐത൫ܨ
, ݅, ܶ, ,ݐ  .ାଵ൯ with 100% for all timesݐ

2.5.  Case Study 1 for Lifecycle Cost Assessment: Four Story Building 

The first case study that is considered for the demonstration of the proposed LCC 

assessment framework is a four story building structure. The input models and numerical 

study results for this case study are presented in the following sections.   

2.5.1.  Input Data for the Case Study 

The possibility of multiple earthquake events are considered throughout the lifetime of 

the case study building. Six retrofit options are considered for the building including: 

status quo (no retrofit), adding shear walls, adding X-braces, adding chevron braces, 

retrofitting columns with concrete jackets, and retrofitting columns with FRP wrapping. 

It is assumed that after retrofitting, the selected retrofit option will be kept throughout the 

lifetime of the structure, and it will be repaired to its original condition after any damage 

due to the occurrence of hazard events. The presented framework is applied to determine 

the optimal retrofit action that results in the least total LCC for the structure. 

2.5.1.1.  Structural Model and Seismicity of the Region 

The case study structure is a three bay, four story moment-resisting concrete frame 

building described in (48) and (49). An elevation view of the building is shown in Figure 

2-5. The frame building was originally designed to insure beam hinging under lateral 
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seismic loadings. In this frame, each bay is 5m long and each story is 3m high. In addition, 

the total weight of each story is 702.40 KN except the fourth story that has a weight of 

501.29 KN (48). In the frame, the concrete compression strength, reinforcing steel yield 

strength, and reinforcing steel ultimate strength are 28 N/mm2, 460 N/mm2, and 560 

N/mm2, respectively (48). All columns in this structure have the same section, which is 

displayed in Figure 2-5. On the other hand, beam sections vary with respect to height and 

position in each story. A detailed description of the beam sections is presented in Table 

2-1. 

The structure is assumed to be a multi-family residential building located near Sierra 

Madre fault in southern California. The natural period of the building is 0.615s (49).  

 

Figure 2-5 Configuration of the case study reinforced concrete moment resisting frame 
(49) 

 



 

47 

 
 
 
 

Table 2-1 Description of the beam sections (49)  

Beam 
Sections 

Height 
(m) 

Width 
(m) 

Top Longitudinal 
Reinforcement 

Bottom Longitudinal 
Reinforcement 

Section A 0.6 0.3 3Φ16  2Φ12 3Φ12  2Φ10 

Section B 0.6 0.3 2Φ10  2Φ16 3Φ10  2Φ10 

Section C 0.6 0.3 2Φ16  2Φ12 4Φ10 

Section D 0.6 0.3 2Φ16  2Φ12 3Φ12  2Φ10 

Section E 0.6 0.3 3Φ12  2Φ10 4Φ10 

 

Using the Hazard Curve Application provided by USGS (44), the probabilistic 

seismic hazard curve for the location of the building is derived and plotted in Figure 2-6. 

It is worthy to mention that a hazard curve presents the annual frequency (rate) of 

exceeding various ranges of the hazard intensity measure. These curves are region-

specific, and are usually developed probabilistically using the historical data for hazards 

in the region of interest. For the case study bridge in this section, as an appropriate 

intensity measure, spectral acceleration of the building at the first mode period is 

considered. Corresponding to this hazard curve, the mean annual rate of earthquake 

occurrence for the bare frame, υ, is calculated as 0.619. 
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Figure 2-6 Probabilistic seismic hazard curves for the site where the building is located 

2.5.1.2.  Retrofit Strategies 

For enhancing the performance of the case study building, the following six retrofit 

options are considered for implementation:  

Case 1: Status quo: The moment frame will not be retrofitted. The columns and beams 

will be repaired after any earthquake-induced damages. 

Case 2: Shear wall: Shear walls will be added to the middle span of the moment frame at 

all floors. The thickness of the wall and the concrete compressive strength of these shear 

walls are 20 cm, and 28  N/mm2, respectively.  

Case 3: X-brace: A set of X-braces will be added to the middle span of the moment frame 

at all floors. All X-braces are steel double angles with 30 cm length, 15 cm width, and 0.8 

cm thickness. The steel material has also a yield stress of 345 N/mm2.      

Case 4: Chevron brace: A set of concentrically chevron braces will be added to the middle 

span of the moment frame at all floors. The same as X-braces, chevron braces are 

considered as steel double angles with 30 cm length, 15 cm width, and 0.8 cm thickness. 

The steel material has also a yield stress of 345 N/mm2. 
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Case 5: Concrete jacketing: 80 cm of the top and bottom of all columns of the case study 

building will be retrofitted with concrete jacketing. For this purpose, the section of the 

concrete columns are thickened by 10 cm in width and 10 cm in length.  

Case 6: FRP wrapping: Tops and bottoms of all columns of the case study building will 

be wrapped with FRP sheets. While the FRP wrap does not modify the first mode period 

of the bare frame, the structural response of the frame following this retrofit strategy 

improves (50). According to the study by Mwafy and Elkholy  (50) the ultimate strength, 

tensile strength, thickness, and modulus of elasticity of the FRP wrap considered for the 

case study building are 149.5 KN, 1824 N/mm2, 0.28 mm, and 629.6 KN/mm2, 

respectively.     

Based on the references provided in Table 2-4 and the configuration of the case 

study frame building, the first mode period of the structure for the status quo, shear wall, 

X-brace, chevron brace, concrete jacketing, and FRP wrapping retrofit strategies, is 

derived as 0.615 s, 0.229 s, 0.279 s, 0.292 s, 0.552 s, and 0.615 s, respectively. In the 

computation of the expected hazard-induced cost and the expected salvage value for each 

of the retrofit strategies, the corresponding hazard curve based on the first mode period of 

that retrofit strategy is utilized (see Figure 2-6). 

2.5.1.3.  State-Dependent Fragility Curves 

Five damage-states are considered for the case study concrete frame, including intact (no 

damage), light, moderate, irreparable, and near collapse/collapse (49). The drift ratios 
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corresponding to these damage-states are 0, 0.002, 0.004, 0.01, and 0.018, respectively 

(51). 

The extent of damage after an earthquake event can be estimated using structural 

fragility curves. However, for the case where a hazard incident occurs while the repair 

action following the previous hazard event is undergoing, the probability of damage 

depends on the previous damage-state of the structure. In the context of earthquake 

engineering, the probability of new damage-states for different levels of hazard intensities 

can be realized by state-dependent fragility curves (49). For the case study bare frame, 

Abad et al. (49) used a set of 221 unscaled strong ground motion records to generate 

damage-state dependent fragility curves. In this regard, first for the intact damage-state, 

the structure was subjected to the entire set of ground motion records. Based on the 

sustained drift ratio, the damage-state was identified for the structure, which was then 

subjected to a randomly selected set of ground motions. Similarly, after that second 

excitation, the visited drift ratio-based damage-state was monitored and used as the initial 

state for the next excitation. This procedure was repeated until sufficient data for each 

damage-state was obtained. Finally, regression analyses were performed on the drift ratios 

to produce state-dependent fragility curves. For the non-retrofitted as well as retrofitted 

case study moment-frame structures, the parameters of the lognormal fragility curves are 

provided in Table 2-2 and Table 2-3. These parameters for the retrofitted state-dependent 

fragility curves are adopted from several research studies as presented in Table 2-4. In 

these studies, fragility curves for different damage-states of retrofitted structures are only 

provided for the intact state. Due to lack of data, in order to derive the parameters of the 
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state-dependent fragility curves for these retrofit actions, it is assumed that the ratios of 

the median and standard deviation values for damage-state dependent fragility curves are 

the same for the non-retrofitted and retrofitted frame buildings. In this regard, the 

following procedure is applied: 

- For each of the retrofit actions and limit-states, the mean and standard deviation 

values of the fragility curves for concrete frames before and after retrofit are 

identified. 

- Then, the ratios of the means and standard deviations after the retrofit to the 

corresponding values before the retrofit are multiplied by the mean and standard 

deviation values of the state-dependent fragility curves of the bare moment-frame. 

 
Table 2-2 Median values for the state-dependent fragility curves for the considered 

retrofit actions 

Initial 
Damage-

state 

Exceeded 
Damage-

state 

Retrofit Option 
Status 
Quo 

Shear 
Wall 

X-
Brace 

Chevron 
Brace 

Concrete 
Jacketing 

FRP 
Wrapping 

Intact Light 1.03 1.94 2.21 3.36 2.99 2.21 
Intact Moderate 2.25 4.24 4.82 7.34 6.54 4.84 
Intact Irreparable 6.33 11.94 13.56 20.64 18.40 13.61 
Intact Collapse 12.30 23.79 21.83 33.69 35.75 26.44 
Light Moderate 1.98 3.73 4.24 6.46 5.75 4.26 
Light Irreparable 5.78 10.90 12.38 18.85 16.80 12.42 
Light Collapse 11.29 21.84 20.04 30.92 32.81 24.27 

Moderate Irreparable 4.83 9.11 10.35 15.75 14.04 10.38 
Moderate Collapse 9.82 19.00 17.43 26.90 28.54 21.11 

Irreparable Collapse 6.47 12.52 11.48 17.72 18.80 13.91 

 

 
 
 
 
 



 

52 

Table 2-3 Logarithmic standard deviations for the state-dependent fragility curves for 
the considered retrofit actions 

Initial 
Damage-

state 

Exceeded 
Damage-

state 

Retrofit Option 
Status 
Quo 

Shear 
Wall 

X-Brace 
Chevron 

Brace 
Concrete 
Jacketing 

FRP 
wrapping 

Intact Light 0.41 0.34 0.43 0.31 0.21 0.21 
Intact Moderate 0.41 0.34 0.43 0.31 0.21 0.21 
Intact Irreparable 0.41 0.35 0.43 0.32 0.53 0.42 
Intact Collapse 0.41 0.35 0.44 0.32 1.05 0.75 
Light Moderate 0.42 0.35 0.44 0.32 0.21 0.21 
Light Irreparable 0.41 0.35 0.43 0.32 0.53 0.42 
Light Collapse 0.41 0.35 0.44 0.32 1.05 0.75 

Moderate Irreparable 0.45 0.38 0.48 0.35 0.58 0.46 
Moderate Collapse 0.44 0.38 0.47 0.35 1.12 0.80 

Irreparable Collapse 0.86 0.74 0.93 0.68 2.20 1.57 

  

These newly produced mean and standard deviation values are then used as the 

parameters of the retrofitted state-dependent fragility curves (see Table 2-2 and  

 

Table 2-3). 

In some retrofit cases, the mean and standard deviation values are only available 

for some limit-states (in terms of the maximum drift ratio) that are different from the ones 

used in this study. The required mean and standard deviation values in such cases are 

linearly interpolated. For the required limit-states with corresponding drift ratios less than 

the minimum or greater than the maximum available drift ratios, the same mean and 

standard deviation values corresponding to the minimum and maximum available drift 

ratios are considered. As shown in Table 2-4, retrofitting with chevron brace results in the 

largest improvements in the conditional fragility curves except for the collapse damage-

state where concrete jacketing provides the most improvement. 
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Table 2-4 Enhancement ratios of the state-dependent fragility curves for the considered 
retrofit actions 

  Exceeded Damage-states  
  Light Moderate Irreparable Collapse Adapted from 

R
et

ro
fi

t A
ct

io
n 

Status Quo 1.00 1.00 1.00 1.00 Abad et al. (49) 
Shear Wall 1.89 1.89 1.89 1.93 Bai (52)  

X-Brace 2.14 2.14 2.14 1.78 Akbari et al. (53)  
Chevron Brace 3.26 3.26 3.26 2.74 Akbari et al. (53) 

Concrete 
Jacketing 

2.91 2.91 2.91 2.91 
Mfawy and Elkholy (50) 

FRP wrapping 2.15 2.15 2.15 2.15 Mfawy and Elkholy (50) 

 

2.5.1.4.  State-Dependent Repair Times 

A key feature of the proposed framework is the consideration of the possibility that the 

repair action taken after a hazard incident can be incomplete when the next hazard incident 

hits the structure. As previously explained in the methodology section, the probability that 

the repair operation is incomplete at the time the next event occurs depends on the required 

repair time, among others. While repair time may vary for each of the retrofit actions, for 

illustration purposes in this research, these values are assumed identical for different 

retrofit actions. Generally, when a structure is damaged by an earthquake, the time to 

recovery includes (37): 1) a thorough building inspection, Tins, 2) engineering assessment 

for finance planning and repair consultation, Tass, 3) mobilizing equipment, materials and 

evacuating the building for repair, Tmob, and 4) the repair of the building, Trep. Based on 

the extent of damage, each of these steps requires a certain amount of time. For each 

damage-state, the recovery path, and the median and standard deviation of the lognormal 

distribution models for the involved recovery time components ((37); Table 15.9 in (54)) 

are provided in Table 2-5. It should be noted that some damage-states have recovery paths 
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that do not include certain recovery actions. For instance, when the structure is damaged 

to the extent of collapse, i.e. collapse limit-state is reached, there is no need for inspection 

and assessment since building collapse is clearly observable. 

 

Table 2-5 The recovery times, and the statistical characteristics for each of the recovery 
terms ((37); (54)) 

 

2.5.1.5.  Cost Terms 

The maintenance cost, repair cost and salvage value of the building are assumed to be 

dependent on the total construction cost of the building. The total construction cost is the 

sum of the cost of constructing the moment-frame building plus the cost of applying the 

retrofit action. Following (29), the total construction cost is assumed 91% of the 

replacement cost. The replacement cost of the residential building is approximated using 

the data provided in Table 3.7 in (54). The construction cost of the building and the 

additional cost of each retrofit action are given in Table 2-6. This table also includes 

references for the unit costs of applying the retrofit actions. 

 

  
Recovery path 

Recovery Time Component 

  Median (days) Dispersion  (β) 

 
 Tins Tass Tmob Trep Tins Tass Tmob Trep 

D
am

ag
e-

S
ta

te
 

Light Tins + Trep 30 - - 5 0.75 - - 0.40 

Moderate Tins + Tass + Trep 30 60 - 30 0.75 0.75 - 0.40 

Irreparable 
Tins + Tass + Tmob 

+ Trep 
30 60 120 120 0.75 0.75 0.75 0.40 

Collapse Tmob + Trep - - 360 240 - - 0.75 0.40 
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Table 2-6 Costs of construction and retrofit actions implementation, total costs of 
replacement, and annual maintenance costs for the six retrofit actions 

  
Unit Cost of 
Construction  

Reference 
Retrofit 
Cost ($) 

Cost of 
Replacement ($) 

Annual 
Maintenance 

Cost 
($/year) 

Status Quo 75 ($/ft2) NIBS, FEMA (54) - 450000 4091 
Shear Wall 55 ($/ft2) Liel et al. (55) 66000 516000 4691 

X-Brace 20000 ($/floor) Dasse (56) 80000 530000 4818 
Chevron Brace 15000 ($/floor) Authors` judgment 60000 510000 4636 

Concrete 
Jacketing 

55 ($/ft2) Liel et al. (55) 52800 502800 4571 

FRP Wrapping 12.5 ($/ft2) Less (57) 16800 466800 4244 

 

The annual maintenance cost for each building case in Table 4 is assumed 1% of 

the corresponding total construction cost (29). Hazard-induced cost terms considered in 

this paper include the direct repair cost, and the indirect loss due to disruption. However, 

incurred costs due to injuries, casualties and business interruption are not considered in 

the hazard-induced losses in this case study. Furthermore, the indirect loss of rental 

income for the owner of the building is disregarded since almost similar rental price should 

be paid by the tenants during the repair period. 

A total of $0.82/ft2 is considered for the disruption cost which represents the costs 

of “shifting and transferring” (54). This cost is only applied for the irreparable and 

collapse damage-states where relocation of the tenants is necessary for the repair of the 

building. 

The direct repair cost is the cost of bringing back the building to its intact 

condition. This cost includes the induced loss to structural and non-structural components, 

as well as the contents in the building. The repair cost is a function of the damage-state 

and the type of the retrofit action. NIBS, FEMA (54) provides repair costs for various 
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damage-states. The description of the damage-states with regard to the maximum 

interstory drift ratio is given in Table 5.1 in (54). Comparing the drift ratios corresponding 

to each damage-state in (54) with the drift ratios considered for the damage-states in this 

study, the repair costs for the slight, moderate, extensive and complete damage-states in 

(54) are taken as the costs for light, moderate, irreparable, and collapse limit-states in this 

study. The cost data for these limit-states are provided in Table 2-7. The repair costs 

include structural, non-structural and building content costs. The first two terms are 

provided as the percentage of the building replacement cost, while the latter is given as 

the percentage of the building contents value. NIBS, FEMA (54) suggests 50% of the 

building value (i.e. construction cost) as a reasonable estimate for the value of the contents 

for residential buildings. Furthermore, based on estimates in (54), 50% of the contents 

after complete damage is retrievable. Thus, the induced cost for different damage-states 

can be calculated as a function of the building replacement cost given in Table 2-7. 

The fourth term of the expected total LCC, i.e. the expected lifecycle salvage 

value, is also a function of the building condition at the end of its lifetime. In reality, the 

salvage value depends on many factors such as physical features including the quality and 

safety of location, and access to public transportation, governmental laws for building 

restrictions, social features such as population growth or decline, and economic attributes 

including income levels and new construction techniques (58). However for the purpose 

of demonstrating the application of the proposed method, the salvage value is assumed to 

depend only on the damage-state of the building at the end of lifetime and vary linearly 

for the five damage-states. The maximum considered value is equal to the construction 
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cost, representing the value of the building for the intact damage-state, while the minimum 

value is set to zero for the collapse limit-state. 

Table 2-7 Repair costs of the building for different damage-states in terms of the 
percentage of the replacement cost (54) 

  Damage-State 
  Light Moderate Irreparable Collapse 

C
om

po
ne

nt
 Structural 0.3 1.4 6.9 13.8 

Non-Structural Drift Sensitive 0.9 4.3 21.3 42.5 
Non-Structural Acceleration 

Sensitive 
0.8 4.3 13.1 43.7 

Contents 0.5 2.3 11.4 22.8 
Sum 2.5 12.3 52.7 122.8 

 

2.5.2.  Numerical Results 

The numerical results from implementing the developed framework on the case study 

building is provided in this section. 

2.5.2.1.  Probabilities of Exceeding Limit-States and Sustaining Damage-States 

versus the Number of Hazard Incidents 

For the case of status quo retrofit action and performing no repairs following sustained 

damage-states, the probabilities of exceeding various limit-states versus the number of 

hazard occurrences are derived using Equation (2-24) and plotted in Figure 2-7-a. As a 

general trend, when the number of earthquake events increases, the exceedance 

probabilities increase for all of the limit-states. Since the structure is always in a damage-

state equal to or worse than the intact state, the probability of exceeding the intact limit-

state is always one. This limit-state is therefore not shown in Figure 2-7-a. As shown in 

Figure 2-2, the probabilities of reaching each damage-state can be computed based on the 
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exceedance probabilities of limit-states. These values for the status quo retrofit plan versus 

the number of hazard incidents are presented in Figure 2-7-b. Results indicate that when 

no repair is performed on the structure, the probability of staying intact decreases 

drastically as the number of hazard events increases. The probabilities of being in the light 

damage-state increases with a decreasing slope. When more than 50 hazard incidents 

occur, the probability of the light damage-state supersedes the occurrence probability of 

the intact damage-states. This is expected, as it indicates the vulnerability of the system 

when no repair is performed as the building experiences more hazard incidents. 

 Finally, the occurrence probabilities of the last three damage-states, i.e. moderate, 

irreparable, and collapse, increase monotonically with the number of hazard incidents. 

This trend is expected since an increase in the number of hazard incidents leads to higher 

likelihoods of the structure experiencing more severe damage-states due to accumulated 

damage from past incidents and incomplete repairs. 
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Figure 2-7 Probabilities of a) exceeding limit-states and b) sustaining damage-states for 
the status quo retrofit plan considering no repair following sustained damages  

2.5.2.2.  Convergence Analysis 

The convergence of the proposed framework for LCC assessment of structures with 

respect to the number of hazard incidents is investigated in this section. The relative 

tolerance of 0.002 is considered which corresponds to the absolute tolerance of 

approximately $100 for 100 years lifetime. When the relative difference of the expected 

hazard-induced cost from two consecutive steps becomes less than the specified tolerance 

value, the analysis is considered as converged. Results of convergence analysis for a wide 

range of lifetimes for the case study building are presented in Figure 2-8. Generally, as 

the time horizon of the structure increases, the considered number of hazard incidents 

should increase in order for the framework to converge. This can be justified by the fact 

that the expected number of hazard incidents following a Poisson process is linearly 

a b 
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proportional to the lifetime, i.e. ܧሺ݅|ܶܪሻ ൌυ ൈ  Although, in theory, an infinite .ܪܶ

number of hazard events should be considered (as required according to Equation (14)), 

numerical results indicate that convergence will be achieved with a relatively small 

number of hazard incidents more than the expected number of hazards following Poisson 

process for the specified lifetime. For this reason, the required number of hazards for 

convergence is slightly larger for shear wall, X-brace, and Chevron brace retrofit strategies 

with higher mean annual rates of earthquake occurrences, compared to the rest of the 

alternatives.      

Results of this analysis indicate that a reliable estimation of the LCC of systems 

requires consideration of the possibility of multiple hazard occurrences throughout the 

lifetime. This consideration however, is neglected in many existing LCC analysis 

frameworks. 

In the rest of this section, using the proposed framework, the results of various 

numerical analyses on the case study frame building are presented and discussed. 
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Figure 2-8 Required number of hazard incidents to be considered in the framework for 
convergence 

2.5.2.3.  Lifecycle Cost Analysis and Optimal Decision-Making across 

Predetermined Alternatives 

The expected lifecycle maintenance cost, hazard-induced cost, salvage value and total cost 

for a wide range of lifetimes for the six retrofit options are shown in Figure 2-9-a~d. The 

discount rate is considered as 5%. It is observed that structures with higher construction 

costs have higher lifecycle maintenance cost as well. This is expected as the annual 

maintenance cost is assumed a fraction of the construction cost and the fraction remains 

the same for all building cases. Results in Figure 2-9-b indicate that the expected lifecycle 

hazard-induced cost is the highest in the Shear wall and X-brace retrofit plans, whereas 

status quo stands the third in the ranking. Considering the enhancement ratios in the state-

dependent fragility curves provided in Table 2-4, it can be concluded that retrofitting the 

ductile frame building does not necessarily reduce the likelihood of experiencing damage 

during earthquakes. A possible reason can be the fact that adding such retrofit systems 

significantly decreases the structural stiffness and consequently the first mode period. 
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According to Figure 2-6, these result in a considerable increase in the annual rate of 

exceeding hazard intensities, which increases the risk of damage due to earthquakes, and 

thus the expected lifecycle hazard-induced cost. The lifecycle salvage values for different 

retrofit strategies are shown in Figure 2-9-c. As explained before, the salvage value 

depends directly on the damage-state of the structure at the end of the lifetime. Here, 

different retrofit actions are considered to have identical repair times and salvage values. 

According to Equation (2-33), the building is in the intact damage-state at the end of the 

horizon, unless there is not sufficient time to repair damage occurred before the end of the 

time horizon. Since the considered repair times are relatively short, the latter condition is 

not very likely to be met. As a result, the building is likely to be in the intact damage-state 

at the end of the lifetime, with nearly identical salvage values for all retrofit actions. As 

the time horizon increases, the net present of the salvage values decreases exponentially 

with the rate ்ߛಽ, where ߛ is the discount factor with a value less than one. Thus, for 

sufficiently large values for the time horizon, the salvage value converges to zero, 

resulting in a small contribution of the salvage value to the overall LCC. The sum of all 

of the cost components are plotted in Figure 2-9-d. 
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Figure 2-9 The expected lifecycle a) maintenance, b) hazard-induced, c) salvage and d) 
total costs for different lifetimes for the six retrofit options 

For the input parameters described earlier, the FRP wrapping strategy appears to 

be the optimal retrofit option if the planning horizon is more than 15 years. Finally, it can 

be observed that the ranking of optimal decisions vary slightly with the lifetime. The 

variation in the total LCC is also minor among the six retrofit actions. As noted before, in 

the application of the proposed framework to the case study building, only the direct repair 

costs and the indirect costs due to disruptions are considered. When other sources of loss 

such as human injuries and casualties and indirect economic losses are added to these 

consequences, variation in the LCCs, as well as changes in the ranking of optimal 

strategies are expected to be more significant than those derived in this study. If these 

additional loss terms are considered, it is expected that retrofit options with more 
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enhancement in the fragility curves for severe damage-states will become more attractive 

alternatives. 

2.5.2.4.  Variation of Optimal Decisions against Different Repair Times 

This section investigates the impact of the total repair time on the expected total LCC and 

optimal retrofit decision-making across predetermined alternatives. As explained in 

Section 2.4.5, each of the damage-states has a different restoration path consisting of 

multiple actions. The total repair time for damage-state j, ܶ ௧௧
 , is the summation of times 

required for implementing associated restoration actions; each of these times has a 

lognormal distribution with parameters provided in Table 2-5. Expected lifecycle hazard-

induced cost, salvage value, and total cost of the structure for 0-, 0.5-, and 0.95-percentiles 

of ௧ܶ௧
  for the damage-states of the status quo retrofit plan are presented in Figure 2-10. 

The α-percentile of ௧ܶ௧
  is denoted by ఈܶ

 and is determined such that ܲൣ ௧ܶ௧
  ఈܶ

൧ ൌ

α is called non-exceedance probability. The distribution of ௧ܶ௧ .ߙ
  and the values of ఈܶ

 

are determined through Monte-Carlo simulations based on Latin Hypercube sampling 

method. The values of ܶ
, ܶ.ହ

 , and ܶ.ଽହ
  for considered damage-states of the status quo 

retrofit plan are presented in Table 2-8. 

Table 2-8 The 0-, 0.5-, and 0.95-percentiles for the total repair times (in years) of 
various damage-states of the status quo retrofit plan. 

 Damage-state 

 Intact (j=1) Light (j=2) Moderate (j=3) Irreparable (j=4) Collapse (j=5) 

ࢀ
  0.0 0.0 0.0 0.0 0.0 

.ࢀ
  0.0 0.1 0.3 0.9 1.5 

.ૢࢀ
  0.0 0.3 0.7 1.6 3.3 
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Results of Figure 2-10 indicate that the total repair time has a noticeable impact 

on the expected lifecycle hazard-induced and total LCCs of the building, whereas the 

impact is negligible for the salvage value of the building. As previously explained, this 

latter effect can be attributed to the low sensitivity of the salvage value to the total repair 

time. The relative difference between the case of instantaneous repair, ܶ
, and the case of 

very lengthy repair ܶ.ଽହ
  is about 60% and 7.5% for the expected lifecycle hazard-induced 

cost and the total LCC, respectively. 

 

Figure 2-10 Expected lifecycle hazard-induced cost, salvage value, and total LCC for 0-, 
0.5-, and 0.95-percentiles of the total repair time 

The impact of total repair time on the rankings of retrofit options is investigated 

in Figure 2-11 where the expected total LCC is determined as a function of lifetime for 0-

, 0.5-, and 0.95-percentiles of total repair time. From the results in Figure 2-11-a and 

Figure 2-11-b, it appears that if the repair time is neglected in the LCC framework, i.e. the 

case of ܶ
, the status quo option is the optimal action for the first 45 years of planning 

horizon. As the percentile of the total repair time increases, other retrofit plans become 
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more attractive. For the case of median values of repair time, ܶ.ହ
 , the status quo is the 

optimal solution for only the first 15 years, after which the FRP wrapping strategy is the 

most effective approach. The difference becomes even more significant for ܶ.ଽହ
  case 

where the LCCs of the status quo and FRP wrapping become more apart compared to the 

cost difference between these two retrofit plans in the ܶ
 and ܶ.ହ

  cases (see Figure 2-11-

c). 

