


 
 

ABSTRACT 

Multi-hazard Fragility, Risk, and Resilience Assessment of Select 

Coastal Infrastructure 

by 

Sabarethinam Kameshwar 

The performance of coastal infrastructure is threatened by natural hazards such as 

hurricanes and floods. The intensity and frequency of many of these climate related 

hazards are expected to be influenced by climate change, which will add uncertainty 

to the performance of coastal infrastructure. Furthermore, coastal regions are 

experiencing rapid population growth, which is expected to continue in the future as 

well. Therefore, in view of multiple hazards, uncertainty due to climate change, and 

increasing coastal population, comprehensive performance assessment of regional 

portfolio of coastal infrastructure is essential for managing the existing 

infrastructure and ensuring adequate performance after extreme events such as 

hurricanes and earthquakes. Therefore, this study focuses on the development of a 

methodology and supporting tools that can be used to facilitate comprehensive multi-

hazard performance assessment of regional portfolios of costal infrastructure. 

Particularly, this study focuses on above ground storage tanks (ASTs) and bridges 

since they are crucial components of the energy and transportation infrastructure, 

respectively, and they have been observed to fail in past events with severe 

economic and environmental impact. 



 
 

First, in order to describe and effectively communicate the effects of multiple 

hazards on the performance and design decisions of infrastructure systems, 

taxonomy for multi-hazard combination is developed. For understanding the effects 

of different hazards on the performance and design of structures and classifying 

hazards according to the taxonomy this study develops a dual layer metamodel 

based fragility assessment methodology. The proposed method harnesses statistical 

learning techniques to enable efficient response and reliability assessment of structures 

with a broad range of design details when subjected to hazardous conditions. Using the 

dual layer fragility assessment methodology, fragility functions are developed for 

most common failure modes of ASTs: due to strong winds and storm surge. For 

bridges, the fragility assessment framework is used to develop fragility function for 

most common causes of bridge failure such as: scour, scour and vehicular loads, 

barge impact, barge impact and scour, hurricanes, earthquakes, and vehicle loads 

and earthquakes.  

This study also develops frameworks for ASTs and bridges to facilitate 

resilience assessment, i.e. their post event functionality and recovery time, which is 

essential for comprehensive performance assessment of ASTs and bridges. For ASTs 

subjected to storm surge and strong winds, the estimates of repair costs, repair 

time, and estimates of potential spill volumes due to tank failures are developed. 

Similarly, for bridges, a methodology is developed to assess the entire distribution 

of repair costs considering uncertainties in damage to bridge components, repair 

costs, and repair actions. Additionally, empirical seismic damage data is used to 

develop decision trees that can determine the traffic restrictions and their duration 



 
 

for given the damage state of bridge components such as columns, bearings, and 

abutments. Finally, in order to develop structure specific performance targets from 

regional level performance targets this study develops a simple heuristic 

methodology which determines the performance targets for individual structures 

commensurate to their performance.  

All the fragility and resilience assessment frameworks are applied to 

individual structures and regional portfolio of structures which has provided 

several valuable insights in to the performance of ASTs and bridges. The application 

of the fragility functions for ASTs for tanks in the Houston Ship Channel shows that 

tanks are more vulnerable to storm surges than strong winds. Additionally, 

application of the fragility functions show that mitigation measure such as 

anchoring tanks can lead to contradictory effects on the performance of ASTs for 

different failure modes such as flotation and buckling. For bridges, application of the 

fragility functions highlights that earthquakes and hurricanes can have competing 

effects on selection of column height. Furthermore, estimation of seismic repair 

costs highlights the multi-modal nature of the distribution of repair costs. The use of 

decision trees to determine traffic restrictions and their duration highlights the 

influence of damage to different bridge components on traffic restrictions. Finally, 

the application of the heuristic methodology to determine structure specific 

performance targets for all the ASTs in the Ship Channel shows that anchoring of 

tanks and simple procedural measures can significantly reduce the spill volumes. 

Similarly, application of the heuristic methodology for a portfolio of bridges in the 

Charleston region shows the framework can be used to obtain bridge specific 



 
 

performance targets which can significantly improve the performance of the entire 

bridge network.  
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Chapter 1 

Background and Introduction 

1.1.  Background and Motivation 

This study focuses on the development of methodologies and supporting tools that can 

be used to facilitate comprehensive multi-hazard performance assessment of regional 

portfolios of costal infrastructure. Particularly, coastal infrastructure is considered in 

this study because coastal areas are susceptible to multiple hazards which adversely 

affect coastal communities and their supporting regional infrastructure. For 

example, coastal infrastructure in the southeastern United States is susceptible to 

both earthquakes and hurricanes, which are among the most destructive natural 

hazards (Smith & Petley, 2009). Similarly in the Gulf coast, infrastructure is 

vulnerable to floods and hurricanes, which have several associated hazards such as 

wind, wave, surge, and scour. In addition to natural hazards, infrastructure systems 

are also subjected to operational and accidental hazards; for example, bridges may 
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be subjected to truck loads and vessel collision loads. Furthermore, the 

infrastructure systems in the coastal regions serve a large portion of the population 

of the United States. Additionally, the coastal regions of the United States have 

witnessed rapid population growth in the last few decades and this trend is 

expected to continue in the future as well (Crosset, 2005). Increase in coastal 

population implies that more people will depend on the coastal infrastructure 

systems, which will further increase the burden on coastal infrastructure. The 

vulnerability of coastal infrastructure to extreme events has been exposed several 

times during past hurricane events such as hurricanes Katrina, Ike and Sandy. 

During hurricane Katrina several infrastructure systems were damaged such as the 

transportation infrastructure (Padgett et al., 2008a), residential buildings (Pistrika 

& Jonkman, 2010), energy infrastructure including offshore systems (Cruz & 

Krausmann, 2008) and inland structures like above ground storage tanks (Godoy, 

2007). Furthermore, significant uncertainty exists in the frequency and intensity of 

future hurricanes and tropical storms due to climate change. Some studies predict 

an increase in the intensity and frequency of storms (Webster et al., 2005) while 

other studies predict a decrease in the frequency of tropical storms along with an 

increase in the intensity of hurricanes and storms (Knutson et al., 2013). Even with 

a decrease in the frequency of storms, hurricane damage is expected to increase due 

to future storms (Emanuel, 2011). In both cases – where frequency of storms either 

increase and decrease– the possible effects of climate change add significant 

uncertainty in performance assessment of coastal infrastructure systems.  
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Satisfactory performance of infrastructure systems during and after extreme 

events is essential for disaster response and recovery. Moreover, infrastructure 

systems are critical for growth and economic prosperity of regional economies and 

communities. Therefore, in light of the growing coastal population and changing 

climate, assessing and improving the resilience of regional portfolios of coastal 

infrastructure is critical for making decisions pertaining to design, repair, and 

retrofitting of existing infrastructure and planning for new infrastructure, which 

may be susceptible to multiple hazards. In order to study the effects of disruptive 

events on communities in a region it is necessary to study the resilience of regional 

portfolio of infrastructure systems; therefore, this study focuses on resilience 

assessment of portfolios of infrastructure systems which may be comprised of 

hundreds to thousands of structures that vary in geometry, location and design 

details. Resilient infrastructure systems and communities, as defined by Bruneau et 

al. (2003), have the following features: robustness, redundancy, resourcefulness, 

and rapidity. Several other studies have defined resilience in context of: 

infrastructure systems (Berkeley III & Wallace, 2010), socio-ecological systems 

(Cumming et al., 2005), and the economy (Rose, 2004). Francis and Bekera (2014) 

have complied a list of resilience definitions for various systems which offer a range 

of perspectives on resilience; most of the resilience definitions include the common 

themes of robustness, redundancy, resourcefulness, and rapidity.  Robustness refers 

the ability to infrastructure systems to withstand disruptive events without loss of 

functionality. Redundancy indicates the presence of alternative elements in 

structural systems or components in infrastructure systems that can help maintain 
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functionality in the event of damage during an extreme event. Resourcefulness is the 

ability to mobilize resources to critically affected infrastructure components after a 

disruptive event. The final aspect of resilience, rapidity, refers to the ability to 

restore functionality in a timely manner. In order to assess and improve the 

resilience of regional infrastructure systems, first, information on the present and 

future performance of the infrastructure system for multiple hazards is required. 

For this purpose, frameworks that can facilitate rapid performance assessment of 

infrastructure systems under multiple hazards are required. Additionally, tools that 

can quantify the different aspects of resilience for a portfolio of structures are also 

necessary to understand the potential impacts on communities in the regions 

affected by an extreme event. For example, estimates of downtime, residual 

functionality, fragility, and economic losses can help quantify the different aspects of 

infrastructure resilience. 

In order to promote community resilience at a regional level, resilience 

assessment of all of the infrastructure systems and the study of their 

interdependence for multiple hazards are essential. However, resilience assessment 

of all infrastructure systems is beyond the scope of this study. Therefore, this study 

will focus on key components of the transportation and energy infrastructure: 

bridges and above ground oil storage tanks. These two structures are primarily 

chosen in this study due to their importance for post the hazard recovery process 

and their performance in past extreme events, such as hurricane Katrina and 

hurricane Ike, where failure of bridges and storage tanks have caused severe 

economic and environmental impact. Extensive damage to bridge infrastructure was 
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observed during hurricane Katrina which cost over $1 billion for repair or 

replacement of damaged bridges alone (Padgett et al., 2008a); Figure 1.1 shows a 

bridge with unseated decks caused by storm surge and wave forces during 

hurricane Katrina. The energy infrastructure in the Gulf coast region was also 

severely impacted during hurricane Katrina. Over seven million gallons of oil was 

spilled in the state of Louisiana alone from above ground storage tanks (ASTs) in 

storage depots and industrial plants (Godoy, 2007), leading to severe environmental 

impact and clean-up costs. A reconnaissance report on damage to ASTs attributes 

the causes of failure to multiple hurricane related hazards such as wind, surge and 

debris impact; Figure 1.2 shows some of the failed tanks during hurricane Katrina. 

Failure of coastal infrastructure, ASTs and bridges, was also observed during 

hurricane Ike due to multiple hurricane related hazards; Figures 1.3 and 1.4 show 

bridge and tank failures cause by hurricane Ike (Stearns & Padgett, 2012, Sengul et 

al., 2012, Hyder, 2008). 
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Figure 1.1. Deck unseating failure 

of a bridge in Biloxi Bay Ocean 

Springs, casued loss of $275 million 

 

Figure 1.2. Flotation failure of large 

tanks during hurricane Katrina in 

Lousiana 

 

 

Figure 1.3. Deck undeating failure 

of the Rollover pass bridge near 

Houston after hurricane Ike 

 

Figure 1.4. Severely crushed and 

dislocated ASTfound after 

hurricane Ike in Texas 

 

Above ground storage tanks in coastal areas may be subjected to different 

hazards during their service life. First, being in a coastal region, ASTs are susceptible 

to hurricanes, which in itself is a multi-hazard event. Several hazards associated 
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with hurricanes can potentially affect the safety and functionality of ASTs, for 

example wind, storm surge, wave forces, and debris impact. Additionally, ASTs in 

seismically active regions may also be susceptible to earthquakes. Similarly, bridges 

in coastal areas are also affected by several hazards such as wave, wind, and storm 

surge forces during a hurricane; scour caused due to storm surge or flood events; 

earthquake loads in seismically active regions; accidental loads such as vessel 

impact; and bridges are also subjected to operational vehicular loads. Additionally, 

bridges may also be subjected to possible combinations of these hazards such as 

scour and vessel impact, and scour and vehicular loads. In order to assess and 

improve resilience of bridges and ASTs for a broad range of hazards, new tools and 

methodologies are required that can be applied to an entire portfolio of bridges and 

ASTs to evaluate their multi-hazard performance (i.e. fragility, repair costs, 

downtime, and functionality). The following sections provide a brief overview of 

existing research on performance assessment of ASTs and bridges leading to the 

identification of research gaps that need to be addressed. 

1.2. Brief overview of existing research 

At present the literature has several multi-hazard fragility assessment 

methodologies that are either applicable for a portfolio of a specific type of structure 

(Ghosh et al., 2013, Kafali, 2008) or those that are developed for an individual 

structure (Decò & Frangopol, 2011, Li & van de Lindt, 2012) and may not be applied 

to a portfolio without significant computational cost. However, in order to assess the 

multi-hazard performance and resilience of a portfolio of structures a generalized 
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fragility assessment framework is required that can be applied to portfolios of 

different types of structures (such as bridges and ASTs) subjected to loads from 

multiple hazards; such a framework is currently lacking in the literature. 

In addition to the need for a generalized multi-hazard fragility assessment 

methodology, there are several structure specific research needs that need to be 

addressed to facilitate regional level resilience assessment of ASTs and bridges. 

First, for ASTs, probabilistic performance assessment tools for the most common 

causes of failure during hurricanes such as flotation, shell buckling due to wind and 

surge, and debris impact (Godoy, 2007) are currently lacking in the literature. 

Additionally, methods to evaluate consequences of tank failure such as spill volume, 

repair costs, and repair times are also not available in the literature. In the case of 

bridges, fragility functions for various hazards and their combinations are required 

since bridges may be subjected to several hazards during their service life. For 

example, depending on the location of bridges, they may be subjected to scour, 

impact due to vehicles and vessels, earthquakes, hurricanes, and vehicular loads 

(Lee et al., 2011). Many studies in the literature have studied the performance of 

bridges under these hazards. For example, several studies in the literature have 

assessed the effects of scour on individual bridges with shallow foundations 

(Tanasić, 2015, Federico et al., 2003). However, the effects of scour on the safety and 

load carrying capacity of bridges is yet to be studied for bridges with shallow and 

deep foundations. Additionally, efficient methods are necessary for scour safety 

assessment of bridges in a regional portfolio of bridges. Vehicular impact on bridge 

columns has been studied probabilistically (Sharma et al., 2014, Sharma et al., 
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2012); however, frameworks for performance assessment of bridges due to vehicle 

impact for a portfolio of bridges are not available in the literature. Similarly, for 

barge impact several studies have deterministically assessed the performance of 

bridges subjected to barge-pier collision (Consolazio et al., 2009, Davidson et al., 

2010, Yuan et al., 2008). However, studies have not considered the effects of 

uncertainties emanating from impact conditions and other uncertain parameters 

such as soil conditions on the performance of bridges subjected to barge impact. A 

large number of papers have studied the effect of strong winds (Prenninger et al., 

1990, Ostenfeld-Rosenthal et al., 1992), which could be generated during 

hurricanes, on the performance of bridges. However, studies have not looked at the 

effect of storm surge and waves on the performance of a portfolio of bridges 

considering the dynamic effects of wave loads; although such studies exist for 

individual bridges (Ataei, 2013). The seismic performance of bridges has been 

studied by many researchers; for example Basoz et al. (1999) have developed 

empirical fragility curves, Banerjee and Shinozuka (2008) have developed analytical 

fragility curves, and Ghosh et al. (2013)have developed metamodel based seismic 

fragility functions for bridges. However, the effect of vehicle presence and the 

interaction of the vehicle and the bridge on the probabilistic seismic performance 

have not been studied. 

In addition to response and fragility assessment of bridges, assessment of 

residual functionality, downtime, and repair costs are also necessary for resilience 

assessment of a regional portfolio of bridges. Presently, the studies in the literature 

do not consider the effects of traffic restrictions on the functionality of bridges 
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(Karamlou & Bocchini, 2017, Chandrasekaran & Banerjee, 2016). Additionally, 

models to determine the potential traffic restrictions on bridges after disruptive 

events such as earthquakes are missing. Finally, methods to estimate repair costs of 

bridges considering uncertainties in repair actions, repair costs, and damages to 

different elements of the same bridge component such as columns are required. 

Present studies either do not consider uncertainties in repair actions (Mackie et al., 

2010) or uncertainties in damage states of different elements in the bridge (Ghosh & 

Padgett, 2011a). However, studies that consider all these sources of uncertainty are 

not available in literature. This type of repair cost assessment methodology is 

necessary to understand the effects of uncertainties and obtain unbiased repair cost 

estimates. Furthermore, methodologies for improving the performance of a regional 

portfolio of ASTs and bridges is also required if their performance is deemed 

unsatisfactory. 

Chapter 2 provides a detailed literature review for ASTs and bridges 

highlighting the existing research that further underscores the research needs 

identified, along with potential approaches to tackle the gaps. 

1.3. Research needs to facilitate regional resilience assessment for 

multiple hazards 

Key research needs to facilitate resilience assessment and resilience based decision 

making for a regional portfolio of infrastructure systems subjected to multiple 

hazards are: 
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 In order to make resilience based informed decisions for a regional portfolio of 

infrastructure while considering multiple hazards, it is important to understand 

the effects of different hazards and hazard combinations based on their effects 

on structural reliability, risk, and design parameter selection. For these criteria, 

currently, the literature lacks a taxonomy for classifying the potential impacts of 

multiple hazard combinations. 

 Most of the existing fragility methods assess the performance of individual 

structures. Therefore such methods cannot be used to efficiently evaluate the 

performance of a regional portfolio of different types of structures, such as ASTs 

and bridges. Therefore, a generalized framework for fragility assessment is 

required that can develop fragility functions which can be efficiently applied to 

regional portfolios of different types of structures. Furthermore, the framework 

should be applicable for a wide variety of hazards, causes of failure, and failure 

modes.  

 For above ground storage tanks, probabilistic performance assessment models 

for all of the significant causes of AST failure during hurricanes are lacking. 

Therefore, fragility models that can be applied to a portfolio of ASTs for flotation, 

storm surge buckling, wind buckling, debris impact, and wave impact are 

required. 

 In the case of bridges, fragility assessment tools for various individual and multi-

hazard combinations are required for regional level multi-hazard resilience 

assessment. Thus, fragility functions for scour failures, impact failures such as 
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vehicle and barge impact, hurricane wave and surge loads deck unseating failure, 

and seismic failures in presence of vehicle need to be developed. 

 Performance metrics for resilience assessment of ASTs such as downtime, 

functionality, repair costs, and spill volume need to be estimated for hurricane 

related failures, which should be applicable to a regional portfolio of ASTs. 

 Similarly, for many hazards, estimates of bridge performance metrics for 

resilience quantification such as downtime, functionality, traffic restrictions, and 

repair costs for bridge portfolios are lacking in the literature. 

 A generalized framework for infrastructure systems which can relate regional 

level performance targets to performance targets for individual structures in the 

regional portfolio is also required to aid resilience based decision making. 

1.4. Research needs addressed in this study 

This study will address a majority of the research gaps described in the previous 

section. The following provides a brief overview of the problems addressed in this 

study and the general layout of the subsequent chapters of this thesis. 

Chapter 2 provides a detailed literature review of the existing studies on 

performance assessment of ASTs and bridges and provides details on research 

needs and opportunities. 

In Chapter 3, a classification scheme for multi-hazard combinations is 

developed based on occurrence of hazards, their effect on the performance and 

reliability of structures, and their effect on selection of design parameters. The 
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chapter, along with the taxonomy, identifies possible multi-hazard combinations for 

different multi-hazard classifications.  

This study generalizes the use of surrogate models for fragility assessment 

for different types of structures and failure mechanisms in order to facilitate 

fragility assessment of a portfolio of infrastructure systems, enable sensitivity 

analyses and understanding of the effect of parameter variation on fragilities, and 

support classification of different hazards and multi-hazard combinations. This 

generalized fragility assessment procedure uses two metamodels for fragility 

assessment; therefore it is called dual layer metamodel based fragility assessment 

methodology (DL-MFAM). In this approach, the first metamodel is used for response 

estimations and the second metamodel is used for fragility assessment. The details 

of this procedure are provided in Chapter 4 for different hazards, and structural 

failure modes. 

The dual layer fragility assessment framework is applied to ASTs in Chapter 

5 to develop fragility functions parametrized on tank dimensions, material 

properties, and level and density of contents for various causes of failure. 

Particularly, this study focuses on flotation and buckling due to storm surge, and 

buckling due to hurricane winds. Using the dual layer fragility assessment 

framework, the fragility of a case study tank is compared for various causes of 

failure. Additionally, system fragility functions are also developed considering 

flotation and buckling failures in series. 
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Next, in Chapter 6, the fragility assessment procedure is applied to bridge 

portfolios to develop fragility functions for bridges subjected to: scour and vehicular 

loads; barge impact, scour, and vehicular loads; hurricane induced surge and wave 

loads; earthquakes and vehicular loads. Additionally, the potential effects of the 

multi-hazard combinations are also classified according to the taxonomy developed 

in Chapter 3. 

Estimates of resilience metrics for ASTs and bridges are developed in 

Chapter 7. For ASTs, estimates of repair costs, downtime, and spill volumes are due 

to hurricane related failures. Similarly, methodologies are developed to estimate 

repair costs, traffic restriction, and downtime for bridges damaged due to 

earthquakes. 

Chapter 8 applies the fragility models and the resilience estimates for 

portfolios of ASTs and bridges for several scenario events. First, the vulnerability of 

ASTs in the Houston Ship Channel is evaluated for two different synthetic hurricane 

events and the potential damages and spills are also estimated. While, for bridges, a 

network of 50 bridges in the Charleston region in South Carolina is selected for 

which the application of the resilience metrics assessment methods is demonstrated 

for an earthquake scenario. 

In addition to proposing fragility and resilience assessment methods, in 

Chapter 8, this study also develops a generalized framework to relate the regional 

level performance targets for infrastructure systems to remedial actions for 

individual structures in the region. Application of this methodology is demonstrated 
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for all of the ASTs in the Houston Ship Channel and the 50 bridge network in the 

Charleston region. 

The conclusions and the major contributions of this study are summarized in 

Chapter 9 along with potential opportunities for future work. 
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Chapter 2 

Literature Review 

2.1. Overview of multi-hazard performance assessment 

methodologies 

Early work on multi-hazard analysis of structures focused on estimating load 

combinations due to multiple simultaneous hazards. The oldest rule to obtain such 

load combination for multiple hazards added the stresses from multiple loads with a 

few stress multipliers (Melchers, 1987). Such load combination rules were widely 

used in practice due to their simplicity. However, these load combinations, which 

were usually chosen using engineering judgment, lacked a sound mathematical 

basis. Turkstra’s rule (Turkstra, 1970) presented a probabilistic basis to derive such 

load combinations. Even though Turkstra’s rule had several limitations, such as the 

lack of an upper bound for load levels and the assumption of uncorrelated load 

effects, it was widely accepted due to its simplicity and effectiveness. An improved 
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method to assess the maximum load combination was proposed by Ferry Borges 

and Castanheta (1972). Their method provides a good estimate of the probability 

density of the maximum combined loads; however, the method has several 

limitations due to the assumptions used to derive the load combinations such as 

uncorrelated load magnitudes, independent occurrence of hazards and fixed 

duration of hazards. Wen (1977)  proposed a load coincidence model, wherein for a 

combination of loads, the rate of exceeding a load threshold is evaluated for pulse 

like loads. Further studies such as by Rackwitz and Fiessler (1978) and Pearce and 

Wen (1984) also focused on determining the probability of joint hazard occurrences 

and on evaluation of load cases for concurrent hazard occurrence to facilitate 

reliability assessment.  

Recent efforts towards modeling stochastic combination of loads includes 

studies such as that by Mori et al. (2003) wherein, a theoretical expression for the 

cumulative distribution function (CDF) of the maximum combined load is derived 

while considering the time varying nature of the loads. A procedure to assess load 

combinations for designing structures is proposed by Ghosn (2005). In his study, 

load combinations for extreme events on bridges, such as earthquakes, live load, and 

scour, have been probabilistically developed using a Ferry Borges occurrence 

process. Lee et al. (2005) suggest the need for a commensurable criterion for 

designing bridges under multiple hazards as opposed to the current uniform hazard 

design philosophy. Such a criteria for designing concrete bridges subject to 

earthquakes and scour is proposed by Wang et al. (2014b) based on the principle of 

uniform risk. Liang and Lee (2012a, 2012b, 2013b, 2013a) propose an analytical 
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framework for multi-hazard reliability analysis of bridges. Their framework models 

time dependent loads, their simultaneous occurrences, and resulting load 

combinations with examples for simultaneous occurrences of live load, scour, barge 

impact, and earthquakes. All the studies mentioned above primarily focus on 

estimating load combinations to facilitate safe design of structures under multiple 

concurrent hazards. However, the effects of non-concurrent hazards on selection of 

design parameters and retrofit decisions are not addressed in the above mentioned 

studies. Consideration of non-concurrent hazards during the decision making 

process is also important since a remedial measure for one of the hazards may 

worsen the response of the structure when subjected to other hazards. For example, 

the mass of the bridge deck may be increased to prevent deck unseating failure 

caused during hurricanes; however, this action may worsen the seismic 

performance of the bridge. Even for concurrent hazards, assessing the joint load 

effects considering the interaction between the structure and the applied loads are 

lacking; for example in case of seismic performance in presence of vehicles. 

Furthermore, efficient methods that can be applied to different types of regional 

portfolios of structures with variation in design and geometric parameters for 

evaluating load combinations are missing in the literature. 

Current literature has presented several multi-hazard performance 

assessment frameworks for different types of structures. These studies evaluate and 

compare risk for different hazard combinations which help understand the risk 

profile of individual structures, i.e. contribution of different hazards towards the 

total risk. A general framework outlining the steps for multi-hazard analysis of 
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structures in coastal environments vulnerable to earthquakes, tsunamis, extreme 

winds, and storm surges is proposed by McCullough and Kareem (2011). In their 

paper, minimizing the total risk to structures while maintaining a cost efficient 

design is emphasized. Asprone et al. (2010) evaluate threats to buildings from 

earthquake and blast events to derive the annual risk of collapse. Their 

methodology separates risks due to each event and allows for a comparison of the 

contribution from individual hazards to the total risk. A multi-hazard loss 

assessment framework for residential wood buildings subjected to earthquakes and 

hurricane winds is presented in Li and Ellingwood (2009) and Li and van de Lindt 

(2012). These comparative risk assessment frameworks evaluate and compare risks 

from earthquake and hurricane to residential buildings. In a study by Yin and Li 

(2011) a multi-hazard risk assessment framework is proposed for light frame wood 

residential buildings subjected to earthquake, snow loads, and combined loading 

from the two hazards. This framework is object oriented, i.e. the framework is 

divided into self-sufficient modules, thereby providing flexibility to incorporate new 

information as it becomes available. Reliability of an offshore structure subjected to 

earthquake, wind, and wave loads was studied by Kafali (2008). The different loads 

were simulated using appropriate power spectra and were applied to a simplified 

single degree of freedom model of the structure. Though the method handles 

multiple hazards very well, the applicability to other structures is limited since all 

structures may not be effectively idealized in to a simple single-degree of freedom 

system. A time dependent multi-hazard risk assessment framework for bridges is 

proposed by Decò and Frangopol (2011). Pier scour, aging, earthquakes, and 
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flexural failure of aging super-structure due to live loads are considered and a 

structural redundancy index is used for risk assessment. Although this framework 

includes different modes of failure, the effect of variation in structural and 

geometrical properties on the risk from different modes is not studied. All of the 

above mentioned frameworks are applicable to individual structures. Application of 

these frameworks for a portfolio of structures with significant variation in 

parameters may be computationally prohibitive. Therefore, these frameworks 

cannot be directly used for resilience assessment of a regional portfolio of 

structures such as bridges and ASTs. Ghosh et al. (2013) have developed 

parameterized fragility functions for seismic fragility assessment of bridges 

considering the effects of aging. For this purpose, they first develop metamodels to 

estimate component responses and finally, fragility is modeled using logistic 

regression. The framework developed by Ghosh et al. can be utilized for fragility 

assessment of a portfolio of structures. However, this and other frameworks 

discussed herein cannot be directly applied for different types of infrastructure 

systems or hazard loading cases, which may have different types of failure modes 

and causes of failure. 

Most of the existing multi-hazard frameworks may not be used to study the 

effect of variation of design parameters on the performance of regional portfolio of 

structures, like bridges or ASTs, without the need for reanalysis for each design 

permutation. Moreover, the existing frameworks do not consider the potential 

effects of multiple hazards on selection of design parameters, repair actions, and 

retrofit strategies. Therefore, a comprehensive multi-hazard performance 
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assessment framework is required which can efficiently assess the performance of a 

regional portfolio of structures for various hazards and facilitate risk and resilience 

assessment. The next sub-section will discuss the existing research for ASTs and 

bridges and identify research needs associated with each type of structure. 

2.2. Existing research on ASTs and bridges 

Since this study focuses on above ground storage tanks and bridges situated near 

the coasts, the following sub-sections discuss the existing studies on the 

performance of these structures for various hazards and multi-hazard 

combinations. 

2.2.1. Existing studies on performance of ASTs 

Above ground storage tanks are often used to store crude oil, petrochemical 

products and other hazardous material in industrial facilities. Safety of these 

structures during extreme events such as earthquakes, hurricanes, and floods 

should be ensured to protect the surrounding environment from the catastrophic 

consequences of a spill. In this regard, several studies have studies have addressed 

problems related to seismic failure of ASTs. For example, Haroun and Housner 

(1981) have performed numerical studies on performance of deformable ASTs using 

a finite element based approach and boundary solution technique. Niwa and Clough 

(1982) have experimentally studied the behavior of an AST under seismic 

excitation. Sakai et al. (1984) studied the sloshing behavior of ATSs with floating 

roof tanks. Barton and Parker (1987) have performed finite element analysis to 
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assess the seismic performance of anchored and un-anchored tanks. Results of such 

research studies have culminated in guidelines for seismic design and evaluation of 

ASTs (ASCE, 1997, API, 2013). Furthermore, several seismic risk assessment studies 

for ASTs are also available (Salzano et al., 2003, Fabbrocino et al., 2005). These 

studies use data on past performance of AST under earthquakes to derive empirical 

fragility curves using probit analysis and further convolve the fragilities with 

seismic hazard curves to estimate risk. In addition to risk, HAZUS-MH (2005) also 

provides functions that estimate direct costs and downtime for various types of 

seismic damage to ASTs, which can be used for seismic resilience assessment of 

ASTs. 