It should be noted that in case the damage consequences include indirect economic 

losses and account for potential injuries and casualties, the impact of the total repair time 

on the expected repair and total LCCs will be more significant since the cumulative 

damage costs would be considerably greater. In such cases, retrofit options that provide 

higher reliability especially for more severe damage-states become more attractive and 

the contribution of the initial cost to the total LCC decreases. As explained in Section 

2.3.4, one way to control such consequences and ensure the safety of buildings is to set a 

threshold for the annual rate of collapse and evaluate the performance of the retrofit 

strategies against this limit. The results of this approach is discussed in the next section. 
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Figure 2-11 Expected total LCC for the six retrofit actions corresponding to a) 0-
percentile, b) 0.50-percentile, and c) 0.95-percentile of the total repair time 

2.5.2.5.  Comparison of the Annual Rate of Collapse with the Allowable Threshold 

Acceptable target values for the annual rate of collapse have been defined based on 

different criteria. For instance, JCSS (59) suggests this value as a function of the severity 

of collapse consequences and the relative cost of safety. However, an important parameter 

for the target collapse rate is the collapse risk acceptability of the community. Allen (60) 

considered this factor in the calculation of the maximum acceptable annual probability of 

collapse denoted by ܲ
. This relationship which has been used in many studies such as 

(61) and (62) is as follows: 

ܲ
 ൌ

ܣ
ܹ√݊

ൈ 10ିହ ൗݎݕ  
(2-46) 

where ܹ is the warning factor, ܣ is the activity factor which defines whether the structure 

is normal or is intended for activities following the occurrence of a disaster, and ݊ is the 

expected number of people at risk. According to the guidelines provided in (61), for the 

case study building in this research, ܹand ܣ are taken as 1.0. Furthermore, ݊ is 
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considered as 10-4 based on recommendations in FEMA 227 (63). The assumptions for 

selecting these parameters are that the case study building is intended for normal activities 

(i.e. not for activities following a disaster); the nature of structural collapse under seismic 

excitations is sudden without previous warnings; and the building is rehabilitated. 

Substituting these values into Equation (2-46), ிܲ
 is derived as 10-3. The calculated 

annual probability of collapse can then be transformed into the acceptable mean annual 

rate of collapse, λி
, through Equation (2-47), where at least one occurrence of collapse 

is of interest in a year: 

ிܲ
 ൌ 1 െ ݁ିಷ

ೌൈଵ (2-47) 

Using ிܲ
 value of 10-3, λி

 is calculated as 10-3. 

As explained in Section 2.3.4, annual rate of collapse may not be constant due to 

the possibility of the structure to be in different damage-states originated from multiple 

hazard occurrences. Following Equation (2-34), for the case study building λതி
்ಽ is 

computed for the status quo retrofit plan for expected lifetimes ranging from 0 to 100 

years and from 0 to 0.99 probabilities of non-exceedance for the total repair time; the 

results for each damage-state are presented in Figure 2-12-a~e. In performance-based 

structural design, these annual rates of reaching different damage-states can be used to 

ensure that multiple objectives involving a set of damage-states are satisfied. As expected, 

the annual rates of reaching damage-states decreases with the severity of the damage-

states, but increases with the probability of non-exceedance of total repair time or 

equivalently the duration of the repair time, and the time passed since the first retrofit. 

Focusing on the annual rate of collapse in Figure 2-12-e, the maximum threshold of 10-3 



 

69 

is shown with a dashed line. If the impact of repair time in LCC analysis is disregarded 

i.e. the case of ܶ
, the annual rate of collapse for the case study frame building is less than 

the maximum allowable value for the entire lifetimes. This observation implies that the 

status quo retrofit option is a safe alternative. However if the total repair time is 

considered, the annual collapse rate exceeds the maximum allowable level of 10-3 for non-

exceedance probabilities larger than 0.5 for the total repair time. This indicates that there 

is 50% chance that the structure is not safe. In addition if the median value of the repair 

time is considered, the status quo retrofit plan is not safe for periods shorter than eight 

years. Therefore, this option should not be selected as the optimal plan despite the fact 

that it yields one of the least total LCCs as shown in Figure 2-9-d. 
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Figure 2-12 Mean annual rate of occurrence for a) intact, b) moderate, c) irreparable, d) 
severe, and e) collapse damage-states as a function of lifetime and different non-

exceedance probabilities of repair time 

2.6.  Case Study 2 for Lifecycle Cost Assessment: Five Span Concrete Bridge 

To further demonstrate the capabilities and various practical applications of the developed 

LCC assessment framework, a five span reinforced concrete bridge is considered as the 

second case study in this section. To reduce the runtime and complexity of the problem, 

the salvage value is excluded from LCC analysis. In addition, as demonstrated in Section 

2.4 this term is not a significant contributor to the total LCCs in the context of optimal 

decision-making across predetermined hazard-mitigation strategies. In the following 

sections, the input models and numerical results for the case study bridge are presented. 

a b c

d e
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2.6.1.  Input Data for the Case Study 

The bridge under study is a realistic three lane, five span reinforced concrete (RC) box 

girder bridge used and analyzed by (51) (see Figure 2-13). The length of the bridge is 

239.1 m, and the foundation system under each pier is a group of 40 piles, which are 

mainly subjected to local scour (51,64). More details about the case study bridge can be 

found in (51).  

 

Figure 2-13 Elevation view of the case study bridge (51,65) 

2.6.1.1.  Hazard-Mitigation Alternatives 

Bridges are vital members of transportation networks as the safety and serviceability of 

these structures have high implications for economic prosperity at regional and national 

levels. In seismic regions, the performance of bridges throughout their lifetime can be 

significantly degraded by multiple occurrences of earthquakes. As an example, Figure 

2-14 shows the historic major earthquakes near the city of Sacramento, California, in the 

past 40 years with magnitude greater than 6 (66). As seen, there are a number of historic 

earthquakes that have occurred within a very short time. 
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Figure 2-14 Historic major earthquakes near Sacramento in the past 40 years with 
magnitude greater than 6 (66)  

 

As noted earlier in this chapter, the incurred losses may considerably increase if 

earthquakes occur within a short period of time from previous events. This is due to the 

fact that short occurrence intervals may leave insufficient time for the repair of seismic-

induced damages from prior hazards, and that existing damage in bridges increases their 

fragility to future seismic events. Fast but costly repair techniques may reduce such 

structural vulnerabilities and consequently disruptions in transportation services; 

however, application of these repair techniques increases the repair costs of damages for 

the responsible agency. On the other hand, performing repair actions for all extents of 

seismic-induced damages reduces the safety risk on bridges arising from future 

earthquakes; however, implementation of these extensive repairs increases the disruption 

in traffic and subsequent economic losses. Thus, it is important to optimally manage the 

extent and speed of repair actions after earthquake occurrences.  
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For the lifetime of the infrastructure, two plans for the extent of repair actions and 

three strategies for the speed of repair actions are evaluated. The two plans for the extent 

of repairs include 1) performing repair actions for all extents of seismic-induced damages, 

and 2) conducting repairs for all extents of seismic-induced damage, except for the slight 

damage-state. Notably, adopted from Furtado and Alipour (67), the bridge can be left 

untreated to provide full service to users when it sustains slight damage-state. However, 

this increases the likelihood of experiencing more severe damage-states due to future 

earthquakes, which require more costly repairs and more disruption in transportation 

services. Moreover, three repair speeds of slow, average and fast are considered and 

evaluated for the case study bridge. Following (68), it is considered that the required repair 

times will reduce by 15% when the physical cost of repairs increases by 15%; this case 

represents fast repairs in this study. On the other hand, for slow repairs, the agency can 

spend 20% less for repair actions at the cost of 15% increase in the duration of repairs. 

2.6.1.2.  Seismic Hazard Curves 

For the purpose of comparison between the identified optimal decisions, two locations are 

assumed for the case study bridge system; city of Sacramento, California, with moderate 

chance of high-intensity earthquakes and city of Sierra Madre, California, with high 

chance of high-intensity earthquakes. Following Prasad and Banerjee (51), and Kelly (69), 

class C is assigned to the site of the case study bridge. Considering this site class, seismic 

hazard curves are generated for the cities of Sacramento and Sierra Madre using an online 

application developed by USGS (44) (see Figure 2-15). In line with the available data on 
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damage-state dependent fragility curves for the case study bridge, peak ground 

acceleration (PGA) is selected as the intensity measure for these hazard curves. The curves 

present the annual rate of PGA exceedance given various possibilities of PGA occurring 

in the region. According to the generated hazard curves, the annual rate of earthquake 

occurrence for the cities of Sacramento and Sierra Madre are derived as 0.3700 and 

0.3704, respectively. 

 

Figure 2-15 Hazard curves for two cities in California: Sacramento and Sierra Madre 
(44)  

2.6.1.3.  Damage-state Dependent Fragility Curves 

Five earthquake-induced damage-states that are consistent with NIBS, FEMA 

(54) definitions are considered here; these include intact (no damage), slight, moderate, 

extensive, and complete (collapse) damage-states. Prasad and Banerjee (51) suggested 

equivalent displacement ductility thresholds for the case study bridge columns as 2.25, 
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2.90, 4.60, and 5.0, for damage-states slight, moderate, extensive, and complete, 

respectively. The median values for the lognormal cumulative distribution functions of 

the fragility curves for these damage-states are determined by Prasad and Banerjee (51) 

and are given in Table 2-9. A logarithmic standard deviation of 0.5 is considered for all 

fragility curves (70). 

 
Table 2-9 Median values of PGA (g) for the lognormal cumulative distribution functions 

of the fragility curves for the case of initial intact seismic damage-state (70) 

Damage-state 
slight Moderate Extensive Complete 
0.73 0.90 1.27 1.44 

 

The above set of fragility curves represent the case where the bridge at the time of 

the earthquake occurrence is in the intact seismic damage-state. For other damage-states, 

due to lack of available data and for the purpose of demonstration of the proposed method, 

it is assumed that the ratio of the median of the fragility curves when the initial condition 

of the bridge is intact, to the median of the fragility curves when the bridge is initially in 

other than the intact state follows the values given in Table 2-10. These ratios have a 

reasonable agreement with the ones reported by Raghunandan et al. (71) for building 

structures, as such reliable data are currently not available for bridges.  

The damage-state dependent fragility curves for the case study bridge are shown 

in Figure 2-16. 
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Table 2-10 The ratios of the median of the fragility curves when the initial condition of 
the bridge is intact, to the median of the fragility curves when the bridge is initially in 

other than the intact state 

    Initial damage-state 

    Slight Moderate Extensive 

    Limit-state in fragility curve 

    Moderate Extensive Complete Extensive Complete Complete 

Initial 
damage-

state 
Intact 

Limit-
state in 
fragility 
curve 

Moderate 1.25  -   -   -   -   -  
Extensive -  1.25  - 1.5  -  - 

Complete  -  - 1.25  - 1.5 2 

 
 

 
Figure 2-16 Damage-state dependent fragility curves when the bridge is at a) intact b) 

slight c) moderate and d) extensive damage-states 

2.6.1.4.  State Dependent Repair Times 

Generally, the more severe a damage-state, the more time required for repairing the 

damage and improving the structural condition of the bridge to its original state. For each 

a b

c d
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seismic damage-state, the set of tasks that constitute the recovery path along with the 

corresponding probabilistic models for required times are provided in Table 2-11. In this 

Table, Tins stands for the time required for inspection and estimation, Td&c is the required 

time for preparing a repair plan, bidding and contracting, Tmob is the time required for the 

mobilization of resources (i.e. materials and crews) and Trep is the required time for repair.  

 

Table 2-11 Seismic damage-dependent recovery path and the statistical information for 
the required time for each task of the recovery paths 

  
Recovery 

Path 

Recovery Time (Days) 

  
Lognormal Mean (days) 

Lognormal Standard Deviation 
(days) 

 
 Tins Tmob Td&c Trep Tins Tmob Td&c Trep 

D
am

ag
e-

st
at

e 

Light 
Tins + Td&c 

+Trep 
4 - 30 0.6 3.6 - 27.4 0.6 

Moderate 
Tmob +Tins + 
Td&c+ Trep 

4 45 40 2.5 3.6 41.0 36.5 2.7 

Extensive 
Tmob + Tins + 

Td&c+ Trep 
4 45 50 75 3.6 41.0 45.6 42 

Complete 
Tmob + Tins + 

Td&c+ Trep 
4 45 60 230 3.6 41.0 54.7 110 

Used References R1 R2 
R2 and 

R3 
R4 

R2 
and 
R5 

R2 
and 
R5 

R2 
and 
R5 

R4 

Note: R1=Gordin (72), R2=Author`s judgment, R3=Shinozuka et al. (73), R4=NIBS, FEMA (54), R5=Burton et al. 
(37) 

 

2.6.1.5.  Cost Terms 

As reported by Yilmaz et al. (25), according to Caltrans construction statistics, the average 

physical cost of replacement of box girder bridges becomes $1949/m2 for 2017. This cost 

is used for the replacement cost of the studied bridge. The annual discount rate, ߜ, is 

considered as 5% for all years. As noted previously, following each hazard occurrence, 

depending on the induced damage, a set of direct and indirect user and agency costs are 
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incurred on the community. Accurate prediction of these costs results in reliable LCC 

analysis for the case study system. Other research studies, e.g. Fereshtehnejad et al. (65), 

have also evaluated a comprehensive list of user and agency costs for the repair of 

infrastructural defects as a function of the extent of system deficiencies. This has led to 

objective and reliable performance assessment of those infrastructure systems. As 

mentioned in Section 2.3.4, some may argue against the incorporation of injury and 

casualty losses in terms of costs. However, for objective evaluation of all consequences, 

in this section and the rest of the chapters of this dissertation, these costs are considered 

for hazard-induced LCC calculations. On this basis, the following set of costs is 

considered for the case study bridge in this section: direct costs of repairing the damage 

and human casualties, and indirect costs of delay time, vehicle operation, and excess gas 

emission on users, damage to the environment, and economic losses. These costs are 

summed to yield the overall cost for each damage-state, i.e. ̅ܥ൫ܵܦ
൯ in Equation (2-16). 

In the following sections, these costs are presented and discussed. 

2.6.1.5.1.  Agency Repair Costs 

Agency-incurred repair costs are incurred following the occurrence of each of the seismic-

induced damage-states. These values, according to NIBS, FEMA (54), are estimated as 

0.03, 0.08, 0.25, and 1.00 times the replacement cost for slight, moderate, extensive, and 

complete damage-states, respectively. Furthermore, according to Caltrans (74), there are 

two cost terms that should be added to the total repair costs; these include mobilization 

and contingency costs, which are estimated as 10% and 20% of the bridge repair cost, 
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respectively (74). Contingency cost covers unpredicted costs that may arise during 

inspection and mobilization and also from unforeseen costs due to design changes (72,74). 

2.6.1.5.2.  User Costs of Imposed Delay, Vehicle Operation and Excess Emission 

For performing repair actions on highway bridges, partial or complete closure of bridges 

are often required for the safety of workers in work zones. As a result of such disruptions 

in the traffic flow, user costs will incur due to delays imposed on passengers, extra 

operation of vehicles, and excess gas emission of hydrocarbons, carbon monoxide, and 

nitrogen oxide (75). These costs, denoted by ܥሺܵܥሻ, are included in the damage-state 

dependent hazard-induced costs for the case study bridge as follows: 

ሻܵܦሺܥ ൌ 	min	ሺ߬, 1 υଵ⁄ ሻ ൈ ሺݐ
 ோ⁄ െ ݐ

ைሻ

ൈ	ሾሺܶܦܣܣ െ ሻܶܶܦܣܣ ൈ ߩ  ܶܶܦܣܣ ൈ  ሿ்ߩ

(2-48) 
 

where min	ሺ߬, 1 υଵ⁄ ሻ is the expected time of traffic interruption as a result of repairing 

seismic-induced damages to the case study bridge. According to Equation (2-16), the 

expected hazard-induced costs are considered independent of the times of hazard 

occurrences and are added together for entire potential times that hazards take place. For 

this reason, the expected time of traffic interruption is the minimum of the required repair 

time for damage-state n and the expected time difference between earthquake occurrences. 

This assumption is released in Chapter 4 of this dissertation. In Equation (2-48), ܶܦܣܣ 

and ܶܶܦܣܣ are the annual average daily traffic and annual average daily truck traffic of 

path ij that the bridge is part of, ߬ is the recovery time for damage-state n (see Table 

2-11), and ݐ
ை  is the original time for passing path ij using the main bridge with no 
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partial/complete closure or speed reduction. According to Bocchini and Frangopol (42), 

ݐ
ை  can be computed by:  

ݐ
ை ൌ ݐ

ி ൈ ቈ1  ሺߙ ݂

݂
ሻ
ఉ (2-49) 

 

In this equation, ݐ
ி  is the time required to pass through path ij at free flow speed, and can 

be estimated by the length and speed limit of the path. ݂ represents the traffic flow in the 

highway segment ij, and is equal to the AADT of the main bridge. ݂ 
 stands for the critical 

flow (maximum flow capacity) of the bridge, and ߙ and ߚ are model parameters 

considered as 0.15 and 4, respectively (42). In Equation (2-48), ݐ
 ோ⁄  is the time delay for 

users that drive through the detour or for the portion of the traffic that passes the bridge 

with the reduced speed limit, all as a result of repair actions that are conducted on the 

bridge. Assuming that the traffic flow on the detour is low compared to the traffic flow on 

the main path, ݐ
 ோ⁄  can be calculated by the following formulation from Bocchini and 

Frangopol (42): 

ݐ
 ோ⁄ ൌ ݐ

ி/ோ ൈ ቈ1  ሺߙ ݂

݂
ሻ
ఉ ݏ, ൈ ,ݐ

ௗ ൈ ቈ1  ሺߙ
.,ݏ ݂

݂,
 ሻఉ

ఢ

 (2-50) 
 

where ݐ
ி/ோ is the time required to pass through path ij with a reduced speed limit on the 

main road due to repair activities. ݂,
  stands for the critical flow (maximum flow 

capacity) of the path of interest together with detour b that joins points i and j. In addition,  

,ݐ , is the fraction of traffic from point i to j that passes through detour b, andݏ
ௗ  is the 

time required to move form point i to j through detour b at free flow speed. In Equation 
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 are the user costs of imposed delay, vehicle operation and excess ்ߩ  andߩ ,(2-48)

emission due to the incurred delay for using detours or speed reductions for unit car and 

unit truck, respectively. After updating unit user costs specified in ODOT (76), ߩ and ்ߩ 

are found as $22.88/hour and $58.83/hour for year 2017, respectively. In addition, for the 

calculation of user costs, the following assumptions and considerations are made: 

- The bridge connects two points i and j in the city of Sacramento with a distance of 

16.1 km (10 mi). 

- For the three lane case study bridge, the maximum flow capacity of the bridge 

required for the calculation of ݀
  is considered as 1750 vehicles/hour/lane (77). 

- The AADT of 154000/2 for the three lane Capital City highway (78), which crosses 

the American River in the Sacramento County, is considered for the three lane 

case study bridge. 

- Trucks contribute 9.6% to the AADT of the bridge (78). 

- The speed limit of 60 mph is considered for the highway road that the case study 

bridge is located on. 

- In case of a partial closure of the bridge due to repair activities, the posted reduced 

speed limit on the bridge is considered as 50 mph (following recommendations by 

Caltrans (79)). This speed limit is also considered for the detour road parallel to 

the main highway. 

- An extra time of five minutes is added to the trip from point i to j, if passengers 

use the detour to reach their destination point j (Bocchini and Frangopol (42)). 
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- The maximum flow capacity of the detour is considered half the maximum flow 

capacity of the highway that the bridge is located on (Bocchini and Frangopol 

(42)). 

- Similar to Furtado and Alipour (67), complete, extensive, moderate, and slight 

damage-states are assumed to degrade the functionality of the bridge by 100%, 

100%, 66.7%, and 33.3%, respectively. The latter two cases correspond to the 

closure of two and one lane of the bridge for inspection and repair activities, 

respectively. 

2.6.1.5.3.  Cost of Economic Losses 

Businesses especially those nearby the bridge will be affected by the interruption in traffic 

due to partial/complete bridge closure. Accurate identification of this cost requires 

transportation system and economic analyses, which is not in the scope of this study. 

Instead, twice the user cost of imposed delay, vehicle operation and excess emission is 

considered for the cost of economic losses. This factor is chosen here based on a study by 

Klisen and Mill (80) for economic impacts of hazard-induced damage to transportation 

systems. 

2.6.1.5.4.  Cost of Human Casualties 

Human casualties including injuries and deaths are potential consequences of damage to 

bridges. Casualty rate defined as the ratio of casualties to the total number of people at 

risk can be used to estimate human losses. According to NIBS, FEMA (54), the casualty 

rate for continuous bridges when collapse damage-state is experienced is 17%, 20%, 37%, 

and 7% for casualty severity levels of 1 to 4, respectively. The severity levels in NIBS, 
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FEMA (54) are similar to minor, moderate, severe, and fatal casualty levels in Porter et 

al. (81) where the corresponding cost values are provided. After updating, the casualty 

costs per person are derived as $8500, $68000, $833000, and $4421200, respectively, for 

severity levels of 1 to 4. Due to lack of data, NIBS, FEMA (54) does not provide casualty 

rates for slight, moderate and extensive damage-states for bridge structures. These values 

are assumed proportional to those for building structures, for which such information is 

presented in NIBS, FEMA (54). Table 2-12 shows casualty rates for various damage-

states and severity levels considered in this study. 

Table 2-12 Casualty rates for various damage-states and severity levels considered in 
this study (adopted from NIBS, FEMA (54)) 

  Intact Slight Moderate Extensive Complete 

Severity Level 1 0.00% 0.20% 1.00% 4.00% 17.00% 

Severity Level 2 0.00% 0.00% 1.11% 3.70% 20.00% 

Severity Level 3 0.00% 0.00% 0.00% 0.70% 37.00% 

Severity Level 4 0.00% 0.00% 0.00% 0.70% 7.00% 

 

Based on the length and AADT of the bridge and considering the average of 1.42 

passengers per vehicle on the Capital City highway (82), it is estimated that on average  

75.7 people will be at risk due to potential damage to the bridge at the time of an 

earthquake occurrence. Thus, the cost of human casualties for each condition-state, 

  :ሻ, is determined byܵܦுሺܥ

ሻܵܦுሺܥ ൌ 	ܥௌ

ସ

ୀଵ

ൈ ܴܥ
ௌ ൈ  ܴܣܲܰ

(2-51) 
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where ܥௌ denotes the cost of human casualty for severity level i, ܴܥ
ௌ stands for the 

casualty rate for severity level i and damage-state n, and ܴܰܲܣ is the total number of 

people at risk. 

2.6.1.5.5.  Cost of Environmental Damage 

Traffic delays due to partial/complete closure of the bridge increase air pollution, 

consumption of energy, and the possibility of global warming (83,84). This cost can be 

quantified as follows:  

ሻܵܦாሺܥ ൌ ா௩ܥ	 ൈ min	ሺ߬, 1 υଵ⁄ ሻ ൈ ܶܦܣܣ

ൈ ݈ ൈ ೕ݊ܧ ݏ, ൈ ݈, ൈ ್,ೕ݊ܧ
ఢ

െ ݈ ൈ  ೕೀ݊ܧ

(2-52) 
 

where ݈ and ݈, are the length of the path ij through the main highway and detour b, 

respectively. ݊ܧೕೀ, ݊ܧ್,ೕ, and ݊ܧೕ denote the unit value of carbon dioxide emission at 

speeds ܸ
ை, ܸ, and ܸ,, which are the average velocity of vehicles traveling from point 

i to j passing through: the main highway before interruption by partial/complete road 

closure, the main highway after interruption by partial/complete road closure, and detour 

b, respectively. Based on Equation (2-50), ܸ
ை, ܸ, and ܸ, can be derived as 

ೕ

௧ೕ
ಷൈቈଵାఈሺ

ೕ
ೕ
 ሻഁ

, 
ೕ

௧ೕ
ಷൈቈଵାఈሺ

ሺభషೞ್,ೕሻൈೕ
ೕ
 ሻഁ

, and 
್,ೕ

௧್,ೕ
 ൈቈଵାఈሺ

ೞ್,ೕ.ೕ
್,ೕ
 ሻഁ

, respectively. For the example 

bridge settings, the corresponding ݊ܧೕೀ, ݊ܧ್,ೕ, and ݊ܧೕ are extracted from Gallivan et 

al. (85). Finally, ܥா௩ stands for the unit cost of environmental damage, for which Kendall 
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et al. (86) derived a value of $26 per ton of carbon dioxide emission for year 2003. After 

updating this cost to year 2017, $35.61 is considered for ܥா௩ in this research. 

2.6.2.  Numerical Results 

To determine the optimal repair policy, the proposed framework is applied to the case 

study bridge in the two considered locations; Sacramento and Sierra Madre in California.  

Like the building case study in Section 2.4, discount rate of 5% is considered for LCC 

calculations.  

Figure 2-17-a shows the expected LCC of earthquakes for various lifetimes, 

considering that the bridge is located in Sacramento. The LCCs are calculated for the six 

repair plans that are explained in Section 2.5.1.1. Since these repair plans do not change 

the total lifecycle maintenance costs of the bridge, optimal decision-making across 

predetermined design or retrofit alternatives can be made solely based on the expected 

earthquake-induced LCCs. As shown, the expected earthquake-induced LCCs for time 

horizons from 1 to 75 years are less if no repair action is conducted for slight damages. 

This shows reducing disruptions in the passing traffic is more cost-effective than 

conducting costly and time-consuming repairs in order to slightly improve the reliability 

of the bridge against future hazards. Results show investing on fast repair technologies 

reduces the expected LCC of earthquakes by almost 10%, despite the higher costs of 

implementing these methods.  

To investigate the impact of dependencies between damages from consecutive 

hazards, earthquake-induced LCCs are also calculated when these dependencies are 
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overlooked. This is equivalent to considering instant repairs, which is a common 

assumption in many of the existing LCC frameworks. Results of this analysis, presented 

in Figure 2-17-b, shows that the optimal repair policy is identical to the case where 

damage-dependencies are considered in the analysis, however, the LCC values are 

considerably underestimated. As an example, for 75 years for the service lifetime of the 

bridge, the expected budget for the repair of seismic-induced damages following the 

optimal strategy is underestimated by 20%. This can adversely impact the allocation of 

the repair budget for the lifetime of the bridge.  

Furthermore, when damage-dependencies are disregarded, the benefit of fast 

repairs in reducing the likelihood of damage accumulations are overlooked. For this 

reason, one may expect to see higher LCCs for repair plans that are conducted with faster 

speeds, considering that faster repairs incur more cost on the agency. However, Figure 

2-17-b shows that performing repair plans with a faster speed of execution is still optimal. 

The reason can be attributed to the fact that faster repairs are less time-consuming, and 

thus incur less user cost of DVE, and economic and environmental losses. The amount of 

reduction in these costs is more than the increase in the agency cost of implementing fast 

repairs, considering that the traffic demand on the bridge is relatively high. Therefore, 

performing faster repairs are optimal even in the case where damage-dependencies are 

disregarded.  
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Note: Repair plan 1: Performing repairs for all extents of damages. Repair plan 2: Performing repair actions for all 

extents of damages, except for the slight damage-state. 