In contrast to seismic behavior of ASTs, response of ASTs under different 

hurricane related hazards has not been well studied. Several tank failures have been 

observed during past events such as hurricanes Katrina and Rita; flotation of tanks, 

shown in Figure 1.2, and shell buckling due to excess wind pressure, shown in 

Figure 2.1, have been observed to be the most common modes of tank failure during 

hurricanes (Godoy, 2007). Cozzani et al. (2010) have analyzed over 272 flood 

related accidents in industries and identified ASTs as one of the most vulnerable 

components. They identify flotation, debris impact, collapse of the tank due to water 

pressure, i.e. buckling, and collapse of the floating roof as possible causes of tank 

failure. Based on the performance of ASTs during Katrina, Rita, and the 2012 floods 

in Colorado the Regional Response Team 6 fact sheet #103 (EPA, 2016) 

recommended best practices for flood preparedness also identified flotation, 

buckling due to floods and storm surge, and debris impact as potential causes of 
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failure . Failure of these ASTs during hurricanes Katrina and Rita led to spillage of 

over seven million gallons of petroleum products in to the surrounding environment 

(Godoy, 2007). Such spills have adverse long term and short term effects on the 

surrounding environment and natural habitat (Maki, 1991, Kingston, 2002). In 

addition to environmental damage, such oil spills can also have negative effects on 

mental and physical wellbeing of the surrounding communities (Palinkas et al., 

1993) and result in costly cleanup. For example, Murphy oil spill during hurricane 

Katrina caused by failure of just one large AST led to release of over 1 million 

gallons of crude oil affecting about 1700 homes.  

 

Figure 2.1. Wind buckling failure of an AST 

 

Even though failure of tanks during hurricanes can lead to severe 

environmental impact, high clean-up costs, law suits, and high economic losses, the 

literature lacks studies that adequately address the safety of ASTs subjected to 

storm surge. A recent study by Kameshwar and Padgett (2015b) performed fragility 
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assessment of a case study tank under storm surge considering flotation and 

buckling failure. However, the methodology used by Kameshwar and Padgett 

(2015b) was not tailored to support fragility assessment of a regional portfolio of 

tanks or to study effect of variation in design parameters on fragility; furthermore, a 

system fragility formulation considering multiple causes of failure is also lacking. 

Additionally, other causes of failure such as sliding of tanks and debris impact have 

not received any attention in the literature. Moreover, most of the design guidelines 

such as API 620 (2002) and API 650 (2013) only provide detailed guidelines to 

prevent wind buckling of the tank shell and prevent tipping of tanks during 

earthquakes, through the use of anchors, leaving the implementation of measures to 

prevent flotation failure due to storm surge and floods to the discretion of the tank 

owners. Furthermore, most state regulations fail to impose any additional 

requirements for such prevention, with a few exceptions such as the state of 

Colorado (Code of Colorado Regulations, 2014) which requires a method to be 

declared for flotation prevention during flood conditions in order to obtain a permit. 

Consequently, the vulnerability of tanks to storm surge was exposed again during 

subsequent hurricane events such as Ike and Gustav (Sengul et al., 2012, Hyder, 

2008).  

Even though design guidelines have provisions to prevent wind buckling, 

they are based on allowable stress design which does not directly consider the 

uncertainties in loads and capacities. Consequently, during hurricane Katrina 

several ASTs were observed to be damaged due to wind buckling (Godoy, 2007); 

which hampers the post event functionality of these structures and in extreme cases 
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rupturing of the shell may lead to catastrophic spills. For regional resilience 

assessment of ASTs or future calibration of the current design codes to the load and 

resistance factor design (LRFD) philosophy, probabilistic buckling performance 

assessment of ASTs under external loads is essential. However, current studies on 

buckling behavior of ASTs deterministically assess the buckling capacity of ASTs 

(Flores & Godoy, 1998, Chen & Rotter, 2012, Godoy et al., 2002). Studies that 

consider uncertainties in the buckling capacity of ASTs subjected to either wind or 

storm surge are completely missing. Therefore, the literature lacks buckling fragility 

assessment methodologies for ASTs subjected to strong winds and storm surge. For 

probabilistic buckling capacity estimation of ASTs under different types of external 

loads such as winds and storm surge, realistic modeling of the imperfections in ASTs 

is important since buckling phenomenon is highly sensitive to the stochastic 

imperfections. Since there is no probabilistic imperfection modeling approach for 

ASTs, the existing studies usually use eigen or buckling mode shapes to depict 

imperfections (Portela & Godoy, 2005a, Portela & Godoy, 2005b) which are most 

detrimental to the buckling strength of ASTs (Greiner & Derler, 1995); furthermore, 

the amplitude of these imperfections is also random, but are often deterministically 

chosen as a multiple of the shell thickness. Hence, for reliability assessment of ASTs 

or to evaluate uncertainty in the buckling capacity of ASTs, the adoption of 

imperfections perfectly correlated to the buckling mode shape, as done in the past, 

is undesirable. Recent work offers alternatives to the eigen mode shape for 

imperfection modeling in buckling analyses, such as the use of Fourier 

representation of the imperfections (Hornung & Saal, 2002, Teng et al., 2005). 
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However, these representations induce some level of bias in the modeling of 

imperfections since the inputs, such as the amplitude of the imperfections, are still 

chosen manually.  

The above discussion highlights the major gaps in the current literature on 

performance of ASTs. First, probabilistic performance assessment models for 

reliability and risk assessment of ASTs are lacking for all of the main causes of 

failure due to storm surge and wind. Probabilistic imperfection modeling 

approaches for ASTs are also currently lacking. Moreover, estimates of parameters 

that indicate the resilience of the AST infrastructure such as downtime and 

economic losses, and estimates of the magnitude of the hazardous spill volume are 

also missing in the current literature. These gaps restrict regional level performance 

assessment of a portfolio of tanks which can aid resilience assessment of ASTs. 

2.2.2. Existing studies on performance of bridges 

Bridge infrastructure in the United States is susceptible to multiple hazards such as 

earthquakes, hurricanes, floods, and collisions. Even individual bridges within a 

regional portfolio of bridges may be subjected to multiple hazards during their life 

span. For example, bridges in Charleston, South Carolina may be susceptible to 

earthquakes and hurricanes, while bridges in the Houston Ship Channel region may 

be susceptible to hurricane surge and vessel collision. A survey of bridge engineers 

in different states by Lee et al. (2011) has identified several hazards which may have 

significant effects on bridges; these hazards include earthquake, scour, wind, storm 

surge, vessel collision, vehicular collision, fire, and landslide and debris flow. 
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Furthermore, the survey also ranked several individual hazards and multi-hazard 

combinations considering their potential impact, likelihood, and importance for 

design. Scour, wind, vehicular and vessel collision, earthquakes, debris flow, 

combination of scour with other hazards, and storm surge are considered as the 

most important hazards according to the ranking of multiple hazards in Lee et al. 

(2011). For these hazards and their combinations the following sub-sections will 

discuss existing studies in the literature. 

2.2.2.1. Scour, and scour and vehicular loads 

Scour is one of the most common causes of bridge failure in the United States (Harik 

et al., 1990, Wardhana & Hadipriono, 2003). Bridge failure due to scour can lead to 

loss of life; for example, collapse of the Schoharie Creek bridge (Figure 2.2) and the 

old Hatchie river bridge (Figure 2.3) caused several casualties. Therefore, several 

studies have focused on developing methods to estimate the extent of bridge scour 

for various flood scenarios and soil conditions (Briaud et al., 2001, Su & Lu, 2013, 

Zhai, 2010, Zhang et al., 2005, Briaud et al., 2011). These studies have resulted in 

guidelines such as the Hydraulic Engineering Circular 18 (HEC - 18) (Arneson et al., 

2012) which provide methods to estimate scour at bridge locations and provide 

guidelines to identify scour critical bridges. 

Many studies estimate the scour depth and compare it to the depth of the 

foundation (Briaud et al., 2007, Johnson & Ayyub, 1992). This approach provides 

useful information to prevent bridge collapse; but it cannot be used to manage 

traffic or impose restrictions on bridges since it lacks the effect of soil-bridge 
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interaction. Moreover, this approach may not be applied to bridges supported on 

deep foundations. A majority of the studies that actually include the effect of scour 

on the performance of bridges have considered the joint effects of scour and 

earthquakes on bridge performance (Banerjee & Prasad, 2013, Wang et al., 2014a, 

Ghosn, 2005). While other studies have focused on calibration of design codes to 

consider the effects of scour while designing bridges for earthquakes (Alipour et al., 

2012, Wang et al., 2014b). However, very few studies have actually have addressed 

the load carrying capacity and safety of scoured bridges to carry vehicular loads, 

which is the primary function of bridges. Federico et al. (2003) deterministically 

evaluate the scour depth around a shallow foundation and assess the bearing 

capacity of a pier supported on the shallow foundation. Tanasić (2015) has 

performed a comprehensive study of failure modes and probabilistic safety 

assessment of bridges with shallow foundations considering soil-bridge interaction. 

The methodologies used for shallow foundation bridges cannot be directly applied 

to bridges with deep foundations due to the differences in failure modes and the 

interaction between the soil, pile, and the bridge. For deep foundations, Tandjiria et 

al. (2000) have assessed the lateral load carrying capacity and the reliability of 

individual piles using response surface methods. Ramey and Brown (2004) have 

assessed the stability of old bridges in Alabama considering several failure modes 

under lateral and vertical loads. The methodology used by Ramey and Brown 

requires separate analysis for each bridge, which may be difficult for a large number 

of bridges; additionally, the type of bridge considered is particular to Alabama. Lin 

and Parr (2013) have developed a program to assess the lateral load carrying 
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capacity of bridges subjected to scour, which could be extended to other pile 

supported structures. Ko et al. (2014) have evaluated the lateral load resistance of 

scoured multi-pile foundations subjected to flood loads. As a case study, Ko et al 

considered Shuang-Yuan Bridge in Taiwan and assessed the residual lateral load 

carrying capacity of pile foundation for different levels of scour. Klinga and Alipour 

(2015) have also assessed the lateral load performance of bridges with various 

foundation types under extreme scour conditions. Additionally, they have also 

quantitatively assessed the change in dynamic characteristics of the scoured 

bridges. 

In order to assess the monetary risk of scour related bridge failure, Stein et 

al. (1999) have developed a risk assessment methodology for bridges with unknown 

foundations using data available from the National Bridge Inventory database. 

Although, the methodology developed by Stein et al. can be used to rank and 

prioritize bridges based on their susceptibility to scour, it cannot be used to assess 

the performance under vehicular loads. The above discussion shows that most of 

the studies assessing the performance of scoured bridges are deterministic in 

nature. Furthermore, all the methods used to assess the capacity of scoured bridges 

require separate analysis for each individual bridge. Additionally, the literature 

lacks fragility assessment of scoured bridge subjected to vehicular loads. The scour 

risk assessment methodology proposed by Stein et al. (1999) is the one exception 

that does not have the above mentioned drawbacks. However, the methodology 

proposed by Stein et al. assumes that the foundation details are unknown, which 

leads to large uncertainties in the risk estimates. Foundation details may not be 
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available for a large number of old bridges but for new bridges the foundation 

details can be obtained and stored in bridge management systems and efficiently 

accessed at a later time for scour fragility assessment. 

 

 

Figure 2.2. Scour failure of 

Schoharie creek bridge 

 

 

 

Figure 2.3. Scour failure of old 

Hatchie river bridge

 

2.2.2.2. Wind hazard 

The survey of bridge engineers conducted by Lee et al. (2011) has identified wind 

loads as one of the most commonly considered design load. Performance of bridges 

in past extreme events such as hurricane Katrina show that wind loads were mainly 

responsible for damage to secondary bridge appurtenances such as fiber glass poles, 

sign posts, and traffic lights. Additionally, operator houses for movable bridge were 

observed to suffer wind damage, mainly due to broken window panes (O'Connor & 
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McAnany, 2008). Similar wind damage have also been reported by Padgett et al. 

(2008a) based on observed damage to bridges during hurricane Katrina. Most of the 

wind related bridge damage reported by O'Connor and McAnany (2008) and 

Padgett et al. (2008a) was observed for short span bridges. However, long span 

bridges are known to be affected severely by strong winds; for example the collapse 

of the Tacoma Narrows Bridge is attributed to instabilities caused due to wind loads. 

Therefore, most of the papers studying the effect of wind loads in bridges have 

focused on performance assessment of long span bridges.  

Prenninger  et al. (1990) perform reliability analysis for a cable stayed and a 

suspension bridge considering the uncertainties in the wind load parameters. 

Ostenfeld-Rosenthal et al  (1992) have used wind tunnel test results to determine 

the critical wind speed that causes flutter for cable supported bridges. They 

propagate the uncertainties from the physical experiments, along with uncertainties 

in structural damping during reliability analysis of the East Bridge across Great Belt 

in Denmark. Ge et al. (2000) evaluate reliability of the Yangpu bridge, a cable stayed 

bridge in Shanghai, China, against flutter. They evaluate the reliability using first 

order based reliability estimation methods for linear a limit state function, non-

linear limit state function, and non-linear limit state function with non-normal 

variables. Pourzeynali and Datta  (2002) determine flutter wind speed for a 

suspension bridge using finite element analysis and consider uncertainties in 

structural damping, geometric and mechanical bridge properties,  and experimental 

values of flutter derivatives for reliability assessment of a suspension bridge against 

flutter. Guo (2003) has studied the effect of cross winds on the performance of cable 
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stayed bridges in presence of vehicles on the bridge. Similarly, Chen and Wu (2009) 

have also developed a methodology to study the probabilistic buffeting behavior of 

long span bridges considering presence of multiple vehicles on the bridge. Xu 

(2013) focuses on evaluating the fatigue reliability of long span bridges considering 

aerostatic instabilities, flutter, vortex shedding, and buffeting under stationary 

winds while including the combined loading from railway, highway, and wind loads. 

Seo and Caracoglia (2013) have developed a numerical framework to evaluate life 

cycle costs of long span bridges incurred due to repair and maintenance costs. They 

evaluate the bridge fragility and convolve it with repair costs to obtain life cycle cost 

estimates, akin to seismic risk estimation.  

The brief discussion of existing research on performance assessment of 

bridge under wind loads shows that wind loads are a serious concern for long span 

bridges while for short span bridges, wind loads have been observed cause only 

minor non-structural damage. Therefore, for long span bridges, several probabilistic 

methodologies have been developed to consider the effects of wind loads; 

additionally, studies have also considered the effects of vehicles and earthquakes in 

conjunction with wind loads. Furthermore, since long span bridges are usually 

unique, a case by case analysis of these bridges is necessary for assessing their 

safety. In this regard, the existing methodologies for performance assessment of 

long span bridges can considered adequate for probabilistic performance 

assessment of bridges under wind loads to facilitate resilience assessment. 

Therefore, in consideration of the bridge type studied in this study – short span 
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bridges – and availability of performance assessment methods for long span bridges 

this study does not address the effects of wind loads on bridges.  

2.2.2.3. Vehicle collision 

Apart from scour, collision events have caused a large number of bridge failures in 

the United States (Wardhana & Hadipriono, 2003, Harik et al., 1990). A large 

fraction of the collision events involve impact of a vehicle with either the bridge pier 

or bridge deck, in case of over-height trucks. Only recently studies have started 

studying the impact behavior of bridges.  

Analysis of impact forces on bridge columns due to vehicle impact is studied 

by Buth et al. (2010). They consider different vehicle types, impact velocities, and 

column diameter for evaluating the impact forces. Comparison of the impact forces 

with AASHTO recommended design static impact force of 1780 kN show that impact 

force demands can be significantly higher or lower for different vehicle types. Based 

on these results Buth et al. (2011) suggest increasing the AASHTO recommended 

design static impact force to 2670 kN and increasing the impact location height to 

1.52 m from 1.22 m. Gomez and Alipour (2014) study the effects of transverse 

reinforcement spacing on the performance of bridge piers subjected to collision 

with a Ford F800 single-unit truck. Chung et al. (2014) study the relative 

performance of reinforced concrete and precast bridge piers for various vehicle 

impact scenarios using high resolution finite element analysis. In order to simplify 

the analysis they propose a five point piecewise linear impact force time history 

model which may be applied to the columns for assessing the impact performance. 
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Abdelkarim and ElGawady  (2016) perform a detailed parametric study using finite 

element simulations to estimate the peak dynamic impact forces during vehicle-pier 

collision. Using the results they develop an equation to evaluate the impact forces 

based on the mass and velocity of the impacting vehicle. They also compare the 

impact forces with AASHTO recommended impact forces, which were found to be 

non-conservative for high impact scenarios.  

All the above mentioned studies perform deterministic analysis, which 

provides considerable insight into the performance of bridge piers subjected to 

vehicle impact. However, consideration of uncertainties for impact performance 

analysis is important to facilitate probabilistic performance analysis. In this regard, 

Sharma et al. (2012) have evaluated the demands on bridge columns, such as shear, 

during vehicle-pier collision. Additionally, they also develop different probabilistic 

column shear force capacity limit states to facilitate performance based analysis for 

vehicle-pier impact scenarios. Sharma et al. (2014) develop probabilistic column 

shear force demand models for bridge piers subjected to vehicle collisions. These 

probabilistic demands models are used along with probabilistic capacity estimates 

to develop fragility estimates for columns subjected to vehicle collision. 

Xu et al. (2013) study over height truck collisions with bridge super-

structures using finite element simulations. The results identify two failure modes – 

global and local; the global failure modes are associated with global damages to the 

girder such as falling off the bearings and torsional damage, while local damages 

refer to failures localized at the point of impact such as concrete crushing. 
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Additionally, Xu et al. have also developed a simplified finite element analysis 

procedure for evaluating the impact forces during collision events.  

The above discussion on existing studies on vehicle collision with bridges 

clearly indicates the lack of probabilistic performance assessment studies for 

vehicle collision with bridge super-structure. Furthermore, frameworks that can 

facilitate performance assessment of a regional portfolio of bridges subjected to 

vehicle impact, with bridge columns and super-structure, are lacking in the 

literature. 

2.2.2.4. Barge impact, scour, and vehicular loads 

Apart from vehicle impact, barge collision has also caused large number of bridge 

failures in the United States (Wardhana & Hadipriono, 2003, Harik et al., 1990). 

Some of these barge bridge collision events have caused catastrophic bridge failures 

causing loss of life; for example: collapse of the highway bridge on I-40 over the 

Arkansas River in Oklahoma, shown in Figure 2.4. Consequently several studies 

have focused on assessing the performance of bridges subjected to barge collision. 

One of the early studies performed static and dynamic crushing experiments on 

scaled ship bows using an impact hammer (Meir-Dornberg, 1983). Other studies 

have focused on experimentally evaluating the stiffness properties of the barge bow 

(Patev, 1999, Arroyo et al., 2003) and evaluating dynamic impact loads on the 

bridge sub-structure (Consolazio et al., 2006). However, most of the papers 

addressing barge-bridge collision have used analytical methods to study bridge 

response under barge impact.  
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Yuan et al. (2008) performed finite element analysis with high resolution 

finite element models wherein they studied the collision of an individual barge and a 

flotilla of several barges with a rigid pier. Furthermore, effect of pier stiffness was 

also assessed using a simplified barge pier collision model, where the column was 

replaced with a spring. McVay et al. (2009) have used the experimental results to 

study the dynamic soil structure interaction due to barge impact. McVay et al. 

suggest that the effect of soil structure interaction can be reasonably captured via 

finite element modeling using non-linear P-y and T-z springs. Cowan et al. (2009) 

performed finite element simulations with a detailed finite element model of the 

barge and a rigid pier model and validated their model using experimental results. 

The validated model was used to develop a barge bow force deformation 

relationship for various pier geometries and the shape of the impact surface. Using 

finite element simulations Getter and Consolazio (2011) further extended the barge 

bow force deformation relationship for oblique angles of impact. Kantrales et al. 

(2015) further studied the barge bow force deformation behavior using 

experimental tests and finite element simulations for large bow deformations. Sha 

and Hao (2012) performed high resolution finite element simulations of barge 

collision with a single pier modeled using non-linear material models. Their results 

show that plastic deformations in the pier increase the impact duration but lead to a 

decrease in the maximum forces. Sha and Hao (2013) included the effects of pile and 

soil structure interaction during barge collision in their high resolution finite 

element model and validated their it using experimental results. Furthermore, 

empirical formulae are also developed by Sha and Hao to predict peak impact forces 
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and impact duration. Similar finite element analysis are performed by Fan and Yuan 

(2014) for ship impact with pile supported structures. 

The above mentioned studies employ high resolution finite element analysis 

involving millions of degrees of freedom, which leads to high computational costs. 

Therefore, to reduce the computational time, several studies have focused on 

developing simplified methodologies to perform analysis of barge pier impact 

analysis. Consolazio and Davidson (2008) have developed a simplified finite 

element model to study barge bridge collision wherein the barge is modeled using a 

point mass and a spring with appropriate force deformation relation and columns 

are modeled using fiber elements. This simplified methodology was verified by 

comparing the impact force, pier moments, and pier shear obtained from the 

simplified method and the high resolution finite element models. This approach has 

been used by Davidson et al. (2010) to study the dynamic amplification of pier shear 

and moments during barge bridge collision, where static analysis is performed as 

per AASTO guidelines. Using the same simplified model, Davidson et al. (2012) 

evaluated the failure probability of eight bridges considering the uncertainty in soil 

and material properties. Using the failure probabilities of the eight bridges they 

propose an expression for probability of collapse parameterized solely on capacity 

to demand ratio, primarily for designing bridges as per AASHTO guidelines. Sha and 

Hao (2014) have proposed a single degree of freedom model to predict the bridge 

pier response due to barge impact, which provides reasonable approximations in 

comparison to responses from a high resolution finite element model. A similar 

approach has been proposed for collision events between ships and bridges by Fan 
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et al. (2010). In order to further simply the assessment of peak forces caused due to 

barge impact, Fan and Yuan (2012) have developed a shock spectrum to obtain the 

peak moments and shears in the piers. Similarly, Cowan et al. (2015) have 

developed a response spectrum based methodology to estimate maximum pier 

shear and moments for design bridge columns susceptible to barge impact. 

The discussion presented above shows that although several studies have 

assessed the performance of bridges subjected to barge impact, fragility assessment 

of bridges subjected barge impact is completely missing in the literate. Probabilistic 

assessment of barge-bridge impact is necessary for the following reasons: 1) there is 

large uncertainty in the impact conditions (barge mass and velocity) which 

influences the potential damage due to impact; 2) estimates of the probability of 

bridge collapse are necessary for designing bridges for barge impact as per AASHTO 

(2012) guidelines. Additionally the uncertainties in the impact conditions also affect 

the shear and flexure demands on bridge columns which are not accounted for in 

the AASHTO guidelines since it recommends designing columns for a fixed level of 

impact force. Furthermore, studies have not assessed the effect of pier scour on the 

forces in the column and on the fragility of bridges subjected to barge impact. 

Moreover, simple models that can be used to predict the maximum demands on 

columns, with and without scour, for bridges with a wide range of design 

parameters and barge impact conditions are not available in the literature. Finally, 

the safety of bridges to carry vehicular loads after a collision event has also not been 

assessed in past studies. 
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Figure 2.4. Failure of the highway bridge on I-40 over the Arkansas River due 

to barge collision 

2.2.2.5. Seismic hazards 

Several studies have comprehensively studied the risk to bridges due to individual 

hazards, particularly for earthquakes. Studies have developed fragility curves for 

bridges using empirical data and analytical methods. Basoz and Kiremidjian (1998) 

have studied the peak ground accelerations, damage to bridges, and losses caused 

by the Northridge earthquake and developed empirical fragility curves for different 

bridge classes. Since empirical data is limited, a large number of studies have used 

analytical methods to study the seismic fragility of bridges. Dutta and Mander 

(1998) evaluated the seismic fragility of a bridge. They assess the probabilistic 

seismic demands via finite element simulations and compare the demands with 

probabilistic capacity estimates to obtain seismic bridge fragility estimates. Nielson 

(2005) developed fragility estimates for different bridge classes commonly found in 
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Central and Eastern United States (CEUS). Using finite element simulations Banerjee 

and Shinozuka (2008) have also evaluated bridge fragility using analytical means 

but they calibrate their fragility curves to match the empirical fragility curves. In 

addition to analytically evaluating seismic bridge fragility, Mackie et al. (2008) also 

evaluate repair costs and times for bridges damaged due to earthquakes, which 

could be used in resilience assessment of bridges. However, the methodology 

proposed by Mackie et al. cannot be efficiently applied to a portfolio of bridges since 

their methodology would require separate analysis for each and every bridge in the 

portfolio; furthermore, the repair cost and time estimates do not consider the 

uncertainty in selection of repair actions. Several studies have further explored the 

use of metamodels for seismic fragility assessment of bridges. Seo and Linzell 

(2012) have used the response surface method to evaluate the seismic response of 

curved steel bridges and subsequently evaluate the fragilities of different bridge 

components in a Monte Carlo simulation. Ghosh et al. (2013) compared different 

metamodels for fragility assessment. Polynomial response surface, Multivariate 

Adaptive Regressive Splines (MARS), Radial Basis Function (RBF), and support 

vector machines were considered for fragility assessment. The fragility curves 

obtained were also compared with conventionally obtained fragility curves and a 

close match was observed. Another work on reliability estimation of track on steel 

plate girder bridges by Park and Towashiraporn (2014) has also used a response 

surface method for seismic fragility assessment. In their study, the mean and 

standard deviation of the seismic response of bridges were modeled using a 

response surface which was used to obtain fragilities via Monte Carlo simulations. 
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These metamodel based fragility assessment studies by Seo and Linzell, Ghosh et al., 

and Park and Towashiraporn can be used for assessing the performance of a 

regional portfolio of structures. Overall, the literature has several tools that can be 

used to facilitate risk assessment of a portfolio of bridges subjected to earthquakes. 

However, further research is needed to quantify the effects of variation in design 

and geometric parameters on the seismic performance of bridges. Additionally, from 

a multi-hazard perspective, influence of additional loads from different hazards on 

the seismic performance of bridges needs to be studied. 

2.2.2.6. Hurricane induced storm surge and wave loads 

Among natural hazards, hurricanes are one of them most destructive hazards, which 

has caused severe damage to bridges in past events, such as hurricane Katrina 

(Padgett et al., 2008a) causing a loss of over $1 billion. Usually, studies considering 

hurricane hazards tend to focus on hurricane wind and surge, which are the primary 

contributors to the risk to coastal buildings or residential structures, but in the case 

of highway bridges, surge and wave loads cause the most damage and should be 

considered for performance assessment of bridges subjected hurricane loads. 

Therefore, several studies over the last decade have focused on assessing hurricane 

induced wave and storm surge forces on bridge decks (Bradner, 2008, Huang & 

Xiao, 2009, Sheppard & Marin, 2009). However, only a limited number of studies 

have actually performed probabilistic performance analysis of bridges subjected to 

these hurricane loads.  
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Ataei et al. (2010a) have performed non-linear finite element analysis for a 

bridge to determine the most important parameters that affect the bridge response. 

The results show that wave parameters followed by the deck mass and the 

parameter that affect the connection between the super and sub-structure have the 

most significant impact on structural responses. Ataei and Padgett (2013a) have 

developed an efficient methodology to determine the probability of deck unseating 

during a hurricane. For this purpose, the resistance against deck uplift is compared 

against the hurricane wave and surge demands while propagating uncertainties in 

demands and resistance. Though this method provides an efficient way to assess the 

fragility of a portfolio of structures, it does not consider the dynamic effects of the 

hurricane wave and surge loading. Ataei and Padgett (2013b) develop probabilistic 

limit states for bridges subjected to hurricane surge and wave loads. These capacity 

limit states indicate change in stiffness, lateral load carrying capacity, vertical load 

carrying capacity, and collapse. Ataei and Padgett (2015b) performed high 

resolution fluid structure interaction analysis to evaluate deck unseating for various 

wave and relative surge heights. The results of the fluid structure analysis are used 

to train classifiers which can predict deck unseating for new values of the intensity 

measures without any finite element simulation. The classifiers developed in this 

study are applicable to the particular bridge selected in the paper, which limits its 

applicability for other bridges. 

The discussion above shows the existing studies, which include the dynamic 

effects of storm surge and wave impact forces, are not applicable to a portfolio of 

bridges; and methods that can be applied to a portfolio of bridges do not consider 
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the dynamic effects of storm surge and wave forces. Therefore, a fragility 

assessment methodology is needed which includes the dynamic wave and surge 

load effects and is applicable for a portfolio of structures. Furthermore, literature 

lacks a methodology for risk assessment of bridges under hurricane wave and surge 

loads.  

2.2.2.7. Earthquake and vehicular loads 

The New Madrid seismic zone in the Central and Eastern United States poses a 

serious threat to the bridges in the region. Additionally, these bridges are also 

subject to overweight trucks, over 5.0105 over weight trucks use the road and 

highway infrastructure in US (National Safety Commission, 2007) and loads due to 

trucks are only expected to increase in the future. Additionally, during past 

earthquakes, the presence of several vehicles has been observed on damaged 

highway bridges. Increasing truck loads and past observations of vehicle presence 

on bridges during earthquakes provide motivation to study the performance of 

bridges during earthquakes in the presence of vehicles. Recently, some studies have 

started assessing the combined effect of seismic excitations and vehicle bridge 

interaction (VBI) on the seismic performance of bridges. Most of these studies focus 

on evaluating the impact of VBI on the seismic performance of bridges in the 

presence of trains (Xia et al., 2006, Yang & Wu, 2002, Yang & Yau, 1997). Due to the 

differences in the characteristics of trains and highway vehicles, such as mass and 

suspension, these studies cannot be directly used to understand the influence of VBI 

on the seismic performance of highway bridges. 
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Only a few studies have assessed the effect of VBI on the seismic 

performance of bridges and their components. Kemada et al. (1992) have used a 

simplified model to study the effect of VBI on the transverse bridge response. For 

this purpose, they used a two dimensional bridge model along with a five degree of 

freedom (DOF) vehicle model. Their results show that VBI may worsen the 

performance by up to 25%, i.e. the displacements increase, if the vehicle and the 

bridge are in-phase; in cases where the vehicle and the bridge are out of phase the 

response improves. Though this study provides valuable insight in to the influence 

of VBI on the seismic performance of VBI, its scope is restricted due to the limited 

set of ground motions and the simplified bridge modeling. Kim et al. (2010) 

employed Lagrange equations to study the effect of VBI on the seismic performance 

of bridges. They studied the effect of an 11 DOF vehicle model on the seismic 

response of a bridge considering the vehicle to be stationary and in motion. For both 

of the cases, the vehicle was modeled with and without the suspension springs. 

Their results suggest that the response of the bridge increases when the vehicle is 

modeled with additional masses and loads alone, without suspension springs. 

However, inclusion of the suspension springs in the vehicle model causes the 

response of the bridge to decrease. Therefore, this study by Kim et al. suggests that 

the seismic response may decrease due to VBI. However, their study was performed 

on a bridge which is only subjected to two moderate intensity ground motions. 

Using Lagrange equations Zhou & Chen (2014) have studied the effect of VBI on the 

seismic performance of long span bridges. They consider several moving vehicles 

and include the effect of road roughness while studying the effect of VBI. Their 
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results show that bridges with VBI have higher responses in comparison to the 

bridges excited with seismic loads alone. Therefore, their study suggests that VBI 

may worsen the seismic response of bridges. An experimental study on effect of VBI 

on the seismic performance of bridge components of a curved bridge performed by 

Wibowo et al. (2013) suggests that presence of stationary vehicles atop a bridge 

during an earthquake may be beneficial to the performance of the bridge. 

The studies mentioned above primarily focus on the effect of VBI on the 

seismic response of bridges. Few studies have, further, analyzed the influence of VBI 

on the seismic fragility of bridges. Ghosh et al. (2014) studied the seismic fragility of 

a continuous steel girder bridge in the presence of a stationary WB-20 truck. The 

truck was modeled using additional masses and point load and was placed at 

different locations along the length of the bridge. Their results suggest that presence 

of the truck slightly increases the fragility (up to 10%) of the bridge due to 

increased bridge component responses. However, another study by Padgett and 

Kameshwar (2016) on a simply supported bridge, which used an approach similar 

to Ghosh et al., finds that presence of the truck may be actually beneficial to the 

performance of the bridge. The difference in the results of Ghosh et al. (2014) and 

Padgett and Kameshwar (2016) may be attributed to differences in the types of 

bridges considered and the suite of ground motions used in the two studies. 

The discussion in the two preceding paragraphs shows that different studies 

have come to different conclusions about the effect of VBI on the seismic 

performance of bridges. These differences may be attributed to the specific aspects 
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of VBI investigated by different studies. For example, Kemada et al. (1992) only 

study the transverse behavior of bridges; Wibowo et al. (2013) have particularly 

focused on a curved bridge; Zhou & Chen (2014) have focused on long span bridges. 

Furthermore, studies have modeled vehicles differently; some only consider 

additional masses and point loads, while others include suspension springs. A 

comprehensive study which investigates the effect of VBI on the seismic 

performance of bridges for different vehicle and bridge characteristics, and vehicle 

modeling approaches – without and in presence of suspension springs – is lacking in 

the literature. 

2.3. Existing studies on evaluating performance metrics that 

facilitate resilience assessment of bridges and ASTs 

The previous section discusses the existing research on fragility and risk assessment 

of ASTs and bridges. Fragility assessment tools for a portfolio of infrastructure 

systems for various hazards are necessary for a comprehensive multi-hazard 

resilience assessment. In addition to fragility assessment tools, information on 

inputs for resilience quantification of infrastructure systems is also needed. For 

example, in the case of ASTs, repair costs, spill volumes, and estimated downtime for 

damages caused due to different hazards are also needed in addition to fragility 

estimates. Similarly, estimates of residual functionality, repair costs, and down time 

are also required for a portfolio of bridges to facilitate resilience assessment.  
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In this regard, HAZUS-MH (2005) provides functions that estimate direct 

costs and downtime for various types of seismic damage to ASTs. However, such 

estimates for economic loss and downtime are not available for hurricane related 

hazards such as storm surge and wind. Additionally, estimates for spill volume are 

also not available for hurricane related hazards. 

In the case of bridges several studies have assessed repair costs for bridges 

and developed frameworks for assessing repair costs, especially seismic repair 

costs. Basoz and Kiremidjian (1998) analyzed the bridge damage and repair cost 

data from 1989 Loma Prieta and 1994 Northridge earthquakes and developed 

empirical relations between observed peak ground accelerations (pga) and the 

reported losses for different bridge types and construction periods. Since damage 

data from actual earthquakes is limited, several papers have analytically modeled 

seismic repair costs for bridges. Mackie et al. (2010) assess seismic repair costs and 

time for bridges; their approach estimates the repair quantities for performance 

groups which is used along with unit costs to evaluate repair costs. The concept of 

performance groups used by Mackie et al. enables grouping components that have 

common repair actions and it also facilitates incorporation of correlation in repair 

quantities for component groups. Furthermore, they propose linear functions to 

relate damage states and repair quantities which facilitate easy closed form 

assessment of repair quantities. However, their study does not consider the effect of 

multiple repair actions for a damage state and the uncertainty in selection of a 

repair action on repair costs. Ghosh and Padgett (2011b) have developed a seismic 

loss estimation methodology for aging bridges considering the deterioration of 
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components due to aging, correlation between different component types, multiple 

repair actions for every component damage state, and uncertainties in repair 

actions and costs. Ghosh and Padgett consider uncertainties in repair actions in the 

seismic repair cost estimation methodology by including the probability of repair 

action selection for every component for all the damage states. The seismic losses of 

aging bridges are modeled using a non-homogeneous Poisson process which allows 

efficient assessment of the expected values and second moment of losses. In both 

the studies by Mackie et al. (2010) and Ghosh and Padgett (2011b), the element 

with maximum damage is used to determine the repair actions for all the elements 

belonging to the same component type. However, this approach may lead to over 

estimation of repair costs since elements of the same type, for example all columns, 

may not suffer damage equal to the element with maximum damage. Shafieezadeh 

et al. (2014) have proposed a general framework to estimate downtime and repair 

costs of geo-structures, such as wharfs and bridges, and developed models that can 

be used to evaluate correlated repair cost and downtime estimates for wharf 

structures for different intensity levels. The framework proposed by Shafieezadeh et 

al. considers correlation in damage states and repair costs of components of the 

same type, which is an advancement over previous studies; however, uncertainties 

in repair actions and corresponding repair costs are not considered. Therefore, a 

repair cost estimation model is needed which considers correlation in damage to 

bridge components, uncertainty in selection of repair action, and uncertainty in 

repair costs, and can be applied to a portfolio of bridges. In a realistic scenario 

different contractors may select different repair actions for the same level of 



49 

component damage. Therefore, for pre-event planning, consideration of uncertainty 

in selection of repair actions in the loss estimation procedure provides insights into 

the potential repair costs and their likelihood. Additionally, consideration of damage 

to each element belonging to different component types, such as columns, bearing, 

and abutments, is important to obtain a more realistic estimate of repair costs. 

In addition to repair costs, inputs for resilience assessment require 

performance metrics such as downtime, traffic restrictions, and residual 

functionality, in terms of traffic capacity. Bocchini et al. (2012) have developed 

probabilistic recovery functions for bridges; this recovery function is assumed to be 

continuous in time. Karamlou and Bocchini (2017) have developed a methodology 

to evaluate functionality fragility surfaces which describe the probability of 

exceeding different functionality levels as a function of ground motion intensity and 

days after the earthquake. For this purpose, Karamlou and Bocchini consider 

uncertainties in repair durations and schedules to determine the time to reach 

different functionality levels – fully closed (0% functionality), partially open (50% 

functionality), and fully open (100% functionality). These three functionality states 

are solely defined based on damage to components such as columns (Karamlou & 

Bocchini, 2016), without consideration of traffic restrictions, traffic demand, and 

traffic capacity of bridges. However, in reality traffic restrictions imposed on 

bridges, based on damage to components, and the traffic demand on the bridge 

influence the functionality of bridges. Furthermore, since the traffic restrictions 

imposed on bridges are removed at different times, the recovery of individual 

bridges is expected to be a step-wise process. Therefore, the recovery functions 
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proposed by Bocchini et al. (2012) may not fully reflect the recovery trajectory of an 

individual bridge within a region. Furthermore, the literature lacks studies that 

describe the residual functionality of bridges damaged during earthquakes, in terms 

of traffic capacity. Therefore, along with continuous recovery functions, existing 

studies on resilience assessment of bridges and bridge networks have assigned 

residual functionality equal to a fraction of initial functionality depending on the 

damage state of the bridge (Bocchini & Frangopol, 2012, Andric & Lu, 2015, Decò et 

al., 2013, Alipour & Shafei, 2016, Chandrasekaran & Banerjee, 2016). While, this 

assumption is reasonable, it is not completely realistic. In reality, traffic restrictions 

such as lane closure do not necessarily affect the functionality of bridges; 

functionality is only affected if the traffic capacity of bridges is less than the traffic 

demand. The relation between bridge damage, traffic restrictions, and consequent 

residual functionality of bridge is also not available in the literature, which is 

necessary for resilience assessment.  

Resilience metrics and reliability estimates could help decision makers plan 

pre-disaster retrofit activities and post disaster recovery to reduce the impacts on 

the society and community at large. In this light, several studies have optimized 

resilience of a regional portfolio of infrastructure systems such as regional bridge 

networks. For ASTs, literature completely lacks studies on resilience assessment. 

However, for bridges, Bocchini and Frangopol (2012) evaluate resilience of bridges 

to develop a cost and resilience based methodology to identify bridges that need 

interventions in a post-disaster scenario. They have also developed a methodology 

wherein repair actions are selected by optimizing repair costs and resilience, which 
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leads to a pareto optimal solutions. Similarly, Chandrasekaran and Banerjee (2016) 

have optimized retrofit actions to improve the resilience of bridges subjected to 

earthquakes and scour. Other studies such as by Wang (2014) have optimized the 

reliability of individual bridges in the network to achieve a network level reliability 

target. Additionally, studies in the literature have similarly optimized the reliability 

of infrastructure systems such as water supply networks (Yoo et al., 2016, 

Chengchao & Ian, 1999). However, currently, studies are lacking that can relate 

resilience targets for a regional portfolio of infrastructure systems to resilience 

targets for individual structures in the portfolio. Such a framework would allow one 

to set regional performance targets and decide appropriate repair and retrofit 

actions at the structural level to achieve the regional level target. 
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Chapter 3 

Categorization of Multi-hazard 

Combinations 

Understanding the effects of multiple hazards, and corresponding remedial actions 

for these hazards, on the performance of infrastructure systems is important to 

ensure multi-hazard resilience of infrastructure systems. At present, the literature 

even lacks taxonomy for classifying the influence of multi-hazard combinations on 

the performance, on design decisions, and on the remedial actions for multiple 

hazards for infrastructure systems. Such taxonomy would help categorize different 

multi-hazard combinations, which would be useful for design decisions and 

assessing different remedial actions for various hazards. 

Categorization of multi-hazard combinations based on criteria such as occurrence, 

effect on reliability and influence on bridge design is an important first step in the 

understanding the effect of different hazards for multi-hazard decision making. 

Occurrence based classification would help in determining the load combinations 
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that structures would have to resist during extreme events. This classification of 

hazards based on occurrence is relatively straightforward and is discussed in the 

following subsection. Classification of multi-hazard combinations based on their 

effect on structural reliability and risk is important to understand and communicate 

the effect of multi-hazard presence on structural performance. Understanding of the 

influence of multiple hazards on design parameters is crucial for multi-hazard 

design and decision making, since in a multi-hazard scenario a remedial action may 

be potentially detrimental to the performance of structures during another hazard. 

Since, such classifications are lacking in the literature; this study classifies the 

hazards based on occurrence, effect on bridge reliability and risk, and on influence 

design parameter selection (Padgett & Kameshwar, 2014). 

3.1. Classification based on hazard occurrence 

Based on occurrence of the hazard events, multiple hazards can be broadly 

classified in to the following categories: 

3.1.1. Non-concurrent hazards 

This category includes hazard combinations whose probability of occurring 

simultaneously is very low. For example earthquakes and hurricanes have very low 

joint probability of occurrence. Disjoint occurrence of hazards allows independent 

modeling of load effects on structures. However, independence of load effects does 

not necessarily imply uncorrelated influence on design parameter selection; the 
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following sections provide examples of correlated influences of non-concurrent 

hazards on the selection of design parameters. 

3.1.2. Concurrent hazards  

As the name suggests, this category of hazards includes combinations of hazards 

which either always act simultaneously or have appreciable probability of joint 

occurrence. For such hazards, modeling of load effects must consider the joint loads 

affects due to the multiple hazards. For example, during hurricanes coastal 

structures may be subjected to combined wave and surge forces, combined storm 

surge and wind loads, and combined wind, wave, and surge loads. Furthermore, the 

probability of joint occurrence of hazards must be obtained to evaluate the risk.  

3.1.3. Cascading hazards 

Occurrence of a hazard may trigger other hazards; for example earthquakes or 

vessel collisions may cause fire; flotation of an AST may cause impact with other 

tanks. The main hazard and the subsequent hazards can be considered collectively 

as cascading hazards. Cascading hazards may also be considered as a special case of 

non-concurrent hazards where the main hazard and the subsequent hazards occur 

within very short duration of time and both hazards are not independent of each 

other. 
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3.2. Classification based on influence on fragility and risk 

The second criterion for classifying multiple hazards entails evaluating the fragility 

and risk to the structure under multi-hazard exposure. In multi-hazard design and 

decision making situations a better understanding of the risk profile of the structure 

may help in choosing optimal retrofit options or design parameters. Categorization 

of multi-hazard combinations based on their effect on reliability and risk can 

improve the understanding of the risk profile. Therefore, in this category, hazard 

combinations are classified as amplifying or diminishing. 

3.2.1. Amplifying hazards 

Hazard combinations where the presence of one hazard increases the vulnerability 

(decreases the reliability) of the bridge during the occurrence of other hazards can 

be classified as amplifying hazards. For example, in some cases pier scour has been 

shown to be detrimental to seismic performance of bridges so scour and 

earthquakes can be considered as amplifying hazards. In case of ASTs, strong wind 

and storm surge may be considered as amplifying hazards with respect to buckling 

failure of tanks. Identification of amplifying hazards is important because the overall 

risk to the bridge increases due to such hazard combinations. 

3.2.2. Diminishing hazards 

Structural performance may improve during a hazard, i.e. increase in reliability may 

be observed, due to the presence of other hazards or additional loads due to other 

hazards. Such combinations of hazards can be included into the category of 
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diminishing hazards. For example, in some cases the presence of trucks on bridges 

may actually improve the seismic reliability of bridges.  

3.3. Classification based on influence on design parameter 

selection 

The final category for classifying multi-hazards necessitates exploration of the 

design parameter space and its influence on reliability and risk.  Understanding the 

influence of design parameter variation is important in multi-hazard decision 

making since improving the performance of the bridge to one hazard may 

inadvertently worsen its performance during the other hazard. Furthermore, 

identification of design parameters which can improve the structural performance 

for several hazards is also important for economical design. However, literature 

lacks classification of hazards into such categories; therefore, this study will classify 

the combination of hazards into groups based on their influence on selection of 

design parameters as competing or complementary hazards. 

3.3.1. Competing hazards 

Hazard combinations that have opposing or competing influence on design 

parameter selection may be categorized as competing hazards. For example, 

increase in the deck weight may help alleviate hurricane surge and wave load 

effects; however, increased mass at the deck level may worsen the performance of 

the bridge during an earthquake. For ASTs, increasing the number of anchors may 

reduce flotation fragility, yet result in buckling dominating the failure of ASTs. 



57 

3.3.2. Complementary hazards 

The group of hazards where mitigation of one of the hazards serves as a remedial 

action for the bridge during other hazards, or a combination of hazards for which 

the change in a design parameter improves the performance of the bridge for all the 

hazards in the combination may be categorized as complementary hazards. For 

example, improving the ductility of bridge columns may improve bridge 

performance during seismic events and collision events involving trucks or vessels 

with bridge columns. In case of ASTs, improving buckling performance of ASTs 

under strong winds may improve storm surge buckling performance. Identification 

of this type of hazard combination is also important since cognizance of these 

hazards and their associated preferable design parameters may reduce the overall 

cost of reaching a target system reliability or risk level. 

3.4. Summary 

This chapter has proposed taxonomy for classification of multi-hazard combinations 

based on occurrence of hazards, their effects on structural fragility and risk, and 

their influence on selection of design parameters. Additionally, examples of multi-

hazard combinations for different categories of multi-hazard combinations are 

provided as per the proposed taxonomy. The proposed taxonomy can be used for 

effectively communicating the effects of different hazards to stake holders and 

decision makers. The remainder of the thesis will reference this taxonomy when 

exploring multi-hazard effects on bridges and ASTs. 
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Chapter 4 

Fragility Assessment Methodology 

The discussion on existing research presented in Chapter 2 highlights that a 

generalized fragility assessment methodology is needed that can be applied for 

safety assessment of a regional portfolio of infrastructure systems under multiple 

hazards for various types of structures, such as bridges and ASTs. The use of 

conventional fragility assessment methods such as first order reliability methods 

(Hohenbichler & Rackwitz, 1982) can provide great insight in to the importance of 

variables but cannot be used for efficiently developing parameterized fragility 

functions which can be applied to a portfolio of structures. Furthermore, gradient 

based methods may not be best suited for problems where the limit state equation 

is noisy and evaluation of the limit state equation involves finite element 

simulations. Monte Carlo simulations (MCS) can handle such limit states but such a 

strategy is computationally expensive, especially when evaluation of the limit state 

requires complex finite element analyses. The computational cost of applying MCS 
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for fragility assessment of a portfolio of structures will be prohibitively expensive. 

Therefore, in order to efficiently address these challenges, this study proposes a 

generalized dual layer metamodel based fragility assessment methodology (DL-

MFAM) to derive parameterized fragility functions for regional portfolio of 

infrastructure systems. Additionally, the parameterized fragility functions obtained 

using DL-MFAM may also be used to study the sensitivity of failure probability to 

changes in parameter values. 

For a given structure different hazards may lead to different types of failure 

modes; for example hurricane loading on a bridge deck may lead to deck unseating 

which is a brittle failure mode while the same bridge may experience non-brittle 

failures during earthquakes such as flexural failure of the columns. Therefore, due to 

the differences in the nature of failure modes, this study develops two dual layer 

metamodel based multi-hazard fragility assessment strategies, one for brittle and 

one for non-brittle failure modes. For this purpose, metamodels are used in this 

study, which are tools that are used to model the outcome of experiments – both 

physical and computer experiments (Jin et al., 2001). The use of metamodels models 

saves time and effort in simulating structural response for a large number 

structures with variation in hazard and structural parameters since it drastically 

reduces the need for structural analysis, which may require costly finite element 

simulations (Ghosh et al., 2013, Kameshwar & Padgett, 2014). Although metamodels 

save time, use of metamodels leads to less accurate response estimation, in 

comparison to finite element simulations, which further adds uncertainty in fragility 

estimation. Therefore, metamodels used for fragility estimation should have high 



60 

accuracy and low uncertainty in their predictions. For this purpose, herein, the dual 

layer fragility assessment methods may use two sets of metamodels to obtain 

fragility functions that are parameterized on structural parameters and hazard 

intensity measures. Although two metamodel layers have been used in previous 

studies (Ghosh et al., 2013), their methodology may not be directly applied to 

different types of structures or even different types of failure modes in the same 

structure. Therefore, this study proposes a generalized dual layer metamodel based 

fragility assessment methodology which can be applied to different types of 

structures and can be used for different types of failure. The use of two metamodel 

layers, i.e. the dual layer methodology, provides a computationally efficient method 

to derive parameterized fragility functions. The following subsections describe the 

fragility assessment methodology in greater detail. 

4.1. Fragility assessment for non-brittle failure modes 

Herein, non-brittle failures refer to the type of failures where the damage to the 

structure or a specific component could be quantified using either several damage 

states or on a continuous scale which describes the severity of the damage. 

Examples of non-brittle failures include seismic damage to bridge components such 

as the bearings and flexural failure of columns where the damage is typically 

described at different levels of severity such as slight, moderate, extensive, and 

complete. The steps involved in the fragility assessment procedure are described in 

the flowchart in Figure 4.1 and are discussed below. 
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Figure 4.1. Dual layer fragility assessment method for non-brittle failures 

4.1.1. Characterizing hazard(s) and metamodel type selection 

The first step involved in the fragility assessment procedure is modeling the loads 

caused by a hazard or by a combination of multiple hazards. For example, in the case 

of earthquakes, the ground motions are used for base excitation of structures. In the 

case of joint wave and surge action on bridges during hurricanes, the forces can be 

modeled as a time series using sinusoidal functions (Ataei et al., 2010b). Similarly, 

for other hazard combinations such as earthquakes and vehicle presence, the 
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combined effects of the hazards needs to modeled. Based, on the loads and the 

expected failure modes appropriate metamodels may be selected; for non-brittle 

failures, regression type metamodels may be used for the first metamodel layer.  

4.1.2. Statistical sampling and structural response estimation 

The aim of this methodology is to develop fragility functions that can be applied to a 

regional portfolio of infrastructure systems which can have significant variation in 

design and geometric properties. So, all important structural and hazard parameters 

that can affect the structural response need to be identified along with the possible 

range within which they are expected to vary. Next, a combination of structural 

parameters is generated based on design of experiments (DOE) principles. For this 

purpose, sampling schemes for computer experiments such as Latin Hypercube 

Sampling (LHS) (McKay et al., 1979), quasi-monte Carlo sampling (Niederreiter, 

1992) and orthogonal array sampling (Koehler & Owen, 1996) may be used. For 

each parameter combination, structural performance is evaluated under the hazard 

load effects either using closed form equations, if possible, or via finite element 

simulations.  

4.1.3. Response prediction using metamodels 

In this study adaptive metamodels are considered, i.e. the functions in the 

metamodels can change according to the input data. Furthermore, adaptive models 

reduce the burden of manual selection of several parameters in the metamodel, 

although a few key parameters may still require manual selection. Since this 
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procedure deals with non-brittle failures, the component responses are expected to 

be continuous; consequently, metamodels suitable for continuous data are selected 

for this procedure. For example, commonly used metamodels such as Polynomial 

Response Surfaces (PRS) of different orders, Adaptive Basis Function Construction 

(ABFC) (Jekabsons, 2010), Multivariate Adaptive Regressive Splines (MARS) 

(Friedman, 1991) and Radial Basis Function (RBF) interpolation (Hardy, 1971) may 

be used; additionally, other metamodels suitable for continuous data may also be 

used. Conventionally, for structural reliability problems, polynomial response 

surfaces of lower order (up to second order) are used as metamodels; however, 

these polynomials may not be able to capture highly non-linear behavior. Although, 

higher order polynomials have higher predictive accuracy, they tend to over fit the 

data. Polynomial response surface can be represented as 

  
T

aŷ    4.1 

where the set of coefficients is represented by a column vector a and   is a column 

vector of basis functions. Each basis function is of the form jo

jji x such that 

oo jj   where o is the order of the polynomial response surface and jx  are the 

independent input parameters. Similar to the polynomial response surface, ABFC 

also uses polynomial basis functions, but the order of the polynomial basis functions 

is not predetermined. The basis functions and their number are adaptively 

determined. MARS is a non-parametric metamodel, where the response is expressed 

as an expansion in terms of spline basis functions. Knot locations of the variables in 
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the splines and their coefficients are determined by forward and backward 

iterations. The MARS metamodel can be represented as 
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The basis functions  xfi  are either composed of linear or cubic splines and ia  are 

the coefficients for each of the basis functions i through n. Radial basis function 

interpolation uses basis functions whose response monotonically changes as 

distance from the central point increases. Multi-quadric, thin plate spline and Gaussian 

radial basis functions are considered for interpolation. For further details on radial 

basis functions Buhmann (2003) can be referenced. 

In order to model the structural response several metamodels may be 

trained and the best metamodel can be selected for further use in the fragility 

assessment procedure. Among the metamodels trained to predict the structural 

responses, the most appropriate models are selected based on global and local 

goodness of fit measures. Root Mean Square Error (RMSE) provides a measure of 

global error, i.e. the difference between the responses predicted by the metamodel 

and actual data, and is calculated as 
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In the above expression iy are instances of response values in the dataset, iŷ are 

predicted values, and pn  is the total number of points in dataset. MSE is the mean 

square error. Additionally the R2 value is computed as 

2

2 1


MSE
R    4.4 

where 2 is the variance of the response in the dataset. Relative Maximum Absolute 

Error (RMAE) measures the extent of local fitting error and is the ratio of the 

maximum absolute difference between the metamodel and test data responses to 

the standard deviation of the actual response as shown in Equation. 4.5: 



ii yy
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The above mentioned goodness of fit measures are usually obtained on a 

separate testing dataset which is not used for training the metamodels. In the 

absence of separate test and training data sets, the predictive capability of the 

metamodels can be assessed through k-fold cross validation. In k-fold cross 

validation, the data set is randomly divided into k sets and the surrogate model is 

built using k-1 sets, with the remaining set used as test data. This procedure is 

repeated k times; thus k-fold cross validation provides an estimate of the predictive 

accuracy of the model for unknown data. The average R2 value resulting from five-

fold cross validation can be used along with RMSE, R2, and RMAE to compare 

metamodels. In case the performance of the best performing metamodel is not 

satisfactory, i.e. its accuracy is not good or it is observed to over fit the data, the 

metamodels may be retrained with a larger training data set, for which additional 
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structural response simulations may be required. The final metamodel obtained 

using this procedure is used for predicting the structural response and forms the 

first layer of the dual layer metamodel based fragility assessment methodology. In 

the next step the second metamodel layer is used to obtain the parameterized 

fragility functions. 

4.1.4. Fragility assessment 

In this framework, the second metamodel layer is composed of a logistic regression 

model which is used to predict the fragility of the entire structure or a structural 

component. Logistic regression is chosen for deriving fragility functions since it 

provides a closed form equation for estimating failure probabilities, which may be 

useful for practical applications. Using logistic regression, the probability of an 

event, i.e. exceeding a certain limit state, for given structural and hazard parameter 

can be written as: 
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In the equation above, )(g is a polynomial in X and IM  which represents the natural 

logarithm of odds in favor of the event, where X is a vector of structural parameters 

and IM is a vector of hazard intensity measures. Herein, the logistic regression 

model is trained using a stepwise algorithm, which only retains the most important 

predictors in )(g , the logit function. For this purpose, first, a large set of bridge 

parameters is generated using one of the sampling strategies mentioned in section 

4.1.1. For each parameter combination the structural response is predicted using 
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the metamodel developed in section 4.1.2. Using the structural responses and the 

capacity for the limit state of interest, the state of the structure is determined. If the 

capacity is greater than the demand, there is no failure and a binary variable 

representing failure is marked as 0; however, if failure is observed the binary 

variable is marked as 1. This binary variable and the structural and hazard 

parameters for all the parameter combinations in the newly generated set are used 

to train the logistic regression model in a stepwise manner, wherein each predictor 

is only added if it improves the logistic regression model’s predictive capability. 

Additional details on logistic regression models and their training can be found in 

Hosmer and Lemeshow (1989). This procedure can be repeated for different 

structural components, limit states, and hazards for obtaining fragility functions.  

4.2. Fragility assessment for brittle failure modes 

Herein, brittle failure modes refer to the types of failures where under external 

loading the state of the structure or a specific component changes suddenly from 

safe to failed. Buckling failure of ASTs under external pressure is an example of 

brittle failure; similarly shear failure of reinforced concrete members is also an 

example of brittle failure. The difference in the nature of the structural responses for 

brittle and non-brittle failures, i.e. binary for brittle failures and continuous for non-

brittle failures, leads to differences in the fragility assessment methodology. The 

steps involved in the fragility assessment procedure for brittle systems are 

discussed below and are described in the flowchart shown in Figure 4.2. 
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Figure 4.2. Dual layer fragility assessment method for brittle failures 

4.2.1. Characterizing hazards and metamodel type selection 

The first step in the fragility assessment procedure for brittle failure is the same as 

in the case of non-brittle failure, which involves identifying the potential loads that 

can potentially damage the structure. Based, on the loads and the expected failure 

modes appropriate metamodels may be selected; for brittle failures, generally 

classifiers may be used. 
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4.2.2. Statistical sampling and structural response estimation 

The second step involves, identifying the key structural and hazard parameters that 

affect the structural response. Next, a set of parameter combinations is generated 

using experimental design strategies to uniformly span the space of key parameters. 

For each parameter combination, the state of the system is determined, i.e. safe or 

failed, using closed form equations or finite element simulations. The main 

difference in case of brittle damage, in comparison to non-brittle response, is the 

binary nature of the structural response. 

4.2.3. Response prediction using metamodels 

Several binary classifiers such as support vector machines (SVM), random forest 

(RF) and logistic regression (LR) are considered in this study; additionally, others 

may also be used. Support vector machines (Steinwart & Christmann, 2008, 

Cristianini & Shawe-Taylor, 2000) are used for pattern recognition, regression, and 

classification. This method transforms the input data to a feature space (of 

potentially high dimensions) using different types of kernel functions such as linear 

functions, polynomials, or RBFs. The data points in the feature space are separated 

by hyper-planes which may be non-linear in the original space. Random forest is an 

ensemble of logic decision trees, each trained on a subset of the parameters space. 

For classification of test data, the classification decision of each tree in the ensemble 

is collectively used to determine the majority outcome for the test data (Pavlov, 

2000). Logistic regression, described in section 4.1.3 can also be used as classifier by 

rounding off the failure probability values to obtain binary values. 
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The procedure for training the classifiers is the same as the procedure for 

training the logistic regression model described in section 4.1.3; wherein, the 

structural and hazard parameters are used along with the binary variable describing 

the state of the system. Once all the classifiers are trained, their performance is 

assessed to choose the best metamodel. Since the predictions of the classifiers are 

binary in nature, two main criteria used to judge the performance of the classifiers 

are the misclassification error and confusion matrix. Misclassification error, as the 

name suggests, counts the number of cases that are wrongly classified, i.e. a failure 

as a survival and vice versa. In addition, the confusion matrix (Kohavi & Provost, 

1998) is also used which allows detailed analysis of the classification error, whether 

the misclassification is conservative or not. With two outcomes, i.e. survival or 

failure, the confusion matrix can be formulated as shown in Table 4.1. 

Table 4.1. Confusion matrix 

  
Predicted 

Failure Survival 

Actual 
Failure a b 

Survival c d 

 

In Table 4.1, a and d are the number of instances where the metamodel 

predicts the outcome of the simulation correctly, b and c indicate the number of 

times the metamodel predicts the outcome incorrectly. The accuracy of the model 

can be measured as )()( dcbada  ; the conservativeness can be identified by 

the value of c relative to other values. Predictive accuracy of all the trained 

classifiers may be assessed on a test data set which is 10-20% of the training data 
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set and the test data set is not used for training the metamodels. Based on their 

performance, i.e. their predictive accuracy, the best metamodel is chosen. 

Even if a metamodel has good predictive accuracy, its quality must be further 

assessed to avoid over-fitted models and ascertain the level of uncertainty around 

the predictions of the metamodel; therefore, the quality of the chosen metamodel is 

assessed further. For example, in the case of SVM, the number of support vectors is 

an important criterion that reveals the quality of the model. In addition to accuracy, 

the confidence bounds of logistic regression predictions provide additional 

information on the goodness of fit of the trained model and the uncertainty around 

the predictions of the model. Over-fitted models can be improved by retraining the 

metamodel with a different set of training parameters.  

4.2.4. Fragility assessment 

Among the trained classifiers, if the logistic regression model has the best accuracy 

it may directly be used for fragility assessment if the uncertainty around the 

predictions is not large; i.e. the confidence bounds around the predicted fragility are 

narrow. Logistic regression models with large uncertainty around the predictions 

may be improved with a larger training data set since a larger training data set 

would reduce the uncertainty around the parameter estimates of the metamodel. 