Figure 2-17 Expected LCC of earthquakes for various lifetimes in Sacramento, a) 
considering dependencies b) ignoring dependencies among damages from consecutive 

hazards 

Similar trends are observed when the bridge is located in Sierra Madre with higher 

seismicity (see Figure 2-18). Furthermore, due to the higher seismicity of the region, the 

expected LCC of earthquakes is larger compared to the case where the bridge is located 

in Sacramento with a lower seismicity. In addition, it can be seen that repairing all extents 

of damage with fast repairs result in expected LCC values that are very close to those of 

the optimal strategy. This is expected due to the high seismicity of the region, which 

increases the likelihood of severe damage-states especially when the structure is at a 

damaged state. As Figure 2-18-b shows, this finding cannot be made if damage-

dependencies are ignored. 
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Note: Repair plan 1: Performing repairs for all extents of damages. Repair plan 2: Performing repair actions for all 

extents of damages, except for the slight damage-state. 

Figure 2-18 Expected LCC of earthquakes for various lifetimes in Sierra Madre, a) 
considering dependencies b) ignoring dependencies among damages from consecutive 

hazards 

2.7.  Case Study for Lifecycle Resilience Assessment: Five Span Concrete Bridge 

The case study in this chapter is the realistic five span RC bridge that is introduced in 

Section 2.6.  

2.7.1.  Input Data for the Case Study 

Similar to that section, the following six repair alternatives are considered: 

1) Repair plan 1 with slow repairs: Performing repairs for all extents of damage, 

considering a slow speed for conducting repairs. 

2) Repair plan 1 with average repairs: Performing repairs for all extents of damage, 

considering an average speed for conducting repairs. 
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3) Repair plan 1 with fast repairs: Performing repairs for all extents of damage, 

considering a fast speed for conducting repairs. 

4) Repair plan 2 with slow repairs: Performing repairs for all extents of damage, 

except for the slight damage-state, considering a slow speed for conducting 

repairs. 

5) Repair plan 2 with average repairs: Performing repairs for all extents of damage, 

except for the slight damage-state, considering an average speed for conducting 

repairs. 

6) Repair plan 2 with fast repairs: Performing repairs for all extents of damage, except 

for the slight damage-state, considering a fast speed for conducting repairs. 

In addition, the same two locations are considered for the case study bridge: city 

of Sacramento, California with moderate chance of high-intensity earthquakes and city of 

Sierra Madre, California with high chance of high-intensity earthquakes. The required 

information for hazard curves of these two regions, the damage-state dependent fragility 

curves, and state dependent repair times are provided in Sections 2.5.1.2~4, respectively. 

In the following sections, the required data for the functionality assessment of the bridge 

in various damage-states are presented. 

2.7.2.  Functionality Recovery Functions 

Expected functionality recovery curves for the four seismic-induced damage-states are 

shown in Figure 2-19. The curves are stepwise functions generated based on the mean 

values of recovery paths for the repair of the damage-states presented in Table 2-11. It is 
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worthy to mention that stepwise recovery functions for bridge systems have been 

suggested by others, such as those in (14,38). At any time of the recovery process, certain 

number of lanes are open to traffic, while the rest are closed due to reduction in the load 

carrying capacity of the bridge or for repair processes. As explained in the previous 

chapter, adopted from (67), when a bridge sustains complete and extensive damage-states, 

it will be fully closed during the entire time of repair. If moderate damage-state is 

sustained, the functionality of the bridge will be reduced by almost 66.67% (i.e. only one 

lane will be open). However, until the end of the initial inspection to identify the extent of 

this damage, the bridge will be fully closed for the safety of passengers. For slight damage-

state, due to the space required for inspection and then repair activities, one lane is 

considered to be closed until the end of the repair process. As explained before, agencies 

may decide not to perform repair actions following the slight damage-state. In this case, 

for the slight damage-state, the bridge is considered fully operational after the inspection 

time. While this strategy reduces the disruption to the passing traffic, vulnerability of the 

bridge against future earthquakes increases. Optimality of this scenario is also evaluated 

in this chapter.     

In addition to the repair paths presented in Table 1-10, in order for a bridge to be 

fully operational after conducting necessary repairs, a post-repair inspection and 

authorities’ approval are needed. This prolongs the functionality recovery time, as 

compared with the total repair time (see Table 2-13). Based on consultations with bridge 

engineers at Ohio Department of Transportation, the post-repair inspection of bridges may 

take from a few days to few weeks depending on the extent of the repair action. On this 
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basis, 10% of the total required repair time of each damage-state is considered as an 

approximation for the sum of the post-inspection and approval time in the functionality 

recovery functions. 

Finally, following the recommendation in (41), the control time is considered as 

the largest of the functionality recovery times, which is associated with the complete 

damage-state. This value is shown in Figure 2-19.  

 

Table 2-13 Functionality recovery paths for seismic-induced damages, and their 
corresponding required times 

  Recovery Path for full 
functionality 

Mean Recovery Time 

 
 Tins Tmob Td&c Trep Ti&a 

D
am

ag
e-

st
at

e 

Slight Tins + Td&c +Trep+Ti&a 4 30 30 0.6 6.5 

Moderate 
Tmob +Tins + Td&c+ 

Trep+Ti&a 
4 45 40 2.5 9.3 

Extensive 
Tmob + Tins + Td&c+ 

Trep+Ti&a 
4 45 50 75 17.4 

Complete 
Tmob + Tins + Td&c+ 

Trep+Ti&a 
4 45 60 230 34.0 

Used References R1 R2 
R2 and 

R3 
R4 

R2 and 
R5 

Note: Tins=Inspection time, Tmob=Mobilization time, Td&c=Design and contracting time, Trep=Repair time, 

Ti&a=Post-repair inspection and approval time.   

Note: R1=(72), R2=Author`s judgment, R3=(73), R4=NIBS, FEMA (54), R5=Expert elicitation  
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Figure 2-19 Functionality recovery curves for slight, moderate, extensive, and complete 
damage-states 

2.7.3.  Numerical Results 

In this section, the application of the developed risk-based resilience index framework to 

the case study bridges is presented in detail. 

2.7.3.1.   Scenario-Based Resilience Assessment 

The significance of considering couplings between damages from consecutive hazards for 

the estimation of resilience index is demonstrated by a hypothetical scenario of two 

consecutive earthquakes presented in Table 2-14 and Figure 2-20. It is assumed that the 

case study bridge, which is initially at its intact state, experiences two earthquakes that are 

six months a part. The first earthquake induces a PGA of 1.2 g, while the second one 

shakes the region with half of the intensity of the first earthquake, i.e. 0.6 g. Probability 

mass functions of damage-states slight to complete as well as the expected damage-states 
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following the first and the second earthquakes are provided in Table 2-14. Evidently, the 

expected damage-state of the bridge followed by the second earthquake is more severe 

when dependencies among damages induced by consecutive earthquakes are considered. 

This can be explained as follows. After the first earthquake, the likelihood of severe 

damage-states extensive and complete become as high as 46% (see Table 2-14). These 

damage-states require more time than the time difference between the first and second 

earthquakes in the considered scenario. Consequently, there is a considerable chance that 

the bridge is in those damage-states at the time of the second earthquake. This results in a 

more severe expected damage-state and thus less functionality following the impact of the 

second earthquake compared to the case where the bridge is considered to be in the intact 

state right before the second earthquake when damage-dependencies are disregarded.  

The above finding can be also confirmed by comparing the functionality area 

plotted in Figure 2-20-a for the case of considering damage-dependencies, with that 

displayed in Figure 2-20-b for the case of disregarding damage-dependencies. According 

to these figures, the functionality area followed by the second earthquake is smaller for 

the former case than the latter one. This also indicates a lower serviceable state for the 

bridge when damage-dependencies are taken into consideration.  

The results in Table 2-14 also show that the expected resilience index of the case 

study bridge for the considered scenario of two consecutive earthquakes is computed as 

53.45%. However, neglecting dependencies among damages from consecutive hazards 

results in 41% overestimation of the resilience index for the system. This significant error 
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could lead to misleading post-hazard management plans for the recovery of the system, 

which can drastically impact the community. 

 

 

Figure 2-20 Functionality area for the expected damage-state at the time of the second 
earthquake a) considering, b) neglecting the dependency between the damage incurred 

by the first earthquake on the damage as a result of the second earthquake 

 

Table 2-14 Risk-based resilience index and probability distributions of damage-states for 
a scenario of two consecutive earthquakes, a) considering, b) neglecting the dependency 

between damages incurred by the first earthquake on the damage as a result of the 
second earthquake 

 First Hazard: PGA=1.2g Expected 
DS After 

First 
Hazard 

Second Hazard: 
PGA=0.6g 

Expected 
DS After 
Second 
Hazard 

Expected 
Resilience 
Index (%)  DS1 DS2 DS3 DS4 DS5 DS1 DS2 DS3 DS4 DS5 

Considering 
Dependency 

0.16 0.12 0.26 0.10 0.36 moderate 0.42 0.09 0.09 0.02 0.38 moderate 53.45 

Neglecting 
Dependency 

0.16 0.12 0.26 0.10 0.36 moderate 0.65 0.14 0.14 0.03 0.04 slight 75.44 

Note: DS=Damage-State, DS1=Intact, DS2=Slight, DS3=Moderate, DS4=Extensive, DS5=Complete  
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2.7.3.2.  Lifecycle Resilience Index and Optimal Decision-Making across 

Predetermined Alternatives 

Figure 2-21 presents ܴܫܴܮതതതതതതത values for the case study bridge in Sacramento and Sierra 

Madre for the six considered repair alternatives. It is observed that ܴܫܴܮതതതതതതത values are above 

98.8%. The reason for such high values can be attributed to the fact that the bridge is 

seismically designed and therefore can perform well against potential earthquakes. Similar 

high values are also reported in other studies such as (35,36) for the resilience index of 

other systems. Yet, it is important to further enhance the lifetime resilience of 

infrastructure systems, since small disruptions in the serviceability of these systems may 

incur considerable adverse consequences to communities. As can be seen in Figure 2-21, 

 തതതതതതതs increase first and then decrease or remain relatively constant. One reason for lowerܫܴܮܴ

 തതതതതതതs for very short lifetimes is that there is a higher chance that the system will not beܫܴܮܴ

recovered by the end of its lifetime. Moreover, damage-state dependencies, which make 

the system more vulnerable to future earthquakes, cause the system resilience to reduce 

gradually as the expected service lifetime of the system increases. The extent of reduction 

in resilience converges to negligible values when repairs are performed on all extents of 

hazard-induced damages, whereas it remains significant for the case where repairs are not 

conducted for slight damages.     

As seen in Figure 2-21-a, since the bridge is seismically designed, under a 

moderate risk of high-intensity earthquakes, the lifetime expected serviceability 

interruptions when all damage-states are repaired is higher than that for the case where 

slight damages are not repaired. That is why repair plan 2 leads to higher ܴܫܴܮതതതതതതത values 
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than repair plan 1 for all lifetimes. Thus, from a serviceability viewpoint, agencies may 

decide to leave slight seismic-induced damages untreated. However, when this bridge is 

located in a region with high risk of high-intensity earthquakes, the potential of moderate 

and severe damages increases (see Figure 2-21-b). Consequently, for service lifetimes 

above 35 years, conducting repair plan 1 for seismic-induced damages results in higher 

 തതതതതതത values compared to repair plan 2. On this basis, the agency is recommended toܫܴܮܴ

conduct repair on all seismic-induced damage-states to attain the maximum expected 

resiliency of the system when a lifetime more than 35 years is considered for the bridge.    

 

 

Figure 2-21 Expected lifecycle risk-based resilience index for two repair plans, when the 
case study bridge is located in a) Sacramento b) Sierra Madre 

 

2.7.3.3.  Significance of Incorporating Damage-Dependencies in Lifecycle 

Resilience Index Assessment 

Figure 2-22 demonstrates the significance of considering damage-state dependencies 

between consecutive hazards for the estimation of the lifecycle resilience index. As shown 
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in Figure 2-22-a and Figure 2-22-b, ignoring the couplings between damages from 

consecutive hazards results in an overestimation of ܴܫܴܮതതതതതതത values. This error increases as 

the considered structural lifetime increases with larger errors for repair plan 2. This can 

be attributed to the fact that the likelihood of incomplete repairs and/or untreated seismic 

damages lead to the potential of damage accumulations, which reduce the functionality 

and thus the resilience of the bridge against future hazards. This reduction, which is more 

significant for repair plan 2 where repairs are not conducted for slight damages, is not 

captured if damage-dependencies are disregarded.  

In addition, for the city of Sierra Madre with a higher chance of high-intensity 

earthquakes, these effects are more significant. As the results show, ignoring 

dependencies among damages from subsequent earthquakes falsely identifies the strategy 

where slight damages are not repaired as the optimal option for any service lifetime. As a 

result of this decision, the ܴܫܴܮതതതതതതത of the bridge reduces from 99.0018 to 98.8712. This 

reduction in the resilience index of the bridge may have large adverse consequences on 

the community.  
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Note: Repair plan 1: Performing repairs for all extents of damages. Repair plan 2: Performing repair actions for all 

extents of damages, except for the slight damage-state. 

Figure 2-22 Lifecycle risk-based resilience index for two repair plans considering and 
ignoring dependencies between damages from subsequent earthquakes, when the case 

study bridge is located in a) Sacramento b) Sierra Madre 

 

2.7.3.4.  Optimal Decision-Making across Predetermined Alternatives using the 

Proposed Resilience Index and Lifecycle Cost of Alternatives 

The combined measurements of the proposed ܴܫܴܮതതതതതതത and the expected LCC of various 

repair alternatives on the agency can assist in selecting the best repair decision among 

predetermined alternatives for structures and infrastructure systems. This feature is 

demonstrated in Figure 2-23 and Figure 2-24. The expected total LCC of repair for the 

case study bridge is calculated according to the method proposed in Section 2.3.2, 

considering only the agency cost of repairs. As explained in Section 2.5.1.1, according to 

(43), the duration of repairs increases or decreases by 20% if the agency spends 15% less 
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or more for repair activities, respectively. On this basis, for each repair plan, three levels 

of working speed is considered for repair activities: slow, average and fast repairs. The 

costs and durations of these alternatives are 85% and 120%, 100% and 100%, and 115% 

and 80% of the mean cost and duration of repair actions, respectively.  

The ܴܫܴܮതതതതതതത and the expected LCC of these alternatives are computed for a wide 

range of structural lifetime horizons and shown in Figure 2-23-a and Figure 2-23-b, 

respectively. Looking at the considered repair plans, the resilience index increases as 

repairs are conducted faster. This is expected, since the recovery process becomes less 

time-consuming and the full functionality of the bridge is attained more quickly. Just 

considering resilience index for decision-making across predetermined alternatives, i.e. 

assuming that the agency has no budget limitations, if the case study bridge is located in 

Sacramento, performing repair work plan 2 with fast repairs results in the highest expected 

lifetime functionality among all alternatives. When the bridge is in Sierra Madre that has 

a higher seismicity, repair work plan 2 with fast repairs and repair work plan 1 with fast 

repairs are the optimal alternatives for lifetimes less than or equal to 35 years and more 

than 35 years, respectively.  

Figure 2-23 shows when repairs are performed for all damage-states, i.e. repair 

plan 1, the expected LCCs increase as the repair actions become more costly. For repair 

plan 1, this finding indicates that conducting fast repairs may not significantly reduce the 

likelihood of sustaining severe damage-states, which are costly to repair. When slight 

damage-states are not repaired, i.e. repair plan 2, LCCs become significantly less 

compared to those calculated for repair plan 1. This may indicate that the repair cost of 
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slight damage-state contributes significantly to the lifecycle repair costs of the bridge. 

This is expected since the bridge is designed according to seismic guidelines, which limits 

the vulnerability of the bridge in experiencing severe seismic-induced damages.  

Additionally, repair plan 2 incurs the least expected LCCs on the agency. This is 

favorable for the agency, however, this work plan leads to the least ܴܫܴܮതതതതതതതs for many 

service lifetimes, which makes this work plan unfavorable for users. Therefore, the agency 

is recommended to consider both the LCC and the resilience of the system for optimal 

decision-making among predetermined repair alternatives.       
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Note: Repair plan 1: Performing repairs for all extents of damages. Repair plan 2: Performing repair actions for all 

extents of damages, except for the slight damage-state. 

Figure 2-23 Lifecycle risk-based resilience index and expected LCC of repair for six 
repair alternatives, for the case study bridge located in a) Sacramento b) Sierra Madre 
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predetermined repair alternatives considering both ܴܫܴܮതതതതതതത and LCCs of repairs on the 

agency. Figure 2-24-a and Figure 2-24-b illustrate two scenarios of decision-making 

across predetermined repair alternatives corresponding to 20 and 75 years of expected 
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lifetimes, when the bridge is located in the city of Sierra Madre. These results are extracted 

from Figure 2-23-b. For 20 years of lifetime, all alternatives of repair plan 1, together with 

repair plan 2 with slow repairs can be removed from the list of optimal repair policies, 

since repair plan 2 with average repairs not only is less costly for the agency, but also 

results in higher resilience for the system. Considering the two remaining strategies, i.e. 

repair plan 2 with average and fast repairs, the agency may decide to consider a slightly 

higher value for its repair budget and implement fast repairs for potential seismic-induced 

damages to achieve higher resilience for the bridge system.  

For 75 years of service lifetime, only repair plan 2 with slow repairs can be 

removed from the list of optimal strategies. Then, the agency can make the final decision 

based on its budget limitation. For instance, for $1 million of expected LCC of repairs for 

75 years lifetime, the agency may decide to implement repair plan 2 with fast repairs for 

seismic-induced damages. This repair policy results in ܴܫܴܮതതതതതതത of 98.95%. The decision 

could be changed to repair plan 1 with fast repairs, if the available budget increases to $5 

million. In this case, a higher ܴܫܴܮതതതതതതത of 99.05% is attained. 

Finally, it is worth noting that a comparison between the optimal alternatives that 

are recognized following the lifecycle resilience index framework with those determined 

according to the proposed total LCC framework, presented in Section 2.6, shows that the 

same repair plan is optimal in both frameworks, when the bridge is located in the region 

with a moderate chance of high-intensity earthquakes. That is both frameworks 

recommend avoiding repairs for slight damages. However, when the bridge is in the region 

with more likelihood for high intensity earthquakes and the expected lifetime of the bridge 
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is more than 35 years, the two frameworks identify different extents of repair as the 

optimal alternative; i.e. the LCC framework still suggests to avoid repairs on slight 

damages, while the resilience index framework recommends to conduct repairs on all 

extents of damages. This indicates that repair plans inducing maximum functionality do 

not necessarily lead to minimum expected lifecycle hazard-induced costs. The latter 

focuses only on the serviceability performance of the system, while the former 

incorporates a comprehensive list of consequences objectively through the unified metric 

of cost.    

 

Note: Repair plan 1: Performing repairs for all extents of damages. Repair plan 2: Performing repair actions for all 

extents of damages, except for the slight damage-state. 

 

Figure 2-24 Two scenarios of decision-making across predetermined repair plans 
corresponding to a) 20, and b) 75 years of expected lifetimes, when the bridge is located 

in the city of Sierra Madre 
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2.8.  Concluding Remarks 

This chapter first proposed a framework for LCC assessment of individual structures and 

infrastructure systems exposed to multiple occurrences of a hazard type in their lifetime. 

The cost elements include the initial construction cost, annual maintenance cost, the 

hazard-induced costs considering the potential for the occurrence of multiple hazard 

incidents, and the salvage value of the system. The proposed framework requires as input 

hazard curve, state-dependent fragility curves, maintenance, hazard-induced and retrofit 

implementation costs, and expected repair times. The framework uses the total probability 

theorem to compute the risk cost associated with each of the system damage-states 

considering a wide range of possibilities for the number of hazard events that the structure 

may experience during a given lifetime. The system damage-state following the 

occurrence of hazard incidents is derived as a function of the intensity of the event and 

the existing condition of the structure at the time of the incident. This was achieved by 

expressing the existing condition of the structure or infrastructure based on the damage-

state of the system induced by the previous event and whether the required repair is 

finished by the time of the next event. The probability of each structural damage-state was 

found for each number of hazard incident occurrences, starting from zero occurrence to 

infinity (i.e. a very large number). The recursive function developed in Section 2.3 was 

utilized to derive probabilities for the damage-states at jth hazard occurrence based on 

probabilities for the damage-states at j-1th hazard occurrence. This approach provides a 

comprehensive and accurate yet computationally efficient method for LCC analysis of 
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systems considering the impact of repair time and multiple occurrences of a hazard type 

during lifetimes. 

The proposed framework was first demonstrated for seismic retrofit decision-

making of a moment-frame building among predetermined alternatives. Using the 

proposed method, LCCs were evaluated for six retrofit strategies considering the 

possibility of multiple earthquake occurrences throughout the lifetime of the structure. 

Analysis results indicated that the repair time has a considerable impact on the total LCC 

of the structure; however, these effects are not the same for all retrofit plans. In fact, the 

ranking of retrofit plans in terms of their cost-effectiveness changed for different 

percentiles of the total repair time of involved damage-states. In addition, the rankings 

were also affected by the lifetime. With respect to the safety evaluation of retrofit plans 

when injury and death costs are preferred to be disregarded form LCC analysis, results 

showed that neglecting repair time may lead to identification of status quo strategy as safe, 

while with a large probability of about 50%, this hypothesis was found to be incorrect 

when repair times were considered. This is due to neglecting plausible accumulated 

damage from incomplete repairs of damage from prior hazard incidents. Furthermore, the 

convergence analysis of the framework showed that the computational cost of the lifecycle 

analysis of the system is limited even for a small error tolerance. In general, the proposed 

framework provides a practical tool for optimal retrofit decision-making across 

predetermined alternatives for structural systems when multiple incidents of a hazard type 

may expose the system to various levels of damage. 
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In a second case study, the proposed LCC framework was applied to a realistic 

bridge system to identify the optimal speed and extent of repairs following earthquake-

induced damages. Results showed that not performing repairs for slight damages result in 

less incurred expected earthquake-induced LCCs compared to the case where all extents 

of earthquake-induced damages are repaired. Furthermore, investing on fast repair 

technologies was found to decrease the expected lifecycle earthquake costs despite the 

higher costs of implementing these methods. Finally, results demonstrated that the agency 

may end up mismanaging its budget due to the underestimation of the expected lifecycle 

repair costs when the impact of dependencies between damages from subsequent 

earthquakes are overlooked. These findings show the ability of the proposed framework 

in assisting agencies to arrive at optimal risk-informed decisions for management of their 

systems. 

In addition, in this chapter, the formulation of the resilience index, which is a 

common performance measure for disaster recovery assessment, is enhanced 

probabilistically to accurately account for the possibility of multiple hazard occurrences 

and the potential for damage-accumulation in the lifetime of individual structures or 

infrastructure systems. Unlike existing resilience indexes, the developed index, called 

Risk-based Lifecycle Resilience Index (RLRI), stochastically incorporates the following 

factors in the resilience index formulation: 

- The inter-arrival time between hazard occurrences, which can be less than the 

considered control time in the resilience index formulation. 
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- The possibility of the accumulation of damage at the time of hazard occurrences 

due to incomplete repairs or untreated damages from previous hazards.   

These factors are incorporated using the theorem of total probability, conditional 

probability chain rule at multiple levels, Bayes rule, and the foregoing recursive function 

for damage-state transition probabilities, and time-variant reward functions for system 

recovery at different damage-states. 

The realistic multi-span RC bridge is selected for the implementation of the 

proposed framework. The significance of incorporating couplings between damages from 

consecutive hazards in resilience assessment is demonstrated through a hypothetical 

scenario of two consecutive earthquakes for the case study bridge. It is shown that 

neglecting such dependencies overlooks damage propagation and results in 40% 

overestimation of the resilience index, which can be misleading for in-advance 

management of post hazard recovery of infrastructure systems.  

The developed RLRI is then evaluated for two repair plans concerning the extent 

of repairs for earthquake-induced damages. Results show that for a region with a moderate 

chance of high-intensity earthquakes, avoiding repairs for slight damages and subsequent 

reduced traffic disruptions result in higher lifecycle functionality for the bridge. However, 

when the bridge is located in a region with a more chance of high-intensity earthquakes, 

for service lifetimes more than 35 years, the agency is recommended to conduct repairs 

for all extents of damages.  

If dependencies between damages from subsequent hazards are ignored, not only 

the lifecycle resilience of the bridge is overestimated, but also an improper repair plan is 
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indicated as the optimal policy for all considered service lifetimes of the bridge. This false 

identification of the optimal action reduces the resilience of the bridge, which may impose 

adverse consequences on the community.  

Finally, considering a wide range of service lifetimes for the case study bridge, 

expected RLRIs and LCCs are calculated for multiple repair alternatives with various 

extents and working speeds of repair actions. As a result, considering limitation on 

agency’s budget and a designated lifetime for the case study bridge, optimal repair plans 

that lead to the highest expected RLRI values are identified.  

The proposed resilience index in this chapter accurately captures the serviceability 

vulnerability of individual structures or infrastructure systems exposed to multiple 

occurrences of a hazard type. As shown in this chapter, the developed index can be 

particularly useful for risk-informed decision-making across predetermined alternatives 

when the functionality performance of systems is the priority.
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Chapter 3: Risk-Based Lifecycle Cost Analysis Considering Multiple 
Types of Hazards 

3.1.  Summary 

Structures and Infrastructure systems, especially those in hazard-prone regions, may face 

multiple occurrences of multiple types of hazards during their lifetime. The type and 

intensity of the hazards and the impacts on systems can vary from one event to another. 

In the presence of the potential for multiple types of damages induced by diverse hazard 

types, an important factor that has yet to be properly addressed in natural hazard loss 

estimation frameworks is that a damage induced by a prior event, if not repaired by the 

time of the next event, may aggravate the extent of the same or other types of damage that 

the system experiences during future potential hazards.  

This chapter extends the LCC framework presented for multiple occurrences of 

one hazard type in Chapter 2 to multiple occurrences of multiple types of hazards that may 

occur at any time and order during the lifetime of a structure or an infrastructure system. 

In this approach, the damage-state space is extended to a multi-dimensional space of 

mutually exclusive and collectively exhaustive damage-states. Based on the proposed 

LCC analysis method in this chapter, optimal decision-making can be made across 

predetermined design or retrofit alternatives. 
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This framework is demonstrated for the realistic case study bridge used in previous 

chapters. This time the bridge, which is assumed to cross over a river, is exposed to not 

only earthquake hazards, but also to flood incidents. Four retrofit alternatives are 

considered for the bridge. According to the proposed LCC framework, ranking of these 

retrofit plans are identified for various service lifetimes. In addition, results show the 

significance of considering different damage types induced by multiple types of hazards, 

and repair time variations for LCC analysis of structures and infrastructure systems. 

3.2.  Introduction 

In some regions, structures and infrastructure systems are exposed to multiple types of 

hazards with the potential of each hazard type occurring multiple times during the service 

lifetime of the system. For example, in a seismic region, an arterial highway bridge built 

on a river with high water discharge is prone to experience multiple occurrences of 

earthquakes and floods. These hazards may induce different types of damage once they 

occur.  