For example, in a logistic regression model the standard errors, which represent the 

uncertainty in the parameter estimates, decrease with an increase in the number of 

training data points. Therefore, a larger training data set may be used when limit 

state evaluations are computationally inexpensive. However, if the size of the 
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training data set is limited due to computational costs, the first logistic regression 

model can be considered as the response metamodel and used for training the final 

logistic regression model, similar to the fragility assessment procedure for non-

brittle failure. The same procedure may be used for cases when logistic regression is 

not the most accurate classifier. The flowchart, in Figure 4.2, also suggests possible 

actions when the metamodels overfit or have low accuracy. 

4.3. Summary 

In this chapter, existing metamodel based fragility assessment methods have been 

generalized to develop dual layer metamodel based fragility assessment 

methodology (DL-MFAM), which can be used for different types of structures 

subjected to various hazards and can be applied to a portfolio of regional 

infrastructure systems. Based on the type of failure, i.e. brittle and non-brittle, 

different types of metamodels are adopted to model the structural response under 

various hazards. For brittle failures classifiers are used for modeling structural 

response and for non-brittle failures regression type metamodels are employed. 

Next, key structural and hazard parameters are identified and a large number of 

combinations of the parameters are created using experimental design strategies. 

For all parameter combinations, the structural response is evaluated (often via finite 

element modeling) and the structural system response is modeled using 

metamodels. Finally, the fragilities are modeled using logistic regression, which may 

be used to propagate uncertainties in variables and estimate the fragility using MCS 

or by numerical integration. In addition to enabling efficient fragility assessment 
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across a regional portfolio, the resulting parameterized fragility functions can also 

be used to evaluate the sensitivity to parameter uncertainty or explore the influence 

of design parameter variation on vulnerability. 
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Chapter 5 

Fragility Assessment of ASTs 

Past reconnaissance studies and flood preparedness guidelines by the EPA have 

identified buckling of tank shells due to wind, flotation due to storm surge, buckling 

of tank shells due to storm surge, and debris impact as the major causes of damage 

to tanks (Godoy, 2007, EPA, 2016, Cozzani et al., 2010). Therefore, this study 

considers flotation and buckling due to wind and surge for performance assessment 

of AST. Debris impact is not considered in this study due to lack of information on 

the amount and type of debris generated in industrial areas; however future work 

should focus on performance assessment of ASTs subjected to debris impact. 

Herein, fragility functions are developed for the major causes of failure for 

different type of ASTs commonly found in regional portfolio of ASTs. The two most 

common types of storage tanks are: fixed roof ASTs and floating roof ASTs. Figure 

5.1 shows schematic representations of fixed and floating roof tanks. The 

differences in the tank roofs differentiate the two types of ASTs. Fixed roof tanks 
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have roofs of different shapes, such as conical (shown in Figure 5.1) and spherical, 

which are fixed at the top of the tank, and are usually supported by columns inside 

the tank. However, the floating roof tanks have roofs that float over the contents of 

the tank and are able to move freely along the height of the tank. Additionally, both 

fixed and floating roof tanks may be anchored to the ground either by design or as 

mitigation measure against flotation failure since providing anchors increases the 

resistance of ASTs against flotation. Herein, fragility functions are developed for 

both fixed and floating roof tanks for both anchored and un-anchored conditions. 

The following section focuses on fixed roof tanks, which usually constitute the 

majority of ASTs in a regional portfolio. 

 
Figure 5.1. Schematic representation of fixed roof tanks (a) and floating roof 

tanks (b) 

5.1. Fragility assessment of fixed roof tanks 

5.1.1. Wind buckling fragility 

Strong winds during hurricanes exert excessive pressure on tank shells, which 

causes instability in the tank shell and ultimately leads to buckling. In most of the 
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cases, buckling leads to deformations in the tank shell which, in the case of elastic 

deformations, may be removed by pulling the deformed section of the shell. 

However, in the case of inelastic deformation, the buckled section of the shell needs 

to be replaced. Buckling of the tank shell influences the immediate post event 

functionality of tanks and also leads to direct and indirect economic losses. Since 

shell buckling is a brittle failure; herein, wind buckling fragility of ASTs is assessed 

following the fragility assessment procedure for brittle failure modes described in 

Chapter 4.  

5.1.1.1. Key tank and wind load parameters 

In the first step, in Figure 4.2, the key parameters affecting the buckling 

performance are selected. The strength of tank shell material, level of fill inside the 

tank providing resistance against buckling, density of the contents, dimensions of 

the tank, and wind speed may significantly influence the buckling performance of 

ASTs. Therefore, these parameters are considered as variables for wind buckling 

fragility assessment of ASTs. Table 5.1 shows the range of these variables 

considered in this study; l is the relative density of contents (i.e. the ratio of the 

density of the stored contents to the density of water, 1000 kg/m3), Sd is the product 

design stress which indicates the strength of the tank shell. A larger value of Sd 

would lead to thinner shells and vice versa. Tank height (H), not shown in Table 5.1, 

is assumed to be correlated to tank diameter, as observed from the analysis of tank 

dimensions for over 4.0103 tanks in the Houston Ship Channel. Based on this 

analysis, the lower and upper bound for the tanks’ aspect ratio (H/D) are derived as: 
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 Dln5.025.0exp   and  Dln95.007.3exp  , respectively. For each tank, with a 

given diameter, the tank height is obtained by randomly selecting an aspect ratio 

within the bounds and multiplying it with the tank diameter.  

5.1.1.2. Experimental design and finite element modeling 

In the second step, Latin Hypercube Sampling (LHS) is used generate a large number 

of tank parameter combinations to efficiently span the range of variables shown in 

Table 5.1 along with tank height. Herein, 1800 parameter combinations are 

generated for training the metamodels and 200 combinations are generated for 

testing the performance of the metamodels. The size of the test and training data 

sets are restricted by the computational costs finite element simulations. 

Additionally, sufficiency of the number of training data points will be indirectly 

assessed in the following subsection by evaluating the accuracy of response 

metamodels. In order to assess the wind buckling performance of ASTs for each 

combination of parameters, step 3 in Figure 4.2, a tank is designed as per API 650 

design guidelines (API, 2013) and modeled in LS-DYNA (Hallquist, 2012). Based on 

the height, diameter, relative density of liquid stored, and the material used for 

construction of the tank, the API 650 design guideline is used to obtain the thickness 

of shell courses of the ATSs and section properties of the stiffening rings, if required.  

The tank and roof shells are modeled with four node and three node shell 

elements respectively. The size of the shell elements is kept fixed at 0.25 m based on 

a mesh convergence analysis for tanks of different dimensions. The stiffening rings 

and the roof rafters are modeled as beam elements with section properties 
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prescribed by API 650. The arrangement of rafters in the roof is based on Portela 

and Godoy (2005a) and the roof is assumed to have a shell thickness of 7.9 mm. All 

the tank components, i.e. the shell and the stiffening rings, are modeled using the 

steel type elastoplastic material. In addition to the tank shell, roof, and the stiffening 

rings, this study also models the geometric global imperfections in the tank shell. 

Modeling the geometric imperfections present on the tank shell is important since 

imperfections can significantly affect the buckling capacity of tanks. Therefore, the 

imperfection modeling scheme proposed by Kameshwar and Padgett (2015a) is 

adopted, which uses a two dimensional Fourier series expression with random 

coefficients to model the imperfections in the tank shell. The characteristics of the 

random Fourier coefficients are determined based on actual imperfections 

measured on tanks and silos from Germany and Australia, respectively. 

Furthermore, the magnitude of imperfections is also considered to be uncertain as 

prescribed by Kameshwar and Padgett (2015a). Further details on the imperfection 

modeling approach are provided in Appendix A. In order to verify the modeling 

procedure adopted in this study, one of the tanks studied by Virella et al. (2003) was 

modeled and the natural period of the tank was compared with the values reported 

by Virella et al. (2003); the eigen values of the tank evaluated in this study were 

within 5% of the eigen values reported by Virella et al. (2003).  

In the finite element model, hydrostatic pressure is applied on the inside of 

the tank shell to model the hydrostatic pressure applied by the contents of the tank. 

In the finite element model, hydrostatic pressure is applied on the inside of the tank 

shell to model the hydrostatic pressure applied by the contents of the tank. The 
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external wind pressure is modeled using the generalized wind pressure distribution 

described in Eurocode EN 1993-4-1 (2007), which is based on wind tunnel tests of 

tanks with different aspect ratios. The wind pressure distribution around the tank 

circumference,  P , as per EN 1993-4-1 is: 

           2cos20.004.1cos04.028.016.054.0 LDLDLDP 

       4cos05.014.03cos05.036.0 LDLD             5.1 

In the above equation, θ = 0 refers to the windward side and θ = π (180°) is 

the leeward side, λ is a reference pressure which can be adjusted to change the 

magnitude of wind pressure, and L is the total height of the tank, including the 

height of the roof. While this approach precludes the consideration of dynamic 

effects from tank-wind interactions, it may be considered appropriate for this study 

since dynamic effects of wind have been found to less significant for wind buckling 

of ASTs (Flores & Godoy, 1998). 

Table 5.1. Range of tank parameters considered for fragility analysis of ASTs 

Parameter Description Lower bound Upper bound 

D (m) Diameter 5.0 70.0 

l  Relative density of contents 0.5 1.0 

L (m) Fill level 0.0 0.9H 
V (m/s) Wind speed 0.0 300.0 

S (m) External inundation height 0.0 10.0 
Sd (MPa) Product design stress 137.0 196.0 

d (m) Anchor diameter 6.35X10-3 6.35X10-2 
c1 (m) Edge distance 0.05 0.6 
hef (m) Embedment length of anchor 0.15 1.0 

fc (MPa) Concrete strength 20.0 40.0 
fy (MPa) Steel strength 250.0 550.0 

na Number of anchors 4 880 
sp (m) Anchor spacing 0.25 4.0 

kseal (kN/m/m) Seal stiffness for floating roofs 40 4000 
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In this study, considering the external wind pressure and the counteracting 

hydrostatic pressure caused by the contents of the tank, the minimum reference 

wind pressure, λcr, which causes the tank to loose stability (i.e. causes buckling) is 

identified. In this study, the minimum reference wind pressure that causes buckling 

is termed as the critical wind pressure. In order to evaluate the critical wind 

pressure, a load control scheme is employed wherein at each step the reference 

wind pressure is incremented and equilibrium analysis is performed; additionally 

eigen value analysis is performed at each time step. Negative eigen values indicate 

loss of stability, i.e. initiation of buckling. Therefore, the reference wind pressure 

corresponding to the time step at which eigen values turn negative is considered as 

the critical wind pressure that causes buckling. This approach enables efficient 

assessment of critical wind pressure while considering the effects of material and 

geometric non-linearities. 

5.1.1.3. Metamodel fitting and fragility function development  

Herein, the wind velocity corresponding to the critical wind pressure, critical wind 

velocity, Vcr, is compared with the assigned wind speed V to determine if the tank 

has failed, generating a binary output for each simulation – 1 for fail and 0 for safe. 

The binary output is used to train metamodels to predict the failure of ATSs. The 

binary output and the parameter combinations are used to train three classifiers: 

support vector machines (SVM), random forest (RF), and logistic regression (LR). 

Herein, for all classifiers, the minimum acceptable accuracy is considered as 91%, 

which is chosen to avoid ratios of false positives and negatives to true positive and 
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negative greater than 0.1. This condition is also imposed for classifiers with more 

than 91% accuracy as well. Among the three metamodels random forest is found to 

be the most accurate metamodel with 95% accuracy, which is chosen as the first 

metamodel layer. This random forest model is used to obtain the buckling response 

of a set of 10000 parameter combinations to train a logistic regression model to 

predict the wind buckling fragility. The resulting logistic regression model, trained 

step-wise, on a random forest metamodel, has 95% classification accuracy. The 

logistic regression model can be used to obtain the probability of failure as: 
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In the above equation,  dlwb SLVHDg ,,,,,  is the logit function for wind buckling; 

which predicts the logarithm of the odds in favor of wind buckling. The logistic 

regression model shown in Equation 5.2 can be used to efficiently predict wind 

buckling failure for a large number of tanks without any finite element simulations. 

Additionally, the fragility function may also be used to study the sensitivity of the 

fragility to variation in tank geometry and relative density of contents. Such a format 

is particularly attractive for risk and resilience modeling of a portfolio of tanks with 

a range of design and geometric parameters. However, use of fragility functions that 

are applicable for a wide range of parameters may lead to reduced accuracy in 
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predictions for certain ASTs. Therefore, in order to gain confidence in the 

predictions of the fragility model, following sub-sections compare tank specific 

fragilities with the logistic regression based fragility estimates for all causes of 

failure. 

5.1.2. Storm surge flotation fragility: un-anchored tanks 

Flotation failure of ATSs is governed by Archimedes principle; i.e., the tank fails due 

to flotation if the buoyancy forces exceed the total self-weight of the tank. Flotation 

failure of ASTs could break pipelines connected to the tanks and, in the worst case, 

rupture the tank shell. Therefore, flotation failure of ASTs could lead to potentially 

catastrophic spills. Since flotation is also a brittle failure, herein, flotation fragility of 

ASTs is assessed following the fragility assessment procedure for brittle failure 

modes.  

5.1.2.1. Key parameters 

As flotation fragility is governed by Archimedes principle, the key parameters 

affecting the flotation behavior include: tank geometry – H and D; parameters that 

affect the buoyancy forces – storm surge inundation (S), the relative density of sea 

water (ρw); parameters that affect the self-weight of the tank – l , L, the thickness of 

the tank’s shell (ts), shell thickness of the tank’s base (tb), the thickness of roof shell 

(tr), and density of steel (ρs). Since tanks are designed as per API 650, the thickness 

of the base plate and the shell courses (tr, tb, ts) are obtained based on tank 
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dimensions and l ; additionally the weight of the stiffening rings may also be 

added, if required. 

5.1.2.2. Experimental design and tank flotation modeling 

Latin Hypercube Sampling is performed to generate sufficiently large number of 

(10.0103) combinations of D, H, S, L, l , ρw and Sd. Other parameters such as tr, tb, 

and ts are obtained following the API 650 guideline using the tanks’ geometry and 

relative density of contents. Herein, ρs and ρw are not used to parameterize the 

fragility functions since values for these variables cannot be controlled by a design 

engineer or managers operating ASTs. So they are randomly varied as per 

distributions shown in Table 5.2, which accounts for the natural variation in their 

values. Additionally, a set of 10.0102 parameter combinations is generated for 

testing the metamodels. 

For each parameter combination, the buoyancy forces can be evaluated as: 
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Typically, tank height, H, is greater than the surge height; therefore, Equation 5.3a is 

used most of the time. The above equations are applicable before the tank floats; 

once the tank is afloat, the buoyancy force will be equal to the self-weight of the 
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tank. The net resistance against flotation (Rf), i.e. the self-weight, can be evaluated as 

the sum of the weight of the tank shell and the stored contents: 
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5.1.2.3. Metamodel fitting and fragility function development  

For each parameter combination created by LHS, buoyancy and self-weight are 

compared and the tanks are classified as either failed or safe. The binary outcome of 

the comparison is used to train support vector machines, random forest, and logistic 

regression models. The accuracy of the three metamodels, SVM, RF and LR, for the 

test set is: 98.9%, 98.3% and 99.9% respectively. Since the most accurate model is 

logistic regression, which is also observed to have low uncertainty around the point 

estimates of failure probability this LR model is chosen directly for fragility 

modeling. The logit function for flotation fragility of un-anchored tanks is: 
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5.1.3. Storm surge flotation fragility: anchored tanks 

5.1.3.1. Key parameters 

Flotation failure of anchored tanks is also governed by Archimedes principle. 

However, in the case of anchored tanks, the anchors provide additional resistance 

against flotation. Therefore, in addition to the parameters listed in section 5.2.1, 

parameters related to the anchors such as the diameter of the anchor bolt (d), 
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embedment depth of the anchors (hef ), yield strength of anchor bolts (fs), strength of 

concrete ( fc), edge distance (c1), area of the anchor head (Ah), number of anchors 

(na), and anchor spacing (sp) also affect the flotation failure of anchored ASTs.  

5.1.3.2. Experimental design and tank flotation modeling 

As in the case of un-anchored tanks, Latin Hypercube Sampling is performed to 

generate a training data set containing 10.0103combinations of D, H, S, ρl, L, fs, fc As, 

hef, c1, na, ρw and Sd; and the test set consists of 10.0102 parameter combinations. 

The modeling of tank self-weight and buoyancy forces remain the same for both – 

un-anchored and anchored tanks. Therefore, buoyancy forces and self-weight are 

evaluated using Equations 5.3 to 5.5. The additional resistance against flotation for 

anchored tanks (Ra) due to the presence of anchors is governed by several failure 

modes – yielding of the anchor, concrete cone failure, and side face blow out. The 

failure mode with least strength dictates the strength of the anchor. Overall 

resistance provided by the anchors and the capacity associated with each of the 

failure modes can be evaluated using the following equation (Eligehausen et al., 

2006): 
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75.05.075.0

13 9.20 chcb fAcR                     5.6e 

na is the number of anchors; Rs, Rcc1, Rcc2, and Rcb are anchor yielding strength, 

concrete cone failure strength when sufficient edge distance is available, concrete 

cone failure strength in absence of sufficient edge distance, and side face blowout 

strength respectively. As is anchor bolt area which is calculated using the diameter 

of the anchor bolt as πd2/4; fut refers to ultimate steel strength which is calculated as 

1.9 times steel strength (fs); 0

,, NCNC AA is the ratio of the projected areas of the 

concrete cone for anchors with limited and large edge distance respectively, ψS,N ≤1 

is a modification factor; and Ah is the area of the anchor head. In Equation 5.6, the 

unit of measurement for length is millimeter and for force is Newton. In Equations 

5.6c, 5.6d and 5.6e, ε1, ε2 and ε3 are bias removal and model error factors modeled as 

normal random variables; distribution parameters are described in Table 5.2. For all 

of the three anchor failure modes, the model errors have mean values close to one, 

which indicates that resistance estimates in Equation 5.6 are not biased. 

Additionally, the standard deviation for these model error terms are also low which 

indicates low uncertainty in the resistance estimates. The range within which 

variables such as: D, H, ρl, L, fs, fc As, hef, c1, and na are varied to parameterize the 

fragility functions is shown in Table 5.1. 

Table 5.2. Distribution of random parameters  

Parameter Distribution* 

ρw  Uniform (1.020, 1.029) 
ρs  Uniform (7.750, 8.050) 
ε1 Normal (0.99, 0.18) 
ε2 Normal (1.04, 0.26) 
ε3 Normal (0.96, 0.19) 
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*The numbers in the parenthesis show the lower and upper bounds for a uniform 
distribution and mean and standard deviation for a normal distribution. 

 

5.1.3.3. Metamodel fitting and fragility function development  

The sum of tank self-weight and anchor resistance is compared against the 

buoyancy forces to determine the safety of ASTs; the resulting outcome is used to 

train classifiers. The accuracy of SVM, RF, and LR models trained on 10.0103 

parameter combinations is: 95.4%, 93.4%, and 97.3% respectively. Even though the 

logistic regression model is observed to have the best accuracy it is not directly 

chosen for fragility modeling because the LR model was observed to have a very 

wide 95% confidence interval. The wide confidence interval is indicative of large 

uncertainty associated with the coefficients for the terms in the logit function. This 

uncertainty can be primarily attributed to the uncertainty in the strength of the 

anchors, contributed by the bias removal factors ε1, ε2 and ε3. The standard error of 

the coefficients can be considered as standard deviation estimates; if large 

uncertainties are present, a larger number of simulations will be required to 

estimate the variance accurately. Therefore, to reduce the width of the confidence 

bounds for the logistic regression model a larger training data set containing 

1.0X105 is samples used. The resulting LR model has an accuracy of 97.3% and is 

observed to have narrow confidence intervals. The logit function for anchored tanks 

consists of more than 50 terms and is shown in Table B2, in Appendix B. 



88 

5.1.4. Storm surge buckling  

Tanks that are restrained from floating away either due to the presence of anchors 

or due to the local topography may buckle due to the large hydrostatic pressure 

created by storm surge inundation. Past studies have shown that at high inundation 

levels anchored tanks are more vulnerable to buckling than flotation (Kameshwar & 

Padgett, 2016 (in review), Kameshwar & Padgett, 2015b). Storm surge buckling 

failure may rupture the tank shell near the joints for pipelines and may lead to spills. 

Like wind buckling, storm surge is also a brittle failure; therefore, the fragility 

assessment procedure for brittle failures is employed.  

5.1.4.1. Key parameters 

The key tank parameters influencing storm surge buckling are the same as wind 

buckling; i.e. D, H, L, ρl, and Sd.  However, in the case of storm surge, the storm surge 

inundation depth replaces the wind speed as the hazard parameter. Thus storm 

surge related key parameters are: storm surge inundation depth (S) and relative 

density of sea water (ρw). 

5.1.4.2. Experimental design and finite element modeling 

Experimental design and finite element modeling are the same as in case of wind 

buckling. However, the key difference in the finite element simulations is in the 

modeling of external loads. Herein, for storm surge, the hydrostatic water pressure 

created by storm surge is directly applied on the outer surface of the tanks’ walls. 

For each tank, the critical surge height (Scr), i.e. the maximum surge height or 
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inundation depth that the tank can resist before buckling, is evaluated. In order to 

evaluate Scr, the surge height is increased at each time step and eigen values are 

obtained to determine if the tank has buckled; the inundation level that leads to tank 

buckling is considered as Scr. 

5.1.4.3. Metamodel fitting and fragility function development  

Following the procedure used for wind buckling of ASTs, SVM, RF, and LR models 

are trained to predict the surge buckling behavior of the tanks in the test set. The 

accuracy of the three classifiers is: 94.9%, 93.9% and 95.4% for SVM, RF, and LR 

respectively. Even though the LR model has the highest accuracy, confidence 

intervals around its predictions are observed to be broad. Therefore, a large training 

set containing 1.0104 parameter combinations is generated and the second logistic 

regression model is trained on the output of the first LR model, which has 95.4 % 

and narrower 95% confidence bounds. The logit function for the final LR models is 

shown below: 
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5.2. Fragility assessment of floating roof tanks 

Floating roof tanks are commonly found in tank farms and industrial facilities. They 

are primarily used to store volatile substances in order to reduce vapor losses and 

avoid accidental fire and blast incidents due to ignition of the vapors. For this 
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purpose, the roof of the tank is designed to float over the liquid stored in the tank; 

therefore, it is not directly connected to the tank’s shell. The roof and the tank shell 

are connected through a rim seal provided around the circumference of the floating 

roof to prevent loss of vapors in to the atmosphere and to allow easy movement of 

the roof along the height of the tank. The rim seal consists of several components 

such as a sealing ring, a flexible seal, and a hanger like mechanism that connects the 

roof to the sealing ring which is in contact with the tank’s shell, additional details on 

floating roof tank can be found in Myers (1997). The presence of the floating roof 

and the connecting rim seal may influence the buckling response of ASTs under 

hurricane loads and strong winds. Therefore, separate fragility curves are necessary 

to evaluate the buckling performance of ASTs with floating roofs. Since, fragility 

functions for floating tanks are not available in the literature for wind and storm 

surge induced loads, this study develops new fragility models. 

5.2.1. Wind buckling  

5.2.1.1. Key parameters 

In addition to the parameters considered for wind buckling of fixed roof tanks (D, H, 

V, L, l , and Sd) the buckling response of floating roof ASTs may be also influenced 

by the characteristics of the rim seal. However, information on the characteristics of 

rim seal such as stiffness, which may vary among tanks, is not available in the 

literature. Furthermore, only a few studies have modeled the floating roof along 

with the rim seal. Hosseini et al. (2011) have performed seismic analysis of a 

floating roof tank wherein they have modeled the rim seal with discrete radial 
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springs provided at every 5 degree interval, each having a stiffness of 1500 kN/m. 

This stiffness value was reported for a tank with 109 m diameter, i.e., the radial 

stiffness of the seal is considered to be 315 kN/m/m. Alternative estimates for the 

stiffness of the rim seal are not available in the literature; moreover, the stiffness of 

the rim seal may vary among tanks. Therefore, this study varies the seal stiffness 

(kseal) 40 to 4000 kN/m/m, which covers a range of kseal which is an order of 

magnitude lower and higher than the value reported in Hosseini et al. (2011). In 

addition to the variables considered for wind buckling of fixed roof tanks, this study 

also considers kseal  as one of the important parameters. 

5.2.1.2. Experimental design and finite element modeling 

Parameter combinations are generated using LHS, 1800 for training and 200 for 

testing. For each parameter combination, the tank was designed using API 650 and a 

finite element model was created where the roof was modeled using radial springs 

whose one end was attached to the tank shell and other end was fixed, assuming 

rigidity of the floating roof in the radial direction. Each tank is subjected to the wind 

pressure distribution described in Equation 5.1 and the critical wind pressure and 

velocity are obtained.  

5.2.1.3. Metamodel fitting and fragility function development  

Among the three trained metamodels – RF, SVM, and LR – random forest is selected 

as the first metamodel which has a predictive accuracy of 92%. The random forest 

model is used to predict the buckling response for 1.0104 parameter combinations 
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used to develop the final logistic regression model, which has 91.5% accuracy. The 

logit function, wbfg , for wind buckling of floating roof tanks is obtained as: 
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Since the logistic regression model is developed in a step-wise manner, only 

the most influential parameters are included in the final logit function. Even though 

l  and kseal can influence the buckling response, the step-wise logistic regression 

methodology excludes them form the final logit function. Exclusion of l  and kseal 

from the logit function implies that the effect of these variables on buckling 

performance is less than the uncertainties in buckling response caused by the 

presence of geometric imperfections on the tank shell. 

5.2.2. Storm surge flotation: anchored and un-anchored tanks 

The main source of difference in the flotation behavior of ASTs with fixed and 

floating roof tanks would arise from the difference in the weight of the roof. Floating 

roofs may have larger self-weight in comparison to fixed roofs. However the 

combined weight of the tank shell and the roof is usually a small fraction of the total 

self-weight of tank that includes the contents (less than 5%). Primary resistance 

against flotation is provided by the weight of the liquid stored in the tank and 

anchors, if any. Hence the self-weight of the tank roof contributes negligibly to the 

overall resistance against flotation and the minimal differences that arrive from roof 

type are insignificant. Moreover, in comparison to the buoyancy forces, the weight 
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of the tank shell and roof are negligible. Therefore, this study uses the same fragility 

function for flotation failure of ASTs with fixed and floating roofs, for both un-

anchored and anchored tanks.  

5.2.3. Storm surge buckling 

5.2.3.1. Key parameters 

Storm surge buckling response, like wind buckling response, of ASTs with floating 

roofs may also be influenced by the presence of the floating roof. Therefore, kseal is 

included in the list of key parameters along with D, H, L, ρl, ρw, and Sd; the range of 

kseal is shown in Table 5.1. 

5.2.3.2. Experimental design and finite element modeling 

Similar to wind bucking, two sets of tank parameters are generated for training and 

testing the metamodels, consisting of 1800 and 200 parameter combinations 

respectively. The tanks, designed as per API 650, are modeled using the 

methodology used for modeling fixed roof tanks while the floating roof is modeled 

using seal springs.  

5.2.3.3. Metamodel fitting and fragility function development 

SVM, RF, and LR models are trained based on the buckling response of the tanks and 

the support vector machine model is chosen as the first metamodel, which has an 

accuracy of 94.5%. The SVM model is further used to train the logistic regression 
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model which has 94.0% accuracy. The logit function ( sbfg ) for the final logistic 

regression model is shown below: 
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The logit function shown above does not include kseal; which may be attributed to 

the limited the influence of variation in seal stiffness on Hcr in comparison to the 

effect of other variables and the inherent variability in Hcr due to the presence of 

geometric imperfections. 

5.3. Discussion 

5.3.1. Validation of fragility models 

In order to gain confidence in the predictions of the fragility functions developed in 

this chapter, the fragility functions need to be validated. For this the predictions of 

the fragility functions need to be compared against the actual hurricane 

performance of ASTs. However, sufficient details, i.e. tank and hazard information, 

are not available for past tank failures. Therefore, this study compares tank specific 

fragility estimates with the predictions of the fragility functions for several tanks, 

spanning the entire range of tank diameters. Herein results of validation are shown 

for a typical tank, shown in Figure 5.2, which is 15.0 m in diameter, has a height of 

10.0 m and contains a liquid with relative density of 0.75. The tank dimensions and 
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results of validation for the other tanks are presented in Appendix B. The tank 

specific fragility estimates are obtained by performing Monte Carlo simulations for 

flotation failures. For buckling related failures tank specific fragility is obtained 

following the procedure outlined in Kameshwar and Padgett (2015b) where the 

fragility function is obtained based on results from 100 simulations for the typical 

tank (i.e. with given geometry) yet considering variations in liquid height (L) and 

hazard parameters. Figures 5.2a and 5.2b show the un-anchored and anchored case 

study tanks with their shell courses, conical roof design, and anchors (for anchored 

case). For the case study tank, 95% confidence intervals are inspected to show the 

level of uncertainty in the predictions of the logistic regression based fragility 

models. First, the flotation fragility of the case study tank is evaluated using Monte 

Carlo simulations (MCS) with 1.0X105 samples wherein the liquid level in the tank is 

varied as a uniformly distributed random variable between 0.0 to 9.0 m and the 

failure probability is calculated at different surge heights. While using the fragility 

functions, the uncertainty in liquid height is propagated by numerically integrating 

the fragility function with the probability density function (PDF) of liquid height 

 Lf : 

    dllfSlHDFloatationPSHDFlotationP Lll )(,,,,,,,          5.10 
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Figure 5.2. Case study tank (a) un-anchored (b) anchored 

Figure 5.3 compares the failure probabilities obtained using tank specific 

fragility estimates obtained using MCS and logistic regression for un-anchored 

tanks. Furthermore, the lower and upper bounds of the 95% confidence interval for 

the predictions obtained using logistic regression are also shown in Figure 5.3, 

which reflect the model error in the logistic regression models. The confidence 

interval bound directly shows the range within which the actual failure probability 

may lie; indirectly, it shows the magnitude of standard errors associated with the 

coefficients. Small standard errors are desirable since it ensures that uncertainties 

contributed by the logistic regression model are low and uncertainty added due to 

metamodeling is minimal. The close agreement between the MCS performed with 

1.0105 simulations and LR results as well as the extremely narrow confidence 

intervals observed in Figure 5.3 instill confidence in the fragility model developed in 

this chapter. Additionally, the differences in the tank specific fragility estimates and 

the fragility estimates from logistic regression models ( fragility ) are quantified using 

the following metric which is similar to the percentage difference across the entire 

range of intensity measure: 
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where, PTS is tank specific fragility estimate, PLR is the fragility estimate from logistic 

regression, X is a vector of tank parameters, and IM is hazard intensity measure, 

such as wind speed and storm surge. The fragility  for the case shown in Figure 5.3 

considering flotation fragility of a representative un-anchored tank is 1.2%. 

 

Figure 5.3. Comparison of tank specific and generalized fragility function for 

flotation failure of tge un-anchored case study tank 

 

Figure 5.4 shows the confidence bounds and the comparison of the fragility 

curve with MCS based tank specific fragility estimate for the anchored case study 

tank ( fragility =7.0%). Close agreement between the fragility curve obtained from 
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MCS and LR highlights the accuracy of the logistic regression models developed 

herein for fragility assessment of anchored tanks.  

The predictions of the LR model for wind and storm surge buckling fragility 

of fixed roof case study tank are compared with the tank specific fragility estimate in 

Figures 5.5 ( fragility  = 3.0%) and 5.6 ( fragility  = 7.5%). Additionally, these figures 

also show the 95% confidence intervals for the point estimates of failure probability 

using logistic regression. 

 

Figure 5.4. Comparison of tank specific and generalized fragility function for 

flotation failure of the un-anchored case study tank 
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Figure 5.5. Comparison of tank specific and generalized fragility function for 

wind buckling failure of the case study tank 

 

Figure 5.6. Comparison of tank specific and generalized fragility function for 

surge buckling failure of the case study tank 
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From Figures 5.5 and 5.6, overall, a good agreement is observed between the 

generalized fragility model and the tank specific fragility estimate. Furthermore, the 

logistic regression predictions have narrow 95% confidence intervals. For wind 

buckling, small differences are observed around 120 m/s wind speed and similarly 

small differences are observed for storm surge buckling around 5.0 m inundation. 

However, it must be noted that the generalized fragility functions are applicable for 

a wide range of tank dimensions and parameters. Additionally, the differences in 

surge buckling fragility estimates from the LR model and the tank specific estimate 

between 3.5 m to 5.5 m surge arise due to the slight differences in the modeled 

response. These differences are further compounded by the uncertainties in the 

buckling response emanating from the geometric imperfections and the level of 

liquid stored in the tank, which affect both the fragility estimates.  

The same case study tank is modeled with a floating roof to obtain high 

fidelity fragility estimates for wind and storm surge buckling. Figure 5.7 ( fragility

=5.8%) and 5.8 ( fragility  = 9.8%) compare the tank specific fragility estimates with 

the fragility estimates from the generalized fragility functions for floating roof tanks 

for wind and storm surge respectively. Additionally, the 95% confidence intervals 

for the failure probability estimates obtained using logistic regression are also 

shown in Figures 5.7 and 5.8. Similar to fixed roof tanks, the generalized fragility 

estimates for the floating roof tanks have some differences when compared with the 

high fidelity estimates. However considering the range of applicability of the 

generalized fragility functions these fragility estimates are reasonably good. 
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Figure 5.7. Comparison of tank specific and generalized fragility function for 

wind buckling failure of the case study tank with a floating roof 

 

Figure 5.8. Comparison of tank specific and generalized fragility function for 

surge buckling failure of the case study tank with a floating roof 



102 

5.3.2. Comparison of fragility for different tank types and failure modes 

Since the flotation fragility for fixed and floating roof tanks are expected to be 

similar, Figures 5.9 and 5.10 compare the buckling fragilities of the case study tank 

for wind and storm surge respectively. The median wind speed for buckling is very 

close for the two roof types; however, presence of the floating roof adds significant 

uncertainty in the fragility. Even though the variation in stiffness of the sealing ring 

in the floating roof tanks is not observed to cause significant changes in the buckling 

behavior, the presence of the floating roof increases the buckling resistance of the 

tank, for the case study tank. This observation could be attributed to the additional 

stiffness contributed by the floating roof tank. Next, for storm surge buckling, the 

fragility curves for the two roof types are close to each other, indicating that the 

difference in roof type does not significantly affect the fragility for the case study 

tank. The observations from Figures 5.9 and 5.10 are specific to the case study tank 

selected in this study. However, the fragility functions developed in this study can be 

used to facilitate such comparisons for tanks with different dimensions. 
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Figure 5.9. Comparison of wind buckling fragility of the case study tank with 

fixed and floating roofs 

 

Figure 5.10. Comparison of surge buckling fragility of the case study tank with 

fixed and floating roofs 
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5.3.3. Comparison of fragilities for different failure modes 

Comparison of fragility for different causes of failure can provide insights that can 

be used to prevent failure of tanks. Figure 5.11 compares the fragility for the case 

study tank for flotation and buckling failure. Without any anchors the tank has high 

failure probability for even low storm surge inundation values. However, anchoring 

the tank with 25.4 mm spaced at 0.6 m, shown in Figure 5.2b, significantly reduces 

the failure probability. The reduction in the failure probability is so drastic that the 

anchored tank has higher chance of failing due to buckling. However, the reduction 

in failure probability will vary with anchor spacing. This observation showcases the 

need to evaluate system fragility considering different causes of failure and 

correlations between them. This observation also highlights the potentially 

competing effect of flotation and buckling failures on the design of anchoring 

systems for ASTs. On the other hand, increasing the liquid level in the tank has a 

complementary effect since higher liquid levels decrease the fragility for both the 

causes of failure. 
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Figure 5.11. Comparison of case study tank’s fragilities for different failure 

modes 

From Figures 5.5 and 5.6 the median wind speed and storm surge inundation for 

buckling are 124 m/s and 5.1 m respectively. In the Houston Ship Channel, this wind 

speed corresponds to a return period of over 1000 years while 5.0 m inundation 

depths could be caused by a 100 year storm surge event. This comparison highlights 

that for the case study tank, wind buckling is less likely to cause failures, in 

comparison to storm surge buckling. Furthermore, comparison of fragilities for 

different causes of failure due to storm surge alone suggests the need for 

assessment of system fragility of ASTs. 

5.3.4. System fragility assessment 

This study uses the dual layer fragility assessment procedure for brittle failure 

modes to evaluate the system fragility for ASTs subjected to storm surge. For this 



106 

purpose, this study considers the two causes of failure in series since tank failure in 

either mode may influence the immediate functionality of the tanks and, in the 

worst case, a spill may result. System fragility functions are developed separately for 

anchored and un-anchored tanks with fixed roofs; the same procedure can be used 

for floating roof tanks as well. Herein, the final metamodels used for fragility 

assessment of individual modes are used to predict failures for a dataset containing 

10000 parameter combinations. For assessment of buckling failures, the depth of 

inundation with respect to the base of tank is considered as the intensity measure 

for fragility assessment. For tanks that do not become buoyant, the depth of 

inundation for buckling is the same as the depth of water at the tank’s location. 

However, when the tank becomes buoyant, for buckling assessment, the water 

height above the base of the tank is used. SVM, RF, and LR metamodels are trained 

on a data set containing 1.0X104 samples generated by LHS to identify cases which 

have failed in either of the modes or both of the modes. For un-anchored and 

anchored tanks, logistic regression is found to be the most accurate model with 

99.8% and 95.9% accuracy respectively with narrow confidence intervals. Since 

logistic regression models are selected for fragility assessment, the failure 

probability is directly predicted using the logit function. The logit functions for the 

system fragility estimation are provided in Tables B3 and B4 in Appendix B. In the 

above mentioned procedure, correlation between causes of failure is inherently 

considered in the system failure outcome, which is further used to train 

metamodels. Therefore, the metamodels also learn the correlations in the causes of 

failure along with the system behavior. Thus, the approach proposed herein 
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automatically considers correlations between causes of failure while the predicting 

system response and fragility. 

Four ASTs are selected to demonstrate the applicability of the fragility 

functions to study the effect of variation in parameters and possible application to a 

regional portfolio of ASTs. The tanks’ dimensions cover a wide range of tank 

dimensions observed in tank farms and industrial facilities. Table 5.3 shows the 

dimensions of the tanks and the assumed relative density of the contents stored in 

each of the tanks. Fragility curves for flotation, buckling, and tank system are plotted 

for all four tanks for un-anchored and anchored cases. For anchored tanks, 25.4 mm 

diameter anchor bolts with 30 cm embedment and 10 cm edge distance are 

provided at 0.6 m spacing. Anchor spacing is kept constant for all of the tanks to 

enable consistent comparison of the flotation fragility curves. Figures 5.12a to 5.12d 

show the fragility curves for tanks 1 through 4 respectively, un-anchored and 

anchored. The four figures clearly show that for un-anchored tanks, system failure is 

dominated by flotation failure. Due to the low self-weight of ASTs, flotation failure 

commences at a very low inundation depth; on the other hand, due to the inherent 

buckling resistance capacity in ASTs buckling does not commence until around 3.0 

m of inundation. Due to this disparity in ASTs’ inherent resistance for different 

causes of failure, flotation failure completely dominates the system behavior of un-

anchored tanks.  

Comparison of flotation failure probability among un-anchored and anchored 

tanks shows that anchoring the tanks drastically decreases the probability of 
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flotation; for all the four tanks, anchoring causes over 50% reduction in flotation 

failure probabilities. For the given arrangement of anchors, anchoring is most 

effective for small diameter tanks – 2 and 3. Since the anchors are spaced at an equal 

distance for all four tanks, the total resistance provided by the anchors increases 

linearly with an increase in diameter while the uplift forces see a quadratic increase. 

Therefore, for large diameter tanks, the anchors must be closely spaced for a drastic 

decrease in flotation probability. Nevertheless, anchoring the tanks leads to a 

decrease in flotation failure probability. Due to the decrease in flotation probability 

of anchored tanks, the buckling failure probability exceeds the flotation probability 

at large surge heights, as in the case of tank 4. However, failure of small diameter 

anchored tanks, such as tanks 2 and 3, is dominated by buckling failure at all surge 

heights. Therefore, the system fragility is primarily dominated by buckling failure, 

which can be clearly seen from the comparison of buckling and system fragility 

curves in Figures 5.12b and 5.12c. For large diameter anchored tanks, both causes of 

failure influence the system fragility. Observations from figures 5.12a and 5.12d 

show that for large diameter anchored ASTs, flotation dominates at low surge 

heights and at high surge heights buckling is dominant. This trend can be attributed 

to the anchor spacing and the inherent buckling resistance in ASTs. At a smaller 

anchor spacing the system failure for tanks 1 and 4 would be dominated completely 

by buckling failure as in the case of tanks 2 and 3. These observations suggest that 

for anchored tanks, depending on the anchor spacing, flotation may dominate at low 

surge heights and buckling may dominate the system behavior at large heights, 

above 4.0 m. Such high surges can be expected in regions housing ASTs such as the 
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Houston Ship Channel (Christian et al., 2014), which has over 4000 tanks. Moreover, 

climate change adds uncertainty to the frequency and magnitude of future storm 

events. Some studies predict an increase in the intensity and frequency of storms 

(Webster et al., 2005) while other studies predict a decrease in the frequency of tropical 

storms along with an increase in the intensity of hurricanes and storms (Knutson et al., 

2013). In order to prepare for such uncertain circumstances, the fragility functions 

developed in this study would help understand the causes of failure and facilitate 

risk assessment for the regional portfolio of tanks.  

Table 5.3. Case study tank dimensions and content relative densities 

Tank # D (m) H (m) ρl  

1 30.48 13.11 0.6 
2 6.00 9.00 0.8 
3 13.50 16.80 0.7 
4 42.00 12.60 0.9 

 

Figure 5.12. Fragility estimates for case study tanks: (a) tank 1, (b) tank 2, (c) 

tank 3 and (d) tank 4. 
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5.4. Summary 

Fragility functions parameterized on key tank properties and contents are 

developed for three important causes of failure – flotation due to storm surge, 

buckling due to storm surge, and buckling due to wind pressure. These 

parameterized fragility functions are compared against tank specific fragility 

estimates for six tanks with varying dimensions and contents; the comparison 

highlights the predictive capability of fragility functions and their potential for 

fragility assessment for a regional portfolio of tanks. Additionally, wind and storm 

surge buckling fragility functions are also developed for tanks with floating roofs, 

which are commonly found in regional portfolios. The fragility functions are applied 

to a case study tank which shows that the tank is more susceptible to storm surge 

buckling than wind. The application also shows that flotation and buckling have 

competing influence on the amount of anchoring that may be provided for anchored 

tanks. Although such behavior was expected, this chapter develops methods that 

can help to quantify these competing influences and study the sensitivity of tanks’ 

performance to variation in parameters for various causes of failure. Additionally, 

comparison of fragility functions for fixed and floating roof tanks shows significant 

differences in the susceptibility to wind buckling, while the susceptibility to storm 

surge is not significantly influenced by the presence of the floating roof. 
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Chapter 6 

Fragility Assessment of Bridges 

Analysis of past bridge failures by Wardhana and Hadipriono (2003) and Harik et al 

(1990) identifies the most common causes of bridge failures responsible for the 

largest number of bridge failures.  These causes in descending order include: 

hydraulic failure, impact, hurricanes, and earthquakes. In order to assess the 

fragility of bridges for these common causes of failures, this study develops 

parameterized fragility functions for bridges subjected to: scour and vehicular 

loads; joint scour, barge impact, and vehicular loads; hurricanes; and earthquakes. 

Additionally, threats due to joint earthquakes and vehicular loads are also 

considered due to increasing vehicular loads and potential increase in future traffic. 

The fragility functions are developed to facilitate rapid performance and resilience 

assessment of a regional portfolio of bridges. The fragility functions are developed 

following the generalized dual layer metamodel based fragility assessment 
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methodology; the following sections provide details on the fragility assessment 

procedure for the different hazards. 

6.1. Fragility assessment for scour and vehicular loads 

Bridges that experience pier scour, i.e. removal of sediments surrounding the bridge 

foundations due to fast moving water, may be unsafe to carry vehicular loads since 

the bearing capacity of the foundation may be reduced because of scour. Therefore, 

the stability of bridges under vehicular loads is considered when the bridge is in a 

compromised scour condition; bridges are considered to fail when they lose 

stability, which is similar to a brittle failure. Therefore, the fragility assessment 

methodology for brittle failures, presented in Chapter 4, is used to develop the 

fragility functions for bridges subjected to pier scour and vehicular loads. 

6.1.1. Key hazard and bridge parameters 

The main bridge and vehicle parameters considered in this study are shown in Table 

6.1. The deck properties include: ngd which is the number of girders in each bridge 

span, Wdeck is the weight of the deck per unit length, and W is the width of the deck 

span, Ls is the length of the span, and nsp is number of spans. For columns, fy and fc 

are the yield strength of the steel reinforcement and concrete strength respectively 

and Hc, Dc, ncol, and Sc are column height, column diameter, number of columns per 

bent, and spacing between columns respectively. The reinforcement ratios for the 

columns in the longitudinal and transverse directions are: ρl and ρt. Parameters 

associated with the piles are: pile length (Lpile), scour depth (Ds) which varies within 
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0-95% of the pile length, width of the pile along the longitudinal (bpx) and transverse 

directions (bpz), circumference of the pile (Cp), area of the pile tip (Ap), elastic 

modulus of the pile (Ep), area moment of inertia of the pile group along the 

longitudinal (Ipx) and transverse bridge axis (Ipz), number of piles per pile group that 

support an individual column (Npile), and pile type (Ptype) which is a discrete 

parameter taking a values equal to 1, 2, and 3 for concrete, pipe, and h-piles 

respectively. Additionally, in order to consider the group effects on the performance 

of pile groups the p-multiples for vertical (ηy), transverse (ηz), and longitudinal (ηx) 

directions are also considered as parameters. The soil properties for the single soil 

layer supporting the bridge are: unit weight of soil (γsoil), soil cohesion (csoil) for 

clayey soils, and internal soil friction angle (ϕsoil) for sandy soils; herein soils are 

assumed to be either completely clayey or sandy i.e. only csoil or ϕsoil are assigned for 

a soil layer. The last set of parameters pertains to the vehicular load; Wt is the 

vertical load demand on the bridges, which is equal to the combined weight of the 

two point loads; additionally, the longitudinal load demand is assumed to be 0.25Wt. 

Tpz is the transverse position of the vehicle on the bent which varies from 0 to 0.5. A 

Tpz value of 0.0 indicates that the vehicle is at the center of the bent and a value of 

0.5 is assigned when the vehicle is at the extreme edge of the deck, on either side. 

Herein, among the bridge parameters described above, the area moment of inertia 

of the pile group, Ipx and Ipz, are correlated with the number of pile per pile group, 

Npile, which avoids unrealistic combinations of the two parameters. All other 

parameters are uncorrelated which may lead to some parameter combinations for 

which the bridges may not have sufficient bearing capacity to even sustain the self-
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weight of the bridge. Although such parameter combinations are unrealistic and are 

not expected in actual bridges, these combinations are useful for training the logistic 

regression based fragility models to identify un-safe bridge parameter 

combinations.  

Table 6.1. Ranges of bridge parameters 

Variable  Range Variable  Range Variable  Range 

# of girders 
(ngd) 

5 – 15 Reinforcement 
ratio (ρl)  

1.0 – 4.0 % Pile type 
(Ptype) 

1 – 3 

Deck weight 
(Wdeck) 

30.0 – 350.0 
kN/m 

Reinforcement 
ratio (ρt) 

0.1 – 1.1 % Pile group 
efficiency (ηy) 

0.4 – 1.0 

Deck width 
(W) 

4.57 – 27.4 m Pile length 
(Lpile) 

5.0 – 20.0 m Pile group 
efficiency (ηz) 

0.25 – 1.0 

Steel Yield 
strength (fy) 

437.8 – 655.0 
MPa 

Scour depth 
(Ds) 

0 – 95% of 
Lpile 

Pile group 
efficiency (ηx) 

0.25 – 1.0 

Concrete 
strength (fc) 

20.7 – 55.2 
MPa 

Pile width (bpx)  0.3 – 0.6 m # of piles per 
column (Npile) 

1 – 8 

span length 
(Ls) 

4.6 – 30 m Pile width (bpz) 0.3 – 0.6 m Soil unit 
weight (γsoil)  

12.7 – 22.5 
kN/m3 

# of spans 
(nsp) 

2 – 9 Circumference  
of Pile (Cp) 

0.94 – 2.4 m Cohesion 
(csoil)  

10 – 192 
kPa 

# of columns 
per bent (ncol) 

2 – 7 Pile tip area 
(Ap) 

0.07 – 0.36 m2 Friction angle 
(ϕsoil) 

28.8° – 40° 

Column height 
(Hc) 

3.6 – 9.4 m Pile elastic 
modulus (Ep) 

2.0  - 210.0 
GPa 

Tpz 0.0 – 0.5 

column depth 
(Dc)  

0.7 – 2.2 m Pile group’s 
area moment 
of inertia (Ipx)  

1.010-5 – 
10.0 m4 

Wt 8.9 – 445.0 
kN 

Column 
spacing (Sc)  

1.5 – 27.4 m Pile group’s 
area moment 
of inertia (Ipz) 

1.010-5 – 
10.0 m4 

  

 

6.1.2. Experimental design and finite element modeling 

Latin hypercube sampling is used along with the range of parameters shown in 

Table 6.1 to generate large number of bridge parameter combinations to assess the 

load carrying performance of bridges. This study generates two sets of 3.5103 
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bridge parameter combinations for clayey and sandy soils respectively. Considering 

the number of parameters and the accuracy of the final metamodels, 3.5103 bridge 

parameter combinations are found to be sufficient. For each set of bridge parameter 

combinations vertical and lateral load carrying capacity is assessed using finite 

element simulations. 

In order to study the stability and performance of bridges subjected to scour 

and vehicular loads this study performs finite element analysis in OpenSess 

(Mazzoni et al., 2006), an open source finite element analysis software. Herein, two 

different finite element models are used to study the performance of bridge under 

vertical gravity loads and longitudinal breaking loads, respectively. In order to cross 

a bridge, a vehicle has to traverse over all the bridge bents and failure of even a 

single bent would lead to bridge failure. Therefore, under vertical loads, bridges can 

be considered to be a series system of bridge bents. With this assumption, an 

individual bridge bent is modeled to assess the vertical stability and load carrying 

capacity of bridges under vehicular loads and scour, reducing the computational 

costs while including the effects of soil-bridge interaction. In the case of longitudinal 

vehicular loads caused due to breaking of vehicles, the bridge bents act together, 

akin to a parallel system; therefore, to study the stability and performance of 

bridges under breaking loads this study uses a full bridge model which includes the 

bridge super-structure as well. Schematic diagrams of finite element models for the 

bent and the full bridge models are shown in Figures 6.1 and 6.2 for a sample three 

span bridge. 
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Figure 6.1. Schematic diagram of the bridge bent model 

 
Figure 6.2. Schematic diagram of the full bridge model 
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The bridge bent model used to study performance and stability under 

vertical loads consists of columns and bent beams modeled using displacement 

based beam column elements. These elements are composed of fiber sections, which 

have three different layers representing the confined core concrete, the unconfined 

cover concrete, and longitudinal steel reinforcement. The effects of transverse 

reinforcement is indirectly included by modeling the effects of confinement on the 

core concrete following Mander et al. (1988). Since this study focuses on bridges 

supported on deep foundations, each bridge column is assumed to be supported 

either by a pile group or a drilled shaft; this design practice is commonly observed 

in the Central and Eastern United States (Nielson, 2005). The number of pile groups 

or drilled shafts is equal to the number of columns in the bridge bent. Pile groups 

are modeled using an equivalent pile whose geometric properties such as the 

moment of inertia and cross-sectional area are equal to that of the pile group. The 

piles, modeled using elastic beam column elements, are assumed to be embedded in 

a single layer of either clayey or sandy soils. The soil is modeled using P-y, Q-z, and 

T-z springs which are connected to the piles at one end and at the other end they are 

connected to a fixed node, as shown in Figure 6.1. In order to ensure that the 

equivalent pile and the original pile group have the same lateral and vertical load 

carrying capacity, this study uses p-multipliers which modify the properties of the 

soil springs to account for the group effects in pile foundations (Brown et al., 1988). 

The p-multipliers are a function of number of piles, their arrangement, and spacing 

between the piles. Scour is modeled by removing the soil spring in the scoured 

region.  Vehicle loads are modeled using two point loads, spaced 1.8 m apart along 
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the width of the bridge, placed on the bridge bent. These point loads represent the 

fraction of the vehicular load supported by the bridge bent, which can be 

determined using simple analysis methods. In addition to the vehicle loads, girder 

reactions from the adjacent spans are also applied on the bridge bent. With this 

bridge model, first, load controlled gravity analysis is performed without any 

vehicular loads to assess the stability under self-weight. During gravity analysis, 

after each load step, the eigen values of the bridge are evaluated and are used to 

assess the stability of the bridge. Negative eigen values and eigen values very close 

to zero are considered to be indicators of loss of stability. Therefore, during the 

analysis if the lowest eigen value turns negative the bridge is considered to fail 

under gravity loads; additionally, at the end of the analysis if the eigen values are 

very close to zero the bridge is assumed to fail. Furthermore, for cases where the 

analysis does not converge at a load step, excessive reduction (over 300%) in the 

principal eigen value, in comparison to the eigen value without any loads, is 

considered to be an indicator of loss of stability and failure. Following the gravity 

analysis under the self-weight of the bridge, the vehicle load is placed on the bridge 

and gradually increased using a load control strategy. Using the same approach 

considered for analysis under self-weight, the vehicle load that leads to instability 

and failure, i.e. vehicle load carrying capacity, is also obtained. 

The full bridge model, which is used to assess the performance under vehicle 

breaking loads, consists of the same bent model described above. Additionally, the 

full model also includes the bridge super-structure which is modeled using a 

grillage, shown in Figure 6.2, where the longitudinal elements represent the girders 
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and transverse elements represent the deck. These deck spans are placed on 

elastomeric bearings situated on the bridge bent. Herein, the bearings consist of an 

elastomeric bearing pad and two steel dowels, which are modeled with springs 

using a steel type material and a hysteretic material respectively. The abutments are 

modeled using springs that can capture active, passive, and transverse response of 

the abutment (Nielson, 2005). The vehicle is assumed to be positioned on the first 

bent; however, the transverse position of the vehicle in the bent is considered as 

variable. The analysis procedure used for the full bridge model is same as that of the 

bent model. First, gravity analysis is performed using a load control strategy and 

after each load step the eigen values are recorded. Next, vertical and longitudinal 

vehicle loads are added, modeled as two point loads placed on the bent. The 

longitudinal load is 25% of the vertical load  since longitudinal load is assumed to be 

caused due to the breaking action of the vehicle (AASHTO, 2012). During the vehicle 

loads analysis, in addition to the eigen values, the deformations of the columns, 

bearings, and abutment are also recorded; excessive deformation of these 

component leading to damage is also considered a failure. For this purpose, the 

deformation limits for abutment and bearings are set at 8 mm and 50 mm 

respectively; for columns, the drift limit is set at 5%. Similar to the vertical load 

analysis with the bent model, negative eigen values or very small positive eigen 

values after a load step are considered to indicate instability and the vehicle load 

which initiates instabilities is recorded as the capacity of the bridge. 
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6.1.3. Metamodeling and fragility function development 

Finite element analyses are performed for the two sets of 3500 bridge parameters 

for the full bridge and the bridge bent model. The results from the finite element 

simulations of the full bridge model show that longitudinal breaking loads up to 

111.0 kN, which is the upper limit for breaking loads, do not cause any instability 

during finite element simulations; additionally, the breaking loads do not cause 

significant damage to the bridge components such as the abutment, bearings, and 

columns. In the case of the bridge bent model, instabilities were observed due to 

vertical vehicle loads for several bridge parameter combinations. Since, instabilities 

were only observed for vertical vehicular loads, this study focuses on evaluating the 

fragility functions for bridges subjected to vertical vehicular loads.  

Based on the results of the gravity and vehicular load analyses of the bridge 

bent, the vehicular load carrying capacity of the scoured bridges is obtained. The 

minimum value of vehicular load that causes instability is recorded and treated as 

the bridge capacity for fragility analysis. If instabilities are observed during gravity 

analysis and the scoured bridge is unable to sustain its own self-weight then the 

capacity is considered equal to zero. These capacity values are compared with the 

demand values (Wt) generated via LHS and the outcome is recoded in a binary 

variable indicating instability. This binary variable takes a value of one for cases 

where the demand is greater than the capacity; for other cases a value of zero is 

assigned. This procedure is performed for bridges in clayey and sandy soils. The 

parameter combinations along with the binary variable indicating instability for a 
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given demand are used to train random forest (RF), support vector machine (SVM), 

and logistic regression (LR) models. In order to assess the accuracy of the three 

metamodels, an additional set of 800 bridge parameter combinations is created 

using LHS. For bridges in clayey soils the prediction accuracy of RF, SVM, and LR 

models are 88.0%, 93.7%, and 95% respectively. For bridges in sandy soils, the 

prediction accuracies of the three models are 87.9% (RF), 93.9% (SVM), and 96% 

(LR). Since logistic regression models are observed to be the most accurate models 

with very low misclassification rate, less than 3%, they are directly used for fragility 

assessment. The logit functions of the two logistic regression models are shown in 

Tables 6.2 and 6.3. 

In order to validate the bridge finite element models and the fragility 

functions, data regarding loads on bridges and measurements of demands on 

components such as piles and columns would be necessary. However, such data sets 

are not currently available in the literature. Therefore, to test the fragility models, 

this study compares the predictions of the fragility models with the observed 

performance of two real bridges in New Zealand – Mahitahi River road bridge and 

Ashburton River road bridge. The bridge parameters and foundation details were 

obtained from Melville and Coleman (2000). Both the bridges are situated on river 

beds composed of gravely sandy soil and suffered severe pier scouring. Mahitahi 

River road bridge suffered pier settlement due to lack of bearing capacity while the 

Ashburton River road bridge performed satisfactorily under vehicular loads 

(Melville & Coleman, 2000). The fragility models predict 96.4% chance of bearing 

failure of the Mahitahi River bridge while the predicted failure probability of the 
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Ashburton River Road bridge is 1.4%. These predictions highlight the predictive 

capabilities and the applicability of the fragility models developed in this study. 

The finite element modeling and fragility assessment approach assume that 

the piles are completely embedded in a single soil layer. However, often, piles are 

driven through multiple soil layers; therefore, considering only a single layer of soil 

limits the applicability of the fragility functions developed in this study. In order to 

extend the applicability of the fragility models for multi-layered soil profiles, this 

study develops a soil homogenization approach. This methodology determines the 

properties of a single soil layer equivalent to a multi-layer soil profile such that a 

pile in the original multi-layer soil and the equivalent soil layer has the same bearing 

capacity. The homogenization procedure primarily focuses on obtaining the same 

bearing capacity as the original multi-layer soil profile since other failures such as 

pile buckling are less likely to happen, in comparison to bearing failure. The details 

of the soil homogenization procedure are provided in Appendix C. 
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Table 6.2. Terms in the logit function for clayey soils 

Predictors Coefficients p-value Predictors Coefficients p-value 

(Intercept) 5.96E+01 2.93E-29 ncolDc 6.61E-01 8.70E-04 
Ls -3.85E-02 3.82E-01 ncolSc -5.63E-02 4.75E-03 

ncol -1.74E+00 3.66E-08 HcDc 5.39E-01 9.17E-05 
Hc -5.93E-01 4.63E-03 Dcngd -3.92E-01 4.05E-07 
Dc -4.07E+00 1.18E-01 DcSc 3.87E-01 5.71E-08 
ngd 7.62E-01 1.39E-09 DcCp -1.59E+00 2.28E-03 
Sc 2.95E-02 8.48E-01 DcNpile -4.61E-01 4.81E-05 

Lpile -1.67E+00 1.81E-21 Scγsoil -2.16E-02 9.69E-04 

Ds 1.66E+00 7.56E-33 LpileDs -8.21E-02 7.79E-15 
Cp -9.74E+00 2.08E-05 Cpcsoil 1.45E-02 1.74E-03 
Ap 8.69E+00 2.90E-03 Apcsoil -1.37E-01 5.73E-08 
ηy -2.63E+01 1.50E-06 Dc2 2.37E+00 4.98E-05 

Npile -6.96E+00 4.91E-17 Lpile2 4.60E-02 5.10E-11 
γsoil -2.32E-02 6.44E-01 Ds2 4.35E-02 7.53E-10 
csoil -1.58E-01 1.08E-27 Cp2 2.40E+00 7.22E-05 
Tpz 2.43E+00 2.67E-04 ηy2 1.11E+01 3.55E-03 
Wt 4.99E-04 4.49E-02 Npile2 1.09E+00 2.04E-09 

Wdeck -3.82E-03 4.69E-01 csoil2 4.32E-04 1.29E-21 
LsWdeck 1.27E-03 8.63E-04 Npile3 -5.74E-02 4.11E-06 

 

Table 6.3. Terms in the logit function for sandy soils 

Predictors Coefficients p-value Predictors Coefficients p-value 

Intercept 1.48E+02 1.77E-38 Tpz 2.27E+00 4.61E-04 
Ls 5.86E-02 1.77E-03 Wt 1.23E-03 1.76E-06 

ncol -9.07E-01 1.55E-39 Wdeck 1.45E-02 1.79E-13 
Hc 1.67E-01 3.18E-03 LpileDs -1.31E-01 6.35E-30 
Dc -3.48E+00 3.10E-02 γsoilϕsoil 6.21E-02 1.01E-07 

Lpile -1.52E+00 6.68E-19 Dc2 1.97E+00 3.56E-04 
Ds 2.05E+00 1.71E-39 Lpile2 5.47E-02 5.98E-15 
Ap -5.29E+01 5.09E-13 Ds2 5.95E-02 3.87E-13 
ηy -8.69E+00 6.24E-39 Ap2 6.83E+01 2.20E-05 

Npile -5.28E+00 2.89E-13 Npile2 7.66E-01 3.50E-06 
γsoil -5.77E+00 7.63E-16 γsoil2 7.67E-02 2.58E-08 
ϕsoil -2.17E+00 3.98E-21 Npile3 -4.32E-02 1.97E-04 
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6.2. Fragility assessment for barge impact, scour, and vehicular 

loads 

In case of barge impact this study considers column failures due to shear and 

flexural failure, both in the presence and absence of scour. Since shear failure is 

brittle, this study uses the dual layer metamodel based fragility assessment 

methodology for brittle failures to assess shear failure of columns due to barge 

impact; additionally, for consistency, fragility functions for flexural failure is also 

developed using the same procedure used for shear failure . 