As noted in previous chapters, an incurred damage, if not fully repaired before the 

next hazard event occurs, may aggravate the extent of induced damage during future 

potential hazards. Thus, damage could accumulate and degrade the condition of a structure 

or an infrastructure at a faster rate, if repair actions are incomplete by the time of next 

hazard incidents. Moreover, as demonstrated through results in preceding chapters, repair 

time may vary from a short period to a long time depending on many factors including the 

extent of damage, type of repair or retrofit strategy, the agency’s response time to plan for 
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post-hazard inspections and repairs, and socio-economic factors. In the presence of 

multiple types and occurrences of hazards, this highlights the need to consider variations 

in repair times and account for effects of residual damage of different types from prior 

events in the hazard performance assessment of structures and infrastructure systems.  

Looking at the LCC performance assessment of infrastructure systems subjected 

to multiple types of hazards, many studies disregarded potential dependencies among 

damage conditions induced by various hazard types. For instance, in the frameworks 

proposed by (27,28), total LCC of an infrastructure exposed to multiple types of hazards 

was derived as the sum of independently-computed LCC of individual hazard events. As 

discussed in Chapter 2, Jalayer et al. (29) attempted to address such dependencies for 

multiple hazard types in a framework that requires simulating all possible scenarios for 

the order of hazard events of various types and intensities. According to the theorem of 

total probability, in order for the risk evaluation to be complete, all possible combinations 

of these ordered-event scenarios must be evaluated for the LCC analysis; this requirement 

makes the strategy significantly time-consuming considering that the required number of 

combinations of hazard order and intensities can be extremely large. In addition, in that 

framework, modeling each hazard scenario requires extensive static pushover and 

nonlinear dynamic analyses, thus further increasing the computational demand of the 

framework. There are also a number of assumptions in the framework that may not 

accurately represent the performance of actual systems (30). These assumptions are 

elaborated in Chapter 2. 



 

112 

In Chapter 2, a probabilistic framework is developed for the calculation of the 

expected lifecycle hazard risk costs; the framework addresses some of the above issues 

by incorporating dependencies of the hazard performance of a structure or an 

infrastructure during the next extreme event to existing conditions arrived at as a result of 

untreated or incomplete repair of damage from prior events. However, the framework 

could handle only one type of hazard e.g. only earthquakes. This chapter extends the 

framework by addressing the remaining issues and releasing the assumption of one hazard 

type throughout the service life of the system. The proposed framework computes the 

expected lifecycle risk costs that are caused by multiple types and occurrences of hazards, 

with the following new contributions:   

- Probabilistically taking into consideration the impact of damages of different types 

induced by various types of prior hazards on the increased vulnerability of systems 

against future potential hazards for lifecycle cost assessments.  

- Developing a time-efficient risk analysis procedure for the computation of the 

lifecycle risk costs for systems exposed to multiple types of hazards. This feature is 

achieved by developing a dynamic programming procedure, similar to the one 

developed in Chapter 2, for calculating the expected damage-state probabilities at each 

hazard occurrence. In this approach, the damage-state space is extended to a multi-

dimensional space of mutually exclusive and collectively exhaustive damage-states to 

facilitate the calculation of joint probabilities containing damage-states of different 

types.   
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The proposed method is demonstrated for the calculation of the expected LCC of 

the realistic case study bridge in the previous chapter. The expected total LCC is used for 

the identification of optimal retrofit plans for the bridge for a wide range of lifetimes. 

While this study focuses on LCC assessment of single structures and infrastructure 

systems, the proposed framework can be extended in future to estimate the LCC of 

network systems, considering correlations between individual systems. Such correlations 

could be significant in the performance of infrastructure networks (87).  

In the rest of this chapter, in Section 3.3 the proposed framework is presented in 

detail. Section 3.4 provides the required data for the application of the proposed LCC 

analysis framework for the case study bridge, in addition to those presented in previous 

chapters. In Section 3.5, a numerical analysis is performed to investigate the convergence 

of the framework, and LCC analysis results are provided for a set of retrofit options for 

various lifetimes. Moreover, the various advantages offered by the proposed framework 

are explained in this section. Finally, in Section 3.6, concluding remarks are presented. 

3.3.  Lifecycle Cost Analysis Framework 

As explained and demonstrated in the previous chapter, salvage value is an uncertain term 

and is not usually a significant contributor to the total LCCs in the context of optimal 

decision-making among predetermined hazard-mitigation strategies. Therefore, the 

expected total LCC, ்̅ܥ, in the service lifetime of a structure or an infrastructure system 

typically includes the expected initial construction or retrofit cost, ̅ܥ, expected lifecycle 

maintenance cost, ̅ܥெ, and the expected cost incurred on users, agencies, the economy, 
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and environment as a result of damages induced by extreme hazards that occur in the 

lifetime of these systems, ̅ܥோ. As explained in Chapter 2, for the purpose of comparison 

and to account for the discounted values of these costs incurred in different years, Net 

Present Value (NPV) of the costs are considered in the LCC formulation presented as 

follows:  

ே,்ܥ̅ ൌ 	 ܥ̅  ெ,ேܥ̅   ோ,ே  (3-1)ܥ̅

where ்̅ܥ,ே, ̅ܥெ,ே, and ̅ܥெ,ே are the discounted NPV of the ̅ܥ̅ ,்ܥெ, and ̅ܥோ cost 

terms, respectively. It is often practical to perform periodical maintenance actions on 

structures and infrastructure systems to keep them functioning in a healthy condition. On 

annual basis, ̅ܥெ,ே can be represented as follows:  

ெ,ேܥ̅ ൌ 	ߛ௧ ൈ ,௧ܥ̅

்ಽ

௧ୀଵ

 (3-2) 

where ̅ܥ,௧ is the expected maintenance cost at year t, ܶ is the expected service lifetime 

of the system, and ߛ is the annual discount factor equal to 
ଵ

ଵାఋ
 , with ߜ as the discount rate. 

In the lifetime of a structure or an infrastructure, the system may experience 

multiple types of hazards. In addition, each of these hazard types may occur several times 

within the service life of the system. After each such incidents, the system may experience 

damage or stay intact. Different types of damage may be incurred by diverse hazard types. 

The space of damage possibilities for each damage type can be broken into a set of discrete 

mutually exclusive and collectively exhaustive damage-states. Each damage-state is 

followed by consequences that are typically expressed in cost terms. These costs comprise 

agency cost of repairing the system, user costs such as the delay cost associated with the 
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reduced serviceability of the system during the repair process, impacts on the economy 

and related environmental costs. In addition, injuries and casualties are potential 

consequences of damage to structures or infrastructure systems that can be directly 

included in the cost associated with each damage-state. In this chapter, sum of the 

foregoing costs is referred to as the hazard-induced cost.  

Similar to ̅ܥெ,ே, in order to account for the discounted hazard-induced costs that 

are likely to incur at different times in future, NPV of the expected lifecycle hazard-

induced cost can also be split into yearly expected hazard-induced costs as follows:  

ோ,ேܥ̅ ൌ 	ߛ௧ ൈ ோ,௧ܥ̅

்ಽ

௧ୀଵ

 
 

 (3-3) 

where ̅ܥோ,௧ is the expected hazard-induced cost incurred at year t, which are considered as 

the expected lump sum of hazard-induced costs incurred during ሾݐ, ݐ  1ሿ. ̅ܥோ,௧ can be 

further expanded and expressed as a function of the damage-states that the system may 

experience after hazards taking place at year t, i.e. during ሾݐ, ݐ  1ሿ. Applying the total 

probability theorem, ̅ܥோ,௧ is given by:  

ோ,௧ܥ̅ ൌ 	 ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾݐ, ݐ  1ሿሻ

ேವೄ

ୀଵ

 
 

 (3-4) 

where ܰௌ is the total number of damage-states, ̅ܥሺܵܦሻ is the expected hazard-induced 

cost when the system experiences damage-state n, ܵܦ, and ܲሺܵܦ, ሾݐ, ݐ  1ሿሻ is the 

probability of the structure sustaining damage-state n between time t and t+1. The term 

ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾݐ, ݐ  1ሿሻ in Equation (3-4) is also called the risk cost of being at 

damage-state n. The right hand side of Equation (3-4) can be articulated as the difference 
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between the accumulated risk cost of experiencing damage-state n from time 0 to t+1 and 

the accumulated risk cost of experiencing the same damage-state from time 0 to t. Thus, 

Equation (3-4) is modified as: 

ோ,௧ܥ̅ ൌ ሼ̅ܥሺܵܦሻ ൈ ܲሺܵܦ, ሾ0, ݐ  1ሿሻ െ ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾ0, ሿሽݐ

ேವೄ

ୀଵ

  (3-5) 

Theoretically, any number of hazard events of different types may occur within a 

period of time. If i hazard incidents occur in that period, at each occurrence, the system 

may experience a damage-state with a particular hazard-induced cost. Therefore, if i 

incidents occur, the accumulated hazard-induced costs as a result of sustaining damage-

state n is the sum of the expected hazard-induced costs of damage-state n times the 

probability of sustaining that damage-state after each of such i hazard events. 

Consequently, for each damage-state n, by applying the theorem of total probability over 

the total number of hazard incidents i, the accumulated risk cost within period [0 t] can be 

calculated according to Equation (3-6).  

ሻܵܦሺܥ̅ ൈ ܲሺܵܦ, ሾ0, ሿሻݐ ൌ 	ܲሺ݅, ሻݐ ൈ̅ܥሺܵܦሻ ൈ ܲ൫ܵܦ
|݅, ൯ݐ



ୀ

ஶ

ୀ

 
 (3-6) 

where ܲሺ݅, ܵܦሻ is the probability that i hazards occur during [0 t], and ܲ൫ݐ
|݅,  ൯ is theݐ

probability that damage-state n is experienced by the system at jth hazard incident if i 

hazards take place during [0 t]. Noticeably, it is through this term, ܲ൫ܵܦ
|݅,  ൯, that theݐ

likelihood of incomplete repairs and consequently accumulation of damage are accounted 

for. This term is elaborated in the rest of this section. In theory, infinite number of hazard 

events should be incorporated in Equation (3-6). However, the stopping criterion for this 
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analysis can be considered as the condition where the relative difference in the total hazard 

risk costs during [0 t], i.e. ̅ܥሺܵܦሻ ൈ ܲሺܵܦ, ሾ0,  ሿሻ, between two consecutive steps of theݐ

number of hazards becomes less than a tolerance value. As demonstrated in Section 3.5.1, 

higher number of events should be considered for convergence as the considered duration 

and the rate of hazards’ occurrences increase. As explained before, the system may be 

exposed to multiple occurrences of multiple types of hazards. Assuming that these events 

occur independently, ܲሺ݅,  ሻ can be calculated following a Poisson distribution functionݐ

given by:  

ܲሺ݅, ሻݐ ൌ 	
ሺ∑ υ

ேಹ
ୀଵ ൈ tሻ݁ିሺ∑ 

ಿಹ
సభ ൈ୲ሻ

݅!
 (3-7) 

where υ stands for the occurrence rate of hazard type h, and ுܰ represents the total 

number of hazard types that may hit the system throughout its lifetime.  

As noted in Chapter 2, as a common practice in structural reliability, fragility 

curves are provided to express the probability of exceeding critical structural limits as a 

function of the intensity of a hazard (30,88,89). These limit-states are used to quantify 

structural damage-states (90). Limit-states vary depending on the damage type that a 

system may experience. For instance for the case study bridge system that is exposed to 

both earthquakes and floods, limit-states for earthquake hazard are usually available in 

terms of displacement ductility of piers, while the limit-states for flooding hazard are often 

available in terms of scour depth (i.e. the height of eroded soil on foundations and piles).  

Given that these two types of hazards cause different types of damage, the limit-state of 

the bridge system under study is defined as a 1×2 vector where the first and second 
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elements of the vector represent the seismic and flooding related limit-states respectively. 

In general when ுܰ hazard events can potentially cause M damage types in a system, the 

dimension of the vector of limit-state is 1×ܯ. It should be noted that associated with each 

limit-state, a damage-state is considered in this research. Thus, the vector of damage-state 

has identical dimensions as the vector of limit-state. On this basis, when the structure is 

exposed to more than one type of damage, the term ܵܦ presented in Equations (3-4) to 

(3-6) represents the vector of the system’s damage-states. Additionally, the number of 

damage types is not necessarily equal to the total number of hazard types.  

In order to calculate the risk cost from Equation (3-6), ܲ൫ܵܦ
|݅,  ൯ that indicatesݐ

the probability of experiencing the damage-state vector n should be derived as a function 

of the probability of exceeding limit-states defined for the structure. Let’s consider the 

case study bridge under two hazard types of earthquakes and floods. As elaborated later 

in Section 3.4, displacement ductility thresholds for columns are considered to define 

intact, minor, moderate, major, and collapse damage as 1 to 5 seismic damage-states, 

respectively. In addition, scour depths of 0, 0.6 m, 1.5 m, and 3.0 m are used to define 

damage-states 1 to 4 for the flooding hazard. The probability that any limit-state k is 

exceeded involves the probability of events where any other less severe limit-state is 

exceeded, as well. On the other hand, the probability that those less severe limit-states are 

exceeded entails probability of events that may or may not exceed limit-state k. Therefore 

for one type of damage and two consecutive limit-states, ܲሺܵܮ ∩ ାଵሻܵܮ ൌ ܲሺܵܮାଵሻ, 

where ܲሺܵܮሻ is the probability of limit-state k being exceeded. The probability of being 
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at damage-state ݇, ܲሺܵܦሻ, is defined as the probability of being only at a state between 

limit-states ݇ and ݇  1 as follows:  

ܲሺܵܦሻ ൌ ܲሺܵܮሻ െ ܲሺܵܮାଵሻ (3-8) 

Next, the probability of the joint damage-state of the two damage types for 

displacement ductility (݊ଵ) and scour depth (݊ଶ), ܲ൫ܦ ሾܵభ,మሿ൯, can be expressed as the 

probability of being only at a state between limit-states ሾ݊ଵ, ݊ଶሿ and the neighbor limit-

states of ሾ݊ଵ  1, ݊ଶሿ, ሾ݊ଵ, ݊ଶ  1ሿ and ሾ݊ଵ  1, ݊ଶ  1ሿ. Since ܲ൫ܮ ሾܵభ,మሿ൯ ∩

ܲ൫ܮ ሾܵభାభ,మାమሿ൯ ൌ ܲ൫ܮ ሾܵభାభ,మାమሿ൯		∀	݅ଵ, ݅ଶ ∈ ሼ0,1ሽ	, ܲ൫ܦ ሾܵభ,మሿ൯ can be determined 

as:  

ܲ൫ܦ ሾܵభ,మሿ൯ ൌ ܲሺܮ ሾܵభ,మሿሻ െ ራ ܲሺܮ ሾܵభାభ,మାమሿ

భ,మ∈ሼ,ଵሽ
ሺభ,మሻஷሺ,ሻ

ሻ 
(3-9) 

where ⋃ ܲሺܮ ሾܵభାభ,మାమሿభ,మ∈ሼ,ଵሽ
ሺభ,మሻஷሺ,ሻ

ሻ is the union of the probability of the events of 

ܲ൫ܮ ሾܵభ,మାଵሿ൯, ܲ൫ܮ ሾܵభାଵ,మሿ൯, and ܲ൫ܮ ሾܵభାଵ,మାଵሿ൯. It is clear that the intersection of 

any combination of these probability terms is ܲ൫ܮ ሾܵభାଵ,మାଵሿ൯, since this probability 

indicates the exceedance probability of limit-states for both damage types with indexes 

equal to or one larger than all other events. In other words, this event corresponds to limit-

states that are equal to or one level worse than all other limit-states in the union term. 

Thus, Equation (3-9) can be expanded as follows:  
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ܲ൫ܦ ሾܵభ,మሿ൯ ൌ ܲ൫ܮ ሾܵభ,మሿ൯ െ ܲ൫ܮ ሾܵభ,మାଵሿ ∪ ܮ ሾܵభାଵ,మሿ ∪ ܮ ሾܵభାଵ,మାଵሿ൯

ൌ ܲ൫ܮ ሾܵభ,మሿ൯ െ ܲ൫ܮ ሾܵభ,మାଵሿ൯ െ ܲ൫ܮ ሾܵభାଵ,మሿ൯

 ܲ൫ܮ ሾܵభାଵ,మାଵሿ൯ 

(3-10) 

Generalizing Equation (3-9) to M different damage types, the probability of being 

at damage-state ሾ݊ଵ, … , ݊ெሿ, becomes:  

ܲ൫ܦ ሾܵభ,…,ಾሿ൯ ൌ ܲሺܮ ሾܵభ,…,ಾሿሻ െ ራ ܲሺܮ ሾܵభାభ,… ,ಾାಾሿሻ
భ,…,ಾ∈ሼ,ଵሽ

ሺభ,…,ಾሻஷሺ,…,ሻ	

 
(3-11) 

The union terms can be expanded based on the principle of inclusion and exclusion 

(91), where based on the foregoing explanations, the intersection of any events can be 

calculated as follows: 

ܲ൫ܮ ሾܵభାభ,…,ಾାಾሿ ∩ …∩ ܮ ሾܵభା௭భ,…,ಾା௭ಾሿ൯

ൌ ܲሺܮ ሾܵభା୫ୟ୶ሺభ,…,௭భሻ,…,ಾା୫ୟ୶ሺಾ,…,௭ಾሻሿ൯ 
(3-12) 

Based on Equation (3-11), ܲ൫ܵܦ
|݅,  ൯ in Equation (3-6) can be determined inݐ

terms of probabilities of exceeding limit-states as follows:  

ܲ ቀܦ ሾܵభ,…,ಾሿ
 |݅, ቁݐ

ൌ ܲሺܮ ሾܵభ,…,ಾሿ
 |݅, ሻݐ െ ራ ܲሺܮ ሾܵభାభ,… ,ಾାಾሿ

 |݅, ሻݐ
భ,…,ಾ∈ሼ,ଵሽ

ሺభ,…,ಾሻஷሺ,…,ሻ	

 (3-13) 

In general, the state of a structure or an infrastructure after the occurrence of a 

hazard incident depends on several factors including the type and intensity of the hazard 

as well as the response of the system to the hazard; the latter depends on the damage-state 

of the system right before the occurrence of the hazard. As a common practice, if a hazard 
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induces damage in the system, repair is performed to bring the system back to the original 

state. The duration of the repair process vary with the level of damage in the system. If 

another hazard event occurs before the repair is complete, the overall extent of damage is 

expected to be higher compared to the case where the structure is in its original intact 

state. Therefore, in addition to the previously mentioned factors, the state of the system 

after each hazard depends on the repair status of the system following previous hazards. 

If the repair process of a damage type is incomplete at the time of a hazard incident, it is 

assumed that the damage-state of the system remains the same as its condition just before 

the start of the repair action. Applying the rules of conditional probabilities, 

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅,  :ቁ in Equation (3-14) can be derived asݐ

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ቁݐ

ൌ ܲሺܮ ሾܵభ,…,ಾሿ
 หൣܴܲ, ,ିଵ൧ܵܦ ,ܶܪ ,ܯܫ ݅, ൯ݐ

ൈ ܲ൫ൣܴܲหܵܦିଵ, ,ܶܪ ,ܯܫ ݅, ൧൯ݐ ൈ ܲሺܵܦିଵ|ܶܪ, ,ܯܫ ݅, ሻݐ

ൈ ܲሺܯܫ|ܶܪ, ݅, ሻݐ ൈ ܲሺܯܫ|݅,  	ሻݐ

(3-14) 

where ܴܲ is the repair status, ܵܦିଵ is the damage-state of the system just after the 

previous hazard, ܶܪ is the hazard type, and ܯܫ is the intensity measure of hazard type 

 It is obvious that repair status just before the time of jth hazard occurrence is .ܶܪ

independent of the intensity of this hazard. In addition, the sustained damage-state just 

after j-1th hazard is independent of the hazard type and intensity at jth incident. Finally, 

no dependencies are considered among hazard types, and the type and intensity of each 
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hazard with respect to time and order of occurrence. On this basis, according to the 

theorem of total probability, Equation (3-14) can be written as: 

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ቁݐ

ൌ  …  ܲሺܮ ሾܵభ,…,ಾሿ
 ቚቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ ቃ , ܪ ܶ, ,ܯܫ ݅, ቁݐ
ூெோ

ேಹ

ୀଵ

ேಾ
ᇲ

ಾ
ᇲ ୀଵ

ேభ
ᇲ

భ
ᇲୀଵ

ൈ ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ቃቁݐ ൈ ܲሺܦ

ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ |݅, ሻݐ ൈ ܲሺܪ ܶሻ

ൈ ܲሺܯܫሻ	 

(3-15) 

where ܰெ
ᇱ  is the total number of damage-states for damage type M that the structure may 

sustain right after j-1th hazard, ுܰ is the total number of hazard types that may hit the 

system, ܴܲሾభᇲ ,…,ಾᇲ ሿ is the repair status (either complete or incomplete) for each of the M 

damage types, ܪ ܶ is hazard of type h, and ܯܫ is the intensity measure of hazard type h. 

Noticeably, ሾ݊ଵ
ᇱ , … , ݊ெ

ᇱ ሿ and ሾ݊ଵ, … , ݊ெሿ are the vector of damage-state sustained by the 

system after j-1th hazard, and the vector of the limit-state that is exceeded after jth hazard, 

respectively.  

In Equation (3-15), ቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ቃ represents the damage-state of the 

system at jth hazard incident given the damage-state after j-1th hazard event, ܦ
ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , 

and the repair status for each of the M damage types, ܴܲሾభᇲ ,…,ಾᇲ ሿ. The repair of each 

damage type is either complete (1) or incomplete (0). Thus, ܴܲሾభᇲ ,…,ಾᇲ ሿ is a 1×M vector 

with values of zero or one. If the repair action of any damage type is complete at the time 

of jth hazard incident, the damage-state corresponding to that damage type is one (original 
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condition). Otherwise, the state of the system is the same as its damage-state right after j-

1th hazard. As a result, ቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ቃ identifies the state of the system just 

before the occurrence of jth hazard event. In Equation (3-15), 

ܲሺܮ ሾܵభ,…,ಾሿ
 ቚቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ ቃ , ܪ ܶ, ,ܯܫ ݅,  ቁ is the probability of exceedingݐ

limit-state ሾ݊ଵ, … , ݊ெሿ at jth incident given the damage-state of the system in terms of 

ቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ቃ, the occurrence of hazard type h, intensity of the hazard type h, 

and i hazards taking place during time period [0 t]. As discussed previously, this 

probability can be derived from fragility curves. Since the damage-state at the time of jth 

hazard can be different from the intact damage-state, the fragility curves need to be 

available for all damage-state possibilities. Henceforth, such curves are called damage-

state dependent fragility curves. An example of such scenario is the case study bridge 

system that is exposed to earthquakes and floods. As explained before, floods erode the 

soil around bridge foundations and piles. When an earthquake occurs, more damage is 

incurred in the bridge due to the loss of soil support compared to the situation where no 

scour is present. On the contrary, the earthquake-induced damage does not influence the 

level of scour depth that the flood hazard incurs.  

ܲሺܦ
ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ |݅,  ሻ in Equation (3-15) can be derived in terms of exceedanceݐ

probability terms using Equation (3-13) by substituting index j with j-1; each term in this 

equation is then calculated recursively using Equation (3-15). In other words, in order to 

compute ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܲ ,ቁ for jth hazard occurrenceݐ ቀܮ ሾܵభ,…,ಾሿ

ିଵ |݅,  ቁ associated withݐ

j-1th hazard event should be available. For this purpose, a dynamic programming scheme 
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is proposed. In the first step, based on prior knowledge about the damage-state of the 

system before the occurrence of any hazard, ܲ ቀܦ ሾܵభ
ᇲ ,… ,ಾ

ᇲ ሿ
 |݅,  is known and used as	ቁݐ

input to solve for ܲ൫ܮ ሾܵభ,…,ಾሿ
ଵ |݅,  ൯ for all combinations of limit-states. Second, thisݐ

information forms the required input for the computation of ܲ൫ܮ ሾܵభ,…,ಾሿ
ଶ |݅,  ൯ for eachݐ

limit-state. This procedure is then continued until ܲ ቀܮ ሾܵభ,…,ಾሿ
ିଵ |݅,  .ቁ is calculatedݐ

Finally, these values are used to solve for ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅,  ቁ.  This proposed recursiveݐ

function is the key for the computational efficiency of the lifecycle hazard-induced cost 

assessment of structures and infrastructure systems subject to multiple occurrences of 

multiple types of hazards.  

In Equation (3-15), the term ܲሺܪ ܶሻ is the probability that the structure is 

impacted by hazard type h at jth hazard occurrence. Since hazard events are considered 

independent with occurrence rates of υ, ܲሺܪ ܶሻ can be written as:  

ܲሺܪ ܶሻ ൌ 	
υ

∑ υᇲ
ேಹ
ᇲୀଵ

 
(3-16) 

The probability of a certain intensity of hazard type h, ܲሺܯܫሻ in Equation (3-15), 

can also be found from hazard curves. These curves are usually expressed in terms of the 

annual rate of hazard exceedance versus an intensity measure of hazard type h. On this 

basis, ܲሺܯܫሻ can be derived as (92):  

ܲሺܯܫሻ ൌ
1
υ

ൈ  ሻ| (3-17)ܯܫሺߣ∆|

where ߣሺܯܫሻ is the annual exceedance rate of intensity measure IM of hazard type h.  
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Finally, the term ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅,  ቃቁ in Equation (3-15) is theݐ

probability that the system is in repair status ܴܲሾభᇲ ,…,ಾᇲ ሿ at the time of jth hazard, if the 

damage-state of the system after j-1th incident is ሾ݊ଵ
ᇱ , … , ݊ெ

ᇱ ሿ and hazard type h occurs at 

jth hazard event when i hazards have taken place during period [0 t]. As explained before, 

ܴܲሾభᇲ ,…,ಾᇲ ሿ takes values of one or zero for each damage type and indicates whether the 

system is recovered from this damage type that was present after j-1th hazard. For the case 

where two damage types exist, the repair status at each hazard occurrence has four 

combinations: ܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,0ሿ, ܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ1,0ሿ, ܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,1ሿ and ܴܲሾభᇲ ,మᇲ ሿ ൌ

ሾ1,1ሿ. As a particular case, ܲ ቀቂܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,0ሿቚܦ ሾܵభ
ᇲ ,మ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅,  ቃቁ in Equation (3-15)ݐ

will be elaborated. Representing the probability that there is not enough time for repairing 

the two damage types in the system caused by previous hazards, this term can be computed 

by incorporating the entire events of incomplete repairs for both damage types. Assuming 

that the repair process of the two damage types are independent, 

ܲ ቀቂܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,0ሿቚܦ ሾܵభ
ᇲ ,మ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅,  ቃቁ can be written asݐ

ܲ ቀቂܴܲభᇲ ൌ 0ቚܵܦభᇲ
ିଵ, ܪ ܶ, ݅, ቃቁݐ ൈ ܲ ቀቂܴܲమᇲ ൌ 0ቚܵܦమᇲ

ିଵ, ܪ ܶ, ݅,   .ቃቁݐ

In the following, the formulations presented in Chapter 2 for calculating the 

probability of incomplete repair for one type of hazard is extended for a multi-hazard type 

case. In this case, a system subjected to two hazard types (type 1 and type 2) is considered 

where each hazard induces a particular type of damage. If the jth hazard incident is of type 

1, ܲ ቀቂܴܲభᇲ ൌ 0ቚܵܦభᇲ
ିଵ, ܪ ଵܶ, ݅,  ቃቁ can be determined as follows. Unlike the caseݐ
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explained in Chapter 2 where only one type of hazard existed, it is not known with 

certainty what type of hazard has occurred before the jth hazard incident. This information 

is necessary because for calculating the probability of incomplete repair for damage type 

1 at jth hazard incident, one needs to know the time difference between the occurrences 

of the hazard type 1 happening at jth incident and the last time before jth occurrence that 

this type of hazard took place. The following solution is thus proposed to account for such 

uncertainty. First, following Bayes rule, ܲ ቀቂܴܲభᇲ ൌ 0ቚܵܦభᇲ
ିଵ, ܪ ଵܶ, ݅,  ቃቁ can beݐ

expressed as:  

ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ቁݐ ൌ

ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, భᇲܵܦ|ݐ
ିଵቁ

ܲ ቀܪ ଵܶ, ݅, భᇲܵܦ|ݐ
ିଵቁ

  
 (3-18) 

If ݆ଵout of ݆ events occurring at or before the jth incident are of type 1 (and thus 

݆ െ ݆ଵ events are of type 2), Equation (3-18) will be modified to:  

ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ ൌ

ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ

ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ

 
 (3-19) 

The timeline of events for the calculation of ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, భᇲܵܦ|ݐ
ିଵ, ݆ଵቁ is 

given in Figure 3-1. In this timeline: 

‐ ݆ଵ െ 2 hazards of type 1 occur during timespan [0 ݐభିଵ], where ݐభିଵ is the time 

that ݆ଵ െ 1th hazard takes place. 