6.2.1. Key barge impact and bridge parameters 

Several design and geometric parameters are varied along with collision conditions 

to study their effect on the performance of bridges. The same set of bridge 

parameters considered for scour failure are also considered for barge impact as 

well. However, number of spans is not included as a bridge parameter for the study 

of barge bridge collision since modeling of few adjacent spans is sufficient 

(Consolazio & Davidson, 2008); herein three adjacent spans on each side of the 

impacted column are considered. Additionally, parameters related to the barge 

collision conditions are included: barge mass (Mb), velocity of the barge (Vb), yield 

force of the barge bow (Fyb), and impact height on the column from the pile cap 

(Himpact). The ranges considered for the above mentioned parameters are shown in 

Table 6.4. The ranges for the geometric parameters such as column height, column 

depth, span length, pile length and other parameters like number of piles, number of 
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columns per bent were obtained by analyzing details for bridges over navigable 

channels reported in Davidson et al. (2010, 2012). Similarly, the range of collision 

conditions were obtained by reviewing existing studies on barge impact (Davidson 

et al., 2010, Davidson et al., 2012, Yuan et al., 2008, Consolazio et al., 2009). Herein, 

the variable for distance between columns (Sc) is only relevant if the number of 

columns is greater than two; however, in case a bridge has only one column per 

bent, Sc may be assigned a small positive value. Column shape is a binary variable 

taking a value 1 for rectangular columns and a value equal to 2 for circular columns. 

Similarly, pile type also takes discrete values between 1 and 3 assigned for concrete 

piles, pipe piles, and h-piles respectively. In this study, it is assumed that soils are 

either completely clayey or sandy, i.e. for clayey soils ϕsoil = 0 and for sandy soils csoil 

= 0. Furthermore, the range for soil cohesion shown in Table 6.1 includes soft clays, 

10≤ csoil ≤ 96 kPa, and stiff clays, 96≤ csoil ≤ 192 kPa. Most of the parameters listed in 

Table 6.4 are un-correlated and independent but some variable are correlated to 

avoid unrealistic bridge parameter combinations. For example, the width of the 

columns is related to the depth of the columns for rectangular columns and for 

circular columns width and depth are equal. Higher column depth values are 

assigned for single column bents; while, for multi-column bents, the maximum 

column depth is limited to 1.8 m. Similarly, the maximum width of individual piles 

(bpx and bpz) is limited to 1.6 m when Npile is large, i.e. greater than 11. The lower and 

upper bounds for Ipx and Ipz show the possible range of values; but the actual values 

are calculated based on the number of piles, pile dimensions (bpx and bpz), and pile 

spacing, assumed to vary between two to five times the width of piles. Even though 
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several parameters are correlated, the Latin hypercube sampling strategy can still 

lead to some unrealistic parameter combinations. In order to avoid such 

combinations, gravity analysis is conducted to remove bridges that are incapable of 

resisting their self-weight. 

Table 6.4. Ranges of bridge parameters 

Variable  Range Variable  Range Variable  Range 

# of girders 
(ngd) 

5 – 15 reinforcement 
ratio (ρl)  

1.0 – 4.0 % Pile group 
efficiency (ηy) 

0.4 – 1.0 

Girder weight 
(Wgd) 

4.2 – 36.5 
kN/m 

reinforcement 
ratio (ρt) 

0.1 – 1.1 % Pile group 
efficiency (ηz) 

0.25 – 1.0 

Deck width 
(W) 

4.57 – 27.4 m Pile length 
(Lpile) 

20.0 – 90.0 m Pile group 
efficiency (ηx) 

0.25 – 1.0 

Steel Yield 
strength (fy) 

437.8 – 655.0 
MPa 

scour depth 
(Ds) 

0 – 75% of Lpile # of piles per 
bent (Npile) 

2 – 50 

Concrete 
strength (fc) 

20.7 – 55.2 
MPa 

Pile width 
(bpx)  

0.3 – 3.0 m soil unit 
weight (γsoil)  

12.7 – 22.5 
kN/m3 

span length 
(Ls) 

18.3 – 70 m Pile width 
(bpz) 

0.3 – 3.0 m cohesion (csoil)  10 – 192 
kPa 

# of columns 
per bent (ncol) 

1 – 4 Circumference  
of Pile (Cp) 

0.94 – 12.0 m friction angle 
(ϕsoil) 

28.8° – 40° 

column height 
(Hc) 

4.6 – 24.4 m Pile tip area 
(Ap) 

0.025 – 9.3 m2 Barge weight 
(Mb) 

227 – 3627 
Metric tons 

column depth 
(Dc)  

0.9 – 6.1 m Pile elastic 
modulus (Ep) 

2.0  - 210.0 
GPa 

Barge velocity 
(Vb) 

0.13 – 4.12 
m/s 

width of 
columns (Bc) 

25 – 100% of 
Dc 

Pile group’s 
area moment 
of inertia (Ipx)  

4.6 – 7.6105 

m4 
Barge bow 
yield force   

(Fyb) 

4893 – 
11120 kN 

Column shape 
(Sh)  

1 – 2 Pile group’s 
area moment 
of inertia (Ipz) 

2.2 – 1.9105 

m4 
Impact height 

(Himpact) 
1 – 25 % of 

Hc 

column 
spacing (Sc)  

1.5 – 27.4 m Pile type 
(Ptype) 

1 – 3   

 

6.2.2. Experimental design and finite element modeling 

In order to study the effects of the variables discussed in this section, a set of 2000 

parameter combinations is generated using the Latin hypercube sampling 



127 

technique, which uniformly spans the space of these variables. Herein, the number 

of parameter combinations is limited by the computational costs of simulations; 

however, the sufficiency of the metamodels is assessed in the following sub-

sections. The correlations mentioned in the previous section were introduced in the 

samples generated using LHS, such as correlation in number of piles and number of 

columns. The sampling is performed such that one third of the samples have sandy 

soils, one third have soft clayey soils and other one third have stiff clayey soils. The 

same set of 2000 parameters is used to study barge-bridge collision without any 

pier scour by simply setting pier scour to zero meters, i.e. all the bridges have pile 

caps at the mudline. Therefore, the cases with scour are synonymous to bridge with 

pile caps above the mudline and the cases with no scour are equivalent to bridges 

with pile cap at the mudline. In this study, henceforth with respect to barge impact, 

the bridges with pile caps above the mudline are referred to as scoured bridges and 

bridges with pile caps at the mudline are called un-scoured bridges. So, in total, 

4000 barge-bridge impact analyses are conducted to study the failure modes, effect 

of scour, and safety to carry vehicular loads after barge impact; the results of the 

finite element analyses are discussed in the next section. 

In order to study the response of bridges subjected to barge impact and 

scour, this study models the bridge and the barge in OpenSees (Mazzoni et al., 

2006). The general modeling approach for studying barge-bridge collision follows 

the coupled barge-bridge collision analysis methodology proposed by Consolazio 

and Davidson (2008). Herein, the barge is modeled using a single degree of freedom 

model. The mass of the barge is lumped on a node which is attached to a spring 
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representing the barge bow. The force deformation relation of the spring 

representing the bow is obtained from the crush deformation curves proposed by 

Cowan et al. (2009). A schematic diagram of the finite element model for a two 

column bent bridge is shown in Figure 6.3. The bridge model is assumed to be 

composed of 6 simply supported spans, three spans on either side of the bent that is 

impacted by the barge; Figure 6.3 only shows the spans adjacent to the bridge bent 

subjected to barge collision. Inclusion of additional spans beyond the three spans on 

either side did not have any considerable influence on the performance of the 

bridge. Furthermore, the boundary conditions at the end of the outermost spans 

were also varied but their effect on the bridge performance was observed to be 

insignificant; therefore, bridges are modeled with simply supported end conditions. 

Finite element modeling of the bridge super-structure, bridge bents, modeling of 

longitudinal reinforcements and consideration of the effects of transverse 

reinforcement follow the same procedure used in scour fragility assessment.  In the 

case of scour fragility assessment, the fiber sections used to model the columns and 

the bent beam consist of bundles of uniaxial fibers, which allow modeling of 

moment and axial forces in the elements. However, these fiber sections cannot be 

used to model shear forces and strains in the columns. Therefore, the column which 

is impacted by the barge is modeled using n-dimensional fibers in OpenSees which 

allow modeling of all the forces (moments, shear, and axial forces) in the column. 

Furthermore, in order to record the shear forces in the column impacted by the 

barge, the impacted column is modeled using force based beam column elements. 

All other columns in the bridge are modeled using displacement based beam column 
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elements with simple fiber sections. The stiffness of the force based beam column 

element is obtained as the inverse of its flexibility matrix and is assembled into the 

stiffness matrix of the whole system. This study assumes that the entire bent is 

supported on a pile foundation consisting of a group of piles, which is modeled using 

an equivalent pile model. The pile cap is modeled as a rigid beam element 

connecting all the columns in an individual bent, which is reasonable considering 

the dimensions of the pile cap. Since this study focuses on assessing the impact 

forces in bridge columns, a simplified approach is used to model the pile foundation. 

Herein, scour is modeled by simply removing soil springs in the scour hole, as in the 

case of scour fragility assessment. While in case of bridges with pile caps above the 

mudline, soil springs are incorporated starting at the mudline. For modeling such 

bridges, the distance between the pile cap and the mudline is considered as scour 

depth. 

The interaction between the barge and the bridge is modeled by introducing 

a node to node contact element between the barge and the columns at the location 

of impact. The analysis is conducted by first subjecting the bridge to gravity loads. 

Next, an initial velocity is imparted to the point mass in the barge model, which 

causes the barge to hit the bridge. Dynamic impact analysis is continued until the 

barge loses contact with the bridge; after which time the barge is removed and free 

vibration analysis is continued until the vibrations of the bridge decrease 

significantly. Following the dynamic analysis, the safety of the bridge to carry 

vehicular load is assessed by placing axle loads directly on the bent subjected and 

performing static push under analysis of the bridge. For this purpose, the vehicular 
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loads modeled as two point loads spaced at 1.82 m are placed at the extreme edge of 

the bridge bent close to the column subjected to barge impact. Failure of the bridge 

under the vehicular loads is characterized by loss of stability. 

 
Figure 6.3. Schematic diagram of the finite element model for barge-bridge 

collision 

The finite element modeling approach used in this study is validated by 

comparing maximum column shear and moments for case study bridges analyzed 

by Davidson et al. (2010). The results from Davidson et al. (2010) are used to 

validate the finite element models since they use the same modeling approach used 

in this study, which has been validated against experimental results. Two bridges 

selected, herein, for validation are: SR-20 at Blountstown bridge (BLT-CHA) and 

Pineda bridge (PNC-CHA). The two bridges are impacted by a fully loaded jumbo 

hopper barge traveling at a velocity of 1.29 m/s (2 knots). The reported values of 
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the maximum column shear and moment for BLT-CHA are 1753 kN and 9725 kNm 

respectively, which has the pile caps at waterline. Since the soil conditions at the 

bridge site are not reported, analyses are performed in this study for various soil 

conditions.  The maximum column shear estimates range between 1470 kN to 1840 

kN, and the maximum column moments are estimated to be between 8301 kNm and 

10124 kNm, which are close to the actual reported values. Similarly, for PNC-CHA, 

which has the pile cap at mudline, a column shear of 780 kN and a moment of 3160 

kNm are reported without any soil condition information. The range of maximum 

column shear and moment are obtained from 786 to 796 kN and 2900 to 2905 kNm, 

respectively. These comparisons of maximum moments and shear forces lend 

confidence to the modeling approach used in this study. The following section 

discusses the generation of bridge parameters for finite element analysis to study 

the behavior of bridges under barge impact, scour, and vehicular loads. 

6.2.3. Metamodeling and fragility function development 

Estimating shear and moment demands is essential for designing bridge columns. In 

order to evaluate impact force demands on bridge columns this study develops 

metamodels which could be used to evaluate the demands for a broad range of 

structural parameters without any further finite element simulations or without 

requiring evaluation of structural characteristics as necessitated by other simplified 

methods (Cowan et al., 2015, Fan & Yuan, 2012). Furthermore, in addition to 

predicting demands, these metamodels can also be used to study how variation of 
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parameters affects the demands on bridge columns, which is not feasible with other 

existing simplified methods.  

This study uses polynomial response surface models to predict the shear and 

moment demands on bridge columns due to barge impact. Response surface models 

have been successfully used in past studies to model bridge response under seismic 

excitations (Seo & Linzell, 2012, Ghosh et al., 2013, Kameshwar & Padgett, 2014) 

and they are chosen in this study due to their good accuracy and transparency. 

Herein, the response surface consists of up to fourth order terms; however, all the 

terms in the full fourth order polynomial are not included. Only the most important 

predictors are chosen using a step-wise regression technique and very few fourth 

order terms are observed in the final metamodel. Herein, to improve the prediction 

accuracy, all of the predictors and the column demands are first transformed to 

logarithmic space. Furthermore, separate metamodels are developed for shear and 

moment, for clayey and sandy soils with and without scour; therefore, a total of 8 

metamodels are developed in this study to predict moment and shear demands. 

These demand metamodels are shown in Tables D2 to D9. 

In order to develop fragility functions for bridge columns for shear and 

flexural failure of columns this study uses shear strain and column curvature 

responses. The ultimate shear strain (assumed to be lognormally distributed) for 

each column is obtained following the formulation proposed by Mergos and Kappos 

(2013) and ultimate curvature is defined as the minimum column curvature that 

leads to either fracture of longitudinal reinforcement or fracture of transverse 
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reinforcement or bar buckling or 20% reduction in moment capacity (also assumed 

to be lognormally distributed). Exceedance of ultimate curvature capacity limit 

states would indicate flexural failure while shear failure can be identified if shear 

strain demands are higher than the ultimate strain capacity. For both shear and 

flexural failure modes, this study develops separate metamodels to predict 

exceedance of shear and flexural capacity limit states. Additionally, separate 

metamodels are developed for bridges with scour to predict shear and flexural 

failure for scoured bridges that sustain impact from barges; therefore, four 

metamodels are developed – two with scour and two without scour. For all four 

cases, support vector machine, logistic regression, and random forest models were 

trained but logistic regression models are found to be the most accurate, with over 

96% prediction accuracy. Furthermore, the logistic regression models are observed 

to have low misclassification rate; therefore, the logistic regression models are 

directly used to model the fragility as per the dual layer fragility assessment 

framework for brittle failure. The logit functions for the four logistic regression 

models are shown in Tables 6.5 and 6.6, where Icx is the area moment of inertia of 

the column along the longitudinal direction of the bridge and all other parameters 

are described in Table 6.4. 
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Table 6.5. Logistic regression models shear failure of bridge columns 

l(X) for exceeding shear strain 
capacity without scour 

l(X) for exceeding shear strain capacity with scour 

Param. Coeff. p-value Param. Coeff. p-value Param. Coeff. p-value 

Intercept -7.55E+01 9.49E-06 Intercept -1.05E+02 6.30E-01 Hc:Dc 5.93E+01 7.93E-11 

fc -3.58E+00 2.50E-10 fc 2.99E+00 4.67E-01 Hc:Sc 2.36E+00 7.79E-11 

fy -5.20E+00 6.87E-05 Ls 5.52E+01 1.87E-03 Hc:Vb -3.69E+01 1.12E-02 

Ls -1.39E+00 1.11E-05 Hc 6.30E+01 3.03E-05 Hc:Bc -3.61E+01 5.65E-06 

Hc 1.31E+00 5.92E-03 Dc -1.89E+02 3.74E-12 Hc:Sh(0.69) -3.23E+00 3.99E-03 

Dc -1.73E+02 1.35E-04 ρl -4.07E+01 1.32E-03 Dc:Sc -2.24E+00 1.14E-06 

ρl -2.81E+00 4.70E-11 ngd 1.53E+01 1.94E-02 Dc:Bc -2.03E+01 3.63E-04 

Mb 2.44E+00 9.09E-11 Sg -1.46E+00 4.97E-04 ρl:Mb 1.73E+00 3.20E-02 

Vb 2.05E+01 3.51E-04 Sc -4.00E+00 5.92E-05 ρl:Bc -9.99E+00 2.44E-03 

Fyb 6.54E+00 1.01E-06 bx -9.46E+00 4.86E-03 ρl:Himpact 1.95E+00 2.28E-02 

Icx -9.21E+00 5.00E-10 Mb -2.11E+01 1.34E-01 ngd:Sc -6.37E-01 9.47E-03 

Himpact 7.12E+01 1.35E-08 Vb 8.56E+01 2.40E-02 Mb:Vb -5.62E+00 4.87E-03 

Dc:Fyb 1.93E+01 7.56E-05 Bc 9.53E+01 1.15E-04 Mb:Fyb 3.65E+00 1.48E-02 

Dc:Icx -6.56E+00 3.02E-06 Sh(0.69) -3.56E+00 4.16E-01 Vb:Bc -8.83E+00 1.02E-05 

Dc:Himpact -1.34E+01 6.90E-03 Fyb -1.89E+01 4.02E-01 Vb:Fyb 4.74E+00 2.89E-03 

Mb:Vb -1.23E+00 1.70E-03 Himpact 2.50E+01 3.64E-02 Bc:Himpact 1.75E+01 6.40E-10 

Fyb:Himpact -5.62E+00 3.55E-06 Ds -5.53E-01 7.21E-03 Fyb:Himpact -4.63E+00 1.44E-03 

Icx:Himpact 7.44E+00 2.15E-07 fc:ngd -4.67E+00 1.05E-02 Hc2 -1.34E+01 6.09E-06 

Vb2 -1.65E+00 1.14E-06 fc:Bc -2.34E+01 5.23E-07 Vb2 -4.71E+01 2.38E-02 

Himpact
2 -1.60E+00 2.71E-07 fc:Himpact 8.21E+00 7.61E-09 Himpact

2 -1.88E+00 2.58E-04 

Himpact3 -4.77E-01 5.18E-03 Ls:ρl 3.26E+00 4.53E-03 Hc2:Vb 7.84E+00 5.46E-03 

   Ls:bx 1.98E+00 1.44E-02 Mb:Vb2 2.89E+00 3.71E-02 

   Ls:Bc 1.21E+01 3.12E-06 Vb3 3.74E+00 2.88E-05 

   Ls: Sh(0.69) 3.26E+00 3.50E-04 Himpact3 -1.31E+00 6.17E-04 

   Ls:Fyb -5.57E+00 3.16E-03   7.93E-11 
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Table 6.6. Logistic regression models flexural failure of bridge columns 

Logit function for exceeding 
curvature capacity without scour 

Logit function for exceeding 
curvature capacity with scour 

Param. Coeff. p-value Param. Coeff. p-value 

Intercept -1.44E+01 4.61E-01 Intercept -2.06E+00 8.89E-01 

fy -4.08E+00 6.31E-03 fy -3.67E+00 3.52E-03 

Hc 2.69E+00 5.80E-07 Ls -1.01E+00 5.88E-04 

Dc -1.38E+01 4.71E-05 Dc -1.26E+01 8.59E-21 

ρl -2.88E+00 4.52E-09 ρl -2.70E+00 6.04E-04 

Sc 1.65E+01 3.10E-04 ρt -6.77E-01 3.70E-03 

Mb 3.44E+00 1.74E-09 Mb 3.52E+00 1.38E-14 

Vb 5.15E+01 8.84E-03 Vb 5.84E+01 5.30E-07 

Bc -7.31E+00 1.75E-05 Himpact -2.69E+00 4.01E-09 

Fyb 6.44E+00 3.34E-07 Bc -2.88E+01 1.26E-04 

Ec -8.07E+00 7.53E-09 Sh(0.69) 1.04E+01 3.07E-04 

Himpact 3.60E+00 3.05E-13 Fyb 6.63E+00 6.98E-19 

Dc:Sc -2.77E+00 1.18E-13 Ec -9.67E+00 3.59E-16 

Dc:Himpact 4.37E+00 5.14E-03 Himpact 6.93E+00 2.29E-30 

Sc:Ec -1.55E+00 5.07E-04 Ds -1.07E-01 4.18E-01 

Sc: Himpact 6.44E-01 9.74E-11 ρl:Bc -4.89E+00 1.02E-02 

Mb:Vb -5.67E+00 3.67E-06 ρl: Sh(0.69) 2.52E+00 7.15E-04 

Vb:Fyb 3.61E+00 5.90E-03 Mb:Vb -3.93E+00 1.19E-06 

Dc2 -1.18E+01 3.61E-03 Vb2 -2.71E+01 4.53E-03 

Vb
2 -5.03E+01 2.26E-04 Mb:Vb

2 1.65E+00 1.05E-02 

Mb:Vb2 3.23E+00 4.39E-04 Vb3 2.14E+00 5.56E-04 

Vb3 2.23E+00 3.00E-03   8.89E-01 

 

6.3. Fragility assessment for earthquake loads 

The dual layer fragility assessment procedure for ductile failure is used for modeling 

seismic fragility of bridges since the component failure are primarily ductile in 

nature; for example columns are primarily assumed to fail in flexure and the bearing 

also have ductile failures, which may ultimately lead to deck unseating. The 

following sub-sections provide details on the fragility assessment procedure for 
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multi span simply supported (MSSS) concrete girder bridges in the Central and 

Eastern United States. 

6.3.1. Key hazard and bridge parameters 

A suite of recorded ground motion is not available for Central and Eastern United 

States. Therefore, a suite of synthetic ground motions developed by Fernandez and 

Rix (2008a) for the Central and Southeastern US regions are used for developing the 

parameterized fragility curves. The suite of ground motions consists of 288 ground 

motions with maximum peak ground acceleration (pga) of up to 1.2g at several 

locations in Tennessee, Kentucky, Arkansas and Missouri. These ground motions are 

used as inputs for finite element analysis of bridges, described in the next section, 

and pga is used an intensity measure (IM) (Padgett et al., 2008b). 

The main bridge parameters used in this study to develop the fragility 

functions include: nominal strength of concrete, reinforcement yield strength, span 

length, number of spans, column height, column diameter, deck width, longitudinal 

column reinforcement ratio, and transverse column reinforcement ratio; the list of 

bridge parameters is shown in Table 6.7. 
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Table 6.7. Bridge parameters and their bounds 

Parameter Range 

Concrete nominal strength )( cf  20.68 – 55.16 MPa 

Reinforcement yield strength )( yf  437.81 – 655.00 MPa 

Span length )(L  4.6 – 21.5 m 

Column height )( CH  3.61 – 9.42 m 

Column diameter )( CD  0.76 – 2.13 m 

Width of deck (W) (ncol)  9.525 (2), 15.24 (3), 20.96 (4) m 
Number of spans )(nsp  2 – 9 

Longitudinal reinforcement ratio )( t  1 – 4 % 

Transverse reinforcement ratio )( t  0.1 – 1.1% 

 

6.3.2. Experimental design and finite element modeling 

Considering the range of bridge parameters shown in Table 6.7, Latin hypercube 

sampling is used to generate bridge samples for the response simulation. Herein, 

288 samples are generated and each bridge parameter combination is paired with a 

ground motion record. For each bridge parameter combination and ground motion 

record, finite element models are created and component responses are evaluated 

using non-linear time history analysis. 

The bridge models selected in this case study are representative of old 

bridges in the Central and Eastern United States having similar design features as 

identified by Nielson (2005), whose review included the existing inventory in the 

state of South Carolina. The bridge deck model uses linear elastic elements with 

section properties corresponding to the composite section of the deck consisting of 

the slab and the girders. Different AASHTO type girders are adopted based upon the 

length of the spans. Modeling of bridge columns, bents and abutments follows the 
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same procedure used for scour fragility assessment. The pile foundations are 

represented by discrete by rotational and displacement based springs (in the 

transverse and longitudinal direction). While in the vertical direction the 

displacements of the foundation elements and the bridge deck are constrained. This 

component wise modeling approach for seismic fragility assessment of bridges has 

been validated in the past by several studies (Nielson, 2005, Ghosh, 2013) 

6.3.3. Metamodeling and fragility function development 

The component responses obtained from finite element simulations are used to fit 

the metamodels. The response variables estimated by the surrogate models to 

predict seismic demands on the bridges are the natural logarithms of column 

curvature ductility, the maximum bearing displacement and the maximum 

abutment displacement. The inputs to the surrogate models predicting seismic 

response are the intensity measure which is taken as the natural logarithm of pga, 

and all of the parameters mentioned in Table 6.7. The performance of the 

metamodels, or their ability to predict the response of the bridge component, is 

judged based on the goodness of fit measures described in section 4.2 and shown in 

Table D.10 in Appendix D. In the prediction of column curvature ductility, the best 

model in terms of R2 and RMSE is the 4th order PRS while ABFC has the best 

performance considering RMAE and average R2 from 5-fold cross validation. Given 

that ABFC has better predictive capability for unseen data, evident from 5-fold cross 

validation, and a comparable R2 and RMSE to the 4th order PRS, it is selected to 

predict column response. For abutment response, MARS with linear splines has the 
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lowest RMSE and RMAE and largest R2 values. However, the poor 5-fold cross 

validation results show that it is over fitting the data and should not be used for 

response prediction. ABFC and the 4th order PRS can be used since their overall 

performance, with respect to RMSE, R2, RMAE and 5-fold cross validation, is 

satisfactory. As in the case of columns, ABFC is adopted. The results for prediction of 

bearing response are similar to the abutments. MARS has best RMSE and R2 values 

but it over fits the data. From the goodness of fit measures and 5-fold cross 

validation results ABFC has the best overall performance; therefore it is chosen. So, 

for all of the bridge response quantities the adaptive basis function construction 

(ABFC) has been found to be the best metamodel. Since all of the considered 

metamodels are polynomial based, model errors associated with each model are 

normally distributed. So, a normally distributed error term with zero mean and 

standard deviation equal to the RMSE is added to each of the surrogate models 

selected to approximate the component seismic response.  

After developing the metamodels for seismic response of bridge components, 

fragility analyses are conducted. Herein, fragility functions are developed for 

complete damage state associated with long term bridge closure; fragility functions 

for other damage states can be developed following the same procedure adopted for 

complete damage. Prescriptive estimates of bridge component capacity limit states 

proposed in Nielson (2005) for portfolios of bridges in CEUS are adopted for the 

seismic fragility analysis. The median values of lognormally distributed component 

capacities corresponding to the complete damage state for columns, abutments and 

bearings are 6.84, 50 mm and 255 mm respectively, along with an assumed 
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logarithmic standard deviation of 0.47. For bridge system fragility analysis, at 

complete damage state, a series system is assumed. Where, failure is defined as 

complete failure of any of the components since such damage typically leads to 

closure of the bridge (Padgett & DesRoches, 2007). Instances of correlated seismic 

demands and component capacities are simulated using the metamodels and 

capacity limit states respectively in a Monte Carlo simulation with 30.0103 

samples which are subsequently used to derive by logistic regression models for 

fragility. 30.0103 are used to train the logistic regression model to achieve low 

standard error for coefficients corresponding to each parameter combination. The 

logit function for system fragility is shown in Table 6.8 which shows that key 

parameters such as column dimensions, reinforcement ratio, span length, pga, and 

number of spans and columns are important. The coefficients of the categorical 

variables such as nsp and ncol show consistent trends with increase in their values. 

These trends show that this metamodel is sufficiently able to capture the effects of 

variation in number of spans and columns. 
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Table 6.8. Terms and their coefficients in logit function of bridge system 

fragility 

Terms* Coefficient p-value Terms Coefficient p-value 

(Intercept)  -7.72E-01 5.96E-01 log(pga)nsp(3) 2.44E-01 4.71E-01 
log(pga) 1.67E+00 1.33E-01 log(pga)nsp(4) 2.76E-01 4.10E-01 

 L  7.98E-01 6.69E-22 log(pga)nsp(5) 6.80E-01 4.96E-02 
 Hc 3.74E-01 3.17E-14 log(pga)nsp(6) 1.57E+00 1.84E-05 
 Dc -1.99E+01 1.79E-12 log(pga)nsp(7) 2.08E+00 6.92E-08 
 ρl -1.73E+01 6.34E-03 log(pga)nsp(8) 2.46E+00 1.01E-09 
ρt -8.44E+01 8.46E-04 log(pga)nsp(9) 3.92E+00 1.75E-13 

ncol(3)  -1.71E-01 2.89E-03  LHc 1.80E-02 2.62E-06 
ncol(4)  -2.57E-01 1.05E-04  LDc -6.77E-01 1.69E-11 
nsp(3 ) 9.37E-01 2.56E-11 ρlρt 1.86E+03 4.94E-02 
nsp(4) 2.06E+00 2.68E-50 log2(pga) -4.09E+00 8.27E-06 
nsp(5) 3.26E+00 3.73E-118  L2 -2.38E-03 8.00E-02 
nsp(6) 4.34E+00 1.39E-190  Dc2 1.57E+01 1.12E-16 
nsp(7) 5.38E+00 1.08E-251  log(pga)LHc  3.70E-02 4.51E-04 
nsp(8) 6.26E+00 1.39E-283  log2(pga)L  3.71E-01 7.57E-15 
nsp(9) 7.58E+00 7.74E-179 log2(pga)Hc 4.90E-01 2.63E-07 

 log(pga)L  -2.12E-01 7.59E-02  log(pga)L2  1.41E-02 1.21E-04 
 

log(pga)Hc 
2.32E-01 

5.64E-02 
 LDc2  4.99E-03 

7.07E-09 
 

log(pga)Dc 
5.39E-01 

1.55E-03 
 log3(pga)  2.37E+00 

6.01E-14 
 log(pga)ρl -1.34E+01 4.08E-02  Dc3 -3.91E+00 7.83E-20 
 log(pga)ρt -5.70E+01 3.68E-03    

*In the table above, ‘ncol (#)’ and ‘nsp(#)’ refer to coefficients for different number 
of columns and number of spans respectively.  