‐ No hazard of type 1 happens during ൣݐభିଵ		ݐ൧, where ݐ ൌ  .భݐ

‐ The time difference between the two hazards of type 1 occurring at ݐభିଵ and ݐ 

should not exceed ߬భᇲ .  
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‐ ݆ െ ݆ଵ hazards of type 2 occur during timespan [0 ݐ]. 

‐ ݅ െ ݆ hazards (either of type 1 or 2) happen during [ݐ ݐ]. 

 

 

Figure 3-1 Timeline of events for multiple hazard occurrences of two types, for the 
calculation of the probabilities of the incomplete repair of damage type 1 

 

In Equation (3-19), ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ can be derived as:  

ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ

ൌ න න ଵܲ൫݆ଵ െ 2, భିଵ൧൯ݐ		0ൣ

୫୧୬	ሼ௧ೕభషభାఛభ
ᇲ 	,௧ሽ

௧ೕభషభ

௧



ൈ ଵܲ൫0, భ൧൯ݐ		భିଵݐൣ ൈ ଶܲ൫݆ െ ݆ଵ, భ൧൯ݐ		0ൣ

ൈ ܲ൫݅ െ ݆, ൧൯ݐ		భݐൣ ൈ υଵ
ଶ ൈ .భݐ݀  భିଵݐ݀

 (3-20) 
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where subscripts 1 and 2 in ܲ ଵሺሻ and ܲ ଶሺሻ indicate that these Poisson probabilities should 

be calculated with the rate of occurrence of υଵ and υଶ, respectively. Subscript U on the 

other hand indicates that the Poisson probability should be computed considering the 

union of both hazards; that is υ ൌ υଵ  υଶ. 

The term ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ in the denominator of Equation (3-19) is different 

from ܲሺ݅,  ሻ which can be calculated according to Equation (3-7). The difference is due toݐ

the presence of ܪ ଵܶ in the multi hazard type case; this term enforces the occurrence of 

hazard type 1, among other types, at jth incident. In addition, it should be noted that if the 

initial damage-state of the system associated with damage type 1 is intact and no hazard 

of type 1 occurs before the jth hazard (which is of type 1), the damage-state of the system 

related to damage type 1 will be also intact at jth hazard event. In other words, if ݆ଵ ൌ 1, 

then ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ is zero. Consequently, at least one hazard of type 

1 should exist before the jth hazard incident, in order to compute the probability of the 

incomplete repair following Equations (3-18) and (3-19); that is, ݆ଵ  2 in Equation 

(3-19). Thus, ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ should be calculated considering that ݆ଵ  2. 

Therefore, ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ can be determined in the same way as the term 

ܲ ቀܴܲభᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ but without the constraint for the time of ݆ ଵ െ 1 and ݆ ଵth 

hazards. Consequently, ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ is determined as follows:  
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ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦభᇲ
ିଵቁ

ൌ න න ଵܲ൫݆ଵ െ 2, భିଵ൧൯ݐ		0ൣ ൈ ଵܲ൫0, భ൧൯ݐ		భିଵݐൣ

௧

௧ೕభషభ

௧



ൈ ଶܲ൫݆ െ ݆ଵ, భ൧൯ݐ		0ൣ ൈ ܲ൫݅ െ ݆, ൧൯ݐ		భݐൣ ൈ υଵ
ଶ

ൈ .భݐ݀  భିଵݐ݀

 (3-21) 

Next, to account for all these possibilities of ݆ଵ values, based on the theory of total 

probability, ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ can be decomposed as:  

ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ

ൌ  ܲቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ



భୀଶ

ൈ ܲሺ݆ଵ	ݐݑ	݂	݆ሻ 

 
 (3-22) 

where ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ is calculated using Equations (3-18), (3-19) and 

(3-20). For the two hazard type case, ܲሺ݆ଵ	ݐݑ	݂	݆ሻ can be calculated according to the 

binomial distribution: 

ܲሺ݆ଵ	ݐݑ	݂	݆ሻ ൌ ൬
݆
݆ଵ
൰ ൈ ܲሺܪ ଵܶሻభ ൈ ܲሺܪ ଶܶሻିభ 

 (3-23) 

where ܲሺܪ ଵܶሻ and ܲሺܪ ଶܶሻ are calculated using Equation (3-16). 

As explained before, the extent of damage induced by hazards may depend on 

more than one type of damage sustained by the system. Therefore, it is imperative to 

evaluate the status of repair for all types of damage that impact the induced damage during 

the next hazard event. As a result for the case of two hazard types, when the jth hazard 
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incident is of type 1, the probability of incomplete repair for damage type 2, 

ܲ ቀܴܲమᇲ ൌ మᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅,  ቁ, should be also calculated. This term can be computed inݐ

a similar way as ܲ ቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅,  ቁ. When ݆ଵ out of ݆ hazards occurring at orݐ

before the jth incident are of type 1, according to Equation (3-19), ܲ ቀܴܲమᇲ ൌ

మᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅,   :ቁ can be expressed asݐ

ܲ ቀܴܲమᇲ ൌ మᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ ൌ

ܲ ቀܴܲమᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ

ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ

 
 (3-24) 

Note that following the assumption of independency of repair processes for 

different damage types, the repair status of damage type 2 right before jth hazard event 

depends only on the condition of the system corresponding to damage type 2 after j-1th 

hazard, ܵܦమᇲ
ିଵ. Following the timeline of events presented in Figure 3-2, ܲ ቀܴܲమᇲ ൌ

ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ can be determined as: 

ܲ ቀܴܲమᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ

ൌ න න ଵܲ൫݆ଵ െ 1, భ൧൯ݐ		0ൣ

୫୧୬	ሼ௧ೕమାఛమ
ᇲ 	,௧ሽ

௧ೕమ

௧



ൈ ଶܲ൫݆ െ ݆ଵ െ 1, మ൧൯ݐ		0ൣ ൈ ଶܲ൫0, భ൧൯ݐ		మݐൣ

ൈ ܲ൫݅ െ ݆, ൧൯ݐ		భݐൣ ൈ υଵ ൈ υଶ ൈ .భݐ݀  మݐ݀

 (3-25) 
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Figure 3-2 Timeline of events for multiple hazard occurrences of two types, for the 
calculation of the probabilities of the incomplete repair of damage type 2 

 

Further, since the term ܲ ቀܪ ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ in Equation (3-24) is independent 

of the damage-state of the system after j-1th hazard, it can be calculated using Equation 

(3-21). Similar to Equation (3-22), to account for all possibilities of ݆ ଵvalues, the binomial 

distribution function can be applied. Analogous to the reasoning provided for the lower 

bound of ݆ ଵ when computing probability of incomplete repair for damage type 1, the upper 

bound for the binomial function is ݆-1; since ݆ଵ ൌ ݆ is equivalent to no damage of type 2 

happening before jth incident, there would be no damage of type 2 at j-1th hazard to repair, 

i.e. ܲ ቀܴܲమᇲ ൌ ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ ൌ 0 if ݆ଵ ൌ ݆. Thus, ܲ ቀܴܲమᇲ ൌ

ܪ,0 ଵܶ, ݅, ,ݐ ݆ଵ|ܵܦమᇲ
ିଵቁ can be calculated as follows:  
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ܲ ቀܴܲమᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ

ൌ  ܲቀܴܲమᇲ ൌ మᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ

ିଵ

భୀଵ

ൈ ܲሺ݆ଵ	ݐݑ	݂	݆ሻ 

 (3-26) 

where ܲሺ݆ଵ	ݐݑ	݂	݆ሻ can be determined using Equation (3-23). Now considering the 

independency of repair processes for the two damage types, 

ܲ ቀቂܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,0ሿቚܦ ሾܵభ
ᇲ ,మ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅,  ቃቁ that describes the joint probability ofݐ

incomplete repairs is derived by combining Equations (3-21) and (3-25) as follows:  

ܲ ቀቂܴܲሾభᇲ ,మᇲ ሿ ൌ ሾ0,0ሿቚܦ ሾܵభ
ᇲ ,మ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ቃቁݐ

ൌ  ܲቀܴܲభᇲ ൌ భᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ

ିଵ

భୀଶ

ൈ ܲ ቀܴܲమᇲ ൌ మᇲܵܦ|0
ିଵ, ܪ ଵܶ, ݅, ,ݐ ݆ଵቁ ൈ ܲሺ݆ଵ	ݐݑ	݂	݆ሻ 

 (3-27) 

For other cases where the complete repair status of a damage type is involved, the 

complement of the probability of incomplete repair should be used in Equation (3-27) 

instead of the probability of incomplete repair status for that damage type. This procedure 

can be generalized to calculate the joint probability of repair status for M different damage 

types. 

Having calculated all the terms that are present on the right hand side of Equation 

(3-15), the transition probabilities of exceeding any limit-state ሾ݊ଵ, … , ݊ெሿ from any 

damage-state ሾ݊ଵ
ᇱ , … , ݊ெ

ᇱ ሿ can be determined. These values vary for the timespan t, total 

number of hazard incidents within this timespan, and the jth hazard incident at which the 
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transition probabilities are calculated. The computed transition probabilities are then used 

to calculate the total hazard-induced LCC for the system. A flowchart illustrating the 

proposed framework and procedures for LCC assessment of a structure or an 

infrastructure subjected to two types of hazards is presented in Figure 3-3.  

In the next section, the case study system, as well as the required data for the 

implementation of the proposed LCC analysis framework for this case study are presented. 

 

 

 

Figure 3-3 Flowchart of the proposed framework for LCC assessment of a strucure or an 
infrastructure systems subjected to two types of hazards 
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3.4.  Case Study: Five Span Concrete Bridge 

The proposed LCC framework is implemented for the realistic five span RC bridge that is 

introduced in Section 2.5. This time the bridge, which is assumed to cross over a river, is 

exposed to not only earthquake hazards, but also to flood incidents (see Figure 3-4). 

Additionally in this chapter, the bridge is considered to be located in Sacramento, 

California.  

Combinations of retrofit alternatives including no retrofit, applying CFRP 

wrapping, and performing scour countermeasures are considered here. Through 

comparison of such alternatives, the proposed LCC framework identifies the least costly 

option for various lifetimes during which the bridge is expected to serve. The system is 

initially in the intact damage-state, and later may experience earthquakes of any intensities 

and flooding events of various discharge rates according to their corresponding 

probabilistic hazard models for the area. The repair process for any seismic induced 

damage starts following each earthquake event. For the case of flood hazard, the scour 

countermeasure, if implemented, will be applied at the start of lifetime. For retrofit 

alternatives where no scour countermeasures are performed initially, scour depth 

accumulates as the number of flood events increases.  

The required information for the seismic hazard curve corresponding to the 

location of the bridge, the state dependent repair times for the repair of earthquake-induced 

damages, and seismic damage-state dependent cost terms are provided in Sections 2.5.1.2, 

2.5.1.4, and 2.5.1.5, respectively. In the following, the required data for the flood hazard 

curve of the river that passes under the bridge, the damage-state dependent fragility curves 
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for the combinations of earthquake- and scour damage-states, and the implementation cost 

for the considered retrofit alternatives are presented.  

 

 

Figure 3-4 Schematics of the case study bridge and the hazard types that this bridge is 
exposed to 

3.4.1.  Flood Hazard Curve 

The case study bridge is assumed to be located in the city of Sacramento, California, over 

the American river. Using the historic flood data of the county of Sacramento, Prasad and 

Banerjee (51) generated the flood hazard curve shown in Figure 3-5. The annual rate of 

occurrence of the flood hazard, based on this curve, is 1.01. 
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Figure 3-5 Flood hazard curve for the river that passes under the case study bridge in 
Sacramento (51) 

 

3.4.2.  Damage-State Dependent Fragility Curves 

The five earthquake-induced damage-states considered for the bridge are described in 

Section 2.5.1.3. The second type of damage for the case study bridge in this chapter is 

scour, which is associated with flood hazard. Four limit-states are considered for this 

damage type: 0 m, 0.6 m, 1.5 m, and 3.0 m scour depth. As mentioned before, the extent 

of seismic-induced damage predicted by the fragility curves depends on the scour depth 

in addition to the intensity of the seismic event. The median values for the lognormal 

cumulative distribution functions of the fragility curves for these damage-states are 

determined by Prasad and Banerjee (51) and are given in Table 3-1. These values are for 

the non-retrofitted case study bridge, where the bridge is initially in the intact seismic 
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condition. A logarithmic standard deviation of 0.5 is considered for all fragility curves 

(70).  

 

Table 3-1 Median values of PGA (g) for the lognormal cumulative distribution functions 
of the fragility curves for the case of initial intact seismic damage-state considering 

various scour depths (70) 
  Damage-state 
  Minor Moderate Extensive Complete 

Scour 
Depth 
(m) 

0.00 0.73 0.90 1.27 1.44 
0.60 0.56 0.78 1.28 1.34 
1.50 0.51 0.72 1.13 1.28 
3.00 0.50 0.71 1.09 1.13 

 

Since the bridge is located on a river in the city of Sacramento with a 

“Mediterranean” weather (93), the marine environment can be considered for the 

deterioration performance of the piers. A major source of deterioration for bridge piers in 

this environment is corrosion in steel rebar due to chloride penetration (18,94). In this 

environment, application of steel jacketing alone, as a retrofit action, is an inefficient 

strategy, since exposed steel elements are extremely vulnerable to corrosion (95). Thus, 

application of FRP wraps that are more durable against corrosion are considered in this 

research. Two of the most commonly used FRP actions are carbon fiber reinforced 

polymer (CFRP), and glass fiber reinforced polymer (GFRP) (96). Comparing CFRPs and 

GFRPs, GFRPs have shown weaker performance, in terms of strength, stiffness and 

ductility, under extreme environments such as dry-wet and freeze-thaw conditions (97). 

For these reasons, wrapping the whole piers of the case study bridge with CFRP is 

evaluated as one of the retrofit alternative in this study.  
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Retrofitting bridge piers using CFRP wrapping will enhance the capacity of the 

bridge against seismic excitations and will consequently increase the median of the 

fragility curves. For retrofitting all piers of multi-span RC bridges with steel jackets, 

Shinozuka et al. (98) quantified the percentage increase in median fragility curves, EP, 

that can be achieved by this retrofit action as follows:    

ܲܧ ൌ 11.8 ൈ ݁.ହଷ
ᇲ
ൈ 100%		∀݊

ᇱ ∈ ሼ2,… ,5ሽ	 (3-28) 

where ݊
ᇱ is the limit-state index for the seismic fragility curve of interest (2~5 represent 

minor, moderate, extensive, and complete limit-states). 

For FRP wrapping, due to lack of data for the amount of improvement in the 

median of fragility curves provided by this retrofit action for the case study concrete 

bridge, the results of the analysis conducted by Billah et al. (99) are employed. In this 

study, CFRP wrapping and steel jacketing are evaluated as two retrofit options for a 

seismically deficient concrete bridge bent. The comparison of fragility curves associated 

with these two retrofit actions under a set of far field ground motions indicates that the 

median of fragility curves, in terms of PGA, for slight, moderate, extensive and complete 

limit-states for the system retrofitted with FRP wrapping is 1.17, 1.16, 1.31, and 1.31 times 

those as a result of enhancing with steel jacketing. These values are multiplied, 

respectively, by the EP values derived from Equation (3-28) to give the percentage 

increase in median fragility curves achieved by retrofitting all piers with CFRP wraps 

compared to the status quo of the bridge. 

The above set of fragility curves for unretrofitted and retrofitted bridges represent 

the case where the structure at the time of the earthquake occurrence is in the intact seismic 
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damage-state. As elaborated in Chapter 2, for other damage-states, the ratios provided in 

Table 2-10 are used to arrive at the median of the associated fragility curves. Furthermore, 

these ratios are considered the same for all scour depths and retrofit strategies. As an 

example, considering Table 3-1 and Table 2-10, the lognormal median PGA of the 

fragility curve for the major limit-state when the existing seismic damage-state of the 

bridge is moderate and the scour depth is 0.6 m is equal to 0.78g/1.5=0.52 g. This value 

is 0.78 g if the structure is at the intact state. 

The impact of flood hazard on the seismic fragility of bridges can be quantified 

using the scour depth induced by flooding events. Expected scour depths caused by 

various flood discharge levels are determined and provided by Prasad and Banerjee (51) 

for the case study bridge (see Table 3-2). For retrofit options with no scour 

countermeasure, the scour depth will accumulate as the number of flood events increases.  

 

Table 3-2 Expected scour depths caused by various discharge values for the case study 
bridge (51) 

Discharge Value (m3/s) 60 305 900 1300 1900 2200 
Induced Scour Depth (m) 0.73 2.16 2.84 3.11 3.42 3.55 

 

3.4.3.  Cost of Retrofit Alternatives 

In case of retrofitting or performing a scour countermeasure plan, an initial cost will be 

added to the total LCC of the case study bridge.  

The material, equipment and technician costs associated with CFRP wrappings are 

estimated as 12.48$/ft2 (57). After updating the cost values to 2017, this value becomes 
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13.24$/ft2. This cost is considered for two layers of CFRP wrap around the columns as a 

common practice (100). According to Caltrans (74), this value is increased by 30% to 

account for the mobilization and contingency costs. Additionally, based on the procedure 

and number of days reported for constructing CFRP wraps by Teng et al. (101) for an area 

of 3300 ft2, two days (can be estimated as 1.5 days) are estimated for wrapping the entire 

four columns of the case study bridge with the wrapping area of 600ft2. This time 

comprises one day for the mobilization of the equipment and material, and surface 

reparation of concrete columns for the CFRP wrapping, and one day for applying the 

wrapping on the columns. During this time, the bridge is considered fully open, since it is 

assumed that the shoulders of the road provide sufficient space for the required crew and 

material for retrofit actions on elements under the bridge. However, for safeguarding the 

work zone, speed limit is reduced from 60mph to 50mph. It should be noted that for 

repairing slight seismic-induced damages one lane of the bridge is assumed to be closed; 

since necessary repairs may be required for structural damages on the deck or on 

superstructure elements that should be accessed from the top of the bridge. Additionally, 

identical number of days, i.e. two days, is considered for conducting the scour 

countermeasure plan, considering that the bridge bents are single-column. When both FRP 

wrapping and scour countermeasures are executed, due to availability of crew and material 

and simultaneous execution of these plans, the duration of the project becomes less than 

the sum of individual duration of the two plans (65,102). This duration is considered as 

three days in this study. On this basis, the user cost of DVE, economic losses, and 
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environmental damages are added to calculate the total cost incurred by these retrofit 

projects. 

The scour countermeasure plan considered for this bridge is concrete-grouting the 

voids of the loose soil underneath each pile foundation and the soil surrounding bent 

foundations together with 1 m layer of Rock Slope Protection (RSP) material. Based on 

Caltrans (74) and engineering judgment, the cost of the scour countermeasure plan for the 

four foundations of the case study bridge as of 2017 becomes $260,000.  

3.5.  Numerical Results 

Numerical results of the application of the proposed LCC framework to the case study 

bridge are provided in this section. The objective is to determine the optimal action, i.e. 

the action that minimizes the LCC of the bridge during its service life. The considered set 

of actions are listed below: 

1) Status quo plan: The bridge structure is planned to operate as is.   

2) CFRP wrapping (CFW) with no scour countermeasure (ScC) plan: All bridge columns 

will be entirely wrapped with two layers of CFRPs, but no scour countermeasure will 

be performed on bridge foundations. 

3) CFRP wrapping and scour countermeasures plan: All bridge columns will be entirely 

wrapped with two layers of CFRPs, and ScC actions will be performed on bridge 

foundations. 

4) Scour countermeasures with no CFRP wrapping plan: Only scour countermeasures 

will be performed on bridge foundations. 
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The rest of this section presents results of a convergence study for the proposed 

numerical framework, demonstrates impacts of incorporating multiple types of hazards 

and their multiple occurrences on the LCC of the bridge, and finally, discusses how repair 

time variations can impact the optimal strategy.   

3.5.1.  Convergence Analysis 

The convergence of the proposed framework for LCC assessment of the case-study bridge 

with respect to the number of hazard incidents is investigated here. A relative tolerance of 

0.005 is considered here. When the relative difference of the total hazard-induced cost 

from two consecutive steps becomes less than the specified tolerance value, the analysis 

is considered as converged. Results of convergence analysis for a wide range of lifetimes 

are presented in Figure 3-6. Generally, as the time horizon increases, the number of hazard 

incidents required for the framework to converge increases. This can be explained by the 

fact that the expected number of hazard incidents following a Poisson process is linearly 

proportional to the lifetime, i.e. ܧሺ݅| ܶሻ ൌ υ ൈ ܶ where υ ൌ υଵ  υଶ for the case-

study system subjected to two hazard types. The likelihood of number of occurrences 

significantly decreases in the Poisson occurrence model as the considered number of 

hazard occurrences becomes larger than the expected number. Therefore, as seen in Figure 

3-6, the required number of hazard incidents for convergence is slightly larger than the 

expected number of hazard incidents for all alternatives. Leveraging this property here 

results in a numerical framework that is accurate and computationally efficient. In 

addition, it appears that the four retrofit actions require nearly the same number of hazard 
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incidents to converge. Results of this analysis also indicate that a reliable estimation of 

the LCC of systems requires consideration of the possibility of multiple hazard 

occurrences throughout the lifetime. This consideration, however, is neglected in some 

existing loss assessment studies. 

 

 

Figure 3-6 Required number of hazard incidents to be considered in the framework for 
convergence 

 

3.5.2.  Lifecycle Cost Analysis and Optimal Decision-Making across Predetermined 

Alternatives 

Using the proposed framework for the case-study bridge, the LCC for the considered set 

of retrofit alternatives are estimated as a function of lifetime. The results of this study 

identify the best retrofit option to take at the current time for a wide range of remaining 

service lifetimes, considering that the seismic and scour condition state at the current time 
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of decision-making is intact. For these results, mean values of the probabilistic repair time 

models for the recovery paths in Table 2-11 are considered. LCC values are provided 

separately for repair, maintenance and total costs in Figure 3-7. As can be seen from 

Figure 3-7-c, the LCCs of maintenance are close in value for the four retrofit alternatives. 

However, since maintenance cost directly depends on the cost of bridge construction and 

the implemented retrofit plan, it is larger for alternatives with more costly retrofit plans. 

Figure 3-7-b shows the hazard-induced LCC for the case study bridge. Results show that 

this cost is more than the LCC of maintenance, if no retrofit action is applied to the bridge. 

These indicate that the risk of hazards contributes considerably to the total LCC, and thus 

highlights the neccessity of considering the risk of hazard occurrences for optimal 

decision-making. Figure 3-7-b also shows that the hazard-induced LCC is largest for 

status quo compared to other alternatives. This outcome is expected, since the bridge 

rehabilitated with any of the considered alternatives is less vulnerable to hazards 

compared to the status quo bridge case. The achieved enhancement varies for different 

retrofit actions. As Figure 3-7-b indicates, the extent of enhancement is larger for the CFW 

retrofit action compared to the ScC plan (more than two times for 75 years lifetime). In 

addition, the initial cost of CFW plan is less than that for the ScC strategy. This results in 

the CFW plan being more favorable than the ScC  retrofit action for all lifetimes. 

Considering all alternatives, status quo is found to be the optimal option for time horizons 

less than 26 years. This can be mostly attributed to the fact that the total hazard risk cost 

for short lifetimes is less costly than the sum of the implementation cost of retrofit plans 

and the reduced hazard risk costs due to higher seismic capacity achieved by those 
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retrofits. For lifetimes more than 26 years, CFW plan results in the least incurred expected 

total LCC. 

  

 

 

Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 3-7 a) Total, b) Repair, and c) Maintenance LCCs for the considered retrofit 
alternatives 

 

3.5.3.  Significance of Considering Multiple Types of Hazards in Lifecycle Optimal 

Decision-Making across Predetermined Alternatives 

In case flood hazard is not considered in LCC analysis, impacts of scouring on seismic 

vulnerabilities together with the associated costs will not be accounted for. Figure 3-8 

shows that this scenario may not only result in a considerable underestimation of total 

LCC, but also may lead to false identification of the optimal strategy as the impact of 

neglecting flood hazard on the LCC of retrofit plans is not uniform. As can be seen when 
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the effect of scouring is ignored, the optimal retrofit strategy is identified as the status quo 

option for all lifetimes, whereas comparing status quo and CFW plans, the correct optimal 

action for time horizons longer than 26 years is the CFW plan (Figure 3-7-a). For lifetime 

of 75 years, this false identification of the optimal plan would incur an extra cost of 

$184,000 to the society. Furthermore, consideration of only seismic hazard in the analysis 

will result in an underestimation of total LCC of approximately 26% for the status quo 

retrofit plan, when the lifetime is 75 years. This error for the case of CFW strategy is small 

(2%). As shown in Figure 3-7-b, CFW plan is an effective strategy that considerably 

reduces the risk of seismic-induced losses. As a result, the contribution of the hazard-

induced LCC to the total LCC and consequently the impact of the error associated with 

neglecting flood hazard becomes less significant for the case of CFW plan. 
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Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 3-8 Total LCC of status quo and CFW retrofit alternatives, with and without the 
effect of scour in the analyses 

 

3.5.4.  Significance of Repair Time Variation and Damage-Dependencies in 

Lifecycle Cost Analysis 

The importance of repair time for the LCC assessment and optimal decision-making 

across predetermined retrofit alternatives is illustrated in Figure 3-9. Multiple factors can 

lead to delays in the recovery process of the bridge, including: 

‐ Crew and materials are temporarily not available. 

‐ The bridge is owned by an agency that has a slow response time for repair 

preparations. 

‐ Damage to the nearby infrastructure, e.g. transportation systems, power supply, etc., 

is to the extent that it causes extra delays in the recovery of the bridge.  
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In these scenarios, elongated repair times not only increase the overall cost because 

of time-dependent consequences such as user costs and economic losses, but also will 

increase hazard risk costs due to the higher likelihoods of other hazards occurring before 

the bridge is completely repaired. The latter effect consequently increases the expected 

hazard-induced and the total LCC. As presented in Chapter 2, each item in the recovery 

path for all damage-states has a lognormal distribution with statistical parameters 

presented in Table 2-11. Following identical procedure explained in Chapter 2, the total 

recovery time for each damage-state n, ௧ܶ௧
 , is the sum of the times it takes to finish 

each involved step. Using Monte Carlo simulation technique based on Latin Hypercube 

sampling, three recovery times for each damage-state are identified: ܶ
, ܶ.ହ

  and ܶ.ଽହ
 . 