6.4. Fragility assessment for hurricane loads 

Failure of bridges during hurricanes is characterized by unseating the bridge deck 

due to storm surge and wave loads. For such failures, the bridge is either considered 

safe or failed. Therefore, the fragility assessment procedure for brittle failures is 

used in this study for hurricane failure of bridges. 
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6.4.1. Key hazard and bridge parameters 

Unlike earthquakes, force time histories are not available that capture the effect of 

wave passage under a bridge deck. In the absence of such force or pressure time 

histories, maximum forces obtained from wave impact experiments performed on 

scaled bridge deck models may provide credible information. Results from such 

experiments were used to obtain the regressed expression for maximum horizontal 

and vertical forces on bridge decks subjected to wave impact and are provided in 

AASHTO (2008). However, these peak vertical force estimates have been shown to 

be higher than experimental and finite element simulation results for submerged 

decks (Ataei & Padgett, 2013a). Therefore to address the bias, the peak maximum 

forces were limited to the deck weight based on the observations from Ataei and 

Padgett (Ataei & Padgett, 2015a). Using these vertical and horizontal forces, the 

wave load time histories are generated following the approached described below.  

For the hurricane fragility analysis, wave load time series are generated across the 

full range of IM predictors considered, which are surge elevation and wave height. 

Other hazard parameters are considered random (e.g. period and wave length), 

resulting in a set of wave load time histories for each combination of wave height 

and surge elevation.  Thus for a single combination of surge elevation and wave 

height, the response will differ given the inherent randomness of the wave load 

characteristics (and structural characteristics that also affect this behavior). The 

generation of the wave loads on the bridge decks adopts the following approach 

(Ataei et al., 2010b):  for a given bridge, wave height, and surge height, an estimate 

of the maximum vertical and horizontal force can be obtained from AASHTO (2008). 
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Using the peak horizontal and vertical forces, force time histories are modeled as 

sinusoids. These sinusoids have random period and wave length. The period (Tw) is 

modeled as a uniform random variable, which is further used to calculate the wave 

length based (λw) as:  
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where g is the acceleration due to gravity and ds is the total water depth; Equation 

6.1 is an approximation (with less than 5% error) of the analytical expression for 

wave length (USACE, 1984). Using the random wave period and Equation 6.1 results 

in randomization of both – the wave period and wave length. Based on the vertical 

forces on the bridges deck, time histories of the moments on the deck are also 

simulated and applied to the line model of the bridge deck to reflect wave passage. 

Also, as described earlier, the maximum vertical forces per unit length are limited to 

the weight of the deck per unit length. Furthermore, the forcing function assumes 

that the load is equally distributed along the length of the deck and that the wave is 

uniform over the length of the bridge, which is reasonable for bridges with short to 

medium lengths.  

The same list of bridge parameters considered for seismic fragility 

assessment, shown in Table 6.7 is also considered for hurricane fragility assessment. 

Additionally, the range of both the intensity measures--surge height (S) and wave 

height (Hw)--is considered as 0-10.0 m. 
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6.4.2. Experimental design and finite element modeling 

Using Latin hypercube sampling 256 bridge parameter combinations are generated 

to be paired with each hurricane load profile. Finite element models are created for 

each parameter combination. Herein, the bridge models used for seismic fragility 

assessment of bridges are updated to capture particular behavior under surge and 

wave loading. The models used to simulate hurricane loads do not have constraints 

on the vertical degrees of freedom. The vertical degree of freedom of the deck 

elements is influenced by the node to node contact elements between the deck 

(rigid links in transverse direction) and the bearing nodes, which also allow 

modeling of deck uplift during hurricane surge loads. These contact elements are 

defined to reflect the frictional behavior between the bearings and the girders. 

6.4.3. Metamodeling and fragility function development 

Several binary classifiers have been investigated for hurricane deck uplift response 

in (Ataei, 2013). The metamodels were compared on the basis of misclassification 

error, accuracy, false positive rate, false negative rate and other metrics obtained 

from confusion matrix. Based on this comparison, random forest was observed 

performed the best in predicting deck uplift (Ataei, 2013); therefore, random forest 

is also selected herein to model the uplift response of bridge decks under hurricane 

surge and wave loads. The categorical response predicted by random forest is 

directly used for fragility assessment using logistic regression. Even though several 

parameters such as number of spans, number of columns, reinforcement ratios, and 

material properties were considered, the resulting logit function obtained from 
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stepwise logistic regression in Equation 6.1 is only dependent on surge, bridge 

height, and wave height because these parameter influence the loads on the bridge 

deck. 

  22

BBw 0.05)0.22()(0.171.59)3.47(71.2,, wwBBw HSHSHHHSHHHSg      5.2 

In the above equation, HB is the height of the bridge which is the sum of column 

height and bent height. 

In addition to developing fragility functions for bridges subjected to 

hurricane loads, this study has also developed a risk assessment methodology, i.e. 

annual risk of failure, for bridges subjected to hurricane surge and wave loads, 

which is completely lacking in the literature. Details on the proposed hurricane risk 

assessment procedure for bridges are provided in Appendix E. 

6.5. Fragility assessment under earthquakes and vehicle presence 

The previous sections have focused on fragility assessment for hazards that have 

caused the most number of bridge failures. In addition to these hazards, this study 

also addresses the effect of vehicle presence on the seismic fragility of bridges since 

heavier vehicular loads and higher traffic is expected in the future which may affect 

the seismic performance of bridges. This study uses different types of vehicle 

models and vehicle modeling approaches to evaluate the effect of vehicle presence 

on bridge fragility. The development of fragility functions for various vehicle types 

and modeling strategies will help understand the effect of different vehicle modeling 
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approaches on seismic fragility of bridges. Herein, as in the case of seismic fragility 

function development, the framework for ductile failures is used. 

6.5.1. Key hazard and bridge parameters 

This study primarily focuses on identifying the effects of vehicle bridge interaction 

(VBI) for different types of vehicles on the performance of three main bridge 

components: columns, bearing, and abutments. Furthermore, this study also aims to 

understand the differences in component responses due to the two vehicle modeling 

approaches: with additional masses and loads only (without VBI), and using masses, 

point loads, and suspension springs (with VBI). For this purpose, commonly found 

multi-span simply supported (MSSS) concrete girder bridges are considered with 

design details characteristic of Central and Eastern United States (CEUS). Finite 

element simulations are conducted for a large number of such bridges with different 

geometric and design parameters; these include concrete strength (fc), yield 

strength of steel (fy), column height (Hc), column diameter (Dc), deck width (W), 

number of columns in a bent (ncol), span length (Ls), number of spans (nsp), and 

column reinforcement ratios in the longitudinal ( l ) and transverse ( t ) 

directions. These parameters are considered as variables whose effects on the 

response of the bridge components are studied in the absence and presence of a 

truck on the bridges. Additionally, this study also considers the position of the truck, 

along the length (Tpl) and width of the bridge (Tpw), as variables. 

In order to study the seismic response of bridges in the presence of vehicles, 

this study uses a suite of synthetic ground motions since recorded ground motions 
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are not available for CEUS. Herein, a total of 348 ground motions are obtained from 

two suites of synthetic ground motions developed for the CEUS by Fernandez and 

Rix  (2008b) and Wen and Wu (2001).  

6.5.2. Experimental design 

In order to uniformly span the space of these variables using a limited number of 

parameter combinations, this study employs Latin hypercube sampling to generate 

696 bridge parameter combinations. The number of bridge parameter combinations 

is limited by the computational cost of finite element simulations; however, the 

adequacy of the number of parameter combinations is evaluated by assessing the 

performance of metamodels. The lower and upper bounds of the abovementioned 

variables are shown in Table 6.9. The variables for truck position, Tpl and Tpw, are 

normalized and therefore, range from 0 to 1. In the longitudinal direction, Tpl =0 

implies that the rearmost axle of the truck is located at the beginning of the bridge 

and Tpl =1 indicates that the front axle of the truck is placed at the end of the bridge; 

all other values of Tpl indicate intermediate truck positions. Similarly, Tpw values of 

zero and one indicate positioning of the truck at extreme ends of the deck along the 

width of the bridge. Additionally, the width of the deck is assumed to be dependent 

on the number of columns, as shown in Table 6.9. 
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Table 6.9. Range of bridge parameters 

Parameter Range 

fy 437.81 – 655.00 MPa 
fc 20.68 – 55.16 MPa 
Hc 3.61 – 9.42 m 
Dc 0.91 – 2.13 m 

ncol_bent (W) 2 (9.53 m), 3 (15.24 m), 
4 (20.96 m) 

Ls 5.60 – 21.50 m 
nsp 2 – 9 

l  1.00 – 4.00% 

t  0.10 – 1.10% 

Tpl 0.00-1.00 
Tpw 0.00-1.00 

 

Each of the 696 bridges is randomly paired with a ground motion; therefore, 

each ground motion is used for two bridges. In order to study the effect of VBI this 

study performs seven sets of simulations with the 696 bridges while varying vehicle 

characteristics and modeling approach. The seven sets of simulations are 

summarized in Table 6.10. In the first set of simulations, time history analysis is 

performed for the 696 bridges without any vehicles placed on them. The second set 

of simulations is performed by placing the stationary light truck modeled without 

suspensions, i.e. lacking VBI, atop the 696 bridges. Similarly, simulation sets 3 and 4 

are performed by placing the stationary heavy truck and a tractor trailer without 

suspensions (lacking VBI), respectively, on the 696 bridges. The last three sets of 

simulations, 4 - 7, are performed for the 696 bridges with light truck, heavy truck, 

and tractor trailer modeled to include the effects of VBI, i.e. including suspension 

springs and masses. Therefore, this study performs 4872, 6967, time history 
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analyses to study the seismic performance of bridges in presence of vehicles on the 

bridges. 

Table 6.10. Summary of simulation sets 

Simulation 
set # 

Vehicle type 
Suspensions 

included 

1 - - 
2 Light truck No 
3 Heavy truck No 
4 Tractor trailer No 
5 Light truck Yes 
6 Heavy truck Yes 
7 Tractor trailer Yes 

 

The first set of simulations is performed to serve as a benchmark for 

comparison. Set 2 - 4 only include the effect of additional truck masses on the 

performance of bridge components. Therefore, comparison of results from set 1 

with results from sets 2 - 4 will provide insights into the effects of additional masses 

on the component responses for each vehicle types. Since simulation sets 5 - 7 

include additional masses and suspension springs, the results of these simulation 

sets include the effects of VBI for the three vehicle models. So, comparison of results 

from sets 5 to 7 with set 1 can help uncover the effect of VBI on the component 

responses for the three vehicle types. Furthermore, comparison of component 

responses from sets 2 to 4 with responses from sets 5 to 7 can help differentiate the 

effect of additional truck masses from the combined effect of additional masses and 

suspension springs. The bridge and vehicle models used in finite element analysis 

for the different simulation sets are described in detail in the following section. 
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6.5.3. Finite element modeling 

Herein, finite element simulations are performed in OpenSees to model bridges, 

vehicles, and their interaction during earthquakes. The finite element modeling 

approach described in Section 6.3 is used to model the bridge columns, bearings, 

abutments, and foundations. In this study, distinct from bridge models described 

section 6.3, the bridge super-structure, i.e. the deck, is modeled using a grillage. The 

longitudinal elements of the grillage correspond to the AASHTO type girders which 

are selected based on the span length. The transverse grillage elements are assigned 

the properties of the deck slab. In order to position the vehicle models at various 

locations on the bridge deck, additional nodes are added at each wheel location. 

These additional nodes are connected to the grillage elements using beam elements 

which are assigned the properties of the deck slab. 

The three vehicle models considered in this study correspond to a light truck, 

heavy truck, and tractor trailer. The light and heavy truck models are adapted from 

Zhou and Chen (2014). The two axle light truck model, including the front axle, 

weighs 4.66 tons; while the three axle heavy truck weighs 22.35 tons. The tractor 

trailer model is adapted from Guo (2003) and has a total of 5 axles weighing 63.86 

tons. For all the three vehicles this study models the vehicle bodies with rigid bodies 

which are assigned appropriate mass, pitching moment of inertia, and rolling 

moment of inertia. The tires and suspension systems are modeled using elastic 

springs following Guo (2003) and Zhou and Chen (2014); additionally viscous 

dampers are also included in the tires and suspension springs for energy 
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dissipation. Tires are provided stiffness in all three translational directions. 

Typically, the stiffness of tires in the lateral direction – along the width of the truck – 

is about 1/3 of the stiffness in the vertical direction. In the longitudinal direction, 

along the length of the truck, the stiffness of the tires is 1/6 of the vertical stiffness 

and the damping of the tires is kept the same in all directions. The axles’ masses are 

modeled as point masses and are located between the tires and the suspensions. 

The stiffness of the suspension springs in the lateral direction is usually 2/3 of the 

stiffness in the vertical direction; while the damping is assumed to be equal in both, 

vertical and lateral directions. The three vehicle models have 16, 26, and 42 degrees 

of freedom respectively. Additional details on vehicle masses, tire, and suspension 

characteristics can found in Guo (2003) and Zhou and Chen (2014). 

6.5.4. Metamodeling and fragility function development 

Herein, seven sets of metamodels, one corresponding to each simulation set, are 

developed. Each set of metamodels consists of four metamodels; one each for 

maximum column drift, maximum bearing displacement, maximum abutment 

passive response, and maximum abutment active and transverse response. Stepwise 

regression is adopted to model the component responses because it leads to sparse 

models with good predictive accuracy; the response metamodels are shown in 

Appendix D. 

Metamodels for bridge component responses, for each simulation set, are 

used to develop fragility functions. 10103 bridge parameter combinations are 

generated using sampling strategies like LHS and each bridge parameter 
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combination is paired with a randomly generated intensity measure value. For 

combinations of bridge parameters and intensity measure, component responses 

are predicted using the available metamodels. Next, for each component, damage 

state is determined by comparing the response with the capacity limit states. In 

order to demonstrate the effect of vehicle presence on bridge system fragility, this 

study uses a series system assumption to determine bridge system level 

performance from component damage states; however, other system definitions 

may also be used. The capacity limit states for bearings and abutment are obtained 

from Ramanathan et al. (2012) and the capacity limit states for columns are 

obtained from Berry and Eberhard (2004) and Panagiotakos and Fardis (2001). 

These component capacity limit states are assumed to be lognormally distributed. 

Table 6.11 shows the median (m) and dispersion values (β) for abutment and 

bearing capacity limit states. Table 6.12 shows the mean and dispersion values for 

column drift capacity, in percentage; wherein, y represents column’s yield 

curvature, l is the distance between the point of contraflexure and the base of 

column, and ALR is column’s axial load ratio. 

Table 6.11. Abutment and bearing capacity limit states  

Component 
damage mode 

Damage states 

Slight Moderate Extensive Complete 

m δ m δ m δ  m δ 

Abutment passive 
damage (mm) 

37.00 0.25 146.00 0.25 1000.00 0.47 1000.00 0.47 

Abutment active 
and transverse 
damage (mm) 

9.25 0.25 37.9 0.25 77.2 0.47 1000.00 0.47 

Bearing l damage 
(mm) 

30.00 0.25 100.00 0.25 150.00 0.47 255.00 0.47 
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Table 6.12. Column capacity limit states 

Damage 
state 

Mean capacity δ 

Slight 
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For each bridge sample, the component capacity limit state is evaluated 

which is used along with component demands to determine the damage state of 

each component. Using a series system assumption, the component damage states 

are used to determine the damage state of the bridge system. Using the information 

on the system damage state, logistic regression models are developed to predict the 

bridge system fragility for each damage state.  This procedure is repeated for all the 

seven simulation sets; the fragility functions are shown in Appendix D. Comparisons 

of the resulting fragility functions would show the effect of vehicle modeling and VBI 

on the fragility of bridges.  

6.6. Sample application and discussion 

The fragility functions developed in this chapter are applied to several case study 

bridges in order to better understand the effects of multiple hazards on the 

performance of bridges.  
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6.6.1. Scour and vehicular load 

In order to demonstrate the applicability of the scour fragility functions and the soil 

homogenization procedure developed in this study, a case study bridge located in 

Brazoria County, Texas, United States is selected. The case study bridge is a multi-

span simply supported box girder bridge supported on drilled shafts. The 

parameters of the case study bridge are shown in Table 6.13 and the soil 

classification, as per the unified soil classification system, obtained from the bridge 

plans are shown in Table 6.14. For this bridge, the effect of variation in scour depth, 

truck weight, and bridge parameters on the fragility is explored. Particularly, the 

effect of truck weight on fragility is explored in this sample application to 

understand the safety of bridges to carry vehicular loads when subjected to pier 

scour. Consideration of truck weight as a key parameter is further motivated by the 

magnitude of truck weight, which could be equal to 10-20% of deck weight for 

average highway bridges. Figure 6.4 shows the effect of vehicle weight and scour 

depth on the failure probability of the bridge when the vehicular loads are placed at 

the center of the bent. For each scour depth value, the soil homogenization 

procedure is used to obtain an equivalent single soil layer whose properties are 

used in the fragility functions. As expected, for low scour depths the failure 

probability is low and it increases as scour depth increases. The effect of vehicle 

weight on the failure probability is less pronounced since the range of vehicle 

weight is relatively small compared to the weight of the deck per unit length; 

nevertheless, increase in vehicular weight increases the failure probability. These 

results indicate the safety of the bridge for various scour depths, which could be 
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used to make bridge closure decisions. Next, Figure 6.5 shows the effect of vehicle 

position and weight on the failure probability for an assumed scour of 2.0 m. In 

Figure 6.5, the effect of vehicular weight is more clearly visible; additionally, as the 

vehicular load shifts away from the center of the bent, i.e. as Tpz increases, the failure 

probability increases. When the vehicular load is placed at the center of the bridge a 

larger number of piles support the vehicular load; however, as Tpz increases, the 

piles towards the end of the bent support more loads in comparison to other piles; 

therefore, an increase in the failure probability is observed. Since the fragility 

models are able to capture the effects of vehicle positon, as seen in this figure, these 

results can be potentially used to impose load and lane restrictions on the bridge. 

Figure 6.6 shows the effect of variation in bridge and soil parameters on the fragility 

of the bridge at a scour depth of 2.0 m, while all other bridge and soil parameters 

are fixed. An increase in span length increases the self-weight of the deck therefore 

the failure probability increases. Similarly, a decrease in the number of columns 

supporting the bridge increases the load supported on each column which leads to 

higher failure probabilities. An increase in soil unit weight and cohesion increases 

the bearing capacity of the piles; therefore, an increase in soil properties decreases 

the failure probability. As all these parameters, i.e. Ls, ncol, γsoil, and csoil, are varied, an 

increase in the vehicular load leads to larger failure probabilities; for example at 3.4 

m of scour, an increase in truck weight from 44.5 kN to 445.0 kN leads to 20% 

increase in failure probability. For this particular bridge, the effect of truck weight is 

mild since the deck weight of this bridge is relatively high in comparison to the 

maximum truck weight (445.0 kN). However, the effect of truck weight may be 
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different for other bridges with different super-structure and foundation 

characteristics. The application of the fragility functions for the case study bridge 

highlights the usefulness of these fragility functions to assess the safety of bridges 

with pier scour to carry vehicular loads. Furthermore, the fragility functions can also 

be used for sensitivity analysis to study the effect of parameter variation on the 

safety of the bridge. Anecdotally, Texas Department of Transportation (TXDOT) is 

known to close bridges to traffic at 1.5 m of scour, which may be reopened after an 

inspection.  The results for the case study bridge show that TXDOT’s criterion for 

bridge closure is conservative for the case study bridge. 

Table 6.13. Case study bridge parameters 

Variable  Range Variable  Range 

ngd 13 Lpile 12.8 m 
Wdeck 205 kN/m bpx 0.4 m 

W 15.2 m bpz 0.4 m 
Ls 15.85 m Cp 1.6 m 

ncol 7 Ap 0.16 m2 
Hc 5.5 m Ptype 1 
Dc 0.4 m ηy 1.0 
Sc 2.5 m Npile 1 

Table 6.14. Soil characteristics at the case study bridge location 

Depth (m) Soil type 

0.0 -1.83 Inorganic silts (ML) 
1.83 – 2.74 Clayey sands (SC) 
2.74 – 3.66 Inorganic clays (CH) 
3.66 – 5.79 Inorganic silts (ML) 
5.79 – 9.75 Inorganic clays (CH) 

9.75 – 12.80 Clayey sands (SC) 
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Figure 6.4. Effect of scour and vehicle weight on failure probability 

 

Figure 6.5. Effect of vehicle position and weight on failure probability at 2.0 m 

scour 
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Figure 6.6. Effect of span length, number of columns, and soil properties on 

failure probability at 2.0 m scour 

6.6.2. Barge impact, scour, and vehicular load 

In order to understand the effect of scour on the failure modes of columns caused 

due to barge impact, this study compares the column curvature (ϕ) and shear strain 

demands (γ) for each of the 2000 bridge parameter combinations that were used to 

develop the fragility functions. Herein, these curvature and shear strain values are 

normalized by ultimate column curvature (ϕult) and ultimate shear strain (γult) 

respectively. The normalized curvature and shear strain demands for impact cases 

which have either of the two demands greater than 0.5 are shown in Figure 6.7a and 

6.7b for cases without and with scour respectively. Both the figures, 6.7a and 6.7b, 

plot the observed ratios of ϕ/ϕult and γ/γult which indicate which failure mode 

dominates the impact response of columns; equal shear and flexure damage 
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scenarios are represented by the green and blue lines. Without scour, Figure 6.7a 

shows that shear and flexural failures equally dominate the failure of the columns. 

However, Figure 6.7b shows that flexural failure dominates failure in presence of 

pier scour. Therefore, this result indicates that bridges with the pile cap at the 

waterline are more susceptible to flexural failure when compared to bridges with 

pile caps at mudline. 

 

Figure 6.7. Comparison of column failure modes without and in presence of 

pier scour. 

 

Following the impact analysis, static push under analysis is performed by 

placing vehicular loads, modeled using two point loads on the bent, to assess the 

safety of the bridges to carry vehicular loads. The loads are positioned on an 

extreme end of the bent which is subjected to barge collision, close to the impacted 

column. The two point loads are positioned along the width of the bent at a distance 

(

a) 

(

b) 
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of 1.82 m. The upper limit for the combined load of the two point loads is considered 

as 1780 kN, which is five times greater than the maximum allowed gross vehicle 

weight by Federal Highway Administration (2006). The results highlight that 

bridges that are able to sustain their self-weight after the impact are also able to 

safely carry vehicular loads. The self-weight of bridges on navigable channels 

supported on a bent is much larger in magnitude than the vehicular loads; self-

weight of a single span could be over 50 times more than the maximum allowed 

truck weight. Therefore, addition of the vehicular loads to the existing self-weight 

does not significantly affect the vertical stability of the bridge bent. Therefore, 

vehicular traffic may be allowed on bridges that have not failed due to barge impact 

and are able to resist their self-weight. 

In order to show the application of the fragility models developed in this 

study, the effects of parameter variation are assessed on a hypothetical case study 

bridge, whose parameters are provided in Table 6.16. Figures 6.8 and 6.9 show the 

effect of parameter variation on the probabilities of exceeding the ultimate shear 

strain capacity and column curvature capacity, respectively; for these figures the 

individual parameters are varied while other parameters are kept constant. The 

case study bridge, for the set of parameters shown in Table 6.15, has low probability 

of failing either due to shear or flexure, considering model uncertainties alone. 

However, as parameters such as the impact velocity, barge mass, column 

dimensions, impact height, and barge bow yield force are varied significant changes 

in the failure probabilities can be observed for both the failure modes. Unlike the 

trends in shear and moment demands, the failure probability increases as the 
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impact energy increases because greater impact energy leads to longer impact 

duration and causes more damage. Increase in the bow yield force causes sharp rise 

in the failure probabilities for both the failure modes. As the barge bow yield force 

increases the impact force increases leading to greater larger failure probability 

under both shear and flexure. However, the failure probability for both the modes 

decreases as the size of the column increases. Even though larger column leads to 

greater demands, the increase in column diameter and width also increases the 

column capacity; since the increase in the capacity is greater than the increase in 

demand, the failure probability decreases. With an increase in impact height, the 

probability of failure due to either of the failure modes significantly increases. The 

impact height for the case study bridge is located around 1.0 m from the base of the 

column.  Therefore, significant amount of deflection occurs in the piles; however, as 

the impact location moves upwards, larger deformations occur in the columns 

leading to higher failure probability for both the failure modes. Similar reason could 

be attributed for the increase in failure probability with decreasing scour, distance 

between the pile cap and the mudline, since with increase in scour depth piles 

undergo significant deformations which reduces the effect of impact on columns. 

These results for the case study bridge highlight that piles may also experience 

significant deformations and forces; therefore, assessment of forces and 

deformations in the piles is also important for safety assessment of bridges 

subjected to barge impact, which may be studied in future work. 
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Table 6.15. Bridge parameters of the hypothetical case study bridge 

Parameter  Value Parameter  Value Parameter  Value 

ngd 10 Sc 5.0 m ηy 0.80 
Wgd 12.0 kN/m ρl 3.0 % ηz 0.75 
W 4.57 – 27.4 m ρt 0.8 % ηx 0.80 
fy 450.0 MPa Lpile 24.4 m Npile 40 
fc 30.0 MPa Ds 7.6 m γsoil 19.6 kN/m3 
Ls 45.7 m bpx 0.37 m ϕsoil 30° 

ncol 4 bpz 0.37 m Mb 2030 tons 
Hc 21.0 m Cp 1.48 m Vb 1.28 m/s 
Dc 1.3 m Ap 0.13 m2 Fyb 7750 kN 
Bc 1.3 m Ep 21.0 GPa Himpact 1.06 m 

 

 

Figure 6.8. Effect of parameter variation on shear failure fragility. 
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Figure 6.9. Effect of parameter variation on flexural failure fragility. 

6.6.3. Earthquakes and hurricanes 

Earthquake and hurricane hazards are considered here for demonstration of the 

applicability of the fragility functions for risk assessment of bridges. For this 

purpose, seismic fragility is evaluated using the PEER formulation (Cornell & 

Krawinkler, 2000) and hurricane risk is obtained following the procedure described 

in Appendix E. Three case study bridges are chosen to study the effect of 

earthquakes and hurricanes, two non-concurrent hazards, on the total risk, i.e. 

annual failure probability, to the three bridges. The case study bridges are assumed 

to be located in the coastal Charleston, SC region; therefore, they are subject to both 

earthquake and hurricane loads. All three bridges are considered to have the same 

longitudinal and transverse reinforcement ratios of 1.25% and 0.2% respectively, 

typical values for existing bridges in CEUS (Nielson, 2005). Steel yield strength and 
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nominal concrete strength are also constant among the bridges. At each bridge 

location, the water depth and fetch length are assumed to be 1.2 m and 5 km 

respectively.  Other important parameters of the bridges are listed in Table 6.16. 

 

Table 6.16. Bridge parameters 

Parameters Bridge 1 Bridge 2 Bridge 3 

cf (MPa) 30.00 30.00 30.00 

yf (MPa) 460.00 460.00 460.00 

L (m) 10 12.00 15.00 

CH (m) 4.00 6.00 8.00 

CD (m) 0.91 1.22 1.37 

ncol  3 3 3 
nsp  4 5 3 

 

To provide a consistent basis for comparison of fragilities across different 

hazards, the failure probability of each bridge is plotted relative to the mean annual 

frequency of hazard occurrence for hurricane (HR) and earthquake (EQ) events 

(Figure 6.10). However, it is stressed that the fragilities, shown below, are functions 

of intensity measures and not of the mean annual frequency which is only used to 

compare the fragilities across distinct hazards. To further, investigate the 

contribution of each hazard, risk from earthquakes and hurricanes are quantified 

and compared in Table 6.17. Herein, risk is defined as the annual probability of 

complete damage to the bridge, obtained as the convolution of fragility with hazard 

occurrence. From Figure 6.10, it can be observed that bridge 1 is more fragile to 

hurricanes as compared to earthquakes. This can be attributed to the height of 

columns in bridge 1, which are only 4.0 m tall. Since the height of the bridge is very 
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low, surge heights with lower return periods can also cause deck uplift. Therefore, 

the risk is dominated by hurricanes. Bridge 2 is almost equally vulnerable to 

hurricanes and earthquakes. Its taller columns reduce hurricane fragility but the 

increase in height also increases the slenderness of the columns. The case of 

increased number and length of spans in this bridge increases the mass of the 

structure; increased slenderness coupled with increased mass makes it more 

vulnerable to earthquakes. Comparable fragilities to earthquakes and hurricanes do 

not necessarily lead to comparable risk estimates. However, in the case of bridge 2, 

risks due to hurricane and earthquake are comparable, which is due to the hazard 

characteristics at the location and partially due to the bridge fragilities. Bridge 3 has 

8.0 m tall columns; this reduces the hurricane fragility significantly which also 

reduces the hurricane risk considerably as surge heights of 8.0 m and above are 

much less likely to occur. As the hurricane risk has decreased significantly, 

earthquake risk dominates the total risk.  
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Figure 6.10. Comparison of earthquake and hurricane fragility. 

 

Table 6.17. Risk contribution from earthquakes and hurricanes 

  Earthquake Hurricane Total 

Bridge 1 5.57E-05 1.42E-03 1.48E-03 
Bridge 2 1.43E-04 1.24E-04 2.67E-04 
Bridge 3 1.18E-04 7.64E-06 1.26E-04 

 

For bridge 2, Figure 6.11 shows the influence of column height on hurricane 

risk, earthquake risk, and total risk to illustrate the relative contribution of different 

hazards to the total risk as design parameters vary. It can be observed that for low 

column heights, hurricane effects dominate the total risk; as the column height 

increases however, there is a rapid decrease in hurricane risk. As the column height 

increases, a steady increase in earthquake risk is observed. This is due to increased 
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flexibility and larger displacements of bearings and abutments. As a result, for 

higher column heights, earthquake hazard dominates the total risk. It is also noted 

that the total risk for this geometry is minimized at a certain column height (around 

7.2 m for bridge 2), a height below which the risk dramatically increases and above 

which the risk moderately increases. The column height corresponding to minimum 

risk may be significant from a design perspective, as this column height provides the 

optimal tradeoff between both hazards, thus minimizing the total risk to the bridge. 