These values are derived such that ܲ ሾ ௧ܶ௧
  ఈܶ

ሿ ൌ ߙ where ,ߙ ൌ ሼ0, 0.5, 0.95ሽ as noted 

in Chapter 2 is referred to as Non-Exceedance Probability (NEP). Figure 3-9-a shows the 

total LCC and the hazard-induced LCC for the status quo strategy, when recovery times 

of ܶ
, ܶ.ହ

  and ܶ.ଽହ
  are considered for each damage-state. It is seen that, as the recovery 

time increases, the LCCs increase as well. For 75 years of service lifetime, the expected 

total LCC increases by 51%, as the recovery times increase from instant repair ( ܶ
) to a 

delayed repair process corresponding to the NEP of 0.95 ( ܶ.ଽହ
 ). These results highlight 

the significance of considering repair times in LCC analysis. Furthermore, disregarding 

repair times in damage accumulations, i.e. neglecting dependencies between damages 

from consecutive hazards, can result in non-optimal decisions. Considering status quo and 

CFW retrofit plans, Figure 3-9-b indicates that if the proposed LCC framework is 

employed without considering such dependencies, the status quo strategy will be 
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identified as the optimal option for lifetimes less than 37 years. However, in reality, for 

service lifetimes more than 26 years, applying CFW is the optimal policy. If the status 

quo is incorrectly identified as the optimal plan for the bridge with an expected service 

life of 37 years, an extra cost of $83,000 is expected to incur within these years to the 

community. This cost can be precluded, if the true optimal plan of retrofitting with CFW 

is performed. Moreover, neglecting dependencies between seismic-induced damages from 

consecutive hazards results in $98,000 underestimation of the total LCC, which may lead 

to improper allocation of budget for lifetime repairs of the case study bridge. 

 

Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 3-9 a) Variation of the total LCC and the hazard-induced LCC for recovery times 
corresponding to NEPs of 0, 0.5 and 0.95. b) Total LCC for the status quo and 

retrofitting with CFW alternatives, with and without considering the effect of repair time 

 

a 
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3.6.  Concluding Remarks 

This chapter proposed a framework for LCC assessment of structures and infrastructure 

systems considering the potential for multiple occurrences of multiple types of hazards. 

The expected total LCC comprises initial cost of construction/retrofit, expected LCC of 

system maintenance, and expected LCC of hazard-induced consequences, i.e. hazard risk 

costs. The proposed method offers the following features and assumptions: 

‐ Using the total probability theorem, the risk costs for all possibilities of different 

hazard types and number of hazard occurrences were included. Moreover, probability 

models of uncertain model and hazard variables are discretized into mutually 

exclusive and collectively exhaustive set of events. These variables include intensity 

of hazard incidents (probability models obtained from hazard curves), extent of 

induced-damage from various hazard types (probability models obtained from 

damage-state dependent fragility curves), and the time of hazard occurrences 

(modeled through probability models of multiple hazard occurrences) through which 

the randomness in the state of repair (complete or incomplete) is modeled for the 

incurred damage.   

‐ Using damage-state dependent fragility curves, the damage-state probabilities after the 

occurrence of each hazard event is computed based on the joint damage-state 

probabilities calculated for the previous hazard and the repair status after the previous 

hazard. The latter depends on the recovery time of the incurred damage-state and the 

probability model of multiple hazard occurrences. 
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‐ The framework can incorporate all direct and indirect costs of consequences and 

account for the dependency of these costs to the duration of repair. In the present 

chapter, agency repair costs, user costs of imposed delay and vehicle operation, 

economic losses, and cost of human casualties were considered as a function of 

incurred damage-states. Moreover, the damage incurred by traffic delays to the 

environment was considered explicitly. 

‐ Damage-state probabilities after each hazard occurrence are computed through a 

dynamic programming procedure. This recursive function is a key to the time 

efficiency of the framework as it substitutes numerous simulations that would have 

been required otherwise. 

Similar to the framework developed for one type of hazard in Chapter 2, the 

proposed method in this chapter requires limited input data including hazard curves, cost 

values, damage-state dependent fragility curves and repair times. 

The framework was demonstrated for the realistic case study bridge system 

presented in Chapter 2, which is exposed to floods, in addition to earthquake hazards 

during its lifetime. These hazard types can potentially induce scouring and seismic 

damage to the structure. In the estimation of the hazard-induced LCC, the joint effect of 

earthquake and flood hazards are considered through analyzing the likelihood of different 

combinations of damage-states that arise from these two types of hazard. Derivation of 

these likelihoods in the proposed method accounts for the repair time required for each 

considered damage-state. Four retrofit alternatives were considered and the proposed 
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framework was utilized to compute the LCC of each alternative for various expected 

service lifetimes. Results showed that: 

‐ To achieve high accuracy in the estimation of the hazard-induced LCC, the proposed 

method requires only slightly more than the expected number of hazard incidents in 

the considered timespan to converge. This attribute leads to the computational 

efficiency of the framework in estimating LCC of systems subjected to multiple 

occurrences of multiple types of hazards. 

‐ Hazard-induced LCC contributes significantly to the total LCC of the bridge system; 

highlighting the importance of considering this cost term in decision-making 

problems. 

‐ Applying CFRP Wrapping to the bridge reduces hazard risk costs significantly. This 

reduction for 75 years of expected service lifetime is more than twice the enhancement 

gained from performing a Scour Countermeasure (ScC) plan for the bridge 

foundations. This indicates that the developed method is able to quantify the effects 

of various hazard mitigation plans for optimal decision-making across predetermined 

alternatives. 

‐ Based on the rankings provided for the considered retrofit alternatives, for lifetimes 

less than 26 years, the status quo plan is the optimal strategy. However, if the lifetime 

exceeds 26 years, CFRP Wrapping retrofit plans results in the least expected total LCC 

for the community.  

‐ The recovery times following each damage-state have significant impact on the 

hazard-induced LCC and the total LCC; the slower the recovery process, the more the 
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expected hazard-induced LCC. This highlights the necessity of including the required 

time of recovery in the evaluation of hazard risk costs.  

‐ Ignoring dependencies between damages induced by consecutive hazards lead to false 

identification of optimal actions and incurs an extra cost of about $83,000 for 37 years 

of service lifetime.  

The above set of conclusions indicates that the developed framework presented in 

this chapter provides a comprehensive, accurate, and computationally efficient method 

that can help decision makers to find optimal strategies for a structures or an infrastructure 

system exposed to multiple occurrences of multiple types of hazards. The enhancements 

offered by this framework over existing methods for LCC analysis of systems exposed to 

multi-hazards will lead to solutions with higher confidence in their effectiveness. This is 

significant especially for structures and infrastructure systems located in hazard-prone 

regions or those where damage may cause significant adverse consequences. 
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Chapter 4: Integrating Gradual Deterioration in Risk-Based Lifecycle 
Cost Analysis with Multiple Types and Occurrences of Hazards  

4.1.  Summary 

In hazard-prone regions, structures and infrastructure systems can experience multiple 

hazards with various intensities and inter-arrival times during their lifetime. As elaborated 

in previous chapters, the potential of damage accumulation due to the possibility that a 

damage is not fully repaired before the occurrence of a next hazard increases the 

vulnerability of these assets against hazard incidents. In addition, gradual deterioration 

due to environmental stressors may reduce their capacity against such hazard events. In 

light of these compounding effects, it is important to evaluate the lifecycle cost (LCC) of 

structures and infrastructure systems to select design or retrofit alternatives that maximize 

their safety and serviceability.  

This chapter extends the framework proposed in Chapter 3 and develops a 

probabilistic LCC framework that properly incorporates the foregoing effects in order to 

arrive at optimal decisions across predetermined design or retrofit alternatives for 

structures and infrastructure systems. The development of a recursive function 

significantly reduces the computational runtime, while enables calculation of damage-

state probabilities at each time and hazard occurrences in the presence of deterioration. 
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The framework is demonstrated for the case study bridge in previous chapters, 

which is stochastically exposed to multiple earthquake and flood hazards. Furthermore, 

the bridge is assumed to be exposed to a marine environment, which induces gradual 

deterioration in the structural system of the bridge. Results indicate that such deterioration 

significantly increases expected hazard-induced and total LCCs. Hence, disregarding 

deterioration in LCC analysis could lead to substantial underestimation of the expected 

costs, which could adversely impact the allocation of repair budget for management 

purposes. In addition, optimal retrofit decisions may be incorrectly identified if 

deterioration is overlooked in LCC analysis. As shown, this could result in significant 

additional costs for communities.  

The demonstrated features in this chapter suggest that the proposed framework can 

be beneficial to responsible agencies for risk-informed decision-making across 

predetermined design or retrofit alternatives for vulnerable aging structures and 

infrastructure systems. 

4.2.  Introduction 

In hazard-prone regions, structures and infrastructure systems can experience multiple 

hazards with various intensities during their lifetime. As elaborated in previous chapters, 

the potential of damage accumulation due to the possibility that a damage is not fully 

repaired before the occurrence of a next hazard increases the vulnerability of these assets 

against hazard incidents (30,102,103). In addition, gradual deterioration due to 

environmental stressors may significantly reduce their capacity against such hazard 
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events. In light of these compounding effects, it is important to evaluate the lifecycle cost 

of these assets to select design or retrofit alternatives that maximize their safety and 

serviceability.  

In the literature, there are only a handful of studies that conducted lifecycle cost 

analysis for structures and infrastructure systems subjected to both random hazards and 

gradual deterioration due to environmental stressors (40). For example, Ghosh (33) 

utilized a non-homogenous exponential function to calculate hazard-induced risk costs of 

bridges considering gradual degradation in the capacity of those bridges against 

earthquakes. Salman and Stewart (34) also presented a framework to calculate the LCC 

of aging power distribution lines exposed to hurricane loads during their lifetime. The 

hazard-induced LCC is calculated by summing over the discounted annual expected 

hurricane risk costs. In these studies, however, the potential of damage accumulation 

induced by successive hazards is overlooked. As supported by historical events and 

discussed in previous chapters, disregarding this effect can result in overestimation of the 

system reliability against extreme hazards, underestimation of hazard-induced LCCs, and 

identification of false optimal decisions for lifecycle management of these assets. On the 

other hand, a few studies attempted to include the effect of damage accumulation in the 

context of renewal theory. For example, Kumar and Gardoni (31) suggested a risk-based 

LCC framework based on renewal theory. The renewal instances are considered at the 

times of completion of repairs or replacements. Repair and replacement decisions are 

made when the probability of failure of the system is more than a certain threshold. Jia 

and Gardoni (32) also implemented this framework for the estimation of some lifecycle 
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performance measures of infrastructure systems, such as availability, and instantaneous 

probability of being in-service. This renewal LCC method, however, embeds 

simplifications and several assumptions that limits its application to realistic systems, 

including: 

‐ After any of such repair/replacement instances, the system is assumed to perform 

identical to when it has just rebuilt. This assumption brings error in the estimation 

of the LCC when the system is repaired, which may happen frequently in hazard-

prone regions, since the gradual deterioration of infrastructure systems, due to 

phenomena such as corrosion, may continue even after these systems are repaired.    

‐ All damages are considered to be repaired when failure threshold is violated. For 

systems that experience different damage types, this assumption is not realistic; 

since an agency may repair just one type of damage and leave the other damage 

types untreated. For instance, for the case study bridge system in this dissertation, 

repairing scour-induced damages are not conducted every time a seismic-induced 

damage is intended to be repaired. On this basis, even if seismic-induced damages 

are repaired after each earthquake incident, the vulnerability of the system against 

earthquake excitations increases with respect to time, as more flood events occur. 

‐ A system is completely out of service during any repair process. However, in reality, 

many infrastructure systems, including the case study bridge system, may be 

partially in service while being repaired. Considering the possibility of damage 

accumulation due to the intervention of further hazards during repair processes, 

estimation of user cost in the renewal-based LCC framework is a challenge.  
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‐ In the estimation of repair or replacement initiation times in the renewal process, 

demand increases and capacity reductions due to multiple hazard occurrences seems 

to be separated and independently calculated, while in reality these events are 

dependent.       

Moreover, none of the proposed methods in the literature incorporate more than 

one type of hazard, which is essential for proper management of structures or 

infrastructure systems in regions susceptible to multiple types of hazards. For this purpose, 

this chapter proposes a stochastic LCC framework that addresses the foregoing 

limitations, and calculates the expected LCC of individual structures or infrastructure 

systems against multiple types of hazards considering the dependencies among induced 

damages in the presence of gradual deterioration. In addition, the method facilitates 

stochastic incorporation of both instantaneous and time-variant damage-state costs.  

4.3.  Analytical Framework  

In this section, the development of the proposed method is presented in detail.  

4.3.1.  Expected Total Lifecycle Cost  

As expressed in previous chapters, the net present value of the expected total LCC of a 

structure or an infrastructure system, i.e. ்̅ܥ,ே, comprises the following costs.  

ே,்ܥ̅ ൌ 	 ܥ̅  ெ,ேܥ̅   ோ,ேܥ̅
 (4-1) 

where ̅ܥ is the initial construction or retrofit cost, ̅ܥெ,ே is the net present value of the 

expected LCC of maintenance, and ̅ܥோ,ே is the net present value of the expected hazard-
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induced LCC. ̅ܥெ,ே can be articulated as: 

ெ,ேܥ̅ ൌ 	ߛ௧ ൈ ,௧ܥ̅

்ಽ

௧ୀଵ

 (4-2) 

where ܶ is the considered lifecycle for the system, ߛ is the discount factor expressed as 

ଵ

ଵାఋ
 with ߜ as the discount rate, and ̅ܥ,௧ stands for the expected cost of maintenance at 

time t. Implementing the theorem of total probability and the conditional probability chain 

rule over the entire possibilities of the number of hazard occurrences during the system 

lifetime, the term ̅ܥோ,ே can be expanded as follows: 

ோ,ேܥ̅ ൌ 	ܲሺ݅, ܶሻ ൈ ൫̅ܥோ,ேห݅, ܶ൯

ஶ

ୀଵ

 
 (4-3) 

where ܲሺ݅, ܶሻ is the probability of i hazards occurring during the lifetime of the system, 

and ൫̅ܥோ,ேห݅, ܶ൯ is the net present value of the expected hazard-induced LCC 

conditioned on the occurrence of i hazards during system lifetime. The term i in Equation 

(4-3) should start from 1, since no hazard-induced costs are incurred associated with zero 

hazards in the lifetime of the system. Evidently, the total hazard-induced costs due to i 

hazard occurrences is the sum of the expected incurred costs after each of the i hazards. 

Therefore, ൫̅ܥோ,ேห݅, ܶ൯ can be written as:  

൫̅ܥோ,ேห݅, ܶ൯ ൌ 	൫̅ܥோ,ே
 |݅, ܶ൯



ୀଵ

 
 (4-4) 

where ൫̅ܥோ,ே
 |݅, ܶ൯ is the expected incurred costs after jth hazard incident, given the 

occurrence of i hazards during the lifetime of the system. When the system is exposed to 
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multiple types of hazards that induce M different damage types, each having a number of 

mutually exclusive and collectively exhaustive damage-states, any combination of these 

damage-states could be experienced by the system after the jth hazard. Each of the 

possibilities of these damage-state combinations incur a particular expected cost until the 

occurrence of the next hazard (j+1th hazard). Applying the theorem of total probability 

for the entire space of damage-state combinations and the associated expected costs, 

൫̅ܥோ,ேห݅, ܶ൯ can be expanded as follows:  

൫̅ܥோ,ேห݅, ܶ൯

ൌ 	  …  ܲቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶቁ

ேಾ

ಾୀଵ

ேభ

భୀଵ



ୀଵ

ൈ ோ,ேܥ̅
~ାଵሺܦ ሾܵభ,…,ಾሿ

 |݅, ܶሻ 

(4-5) 

where ଵܰ,…,ܰெ are the total number of damage-states for damage types 1…M, 

respectively, ܲ ቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶቁ is the probability of sustaining damage-state 

combination ሾ݊ଵ, … , ݊ெሿ at jth hazard given the occurrence of i hazards during the system 

lifetime, and ̅ܥோ,ே
~ାଵሺܦ ሾܵభ,…,ಾሿ

 |݅, ܶሻ is the expected cost of damage-state combination 

ሾ݊ଵ, … , ݊ெሿ sustained at jth hazard event incurred until the occurrence of the next hazard 

( j+1th hazard) conditioned on the occurrence of i hazards during the lifetime of the 

system.  

Decomposing ̅ܥோ,ே
~ାଵ to an instant cost of ̅ܥோ

ூ௦௧ as a result of damage-state 

ሾ݊ଵ, … , ݊ெሿ which is incurred at jth hazard, and a continuous cost of ̅ܥோ
௧ሺݐሻ, which is 

incurred between jth and j+1th hazards, Equation (4-5) can be written as:    
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൫̅ܥோ,ேห݅, ܶ൯

ൌ 	  …  ܲቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶቁ

ேಾ

ಾୀଵ

ேభ

భୀଵ



ୀଵ

ൈ ൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧

 න ௧ߛ ൈ ோܥ̅
௧ሺܦ|ݐ ሾܵభ,…,ಾሿ

 , ݅, ܶሻ
୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

.  ൱ݐ݀

 (4-6) 

To account for impacts of gradual deteriorations due to environmental stressors on 

the structural performance of the system, it is important to know how much time is passed 

from the pristine state of the system at the time of jth incident. Often, the time at which 

the system has a pristine state is the construction or replacement time of the system. In 

this research, for demonstration purposes and to avoid more complexity in the 

formulations, it is considered that the system has the pristine state only at time 0, i.e. the 

current time, and it will not be replaced during its lifetime. While this assumption is true 

for many systems, it imposes error in the estimation of the lifecycle hazard-induced costs. 

However, as it will be shown in the example section of this chapter, the associated error 

is negligible, i.e. less than 1%, for the typical case study bridge. 

Based on the foregoing explanation, the time of jth hazard occurrence, ݐ, needs to 

be added to the formulations. Considering the entire possible space for the time of jth 

incident, in addition to the space of time for the subsequent j+1th hazard, ൫̅ܥோ,ேห݅, ܶ൯ 

can be presented as:    
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൫̅ܥோ,ேห݅, ܶ൯

ൌ 	  …  න න ݂ሺݐ, ,݅|ାଵݐ ܶሻ

்ಽ

௧ೕశభୀ௧

்ಽ

௧ೕୀ

ேಾ

ಾୀଵ

ேభ

భୀଵ



ୀଵ

ൈܲ ቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

ൈ ൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧

 න ௧ߛ
୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

ൈ ோܥ̅
௧ሺܦ|ݐ ሾܵభ,…,ಾሿ

 , ݅, ܶሻ . ൱ݐ݀ . .ାଵݐ݀  ݐ݀

 (4-7) 

where ݂൫ݐ, ,݅|ାଵݐ ܶ൯ is the probability density function for the occurrence of jth and 

j+1th hazards, at times ݐ and ݐାଵ, respectively. Noticeably, the term 

݂൫ݐ, ,ܫ|ାଵݐ ܶ൯. .ାଵݐ݀   in Equation (4-7) can be expanded based on Bayes rule asݐ݀

follows: 

݂ሺݐ, ,݅|ାଵݐ ܶሻ ൌ 	
݂ሺݐ, ,ାଵݐ ݅, ܶሻ

݂ሺ݅, ܶሻ
 

 (4-8) 

Then, inserting Equation (4-8) into Equation (4-7), the term 

݂ሺݐ, ,ାଵݐ ݅, ܶሻ. .ାଵݐ݀ ݆  forݐ݀ ് ݅ can be calculated based on a timeline of events 

presented in Figure 4-1.  
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Figure 4-1 Timeline of events for multiple hazard occurrences of hazards, with jth and 
j+1th occurring at times ݐ and ݐାଵ 

 

Consequently, based on the timeline of events provided in Figure 4-1, 

݂ሺݐ, ,ାଵݐ ݅, ܶሻ. .ାଵݐ݀ ݆   forݐ݀ ് ݅ can be calculated as: 

	݂ሺݐ, ,ାଵݐ ݅, ܶሻ. .ାଵݐ݀ ݐ݀

ൌ 	ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫0, ାଵ൧൯ݐ		ݐൣ

ൈ ܲ൫݅ െ ݆ െ 1, 		ାଵݐൣ ܶ൧൯ ൈ υ்ଶ ൈ .ାଵݐ݀  ݐ݀

 (4-9) 

where υ் is the combined rate of hazards of different types as υ் ൌ ∑ υ
ேಹ
ୀଵ  with ுܰ 

denoting the total number of hazard types. According to the timeline of events used for 

the calculation of ݂ሺݐ, ,ାଵݐ ݅, ܶሻ, the term ݂ሺ݅, ܶሻ is the probability of i hazards 

occurring in the lifetime of the structure. Since this event is not conditioned on the 

occurrence times of jth and j+1th hazards, ݂ሺ݅, ܶሻ is independent of ݀ݐାଵ.  ,. Thusݐ݀

݂ሺ݅, ܶሻ can be drawn out of the integrations in Equation (4-7) and expressed as ܲ ሺ݅, ܶሻ.    
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Then, integrating Equations (4-7), (4-8), and (4-9) into (4-3), ̅ܥோ,ே can be 

expressed as: 

ோ,ேܥ̅ ൌ 	  …  න ܲቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

்ಽ

௧ೕୀ

ேಾ

ಾୀଵ

ேభ

భୀଵ



ୀଵ

ஶ

ୀଵ

ൈ න ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫0, ାଵ൧൯ݐ		ݐൣ

்ಽ

௧ೕశభୀ௧ೕ

ൈ ܲ൫݅ െ ݆ െ 1, 		ାଵݐൣ ܶ൧൯ ൈ υ்ଶ

ൈ ൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧

 න ௧ߛ
୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

ൈ ோܥ̅
௧ሺܦ|ݐ ሾܵభ,…,ಾሿ

 , ݅, ܶሻ . ൱ݐ݀ . .ାଵݐ݀  ݐ݀

 (4-10) 

With a similar analogy, for ݆ ൌ ݅ in Equation (4-7), ̅ܥோ,ே can be written as: 
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ோ,ேܥ̅ ൌ 	  …  න ܲቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

்ಽ

௧ୀ

ேಾ

ಾୀଵ

ேభ

భୀଵ



ୀଵ

ஶ

ୀଵ

ൈ ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫0, 		ݐൣ ܶ൧൯ ൈ υ்

ൈ ൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧

 න ௧ߛ
୫୧୬൫்ಽ,௧ೕା௧൯

௧ೕ

ൈ ோܥ̅
௧ሺܦ|ݐ ሾܵభ,…,ಾሿ

 , ݅, ܶሻ . ൱ݐ݀ .  ݐ݀

 (4-11) 

Based on Equation (3-13) presented in Chapter 4, the term ܲ ቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶ,  ቁ canݐ

be expressed as: 

ܲܲ ቀܦ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

ൌ ܲሺܮ ሾܵభ,…,ಾሿ
 |݅, ܶ, ሻݐ

െ ራ ܲሺܮ ሾܵభାభ,… ,ಾାಾሿ
 |݅, ܶ, ሻݐ

భ,…,ಾ∈ሼ,ଵሽ
ሺభ,…,ಾሻஷሺ,…,ሻ	

 

 (4-12) 

As explained in the previous chapters, ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ,  ቁ is the probabilityݐ

of exceeding limit-state ሾ݊ଵ, … , ݊ெሿ at ݆th hazard at the time of ݐ given the occurrence of 

i hazards during the system lifetime. Then, each of the terms ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ,  ቁ canݐ

be expanded according to Equation (3-15) presented in Chapter 3, as follows: 
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ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

ൌ  …  ܲሺܮ ሾܵభ,…,ಾሿ
 ቚቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ , ݅, ܶ

ூெோ

ேಹ

ୀଵ

ேಾ
ᇲ

ಾ
ᇲ ୀଵ

ேభ
ᇲ

భ
ᇲୀଵ

ൈ ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ܶ, ቃቁݐ

ൈ ܲሺܦ
ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ห݅, ܶ, ൯ݐ ൈ ܲሺܪ ܶሻ ൈ ܲሺܯܫሻ 

 (4-13) 

As explained in the previous chapter, ܴ ܲሾభᇲ ,…,ಾᇲ ሿ represents the repair status, either 

0 (incomplete) or 1 (complete), associated with damage-state ሾ݊ଵ
ᇱ , … , ݊ெ

ᇱ ሿ that is sustained 

at j-1th hazard, ܪ ܶ is the hazard of type h, and ܯܫ is the intensity measure of the hazard 

of type h.   

Since the time of jth hazard is a given parameter in the term 

ܲሺܦ
ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ห݅, ܶ,  ݐ ൯ in Equation (4-13), j-1th hazard can happen any time less thanݐ

from 0 to ݐ. Through the application of the total probability theorem and conditional 

probability chain rule for ݐିଵ, ܲሺܦ
ൣܵభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ,     :൯ can be expanded as followsݐ

ܲሺܦ
ൣܵభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ, ൯ݐ

ൌ න ܲሺܦ
ൣܵభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ, ,ݐ ିଵ൯ݐ

௧ೕ

௧ೕషభୀ

ൈ ݂൫ݐିଵห݅, ܶ, .൯ݐ  ିଵݐ݀

 
 (4-14) 

Considering that probability of sustaining damage-state ሾ݊ଵ
ᇱ , … , ݊ெ

ᇱ ሿ due to the j-1th hazard 

is independent of the time at which the next hazard occurs, the term 
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ܲሺܦ
ൣܵభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ, ,ݐ ܵܦିଵ൯ can be simplified to ܲሺݐ

ൣభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ,  ିଵ൯. With theݐ

same analogy provided for the calculation of ݂ሺݐ, ,݅|ାଵݐ ܶሻ, the term 

݂൫ݐିଵห݅, ܶ, .൯ݐ  ିଵ in Equation (4-14) can be expressed asݐ݀
ቀݐିଵ, ݅, ܶቚݐቁ.ௗ௧ೕషభ

ቀ݅, ܶቚݐቁ
. 

Based on the timeline of event presented in Figure 4-2, the term ݂൫ݐିଵ, ݅, ܶหݐ൯.  ,ିଵݐ݀

is calculated as follows: 

 

݂൫ݐିଵ, ݅, ܶหݐ൯. ିଵݐ݀

ൌ 	ܲ൫݆ െ 2, ିଵ൧൯ݐ		0ൣ ൈ ܲ൫0, ൧൯ݐ		ିଵݐൣ

ൈ ܲ൫݅ െ ݆, 		ݐൣ ܶ൧൯ ൈ υ் ൈ  ିଵݐ݀

 (4-15) 

 

 

Figure 4-2 Timeline of events for the calculation of the probability of the 
݂൫ݐିଵ, ݅, ܶหݐ൯.  ݐ ିଵ, with jth hazard occurring at timeݐ݀
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Based on a timeline of events similar to Figure 4-2, the term ܲ൫݅, ܶหݐ൯ can be 

expressed as follows: 

ܲ൫݅, ܶหݐ൯ ൌ 	ܲ൫݆ െ 1, ൧൯ݐ		0ൣ ൈ ܲ൫݅ െ ݆, 		ݐൣ ܶ൧൯  (4-16) 

Thus, inserting Equations (4-14), (4-15), and (4-16) into Equation (4-13), 

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ,    :ቁ can be expressed asݐ

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ

ൌ  …  ܲሺܮ ሾܵభ,…,ಾሿ
 ቚቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ , ݅, ܶ, ቃݐ , ܪ
ூெோ

ேಹ

ୀଵ

ேಾ
ᇲ

ಾ
ᇲ ୀଵ

ேభ
ᇲ

భ
ᇲୀଵ

ൈ ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ܶ, ቃቁݐ ൈ ܲሺܪ ܶሻ ൈ ܲሺܯܫሻ

ൈ න ܲሺܦ
ൣܵభ
ᇲ ,…,ಾ

ᇲ ൧
ିଵ ห݅, ܶ, ିଵ൯ݐ ൈ ݂൫ݐିଵห݅, ܶ, .൯ݐ ିଵݐ݀

௧ೕ

௧ೕషభୀ

 

(4-17) 

It is worthy to note that when hazards occur independently, 

ܲ ቀܮ ሾܵభ,…,ಾሿ
 |݅, ܶ, ቁݐ ൌ ܲ ቀܮ ሾܵభ,…,ಾሿ

 |݅ᇱ, ܶ, ,݅∀	ቁݐ ݅ᇱ.  This is due to the fact that if 

jth hazard takes place at ݐ, independent of the total number of hazards occurring in the 

lifetime of the system, j-1 hazards need to occur before ݐ. This fact is useful in reducing 

the computational runtime of the framework.     

According to Bayes rule, ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ܶ,  ቃቁ in Equationݐ

(4-17) can be articulated as follows:  
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ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ܶ, ቃቁݐ

ൌ
ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܪ ܶ, ݅, ܶቚܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ , ቃቁݐ

ܲ ቀቂܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ

 

 (4-18) 

Considering independent repair processes for each damage type, 

ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,  :ቃቁ in the above equation can be expanded asݐ

 

ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ

ൌ ܲ ቀቂܴܲሾభᇲ ሿ, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ ൈ …ൈ

ൈ ܲ ቀቂܴܲሾಾᇲ ሿ, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,  ቃቁݐ

 (4-19) 

In addition, since two repair statuses are considered for the repair of each damage-

state, i.e. complete (1) or incomplete (0), the following holds true: 

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ 

ܲ ቀቂܴܲೖᇲ ൌ 1, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ ൌ 1			∀݇ ∈ ሼ1,…      ሽܯ,

 (4-20) 

Calculation of ܲ ቀቂܴܲೖᇲ ൌ ܪ,0 ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,  ቃቁ with k=1:M, depends onݐ

the time difference between ݐ and the last time a damage of this type, ݊
ᇱ , was imposed 

to the system. Noticeably, this process is not entirely Markovian, since any number of 

damages of different types can occur between ݐ and the last occurrence of a damage of 

type k before ݐ. Since the occurrence of a damage of type k depends on the occurrence of 
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a hazard that induces this damage type, ܲ ቀቂܴܲೖᇲ ൌ ܪ,0 ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,  ቃቁ can beݐ

expended as: 

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ ൌ

	∑ …∑ ுܲሺ݆ଵ, … , ݆ுሻ
ିଵି∑ ೖ

ಹషభ
ೖసభ

ಹୀ
ൈିଵ

భୀ

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ݆ଵ, … , ݆ு, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ∑ ቃቁ, withݐ ݆

ு
ୀଵ ൌ

݆ െ 1  

 (4-21) 

where ுܲሺ݆ଵ, … , ݆ுሻ is the probability that ݆ଵ, … , ݆ு mutually exclusive hazards of types 

1, …, H, with ∑ ݆
ு
ୀଵ ൌ ܬ െ 1 occurr during [0 ݐሻ. Notably, if zero number of hazards of 

a hazard type occurs, the probability of incomplete repairs associated with the damage 

induced by that type of hazard is zero. As can be seen, 

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ݆ଵ, … , ݆ு, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,  ቃቁ depends on the hazard types followedݐ

by the type of damage that they potentially induce on the system, among others. As 

explained in the previous chapter, some hazards may induce more than one type of 

damage. For instance, hurricanes can induce both structural and non-structural damages 

to buildings. Yet, for many systems, each hazard type induces a particular type of damage. 

For instance, for the realistic bridge system used as a case study in this dissertation, floods 

induce scour around foundations or piles, and earthquakes cause structural damages in 

terms of residual deformation in piers. Thus, scour depth and residual deformation in 

structural elements can be considered as two types of hazard-induced damages for this 

bridge. Considering independent hazard occurrences, and that each hazard type induces a 
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particular type of damage, the term ுܲሺ݆ଵ, … , ݆ுሻ can be calculated based on the 

multinomial distribution function as (Hines et al., 2003):  

ுܲሺ݆ଵ, … , ݆ுሻ ൌ 	
݆ െ 1!
݆ଵ! … ݆ு!

ܲሺܪ ଵܶሻభ …ܲሺܪ ுܶሻಹ 
 (4-22) 

As explained in previous chapters, incomplete repair for a damage-state occurs if 

the time of the next hazard event is less than the required repair time for that damage-

state. On this basis, according to the series of timeline of events shown in Figure 4-3, 

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ݆ଵ, … , ݆ு, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ,      :ቃቁ can be calculated as followsݐ

 

ܲ ቀቂܴܲೖᇲ ൌ 0, ܪ ܶ, ݅, ݆ଵ, … , ݆ு, ܶቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ቃቁݐ

ൌ න ܲି൫݆ െ 1 െ ݆, ൧൯ݐ		0ൣ

௧ೕ

௧ೕೖୀ୫ୟ୶	ሾ௧ೕିఛೖ
ᇲ ,ሿ

ൈ ܲ൫݆ െ 1, ೖ൧൯ݐ		0ൣ ൈ ܲ൫0, ൧൯ݐ		ೖݐൣ

ൈ ܲ൫݅ െ ݆, 		ݐൣ ܶ൧൯ ൈ υ.  ೖݐ݀

 (4-23) 

where ߬ ೖ
ᇲ  is the required time for the repair of damage-state ݊ 

ᇱ . Additionally, considering 

independent hazard occurrences, the probability terms in Equation (4-23) can be 

calculated using Poisson process. The rate of hazard incidents for these events are given 

in the subscript of these probability terms, with the following notations: ݇ is the rate of 

the hazard of type k, ܷ is the union (or sum in this case) of the rates of all hazard types, 

and ܷ െ ݇ is the union (or sum in this case) of the rates of all hazard types, excluding (or 

subtracting in this case) the rate of the hazard of type k. 
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Figure 4-3 Timeline of events for the calculation of the probability of incomplete repair 
of type k with ݆th hazard occurring at times ݐ 

 

4.3.2.  Time-dependent Annual Rate of Collapse and Lifetime Probability of at least 

One Collapse 

Despite the capability of incorporating injuries and casualty losses, among other cost 

terms, in the proposed hazard-induced LCC framework, some may argue against the 

consideration of this cost for decision-making in LCC analysis (46,47). As a substitute, 

some structural guidelines identify minimum acceptable annual probability of collapse or 

minimum acceptable annual reliability index for structural systems.  
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In addition, some recent guidelines recommend minimum lifetime collapse probabilities 

for newly designed structural systems. For example, AASHTO LRFD bridge design 

specification (104)  recommends that the target reliability index for 75 years lifetime of a 

bridge should be 3.5 for 75 years of lifetime. This value corresponds to the probability of 

2.3263e-04 for at least one collapse in 75 years. Thus, Section 4.3.2 and 4.3.3 present 

methods to calculate the probability of minimum annual rate of collapse and at least one 

system collapse, respectively, considering damage and repair time dependencies, 

structural deterioration, and multiple hazard occurrences. 

4.3.2.1.  Time-Dependent Mean Annual Rate of Collapse 

For structures under multiple hazard occurrences, Chapter 2 presented a probabilistic 

model for time-dependent annual rate of collapse. This section extends that model to 

account for the impacts of multiple types of hazards, as well as gradual deterioration in 

the structural system. 

As mentioned before, the probability of collapse of a structure or an infrastructure 

at the time of a hazard depends on the history of seismic events that have happened before 

the hazard event of interest and whether repairs are complete by this time. Considering i 

hazards occurring during the lifetime of the system, the hazard for which the reliability of 

the system should be calculated can vary from the first to the ith hazard. Therefore, for 

the calculation of the annual rate of collapse, at least one hazard needs to have occurred. 

Evidently, the worst state of the system occurs at the ith hazard due to the likelihood of 

damage accumulation. On this basis, mean annual collapse rate of the system should be 
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evaluated against the ith hazard, which can range from one to a large value (theoretically 

infinity). Considering system deterioration, this event can occur at any time from 0 to the 

end of the system lifetime.  

The mean annual rate of collapse of the system at ith hazard occurring at time ݐ, 

given i hazards happening during the structural lifetime, i.e. ߣ൫ܦ ሾܵభ,…,ಾሿ
 |݅, ܶ,  ൯, canݐ

be calculated identical to ܲ൫ܦ ሾܵభ,…,ಾሿ
 |݅, ܶ,  ൯ according to Equations (4-12) andݐ

(4-17), except that in Equation (4-17), the term ܲሺܯܫሻ should be replaced by ߣሺܯܫሻ. 

Considering the variations in the total number of hazards, i, the time of the ith hazard 

incident, and all combinations of damage-states that are considered as collapse for the 

system due to the potential exposure of the system to multiple types of hazards, the mean 

annual rate of collapse corresponding to the lifetime of the system, ߣி
்ಽ, can be calculated 

as:  

ிߣ
்ಽ ൌ ܦಽ൫்ߣ ሾܵభ,…,ಾሿ∈ஐಷ൯

ൌܲሺ݅, ܶ, ݅  1ሻ
ஶ

ୀଵ

ൈ  න ܦ൫ߣ ሾܵభ,…,ಾሿ
 |݅, ܶ, ൯ݐ

்ಽ

௧ୀሾభ,…,ಾሿ∈ஐಷ

ൈ ݂ሺݐ|݅, ܶሻ.  	ݐ݀

 (4-24) 

where Ωி is the domain of collapse that entails the entire combinations of damage-states 

that represent the collapse of the system, and ܲ ሺ݅, ܶ, ݅  1ሻ is the probability of i hazards 

happening during the lifetime ܶ, given that at least one hazard occurs in this period. 
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Based on Bayes rule, ܲ ሺ݅, ܶ, ݅  1ሻ ൌ ሺ,்ಽሻ

ሺஹଵሻ
,  ݂ ሺݐ|݅, ܶሻ can be expressed as 

ሺ௧,,்ಽሻ

ሺ,்ಽሻ
. 

For independent hazard occurrences, ܲሺ݅  1ሻ can be determined as 1 െ ݁ିൈ்ಽ. 

Subsequently, Equation (4-24) can be simplified as: 

ிߣ
்ಽ ൌሺ1 െ ݁ିൈ்ಽሻ

ஶ

ୀଵ

ൈ  න ܦ൫ߣ ሾܵభ,…,ಾሿ
 |݅, ܶ, ൯ݐ

்ಽ

௧ୀሾభ,…,ಾሿ∈ஐಷ

ൈ ݂ሺݐ, ݅, ܶሻ.  	ݐ݀

 (4-25) 

Based on the timeline of events is presented in Figure 4-4, the term ݂ሺݐ, ݅, ܶሻ can be 

computed as follows: 

݂ሺݐ, ݅, ܶሻ ൌ 	ܲሺܫ െ 1, ሾ0		ݐሿሻ ൈ ܲሺ0, ሾݐ		 ܶሿሻ ൈ υ் 
 (4-26) 

 

 
 

 

Figure 4-4 Timeline of events for the calculation of ݂ሺݐ, ݅, ܶሻ 
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4.3.2.2.  Lifetime Probability of at least One Collapse 

The probability of at least one system collapse can be calculated from the complementary 

event i.e. no lifetime collapse as follows: 

ܲሺሾ݊ଵ, … , ݊ெሿ ∈ Ωிሻ ൌ 	1 െ ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωிሻ  (4-27) 

Considering the entire possibilities for the number of hazards that can occur in the 

lifetime of the system as well as their occurrence time, the probability that the system does 

not experience a collapse damage-state during its lifetime can be expressed as: 

ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωிሻ

ൌ 	 න ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωி|݅, ܶ, ሻݐ

்ಽ

௧ୀ

ஶ

ୀ

ൈ ݂ሺ݅, ܶ, .ሻݐ  ݐ݀

 (4-28) 

where ݂ሺ݅, ܶ,  ሻ is calculated according to Equation (4-25). The termݐ

ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωி|݅, ܶ,  ሻ is the probability that at no instance during the i hazards theݐ

system sustains a collapse damage-state. On this basis, this term can be expanded as 

follows: 		

ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωி|݅, ܶ, ሻݐ

ൌ 	ܲ൫ܦ ሾܵభ,…,ಾሿ
ଵ ∉ Ωி,… , ܦ ሾܵభ,…,ಾሿ

 ∉ Ωி	ห݅, ܶ,  ൯ݐ
 (4-29) 

where ܦ ሾܵభ,…,ಾሿ
 ∉ Ωி indicates experiencing a damage-state other than collapse at jth 

hazard. According to Equations (4-12) and (4-17), the probability of a damage-state at 

each hazard occurrence depends on the state of damage from the previous hazard, among 
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others. Considering this fact and employing the conditional probability chain rule, 

Equation (4-29) can be expressed as: 

ܲ൫ܦ ሾܵభ,…,ಾሿ
ଵ ∉ Ωி,… , ܦ ሾܵభ,…,ಾሿ

 ∉ Ωி	ห݅, ܶ, ൯ݐ

ൌ ܲ൫ܦ ሾܵభ,…,ಾሿ
 ∉ Ωி	ห݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி, ൯ݐ

ൈ ܲ൫ܦ ሾܵభ,…,ಾሿ
ିଵ ∉ Ωி	ห݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଶ ∉ Ωி, ିଵ൯ݐ

ൈ …ൈ ܲ൫ܦ ሾܵభ,…,ಾሿ
ଵ ∉ Ωி	ห݅, ܶ,  ଵ൯ݐ

 (4-30) 

The term ܲ ቀܦ ሾܵభ,…,ಾሿ
 ∉ Ωி	ቚ݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி,  ቁ takes intoݐ

consideration all possible damage-states that the system can experience, except for 

damage-states in the collapse domain. Considering the mutually exclusive and collectively 

exhaustive space of damage-states, this term can be expanded as follows: 

ܲ ቀܦ ሾܵభ,…,ಾሿ
 ∉ Ωி	ቚ݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி, ቁݐ

ൌ  ܲቀܦ ሾܵభ,…,ಾሿ
 	ቚ݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி, ቁݐ
ሾభ,…,ಾሿ∉ஐಷ

  (4-31) 

Using Equation (4-12), this term can be expressed in terms of probability of limit-

state exceedances. Each of these exceedance probabilities, i.e. 

ܲ ቀܮ ሾܵభ,…,ಾሿ
 	ቚ݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி,  ቁ, can then be recursively calculated based onݐ

Equation (4-17), except that the possibility of ܦ ሾܵభ,…,ಾሿ
ିଵ ∈ Ωி should be excluded. In 

mathematical terms:   
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ܲ ቀܮ ሾܵభ,…,ಾሿ
 	ቚ݅, ܶ, ܦ ሾܵభ,…,ಾሿ

ିଵ ∉ Ωி, ቁݐ

ൌ  ܲሺܮ ሾܵభ,…,ಾሿ
 ቚቂܴܲሾభᇲ ,…,ಾᇲ ሿ, ܦ ሾܵభ

ᇲ ,…,ಾ
ᇲ ሿ

ିଵ , ݅, ܶ, ቃݐ , ܪ ܶ

ூெோ

ேಹ

ୀଵሾభ
ᇲ ,…,ಾ

ᇲ ሿ∉ஐಷ

ൈ ܲ ቀቂܴܲሾభᇲ ,…,ಾᇲ ሿቚܦ ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ , ܪ ܶ, ݅, ܶ, ቃቁݐ ൈ ܲሺܪ ܶሻ ൈ ܲሺܯܫሻ

ൈ න ܲሺܦ
ሾܵభ
ᇲ ,…,ಾ

ᇲ ሿ
ିଵ ห݅, ܶ, ିଵ൯ݐ ൈ ݂൫ݐିଵห݅, ܶ, .൯ݐ ିଵݐ݀

௧ೕ

௧ೕషభୀ

 

 
(4-32) 

As mentioned before, in the calculation of the expected lifecycle hazard risk costs, 

it is considered that the deterioration of the system is not renewed during its lifetime. In 

practical words, the assumption is that the system is not replaced during its lifetime, since 

system replacement improves the state of the system to its pristine condition. Thus, it is 

necessary to estimate the imposed error due to neglecting renewals in the deterioration 

performance of the system. Typically, infrastructure systems are renewed during their 

lifetime only after experiencing collapse. On this basis, the error associated with 

disregarding the renewals in the system deterioration is equal to ܲሺሾ݊ଵ, … , ݊ெሿ ∉ Ωிሻ, 

which can be calculated from Equation (4-28). It will be shown in the Result section that 

this error is negligible for the typical case study bridge.  

4.4.  Case Study: Five Span Concrete Bridge 

For the illustration of the enhanced framework in this Chapter, the same case study bridge 

as the one evaluated in Chapter 3 is considered. In this section, in addition to the effect of 

damage-dependencies due to subsequent hazards of floods and earthquakes, the impact of 
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deterioration on the capacity of the bridge against seismic excitations is also incorporated 

for the hazard-induced LCC analysis.  

As mentioned in Chapter 3, since the bridge is located over a river in the city of 

Sacramento with a Mediterranean weather (105), a marine environment can be considered 

for the bridge. In this environment, bridge piers are exposed to deterioration, primarily as 

a result of corrosion in steel rebar due to chloride penetration (33,94). Therefore, the 

capacity of the case study bridge against seismic excitations deteriorates over time, which 

is integrated into the proposed LCC analysis framework presented in this Chapter.  

It is worthy to remind that the following four retrofit alternatives, which are 

identical to the ones considered in the previous chapter, are evaluated in this chapter as 

well. 

1) Status quo plan: The bridge structure is planned to operate as is.   

2) CFRP wrapping (CFW) with no scour countermeasure (ScC) plan: All bridge piers 

will be entirely wrapped with two layers of CFRPs, but no scour countermeasure will 

be performed on bridge foundations. 

3) CFRP wrapping and scour countermeasures plan: All bridge piers will be entirely 

wrapped with two layers of CFRPs, and ScC actions will be performed on bridge 

foundations. 

4) Scour countermeasures with no CFRP wrapping plan: Only scour countermeasures 

will be performed on bridge foundations. 
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4.4.1.  Reduction in the Median of Fragility Curves of Piers due to Deterioration 

For RC piers of some typical multi-span concrete bridges, Ghosh (33) derived median 

values for seismic fragility curves for “slight”, “moderate”, “extensive”, and “complete” 

damage-state. Those values are presented under different environmental conditions. As 

mentioned in the previous section, the location of the case study bridge has a 

Mediterranean weather, which has the closest characteristics to the “marine atmospheric 

exposure condition” considered by Ghosh (33). Based on this study, for RC piers in the 

marine atmospheric condition, the amount of reduction in the median values of the seismic 

fragility curves for 0, 25, 50, and 75 years, compared to the pristine median values, are 

derived as the values are derived and presented in Table 4-1. For instance, the median of 

the fragility curve for the extensive limit-state 50 years after the pristine condition of the 

pier is (1-0.272)=0.728 times the median value of this limit-state when the pier is at the 

pristine condition. Since the seismic capacity of the case study bridge depends only on the 

seismic capacity of the four RC piers (51), the reductions presented in Table 4-1 are 

considered as the reductions in the seismic capacity of this bridge.   

 

Table 4-1 The amount of reduction (%) in the median value of the seismic fragility 
curves for 0, 25, 50, and 75 years (33) 

Time from pristine condition (years) 
Damage-State 

Slight Moderate Extensive Complete 

0 0 0 0 0 
25 20.3 19.2 19.0 18.2 
50 28.1 27.3 27.2 25.8 
75 29.7 29.3 29.8 29.3 
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Plots of fragility curves for the case study bridge for moderate, extensive, and 

complete limit-states are shown in Figure 4-5. These curves are plotted for the case where 

the bridge is in the slight seismic-induced and intact scour-induced damage-state. As 

expected, the median of fragility curves, i.e. the PGAs associated with 50% probability of 

exceeding limit-states, decreases over time for the three limit-states; indicating that the 

capacity of the bridge against earthquake loads decreases over time due to gradual 

environmental deterioration. 

 

 

 

Figure 4-5 Time-variant fragility curves for a) moderate, b) extensive, and c) complete 
limit-states when the bridge is at the slight seismic-induced damage-state 
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4.4.2.  Reduction in the Median of Fragility Curves of Piers Wrapped with CFRP 

due to Deterioration 

For evaluating the durability of concrete members against corrosion, Green et al. (106) 

conducted a number of experiments on concrete piers wrapped with CFRP and compared 

the results with those without wrappings. Their results showed that the typical corrosion 

rate, ݅, for CFRP retrofitted piers is around 25 percent of the unwrapped ones. 

According to Stewart (94), for the case of general corrosion, the effective steel area 

remaining after t years of corrosion, ܣ௦௧ሺݐሻ, can be expressed as follows:  

ሻݐ௦௧ሺܣ ൌ
ܦሺߨ݊ െ 0.0232݅ݐሻଶ

4
  (4-33) 

where n is the number of steel rebars, ܦ is the initial rebar diameter, and ݅ is the 

corrosion rate. As can be seen, reduction in the effective area of steel rebar in concrete 

elements is correlated with the square of the corrosion rate of the steel rebar. On the other 

hand, the flexural capacity of concrete piers is linearly proportionate to the area of the 

steel rebar. Thus, considering that the ductility capacity of the bridge is linearly 

proportionate to the flexural capacity of those piers, the amount of reduction in the median 

values of fragility curves for limit-state n for concrete piers retrofitted with CFRP wraps 

over time, ܴܯிோሺݐሻ, can be derived as:  

ሻݐிோሺܴܯ ൌ ሺ
݅ிோ

݅
௨௪ௗሻ

ଶ ൈ ܴܯ
௨௪ௗሺݐሻ 

 (4-34) 

where ݅ிோ and ݅
௨௪ௗ are the corrosion rates in concrete piers when they are not 

wrapped, and when they are wrapped with CFRPs, respectively. The term ܴܯ
௨௪ௗ 
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is also the amount of reduction in the median of fragility curves of concrete piers due to 

deterioration when piers are not wrapped. These values are presented in Table 4-1. 

4.4.3.  The Impact of Routine Maintenance on the Deterioration of Bridge Piers 

Generally, in the case of preventive maintenance, power washing and/or crack sealing 

may be performed on bridge piers (107). Based on the research study by Pincheira and 

Dorshorst (108) sealing cracks have a negligible impact on chloride penetration, and 

consequently corrosion rate of concrete piers. Thus, in this research, it is assumed that 

conducting maintenance on bridge piers does not affect corrosion deterioration of bridge 

piers over its lifetime. 

4.4.4.  Cost Function for Damage-State Combinations of the Case Study Bridge 

Considering the list of damage-state dependent costs presented in the previous chapters 

for the case study bridge, the injury and casualty loss, ̅ܥோ,௦
ூ௦௧ , is the only cost that is 

incurred instantly after the occurrence of a seismic-induced damage-state. Other costs are 

caused gradually in time. Therefore, ̅ܥோ
௧ሺݐሻ in Equation (4-6) can be split into the 

following terms: 

ோܥ̅
௧ሺݐሻ ൌ 	 ோ,ோܥ̅

௧ ሺݐሻ  ோ,ாܥ̅
௧ ሺݐሻ  ோ,ாି௦௦ܥ̅

௧ ሺݐሻ  ோ,ா௩ܥ̅
௧ ሺݐሻ 

 (4-35) 

where ̅ܥோ,ோ
௧ ோ,ாܥ̅ ,

௧ ோ,ாି௦௦ܥ̅ ,
௧ , and ̅ܥோ,ா௩

௧  are the gradual costs of physical repair, DVE, 

economic losses, and environmental losses as a function of time. For the purpose of 

demonstration, here it is assumed that the repair/replacement costs are incurred linearly 
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with respect to time, from the time of damage occurrence until the end of the required 

repair time.  

The user costs of DVE and environmental losses depend on the accessibility of the 

case study bridge to the users after the bridge sustains damage. According to the 

formulations presented for the calculation of the DVE cost, depending on the extent of the 

induced seismic damage-states, the functionality of the bridge increases according to the 

step functions presented in Figure 2-19. Based on the presented graphs in this figure for 

extensive and complete damage-states, the entire bridge is closed until fully repaired and 

reopened for service. For the slight damage-state, one lane of the bridge is closed. 

However, for the moderate damage-state, there are two stages of recovery: first, the entire 

bridge is closed for inspection, then two lanes are closed for necessary repairs. For 

simplification, since the inspection time of the bridge is relatively small compared to the 

total recovery time of this damage-state, it is assumed that two lanes of the bridge are 

closed at all times during the recovery of the bridge at the moderate damage-state. On this 

basis, similar to the gradual repair/replacement costs, the costs of DVE and environmental 

losses are considered to be linearly increasing from the time of damage occurrence until 

the end of the required repair time. This consideration holds for the last cost term, i.e. 

economic losses, as well, since this cost is considered as a multiplication of the DVE cost 

by two. Therefore, all the unit-in-time costs of physical repair, DVE, economic losses, and 

environmental losses can be summed together to determine the unit-in-time total cost of 

ோܥ̅
௧. On this basis, the term ቀ̅ܥோ

ூ௦௧   ௧ߛ ൈ
୫୧୬൫௧ೕశభ,௧ೕା௧൯
௧ೕ

ோܥ̅
௧ሺܦ|ݐ ሾܵభ,…,ಾሿ

 , ݅, ܶሻ .  :ቁ in Equation (4-6) can be simplified asݐ݀
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൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧  න ௧ߛ ൈ ோܥ̅

௧ሺܦ|ݐ ሾܵభ,…,ಾሿ
 , ݅, ܶሻ

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

. ൱ݐ݀

ൌ ௧ೕߛ	 ൈ ோܥ̅
ூ௦௧ 

ோܥ̅
௧

ln ߛ
ൈ ቀߛ୫୧୬൫௧ೕశభ,௧ೕା௧൯ െ  ௧ೕቁߛ

(4-36) 

Notably, earthquake events may incur instant casualty loss at jth hazard, whereas 

the potential occurrence of a flood does not impose any casualties. On this basis, 

Equation (4-36) is modified according to Equation (4-37), which is used for hazard-

induced LCC calculations of the case study bridge. 

൭ߛ௧ೕ ൈ ோܥ̅
ூ௦௧  න ௧ߛ ൈ ோܥ̅

௧ሺܦ|ݐ ሾܵభ,…,ಾሿ
 , ݅, ܶሻ

୫୧୬൫௧ೕశభ,௧ೕା௧൯

௧ೕ

. ൱ݐ݀

ൌ 	ܲሺܪ ாܶሻ ൈ ሺߛ௧ೕ ൈ ோܥ̅
ூ௦௧ሻ 

ோܥ̅
௧

ln ߛ

ൈ ቀߛ୫୧୬൫௧ೕశభ,௧ೕା௧൯ െ  ௧ೕቁߛ

(4-37) 

It is worth noting that Equation (4-37) assumes that the initial time of the repair 

process for the damage-state at jth hazard is equal to the occurrence time of this hazard, 

whereas the repair process may have started earlier and interrupted by this incident. This 

assumption is considered to avoid further complexities in cost calculations, which can be 

released in future studies. 

4.5.  Numerical Results 

The numerical results of applying the developed LCC framework in this chapter to the 

case study bridge is presented in the following sections.  
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4.5.1.  Convergence Analysis 

The required number of hazards to consider for the calculation of hazard-induced LCCs 

as a function of lifetime horizon is displayed in Figure 4-6. These numbers are derived 

after convergence in hazard-induced LCCs is achieved. Identical to the consideration for 

the bridge case study in previous chapters, convergence is achieved when the relative 

difference of the expected hazard-induced cost from two consecutive steps becomes less 

than 0.005. Similar to the results of convergence analyses in the previous chapters, the 

required number of hazards to consider increases with the lifetime of the bridge. 

Additionally, the required number of hazards to achieve convergence is slightly larger 

than the expected number of hazard occurrences for those lifetimes.   

 

 

Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 4-6 Required number of hazard incidents to consider in the framework for 
convergence in lifecycle hazard-induced costs 
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4.5.2.  Lifecycle Cost Analysis and Optimal Decision-Making across Predetermined 

Alternatives 

Considering both user and agency costs, the initial implementation cost of the retrofit 

plans including status quo, CFRP wrapping with no scour countermeasure, CFRP 

wrapping and scour countermeasure, and scour countermeasures with no CFRP wrapping 

are calculated as $0, $532,000, $758,000, and $1,080,000, respectively. The expected 

maintenance, hazard-induced, and total LCCs of the four retrofit plans are also plotted in 

Figure 4-3 for lifetime horizons from 0 to 75 years. Similar to the results of Chapter 3, 

where deterioration is disregarded, the expected hazard-induced LCCs become 

significantly small when CFRP wrapping is applied to bridge piers. This is expected, since 

CFRP wrapping not only increases the capacity of the bridge against seismic excitations, 

but also it considerably decreases the reduction in the seismic capacity of the bridge over 

time due to steel corrosion. As can be seen, the amount of reduction in the expected 

hazard-induced LCCs for the scour countermeasure plan is not as high as this reduction 

for the case of the CFRP wrapping strategy. The implementation cost of the scour 

countermeasure plan is also higher than the CFRP wrapping strategy. Conclusively, the 

scour countermeasure plan may not be a cost-effective strategy for improving the seismic 

performance of the bridge. This is also in line with the results presented in Figure 4-7-a, 

which does not identify scour countermeasure plan as the optimal decision for any lifetime 

horizons. According to this figure, performing no retrofit action is optimal for service 

lifetimes less than 20 years, whereas retrofitting bridge piers with CFRP wrapping is the 

optimal decision for lifetime horizons equal to or longer than 20 years. These optimal 
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strategies incur the least expected total LCC on the community among all of the four 

alternatives.  

 

 

 

Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 4-7  a) Total, b) Repair, and c) Maintenance LCCs for the considered retrofit 
alternatives 

 

4.5.3.  Significance of Considering Deterioration in Lifecycle Optimal Decision-

Making across Predetermined Alternatives 

This section demonstrates the importance of considering the effect of deterioration in LLC 

estimation and optimal decision-making across predetermined retrofit alternatives. 

Figure 4-8 presents the results of the expected total LCC of the four retrofit 

alternatives, with and without considering the effect of deterioration. The former case is 

also shown in Figure 4-7-a. As can be seen, the expected total LCC for all retrofit 

alternatives is larger when the effect of capacity reduction against seismic loads due to 
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gradual deterioration is considered. As an interesting observation, the difference in the 

expected total LCCs between the cases of considering and disregarding deterioration is 

substantially large for alternatives that do not enhance (i.e. status quo) or slightly enhance 

(i.e. scour countermeasures) the seismic capacity of the bridge. This can be explained 

based on the following two reasons:  

1) The bridge has a lower capacity against earthquakes in the presence of gradual 

deterioration compared to the case where such deterioration is disregarded. This 

increases the probability of sustaining more severe seismic-induced damage-

states, which are more costly. This is a direct impact of deterioration on the 

vulnerability of the bridge against seismic events.  

2) The incurred more severe damage-states, as well as the longer required time to 

repair those damages increase the likelihood of severe damage-states against 

upcoming earthquake incidents. This is an indirect impact of deterioration on the 

vulnerability of the bridge against seismic events.     

As a result, deterioration in bridge piers increases the expected total LCC of the 

case study bridge by 70%. Hence, disregarding deterioration in the LCC analysis could 

lead to a substantial underestimation of the expected costs, which could adversely impact 

the allocation of repair budgets for management of bridges.  

On the contrary, the difference in the total LCCs between the cases of considering 

and disregarding deterioration is small for retrofit plans that involve CFRP wrapping, 

which significantly improve the seismic capacity of the bridge and substantially decrease 

the gradual deterioration of bridge piers.  
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Additionally as Figure 4-8 shows, disregarded deterioration in the LCC analysis 

can lead to misidentification of the optimal decision. For instance, for 50 years expected 

lifetime, status quo is determined as the optimal plan if the effect of gradual deterioration 

is overlooked, whereas in reality in the presence of gradual deterioration, the optimal 

decision is to apply CFRP wrapping to bridge piers. As a consequence of this improper 

decision, a substantial extra cost of $635,000 is incurred to the society.  

It should be noted that one may expect to see identical LCC values in Figure 4-8-

b, where the effect of deterioration is overlooked, to those presented for the case study 

bridge in the previous chapter, i.e. Figure 3-7. Comparing these two figures, the expected 

total LCC values are close; e.g. there is only 10%, -2%, 5%, and -2% difference between 

the LCCs of Figure 4-8-b and Figure 3-7-a for the status quo, CFW, ScC, and ScC with 

CFW retrofit plans, respectively, for 75 years of service lifetime. Notably, the LCCs in 

Figure 4-8-b, corresponding to status quo and ScC strategies are slightly higher. This can 

be attributed to the following factor: 

‐ The accumulation of hazard risk costs is more accurately calculated following the 

method of Chapter 4. In this chapter, the time-variant user and agency costs for the 

repair of seismic-induced damages are added gradually from the time of damage 

occurrences until the end of the repair time. However, in the method developed in 

Chapter 3, these costs are added as a lump sum cost at the time those damages occur. 

Since the expected inter-arrival time of earthquakes is larger than the required time 

for the repair of all damage-states, the hazard-induced costs are lumped together in 

the LCC formulation in Chapter 3. However, these repair processes may be 
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interrupted by subsequent hazards, in which case lower user and agency costs due 

to such repairs are incurred. This is taken into account in the framework developed 

in Chapter 4. For this reason, there is a slight overestimation of the hazard-induced 

LCCs, for the status quo and ScC alternatives that have higher likelihood of costly 

and time-consuming hazard-induced damages. 

 

 

Note: ScC=Scour countermeasure, CFW=Carbon FRP wrap. 

Figure 4-8 The expected total LCC of the four retrofit alternatives, a) with and b) 
without considering the effect of deterioration 

 

4.5.4.  The Impacts of Deterioration on the Significance of Damage-Dependencies 

in Lifecycle Cost Analysis 

As demonstrated in previous chapters, a major contribution of the developed LCC 

frameworks is the incorporation of damage-dependencies in the LCC analysis and optimal 

decision-making across predetermined retrofit or repair alternatives. This section shows 
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that the significance of incorporating such dependencies is even more in the presence of 

deterioration. 

For both scenarios of considering and disregarding deterioration, Figure 4-9 

presents the expected total LCCs for the status quo and CFRP wrapping strategies 

considering two cases: 1) when the potential of flood- and earthquake-induced damage-

dependencies from consecutive hazards are incorporated, and 2) when such dependencies 

are overlooked. It is worthy to note that ignoring these damage-dependencies is equivalent 

to considering instant repairs at the times of damage occurrences for any type of damage, 

which is a simplified assumption in many existing LCC frameworks.    

According to Figure 4-9, neglecting damage-dependencies results in a 

considerable underestimation of the expected total LCC. For instance, this 

underestimation is around 34% and 27% for the status quo alternative when gradual 

deterioration is considered or disregarded, respectively, for 75 years of service lifetime. 

Noticeably, this underestimation is larger when deterioration is present. As 

discussed in the previous section, due to the indirect effect of deterioration on the 

vulnerability of the bridge against seismic events, expected total LCCs are larger in the 

presence of deterioration. This indirect effect can only be captured when damage-

dependencies are integrated in the LCC analysis procedure. Therefore, disregarding such 

damage-dependencies overlooks the additional costs as a result of the indirect effect of 

deterioration, which leads to large differences in the expected total LCCs between the 

cases of considering and disregarding damage-dependencies when deterioration is 

present. 
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Furthermore, in the presence of deterioration, the service lifetime after which the 

optimal retrofit decision changes from the status quo to implementing CFRP wrapping 

incorrectly shifts from 20 years to 45 years if damage-dependencies are neglected. On the 

other hand when deterioration is not incorporated in LCC estimations, the status quo is 

incorrectly identified as the optimal plan for all service lifetimes for the case where 

damage-dependencies are neglected. However when deterioration effects are considered, 

applying CFRP wrapping is found to be the decision with the least expected LCC for 

lifetimes greater than 50 years.                        

                  

 

 

Note: CFW=Carbon FRP wrap. 

Figure 4-9 The impact of deterioration on the significance of damage-dependencies in 
lifecycle cost estimation, a) considering deterioration b) disregarding deterioration 
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4.5.5.  Lifecycle Probability of at least One System Collapse (Replacement) 

Considering the state of practice, the system collapse corresponds to the occurrence of the 

seismic-induced “complete” damage-state for the case study bridge. This damage-state 

can be joint with any level of flood-induced damage-state. 

Additionally, as mentioned in the previous section, AASHTO LRFD bridge design 

specification (104) recommends 2.3263e-04 as the target probability of at least one 

collapse for bridge systems that are designed for 75 years of service life. This corresponds 

to the annual rate of collapse of 3.1021e-06 for bridges. On this basis, the target probability 

of at least one collapse during the lifetime of a bridge can be determined as 1 െ

݁ିଷ.ଵଶଵୣିൈ்ಽ for any time horizon ܶ. Results of this target collapse probability are 

plotted in Figure 4-10 for 1 to 75 years of service lifetimes. Additionally, the plot of the 

actual probability of at least one collapse for the case study bridge is calculated using 

Equation (4-27) and shown in Figure 4-10. 
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Figure 4-10 The target and actual probability of at least one collapse for the case study 
bridge 

 

As Figure 4-10 shows, for short lifetimes, the probability of at least one collapse 

for the case study bridge is close to the target value that is recommended by the AASHTO 

LRFD bridge design specification (104). However, multiple occurrences of floods and 

earthquakes with the potential of damage accumulation due to incomplete repairs, as well 

as capacity reduction due to gradual deterioration increase the collapse probability of the 

case study bridge over time. This indicates that in order to maintain acceptable reliability 

for the bridge, it needs to be retrofitted over its lifetime.   

As mentioned in the methodology section, the error of disregarding renewals in 

the deterioration performance of the bridge can also be assessed from the curve presented 

in Figure 4-10. As expected, the probability of at least one replacement due to structural 
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collapse increases over time. For the last considered lifetime, i.e. 75 years, this value is 

still as low as 0.9%. This indicates that the developed framework has a negligible error of 

less than 1% in assessing the expected total LCC of the case study bridge.  

Additionally through this feature, agencies are able to determine error in LCC 

estimates, and therefore realize the confidence in the calculated costs.        

4.5.6.  Lifecycle Reliability Analysis 

Following Chapter 2, the minimum acceptable annual collapse probability for the case 

study bridge is derived from the relationship in Bhattacharya et al. (61) and Lazar and 

Dolsek (62). For the building structure investigated in Chapter 2, the relationship in 

Bhattacharya et al. (61) and Lazar and Dolsek (62) yielded the minimum acceptable 

annual probability of collapse of 0.001. For the case study bridge, following the 

calculation procedures presented in Chapter 3 for casualty losses, the expected number of 

people at risk for the highest severity level is estimated as 75.7 ൈ 0.07 ൌ 5.3 for the 

complete damage-state. In addition, following Bhattacharya et al. (61), the type of activity, 

A, and the nature of warning for bridges, W, can be considered as 3.0 and 1.0, respectively. 

Thus, according to Equation (2-46), the minimum acceptable annual probability of 

collapse for the case study bridge is calculated as 1.3032e-5. As a common practice in the 

field of structural engineering, annual probability of collapse of a structure is expressed 

equivalently by annual reliability index. In mathematical terms, this index is equal to the 

negative of the value of the standard normal cumulative distribution function evaluated at 
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the annual collapse probability. On this basis, the acceptable annual reliability index for 

the case study bridge is calculated as 4.2054. 

It is worth mentioning that the minimum acceptable annual probability of collapse 

or reliability index that is used in this section should be satisfied at all times. However, as 

noted in the prior section, AASHTO LRFD bridge design specification (104) considers 

limitation on the reliability of the bridge that varies over time. A potential reason is that 

in the AASHTO guideline the structural system is designed for lifetime hazards, in 

addition to the durability of the system elements against corrosive environments (104). In 

other words, this guideline accounts for reduced capacity of the bridge over time, and 

ensures that as the bridge deteriorates, its reliability remains acceptable. For this reason, 

AASHTO LRFD bridge design specification (104) has more strict limitation on the 

acceptable reliability thresholds, i.e. the target annual probability of collapse according to 

AASHTO LRFD bridge design specification (104) is 3.1021e-06, while this value is 

identified as 1.3032e-5 followed by the relationship in Bhattacharya et al. (61) and Lazar 

and Dolsek (62). For the purpose of evaluating the annual safety reliability of the bridge 

in this section, the latter relationship is utilized.  

Figure 4-11compares the reliability index of the case study bridge for two retrofit 

alternatives considering various lifetime horizons. As expected, the annual reliability 

index of the bridge retrofitted with CFRP wrapping is higher compared to the status quo 

of the bridge. This indicates that CFRP wrapping provides a safer condition against 

hazards. Furthermore, the reliability index of the bridge falls below the acceptable value 

for all lifetimes if no retrofit action is taken on the bridge. If this minimum acceptable 
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reliability index is chosen as the decision-making criterion, the bridge needs to be 

retrofitted to meet the acceptable level of safety for any service lifetimes. 

However, when casualty losses are incorporated in LCC assessments, , no retrofit 

plans are recommended for time horizons less than 20 years (see Figure 4-7). Figure 

4-11also shows that performing CFRP wrapping on piers maintains an acceptable value 

of reliability index for the bridge for the entire lifetimes ranging from 0 to 75 years.  

Finally, it can be seen that the reliability index of the bridge for the two retrofit 

plans for all service lifetimes is identified as acceptable if the effects of damage-

dependencies and gradual deterioration are disregarded. Considering that the un-

retrofitted bridge has a reliability less than the minimum acceptable threshold, this leads 

to the improper decision that performing no retrofit action is also a safe alternative for 

entire lifetimes. As shown in the results of the LCC analysis, this inappropriate decision 

may have catastrophic and costly consequences on the community. Thus, it is significant 

to incorporate the effects of damage-dependencies and gradual deterioration for retrofit 

decision-making across predetermined alternatives based on the annual reliability index.  
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Figure 4-11 Time-dependent annual reliability index of the case study bridge for two 
retrofit alternatives 

 

4.6.  Discussion 

In this chapter, effects of gradual deterioration due to environmental stressors were 

integrated with the potential of multiple types and occurrences of hazards to arrive at a 

reliable and comprehensive LCC analysis framework for aging infrastructure systems. 

The expected total LCC in the proposed framework comprises the initial construction or 

retrofit cost, the net present value of the LCC of maintenance, and the net present value 
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of the expected hazard-induced LCC. For the latter cost, the framework considers the 

uncertainties in hazards and structural properties, all possibilities for the time and 

intensities of hazards, the potential of damage accumulation caused by consecutive 

hazards as a result of incomplete repairs, and the effect of gradual deterioration due to 

environmental stressors in the capacity reduction of structures and infrastructure systems 

against hazard events. To achieve these features, the developed method implements the 

theorem of total probability, conditional probability chain rule at multiple levels, Bayes 

rule, and a recursive function for the calculation of damage-state probabilities at each time 

and hazard occurrences. In addition, the method is capable of stochastically considering 

both instantaneous and time-variant damage-state costs. 

The framework was demonstrated for the case study bridge in previous chapters, 

which is stochastically exposed to multiple earthquake and flood hazards. In addition, due 

to the atmospheric marine environment of the bridge, gradual deterioration as a result of 

corrosion in steel rebar reduces the capacity of the bridge against seismic hazards over 

time. 

Results indicated that degradation due to the imposed environmental stressors 

significantly increases expected hazard-induced and total LCCs. Hence, disregarding 

deterioration in the LCC analysis can lead to substantial underestimation of the expected 

costs, which could adversely impact the allocation of repair budget for management 

purposes. Results also indicated that applying retrofit plans that have a proper resistance 

against environmental stressors in addition to considerably improving the seismic capacity 

of the bridge can substantially decrease hazard-induced costs even for long lifetimes. As 
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demonstrated, the significance of incorporating damage-dependencies from consecutive 

hazards is higher in the presence of deterioration. In this case, if damage-dependencies are 

overlooked, the implications of false decisions on the community are larger. These 

adverse consequences will not be captured at its full extent if deterioration is not 

considered in the LCC analysis. In addition, the maximum error associated with 

disregarding renewals in the system deterioration due to system replacement was found 

to be less than 1% for the case study bridge. This finding indicates the high accuracy of 

the proposed framework in the estimation of the hazard-induced LCC.  

Finally, if casualty losses are preferred to be excluded from the LCC analysis, the 

result of the time-dependent annual probability of collapse for the bridge showed an 

unsafe state for the bridge when no retrofit action is planned to be applied. This critical 

finding is not observed if the effects of deterioration and damage-dependencies are 

disregarded. 

The foregoing features demonstrate that the proposed method is a comprehensive, 

reliable, and time-efficient framework for the assessment of the LCCs of hazard mitigation 

strategies for structures and infrastructure systems. This method can be particularly 

beneficial to responsible agencies and community decision-makers. 
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Chapter 5: Summary, Conclusions, and Future Research Directions 

In this chapter, summaries of the proposed methods in chapters 2 to 5, together with the 

associated findings are presented, first. Then, suggestions for future directions of these 

research studies are provided. 

5.1.  Summary and Conclusions 

Chapter 2 proposed a risk-based lifecycle cost assessment framework that incorporates 

the possibility of multiple occurrences of an extreme type of hazard in the lifetime of a 

structure or an infrastructure system. The framework considers uncertainties in hazards 

and structural properties, all possibilities for the time and intensities of hazards, and the 

potential of damage accumulation caused by consecutive hazards, among others. 

Moreover, this framework requires limited input data including hazard curves, cost values, 

damage-state dependent fragility curves and repair times. In general, the proposed method 

utilizes the total probability theorem, conditional probability chain rule at multiple levels, 

Bayes rule, and a developed recursive function for damage-state transition probabilities to 

arrive at accurate estimations of the expected lifecycle hazard-induced risk costs. 

The developed lifecycle cost framework was demonstrated for the selection of the 

best retrofit and repair plan decisions among a list of alternatives for two realistic case 

studies, i.e. a four story building and a five span reinforced concrete bridge. For the 

building structure, six retrofit alternatives were explored and their impacts on the lifecycle 
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cost were evaluated and ranked for various ranges of building lifetimes. Results showed 

that neglecting repair times leads to identification of the status quo strategy as safe, while 

this hypothesis was found to be false with the probability of 50% when repair times are 

considered. This signifies the importance of incorporating repair times into LCC analysis, 

and that neglecting repair times leads to considerable overestimation of the reliability of 

structures or infrastructure systems over their lifetime. The results of the framework on 

the bridge case study with a high traffic volume indicated that ignoring damage-

dependencies leads to considerable underestimation of hazard-induced LCC by as large 

as 20%. This can have negative consequences for proper allocation of repair budgets 

during the lifetime of the bridge. Additionally, results showed that investing on fast repair 

technologies decreases the expected hazard-induced LCC costs, despite the higher costs 

of implementing these methods. These findings cannot be observed, if damage-

dependencies are ignored. 

Additionally, Chapter 2 enhanced the formulation of the existing resilience index, 

which is a common measure in disaster recovery assessment following hazard 

occurrences, to accurately incorporate the foregoing damage-dependencies from 

consecutive hazards. Unlike the existing resilience indexes, the developed index, called 

Risk-based Lifecycle Resilience Index (RLRI), probabilistically accounts for 1) the 

relative time between stochastic hazard occurrences and 2) damage accumulations due to 

incomplete repairs, or untreated structural damages. These factors are incorporated using 

the theorem of total probability, conditional probability chain rule at multiple levels, 
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Bayes rule, the foregoing recursive function for damage-state transition probabilities, and 

time-variant reward functions for system recovery at different damage-states. 

Implementation of the proposed RLRI framework for the case study bridge 

showed that disregarding couplings between damages from consecutive earthquakes can 

result in significant overestimation of the resilience index. This can be misleading, 

especially for in-advance planning for post hazard recovery of infrastructure systems. In 

addition, considering a wide range of service lifetimes for the case study bridge, expected 

RLRIs and LCCs were calculated for multiple repair alternatives with various extents and 

working speeds of repair actions. Based on this framework and considering limitations on 

agency’s budget and a designated lifetime, optimal repair plans that lead to the highest 

expected resiliency were proposed. It was demonstrated that a combined application of 

the proposed LCC and RLRI frameworks can assist agencies to effectively enhance the 

lifecycle functionality of their structures and infrastructure assets.    

Chapter 3 extended the LCC framework presented for multiple occurrences of 

one hazard type in Chapter 2 to multiple occurrences of multiple types of hazards that may 

occur at any time and order during the lifetime of a structure or an infrastructure system. 

In this approach, the damage-state space was extended to a multi-dimensional space of 

mutually exclusive and collectively exhaustive damage-states. This facilitates the 

calculation of joint transition probabilities containing damage-states of different types. In 

addition, to realistically model repair processes in practice, the space of the timeline of 

events for the calculation of the probability of complete/incomplete repairs is developed 
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in such a way that the complete/incomplete repair of a damage type depends only on the 

inter-arrival time of a successive hazard that causes or aggravates that type of damage.  

The framework was demonstrated for the case study bridge used in previous 

chapters. This time the bridge, which is assumed to cross over a river, was exposed to not 

only earthquake hazards, but also to flood incidents.  These flooding events can potentially 

induce scouring, and therefore increase the vulnerability of the bridge. Four retrofit 

alternatives were considered for the bridge. It was observed that to achieve a high accuracy 

in the hazard-induced LCC, the framework requires only slightly more than the expected 

number of hazards in the considered timespan to converge. This indicates the 

computational efficiency of the proposed framework. It was demonstrated that the 

framework is able to quantify the effects of various hazard mitigation plans and identify 

those that result in the least expected total LCC for various lifetime horizons. The recovery 

times following each damage-state were found to have significant impact on the hazard-

induced LCC, which highlights the necessity of including the required time of recovery 

in the evaluation of hazard risk costs. Finally, it was demonstrated that ignoring 

dependencies between damages induced by consecutive hazards may lead to false 

identification of optimal actions, which can incur considerable additional costs to 

communities. 

Chapter 4 enhanced the framework presented in Chapter 3 by probabilistically 

integrating the effects of gradual deterioration due to environmental stressors with the 

potential of multiple types and occurrences of hazards to arrive at a reliable and 

comprehensive LCC analysis framework for aging structures and infrastructure systems. 
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Releasing the lump sum cost assumption for the consequences of hazard-induced damages 

in the previous LCC frameworks, the method developed in this chapter is capable of 

stochastically considering both instantaneous and time-variant costs. In order to include 

this feature as well as effects of deterioration in hazard-induced LCCs, the probabilistic 

structure of the LCC analysis method is modified and the dimension of time is added to 

the transition probabilities, the recursive function, and the framework for calculating the 

probability of complete/incomplete repairs.  

For the case study bridge, it was observed that degradation due to the imposed 

environmental stressors significantly increases expected hazard-induced and total LCCs. 

Results also indicated that retrofit plans that have a proper resistance against 

environmental stressors in addition to improving the seismic capacity of the bridge can 

substantially decrease hazard-induced costs even for long lifetimes. Results demonstrated 

that the vulnerability of infrastructure systems against hazards due to the potential of 

damage accumulations is amplified in the presence of environmental deterioration. 

Finally, even when casualty losses are excluded from LCC analysis, the estimated time-

dependent annual probability of failure showed that the bridge is unsafe if no retrofit 

action is applied. This critical finding cannot be observed if the effects of deterioration 

and damage-dependencies are not considered.       

In summary, the above set of conclusions indicate that the developed frameworks 

presented in this dissertation provide a comprehensive, accurate, and computationally 

efficient methods that can assist decision makers in finding optimal strategies for 

individual structures and infrastructure systems exposed to multiple hazards. When the 
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system is exposed to only one hazard type during its lifetime, the LCC framework 

proposed in Chapter 2 is suggested to be utilized. When the functionality of systems in 

such settings is the priority, agencies can benefit from the resilience index formulation 

proposed in this chapter. For optimal decision-making across predetermined alternatives 

for systems susceptible to more than one type of hazard, the LCC framework developed 

in Chapter 3 is recommended. It is noteworthy that the framework in this chapter is also 

applicable for systems under one type of hazard, however, the computational runtime is 

slightly higher than the framework presented in Chapter 2. Finally, if the system is 

vulnerable to gradual degradation due to environmental stressors, in addition to multiple 

occurrences of hazards of one or different types, the LCC framework in chapter 4 can be 

employed.  

The enhancements offered by these frameworks over existing methods for 

lifecycle cost analysis of systems will lead to solutions with higher confidence in their 

effectiveness. This is significant especially for structures and infrastructure systems 

located in hazard-prone regions or those where damage may cause significant adverse 

consequences.  

5.2.  Future Research Directions 

Based on the identified assumptions and their limitations (see Section 1.3), in addition to 

the findings and developments of this dissertation, the following future directions are 

recommended:   
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- Considering dependencies among hazard occurrences of either the same or 

different types, such as mainshock-aftershock events, in the developed lifecycle 

cost methods.   

- Adjusting the developed methods to facilitate the consideration of probability 

distributions for the current damage-state of the system. This is a more realistic 

consideration especially for facilities that have been in service for some time, in 

the light of measurement and sampling errors.  

- Performing sensitivity analysis for highly uncertain parameters such as the 

probabilities of hazard intensities and occurrences, which are difficult to quantify 

reliably. This assists in evaluating the uncertainties of the expected lifecycle costs 

for a more reliable design or retrofit alternative decision-making. 

- Enhancing the developed methods to incorporate proactive decisions throughout 

the lifetime of the system, based on the sustained damage-state of the system 

following hazard occurrences. It is worthy to mention that proactive decision-

making frameworks have been developed in the literature in the context of gradual 

deterioration.    

- Applying optimization techniques to identify optimal design, retrofit or repair 

plans among a wide range of possible alternatives. 

- Extending the proposed frameworks to interdependent infrastructure systems in 

order to capture interdependencies in the evaluation of the performance of systems 

and optimal decision-making. 
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- Upgrading the resilience index formulation to incorporate more than one type of 

hazard in its formulation. 

- Developing damage-state dependent fragility curves for various combinations of 

damage types in regions prone to multiple types of hazards.  

- Implementing the proposed frameworks for the design and retrofit of new or 

existing buildings and infrastructure portfolios.  
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