This example reveals a possible tradeoff scenario when considering the multi-

hazard design of bridges, highlighting the value of the proposed framework.  It is 

noted however, that the observed trends are case study specific as they will vary 

with hazard characteristics, limit state definition and other bridge parameters, 

effects of which can be accommodated using the presented framework.  

 

Figure 6.11. Comparison of risk from earthquakes and hurricanes 
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6.6.4. Earthquakes and vehicle presence 

This study selects three case study bridges to highlight the differences in their 

fragility due to variation in bridge and vehicle characteristics. Table 6.18 shows the 

parameters of the three selected bridges. Among the three bridges, only the 

geometric parameters are varied while all other parameters such as material 

properties, reinforcement ratios, and truck position are kept constant. For all the 

bridges trucks are positioned near the center of the bridge. The parametrized 

logistic regression based fragility functions are used for the three case study 

bridges, with parameters mentioned in Table 6.18, to obtain fragility curves for the 

three bridges. Figure 6.12 compares bridge fragilities of the three bridges for 

different limit states when each of the three vehicle models is individually placed on 

the bridges. Additionally, bridge fragilities in the absence of any vehicle are also 

shown in Figure 6.12. For bridge 1, the probabilities of exceeding slight and 

complete damage states with different vehicles are very close to each other. 

However, for moderate and extensive damage states, fragility curves for the bridge 

only case and bridge with the light truck are very similar and have the lowest 

fragility. Bridges with the heavy truck and the tractor trailer have highest fragilities. 

This trend changes for the other two bridges; for bridge 2, the fragility curves for 

moderate and extensive damage states are very close while slight and extensive 

damage state fragility curves have significant differences depending on the type of 

vehicle placed on the bridge. Unlike bridge 1, placement of the heavy and light truck 

on the second bridge leads to lowest fragilities at the extensive and complete 

damage states. Similarly, bridge 3 has different trends for the different limit states. 
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For each limit state, differences in the trends observed in the fragility curves among 

the three bridges can be attributed to the variations in the bridge characteristics and 

the difference in the interaction of the vehicles with the bridges due to difference in 

bridge parameters. For a particular bridge, the differences in the trends in fragility 

curves for different limit damage states could be related to the dominance of 

different components at different damage states. 

Figure 6.13 further explores the effect of vehicle modeling on the third 

bridge’s system fragility for all three vehicles. In Figure 6.13, the fragility curves 

with VBI indicate inclusion of suspension systems in the vehicle models in addition 

to masses and point loads and the fragility curves without VBI lack suspension 

springs in the vehicle models. When a light truck is placed on the bridge, for all 

damage states, there is only a slight difference between the fragility curves for the 

bridge with and without VBI.  However, as the trucks become heavier, the 

differences in fragility curves become greater especially for higher damage states. 

This observation further highlights that in order to study the effect of vehicle 

presence on bridge performance, modeling of the vehicle suspension system is 

necessary. Furthermore, the results presented in Figure 6.19 show that vehicle 

presence and VBI could be either beneficial or detrimental to bridge performance 

depending on the characteristics the bridge and the vehicle. Therefore, this study 

concludes that the effect of VBI on bridge performance depends on vehicle and 

bridge characteristics and needs to be determined on a case by case basis for which 

this study has developed response and fragility metamodels. Furthermore, this 

study shows that in order to include the effects of VBI on seismic performance of 
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bridges, modeling vehicles with additional point loads and masses alone is not 

sufficient. Therefore, vehicles should be modeled with suspension springs and 

masses in order to include the effects of VBI earthquake performance of bridges.  

Table 6.18. Case study bridge parameters 

Parameters Bridge 1 Bridge 2 Bridge 3 

fy (MPa) 30.00 30.00 30.00 
fc 460.00 460.00 460.00 

Hc (m) 4.00 7.00 10.00 
Dc (m) 1.83 0.91 1.68 
ncol_bent 4 2 3 
Ls (m) 20.00 10.00 15.00 

nsp 3 9 6 
ρl (%) 2.00 2.00 2.00 
ρt (%) 0.80 0.80 0.80 

Tpl 0.50 0.50 0.50 
Tpw 0.25 0.25 0.25 
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Figure 6.12. Fragility curves for the case study bridges for different limit states 

and vehicle types 
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Figure 6.13. Comparison of fragility curves for bridge 3 with and without VBI 

 

6.7. Discussion 

The demonstration of the fragility functions for various hazards in the previous 

section leads to several interesting observations regarding the potential effects of 

different hazards on selection of bridge parameters and the overall safety of bridges 

for multiple hazards. As per the taxonomy, proposed in Chapter 3, vehicular loads 

and scour have complementary effect on the selection of pile length and diameter, 
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which is expected since piles with higher bearing capacity can sustain larger 

vehicular loads and scour before losing stability. In the case of bridges subjected to 

scour and barge collision, the presence of scour reduces impact demands and failure 

probability for columns but the results suggest that impact loads on piles may 

increase in presence of scour. This observation suggests that presence of scour has 

diminishing effect on columns while it may have an amplifying effect on the piles, 

which highlights the potentially opposing effects of scour on different bridge 

components. The overall effect of scour on system fragility of bridges subjected to 

scour and barge collision needs to be evaluated, which may be assessed in future 

work. Consideration of earthquakes and hurricanes, two non-concurrent hazards, 

shows that these two hazards have competing effects on selection of column height 

within the practical limits of column height; for earthquakes, shorter columns are 

preferable, while for hurricanes taller columns improve the safety. Additionally, 

based on the metamodels for moment demand on the columns during barge impact, 

with and without scour, taller columns have greater moment demands. So, a shorter 

column, within a practical range, is also preferable for barge collision scenarios. 

Therefore, earthquakes and barge collision have complementary effect on selection 

of column height. Additionally, earthquakes and barge collision have 

complementary effect on column diameter since for both hazards increase in 

column diameter leads to decrease in fragility. Moreover, scour and earthquakes 

have complementary effect on span length; for both the hazards an increase in span 

length alone increases the fragility of bridges. The results for the final multi-hazard 

combination of earthquakes and vehicle loads show that presence of a vehicle atop a 
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bridge during an earthquake may either improve or adversely affect the fragility of 

the bridge, depending on the characteristics of the bridge and the vehicle. Therefore, 

earthquakes and vehicular loads may have either a diminishing or amplifying effect 

on the seismic fragility of bridges. 

6.8. Summary 

Using the generalized dual layer fragility assessment methodology, this chapter has 

developed parameterized fragility functions for bridges for several multi-hazard 

combinations: scour and vehicular loads, barge impact, scour, and vehicular loads, 

earthquake, hurricane, and earthquakes in presence of vehicles. Applications of the 

fragility functions developed in this chapter are shown for several case study 

bridges to gain insight on the effects of parameter variation on bridge fragility for 

different hazards and understand the contribution of individual hazards to the total 

risk. Fragility functions for bridges subjected to scour are applied to a bridge in 

Brazoria County. The results show that the case study bridge may carry vehicular 

loads safely at 1.5 m scour, which is TXDOT’s scour threshold for bridge closure. 

Analysis of barge bridge impact with scour shows that the presence of scour may 

reduce the demands on bridge columns, but it may lead to increased demands on 

the bridge foundations. Additionally, bridges with insignificant impact damage were 

observed to be safe to carry vehicular loads. Application of hurricane and 

earthquake fragility functions for risk assessment of a case study bridge shows that 

the two non-concurrent hazards have competing influence on the selection of 

column height. Such results highlight the potential future opportunity to use the 
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parameterized fragilities within a multi-hazard design optimization. Lastly, the 

study of VBI effects on seismic performance of bridges shows that vehicle presence 

may be beneficial if the mode shapes of the vehicle and the bridge are out of phase, 

else vehicle presence may worsen the performance of bridges. 
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Chapter 7 

Assessment of Performance Metrics 

for Resilience Quantification 

The literature highlights several gaps that impede resilience assessment of regional 

portfolios of ASTs and bridges. The lack of fragility models for various causes of 

failure and hazards, applicable to a regional portfolio of ASTs and bridges, has been 

addressed in Chapters 5 and 6. In order to address the remaining gaps, this study 

will develop methods that can be used to evaluate performance metrics required for 

resilience assessment of regional portfolios of ASTs and bridges. First, in the 

following section, estimates of performance metrics for ASTs such as repair costs, 

downtime, and spill volume are developed.  
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7.1. Performance metrics for ASTs 

Resilience of ASTs may be quantified using combinations of repair cost, downtime, 

and functionality. In addition to these metrics, potential spill volumes due to tank 

failures are also evaluated here, which indicate the potential economic and 

environmental impact of tank failures. Furthermore, spill volumes may also 

indirectly indicate the amount of resources, time and money, that may be needed to 

restore the ASTs and the surrounding areas to pre-event conditions thereby 

indirectly highlighting the resilience of ASTs. In this light, the following subsections 

develop estimates for the four performance indicators – downtime, direct economic 

losses, functionality, and spill volumes – to facilitate resilience assessment of a 

regional portfolio of ASTs; applications of these estimates for resilience assessment 

of ASTs is shown in the next chapter. 

7.1.1. Repair costs and downtime 

The literature lacks downtime and repair cost estimates for tanks damaged due to 

various hurricane related causes of failure. Therefore, for hurricane related damage 

modes this study adapts estimates for these resilience indicators from other hazards 

based on similarity in damages. Wind buckling of ASTs is usually observed to cause 

buckling in the upper shell courses of tanks (Godoy, 2007). Furthermore, only 

extreme cases of wind buckling may lead to spillage of contents. This damage 

description matches well with the consequences of moderate seismic damage to 

tanks as per the HAZUS loss estimation methodology (NIBS, 2005) and O'Rourke 

and So (2000); wherein, moderate damage is characterized by either elephant foot 
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buckling with minor loss of contents or buckling in upper courses. Therefore, in 

order to estimate downtime and repair cost for wind buckling damage to fixed and 

floating roof tanks, this study adopts the repair time and loss estimates 

corresponding to, i.e. equal to, the moderate seismic damage state. Table 7.1 shows 

the distribution of restoration time and damage ratio, i.e. repair costs as a fraction of 

tanks’ cost, for wind buckling of tanks.  Additional causes of failure are also 

presented and described below. 

Table 7.1. Repair cost and downtime estimates for hurricane damage (adapted 

from HAZUS (NIBS, 2005) and O'Rourke and So (2000)) 

Failure mode  Downtime/Repair time (days) Damage ratio 

Distribution Mean Standard 
deviation 

Distribution Lower 
bound 

Upper 
bound 

Wind buckling Normal 3.1 2.7 Uniform 0.15 0.40 
Storm surge 

flotation 
Normal 155.0 120.0 Uniform 0.80 1.00 

Storm surge 
buckling (without 

shell rupture) 

Normal 3.1 2.7 Uniform 0.15 0.40 

Storm surge 
buckling (with shell 

rupture) 

Normal 93.0 85.0 Uniform 0.40 0.80 

 

Flotation failure of tanks can lead to dislocation of the tanks and rupturing of 

pipelines connected to the tanks. Furthermore, dislocation may also cause ruptures 

in the bottom shell courses leading to complete loss of contents. Therefore, flotation 

failure may be considered equivalent to the complete damage state for earthquake 

damage as per HAZUS, which is characterized by complete tank failure leading to 

loss of contents. The distribution of the damage ratio and downtime, corresponding 
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to flotation failure of fixed and floating roof tanks, obtained from HAZUS (NIBS, 

2005) are shown in Table 7.1.  

Storm surge buckling of ASTs is triggered when ASTs are not free to float due 

to the presence of restraints such as anchor bolts. Storm surge buckling, similar to 

wind related buckling, may simply cause buckling without any ruptures; however 

since storm surge buckling is more likely to be caused in the lower shell courses, 

storm surge buckling may also lead to rupture of the shell near connections with 

pipelines. Therefore, storm surge buckling has the potential to cause ruptures in the 

tank shell which may cause spills. Due to a lack of data on storm surge buckling, 

both scenarios – buckling without and with rupture – are assumed to be equally 

likely. This assumption may be easily revised in the future if more data on storm 

surge buckling becomes available either through reconnaissance reports or 

experimental testing. Buckling without rupture is similar to wind buckling; 

therefore, repair costs and downtime are considered to be the same as wind 

buckling. While, for storm surge buckling with a ruptured shell, the damages are 

comparable to extensive seismic damage which includes loss of contents due to 

elephant foot buckling and breakage of pipelines. In light of similar damages, the 

repair costs and downtime for extensive seismic damage from HAZUS are adopted 

for storm surge buckling with a ruptured shell for tanks with both roof types, shown 

in Table 7.1. For all causes of failure, HAZUS provides the repair cost estimates in 

terms of damage ratios. In order to evaluate repair costs using the damage ratios, 

the costs of new tanks are obtained from publically available sources such as the 

Michigan Assessors’ Manual (Michigan Department of Treasury, 2003). However, the 
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tax assessors’ manual provides costs of tanks in 2003 US dollars; therefore, the 

Nelson-Farrar refinery inflation construction index is used to convert the cost of 

tanks to present costs. Figure 7.1 shows the cost curve for year 2016, i.e. relation 

between cost and capacity of tanks, for fixed and floating roof tanks.  

.  

Figure 7.1. Cost curve for fixed and floating roof tanks 

 

7.1.2. Post-event functionality 

Resilience for engineering systems is often quantified by evaluating the area under 

the functionality curve during the restoration period (Bruneau et al., 2003). In the 

case of tanks, the functionality is assumed to have two discrete states: either fully 

functional or completely down. This assumption is reasonable since ASTs are 

operated only when their structural integrity is uncompromised. Causes of failure 
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such as buckling and flotation pose a significant threat to the structural integrity of 

ASTs. Therefore, failure of ASTs due to either flotation or buckling, due to wind or 

storm surge, is assumed to cause a 100% drop in functionality. During rehabilitation 

ASTs are not used; therefore, the downtime for tanks may be used to indicate the 

resilience of ASTs.  

7.1.3. Spill volume 

Herein, for each of the failure modes which may potentially lead to spills, this study 

assumes that the entire contents of the tank are spilled, which is a conservative 

assumption. However, considering the consequences of spills, such a conservative 

assumption may be justified. The mean spill volume can be estimated numerically 

by convolving the content volume and the fragility functions, as shown in Equation 

7.1.  

   dllflIMXfailP
lD

VolumeSpillE L  ),,(
4

 
2

            7.1 

In the above equation, l is an instance of liquid level in the tank, X is a vector of tank 

parameters, and IM is intensity measure such as storm surge height. ),,( lIMXfailP

is the fragility, which has been derived in Chapter 5, and  lf L  is the probability 

density function (PDF) of the liquid height inside the tank. Furthermore, Monte 

Carlo simulations can also be used to determine the complete distribution of spill 

volumes. 
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7.2. Performance metrics for bridges 

Resilience of bridges may be quantified using combinations of economic losses, 

downtime, and functionality. Assessment of potential repair costs for pre-event 

retrofits or post-event repairs can help prioritize remedial actions for bridges, 

which may help in improving the robustness of bridges and increase the rapidity of 

the recovery process and thereby repair cost estimation may help in improving the 

resilience of bridges. Additionally, the evolution of functionality with time needs to 

be modeled for resilience assessment, which requires assessment of possible traffic 

restrictions and estimation of their duration. Therefore, this study will focus on 

assessing repair costs, traffic restrictions, duration of traffic restrictions, and 

functionality with respect to traffic capacity. This study develops estimates of these 

performance metrics using seismic damage as an example; however, the methods 

used to develop the resilience metrics can be easily extended to other hazards. 

7.2.1. Repair costs 

7.2.1.1. Repair cost assessment 

This study develops a methodology to assess, model, and predict the entire 

cumulative distribution function (CDF) of seismic repair costs of bridges. For this 

purpose, the finite element simulation results are adopted from the benchmark set 

of simulations for vehicle bridge interaction under seismic loads, discussed in 

Chapter 6. Herein, 3100.10  Monte Carlo simulations are performed for each bridge 

wherein the component responses from the finite element simulations are 
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compared against the probabilistic component capacity estimates, shown in Table 

6.11, to estimate the damage states of all elements belonging to each component 

type such as the columns, bearings, and abutments. Within each simulation the total 

repair costs are obtained by summing up the repair costs for all the types of 

components. Therefore, the total repair cost for the ith simulation, TCi, can be written 

as:  





cn

c

i

c

i CTC
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                 7.2 

In the above equation, nc is the total number of component types and i

cC  is the cost 

of repairing all the elements belonging to the component type c. Herein, three main 

component types that have sustained significant damages in past events – columns, 

bearing, and abutments are considered; therefore, nc = 3. The repair costs for each 

component type can be derived as the sum of repair costs for different damage 

modes pertinent to the component type, which can be expressed as: 
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where, i

cdC is the repair cost for component c under damage mode d and ncd is the 

number of damage modes considered for component type c. In this study, bearings 

are considered to be damaged due to bearing deformations in longitudinal and 

transverse directions; abutments are assumed to get damaged due to their active 

and passive response; and columns are considered to be damaged due to their 

deformations which are measured by drift ratios. Therefore, both bearings and 
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abutments have two damage modes and columns only have one damage mode. The 

component repair cost for a damage mode can be written as the sum of repair costs 

of all the elements belonging to the same component type ( i

cdeC ): 
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The total number of elements belonging to component type c considered for damage 

mode d is ncde. 
i

cdeC depends on the damage state ( i

cdeDS ) of element e of component 

type c for damage mode d. Within each simulation, the damage state of an element, 

for a given damage mode, can be determined by comparing the demand on the 

element with the capacity for all damage states. Mathematically, the determination 

of the damage state for an element can be written as: 
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 I is an indicator function which returns 1 if i

cdeD is greater than i

cdelS , else it 

returns 0; i

cdeD  is the demand and i

cdelS  is the capacity for damage state l for element 

e of component type c for damage mode d. i

cdeDS = 0 corresponds to no damage; and 

values 1, 2, 3, and 4 correspond to slight, moderate, extensive, and complete damage 

states, respectively. For each simulation, an instance of lognormally distributed i

cdelS

can be generated for the abutments, bearings, and columns using bridge component 

capacities shown in Table 6.11. Selection of repair strategies after an earthquake 

depends on the available resources and the judgement of the bridge engineer. 

Additionally, a survey conducted by Padgett (2007) further shows varying 
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preferences among practicing bridge engineers for selection of repair actions to 

restore different bridge components. Therefore, for pre-event decision making 

where extent of resource availability after an earthquake and the preferences of 

bridge engineers are uncertain it is important to consider uncertainty in selection of 

repair actions. Considering the uncertainty in repair action selection, for each 

damage state of the component, the repair action is probabilistically chosen form a 

set of repair actions consisting of ncda repair actions considered for rehabilitating 

component type c with damage mode d. The set of repair actions considered for the 

three component types and their corresponding damage modes are shown in Tables 

7.2 to 7.4; these repair actions are adopted from Padgett (2007) and Ghosh and 

Padgett (2011b). In this study, it is assumed that all the elements belonging to a 

component type that have the same damage state are rehabilitated using the same 

probabilistically chosen repair action. This assumption is reasonable since in 

practice the elements with common levels of damage within a given bridge tend to 

be repaired with a consistent approach. With this assumption, the repair action for 

all elements with the same damage state is selected by generating a uniformly 

distributed random number zi, varying between 0 and 1, and comparing it against 

the cumulative probability of selecting a repair action. This process of selecting a 

repair action for a damage state can be expressed as: 
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In the equation above, Acdl is the repair action number selected for component type 

c, damage mode d, and damage state l; and  lpcdk is the probability of selecting 
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repair action k to repair component c under damage mode d.  lpcdk  values for 

different components and damage states are obtained from Padgett (2007) and 

Ghosh and Padgett (2011b).  

For each repair action, the repair costs are evaluated considering the 

quantities of materials required for repairs, which depends on the dimensions of the 

element being repaired, unit costs for materials, and the uncertainties in the cost of 

the materials. Therefore, i

cdeC  is directly related to cdlA and given bridge parameters, 

X, described in Table 6.9. Therefore, i

cdeC  can be written as: 
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where   is the Dirac delta function, which becomes non-zero for i

cdeDSl  . The 

above equation determines the repair action corresponding to the damage state of 

the element and evaluates the repair cost for the specific repair action and bridge 

parameters using a function R, which evaluates the quantities of material needed 

and multiplies them with their unit costs. Mean values of unit costs for the 

considered repair actions are described in Tables 7.2 through 7.4 along with the 

corresponding repair action. Additionally, Table 7.5 shows the unit costs for 

materials such as steel, concrete, and form work. Since the bridges considered here 

are representative of CEUS, all the cost estimates are obtained from the average unit 

cost data released by department of transportation in the CEUS such as the 

Tennessee Department of Transportation (2013) and Kentucky Transportation 

Cabinet (2010). Furthermore, the unit costs are assumed to follow a lognormal 
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distribution with mean values reported in Tables 7.2-7.5 and a coefficient of 

variation of 20% to account for variability in the unit costs (Ghosh & Padgett, 

2011b). Combining Equations 7.2 through 7.7, the total repair costs can be written 

as: 
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The repair cost assessment procedure described in Equations 7.2 through 7.8 

considers the correlations in damage states among the elements of the same 

component type and different component types, uncertainties in repair actions and 

repair costs. The repair cost assessment procedure has additional constrains to 

ensure that double counting of bridge replacement costs is avoided. For this 

purpose, a binary flag is used to indicate replacement of the bridge, which becomes 

1 when repair action for any of the components requires bridge replacement. 

Table 7.2. Column repair actions and estimates of mean unit costs  

Colum repair actions Cost estimates 

Epoxy injection $191/m 
Patch with concrete $56/m2 

No action $0.0 
Grouting $143/m3 

Concrete lining $93/column 
Wrap $215/m2 

Replace column Based on unit cost of steel, concrete, 
form work, column dimensions and 

reinforcement ratios 
Reinforce and recast Cost of replacing column plus shoring 

cost 
Replace bridge Cost of bridge construction 
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Table 7.3. Bearing repair actions and estimates of mean unit costs 

Repair actions for 
longitudinal 

bearing damage 

Mean unit cost 
estimates 

Repair actions for 
transverse bearing 

damage 

Mean unit cost 
estimates 

Jack bridge into 
place 

$4000/deck Jack bridge into 
place 

$4000/deck 

No action $0.00 No action $0.00 
Replace bearing 
and bridge deck 

Cost of bridge deck + 
cost of elastomeric 

bearings 

Replace elastomeric 
bearings 

$418.75/bearing + 
cost of jacking up the 

bridge deck 
  Replace expansion 

joints 
$934/m 

  Replace bridge Cost of bridge 
construction 

 

Table 7.4. Abutment repair actions and estimates of mean unit costs 

Repair actions for 
active abutment 

damage 

Mean unit cost 
estimates 

Repair actions for 
passive abutment 

damage 

Mean unit cost 
estimates 

Regrade and 
resurface approach 

$24000/approach Epoxy injection $191/m 

Add fill and asphalt $37/m2 Patch with concrete $56/m2 
No action $0.0 No action $0.0 

Replace abutment’s 
structural section 

Based on unit cost of 
steel, concrete, and 

abutment dimensions 

Add reinforcement 
and cover 

$1100/abutment 

  Grouting $143/m3 
  Replace bridge Cost of Bridge 

construction 

 

Table 7.5. Mean estimates of unit costs of materials 

Material Unit price 

Class A concrete $673/m3 
Class D concrete $701/ m3 
Reinforcing steel $2.1/kg 

AASHTO type 1 girder $508/m 
AASHTO type 2 girder $541/m 
AASHTO type 3 girder $574/m 
AASHTO type 4 girder $832/m 

Pile cost $234/m 
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The repair cost assessment methodology presented above is implemented 

for all of the 696 bridge samples and the distributions of repair costs are obtained 

for all of the bridges using sufficiently large number  Monte Carlo simulations (10.0

103) for each bridge. Six bridges are randomly selected from the 696 bridges for 

which the histogram of repair costs are shown in Figure 7.2, which will also be used 

for prediction of repair cost distributions. Parameters for these bridges are in 

shown in Table 7.6 along with the peak ground acceleration (pga) of the earthquake 

they were subjected to. For bridges 1 and 228, the repair cost is zero since none of 

the components get damaged. For the remaining four bridges, a large number of 

simulations have zero repair costs; however, a heavy tail can be observed with high 

repair costs. Similar trends are observed for all of the bridges in the set of 696 

bridges. In order to further investigate the repair costs, samples with zero repair 

costs are removed and the histogram of the natural logarithm of costs are analyzed; 

transformation of costs in the logarithmic scale enables better visualization and 

modeling of repair costs, as discussed in the following section. Figure 7.3 shows the 

histogram of non-zero repair cost values with logarithmic transformation; 

consequently, histograms are only shown for bridges 85, 141, 349, and 476. Figure 

7.3 clearly shows the multi-modal nature of the non-zero repair costs, which has not 

been reported in prior seismic repair cost assessment studies for bridges, or any 

other structural systems.  
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Figure 7.2. Histogram of bridge costs for selected bridges 

 

Table 7.6. Parameters for selected bridges 

Parameter Bridge 
# 1 

Bridge 
# 85 

Bridge 
# 141 

Bridge 
# 228 

Bridge 
# 349 

Bridge 
# 476 

nsp 3 8 5 9 8 4 
L (m) 20.19 18.38 17.01 7.96 10.84 7.68 

ncol_bent 2 2 2 4 2 2 
Hc (m) 5.62 7.02 4.95 5.78 5.58 4.67 
Dc (m) 1.98 1.27 1.24 1.27 1.24 1.52 

l (%) 0.01 0.02 0.02 0.01 0.04 0.01 

t (%) 0.01 0.01 0.01 0.00 0.00 0.01 
fy (MPa) 0.84 0.89 0.61 1.12 0.96 0.81 
fc (MPa) 10.78 10.20 13.35 9.26 12.85 11.86 
pga (g) 0.07 0.42 0.23 0.15 0.17 0.34 
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Figure 7.3. Histogram of non-zero bridge costs transformed to natural log 

space 

 

In order to understand the source of the multiple modes in the repair costs, 

this study further investigates the repair costs of elements belonging to different 

component types and the total cost for rehabilitating a component. Figure 7.4a 

shows the histogram of total repair cost for the columns in bridge # 141 and Figure 

7.4b shows the histogram for non-zero costs in the logarithmic space. The trends 

observed in the histograms for the repair cost of the entire bridge, including the 

large number of zero cost instances and multi-modal nature of non-zero repair 

costs, can also be observed in the histogram for the total repair cost of the columns. 

Similar trends are also observed in repair costs for other components in bridge # 

141 and other bridges in the set of 696 bridges. Therefore, to determine the source 
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of the multi-modal nature of repair costs for the entire bridge and its components, 

the repair costs of elements for different damage states are studied. For example, 

Figure 7.5a and 7.5b show the histograms for the cost of repairing a single bridge 

column in bridge # 141 for the slight and moderate damage states; and Figures 7.5c 

and 7.5d show the histogram for the non-zero costs in logarithmic space. The 

histograms of column repair costs in Figure 7.5, for the slight and moderate damage 

states, show multiple modes. Similar trends are observed in component repair costs 

for other components in bridge # 141 and other bridges as well. Therefore, 

uncertainty in repair actions can be attributed as a source of multiple modes in the 

repair costs of a single component for a given damage state. In order to pinpoint the 

reason for the multi-modal nature of repair costs, three additional cases are 

considered for repair cost assessment of all of the 696 bridges. In the first case, 

repair actions are considered to be deterministic (the most likely repair actions are 

chosen) and the damage states of all of elements belonging to each of the component 

types are considered; the resulting distributions for repair costs of components are 

observed to be multi-modal. Next, in the second case, repair costs are evaluated 

considering deterministic repair actions and it is assumed that all elements 

belonging to a component type have the same damage state, equal to the damage 

state of the element with the most damage, this case is considered as the 

conventional approach. For this case, the distributions of repair costs are observed 

to be uni-modal. For the final case, uncertain repair actions are considered along 

with the assumption of equal damage state for elements belonging to a component 

type. For the final case, multi-modal distributions of repair costs are observed. For 



193 

all the additional cases, Monte Carlo simulations were performed with 10.0104 

samples to obtain the distribution of repair costs. These additional analysis results 

show that the repair cost distributions are uni-modal only when all elements 

belonging to a component type are assumed to have the same damage state and 

deterministic repair actions are considered. Therefore, it can be concluded that the 

multi-modal nature of repair costs has two sources: uncertainty in repair actions 

and consideration of different damage states for all elements belonging to each of 

the component types; presence of either of the two sources leads to a multi-modal 

distribution of repair costs. Other approaches for repair cost estimation such as 

event based approaches, where repair costs are evaluated for different 

combinations of repair actions, may also lead to similar multi-modal repair costs 

when different combinations or repair actions are assimilated according to their 

likelihood.  

 

Figure 7.4. Histogram of un-transformed (a) and logarithm (b) of total repair 

costs for columns in bridge # 141 



194 

 

Figure 7.5. Cost of repairing a column in bridge #141 for slight ((a) un-

transformed and (c) logarithm) and moderate damage ((b) un-transformed 

and (d) logarithm) 

 

The multimodal nature of bridge repair costs in Figure 7.3 and observations 

from the histograms shown in Figure 7.2, emanating due to multiple repair options, 

indicate that traditionally used descriptive statistics used to report repair costs such 

as mean and variance are not suitable to report loss estimates since these values do 

not actually represent a repair cost which is likely to be observed. For example, the 

mean repair costs for bridges 85, 141, 349, and 476 shown in Figure 7.2 are 

$81,938, $1,801, $2,822, and $4,312 respectively, which do not offer adequate 

representation of the repair costs observed in the histograms. The first order 
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descriptive statistics are inadequate due to their bias towards the large number of 

instances with zero cost. Consequently, the mean and variance of the repair costs 

cannot sufficiently describe the repair costs for bridges in seismic zones. Therefore, 

in the following section, this study models the non-zero repair costs with Gaussian 

mixture models, which may be combined with the fraction of cases with zero repair 

costs to obtain the entire distribution of repair costs.  

7.2.1.2. Repair cost modeling 

This study proposes the use of Gaussian mixture models to model the multi-modal 

distribution of non-zero repair costs, transformed to logarithmic space, for bridges. 

A univariate GMM based probability density function,  wcg ~,~,~  , consists of a 

weighted sum of several Gaussian distributions, which can be expressed as: 

   



mixn

i

iii cpwwcg
1

,~,~,~                7.9 

Herein,~ , ~ , and  w~  are vectors of means, standard deviations and mixing fractions 

of the constituent Gaussian distributions in the GMM while i , i , and iw  are for an 

individual component; nmix is the number of the constituents Gaussian distributions 

in the GMM and  p  is a Gaussian probability density function for a given mean and 

standard deviation. Since GMMs are composed of several Gaussian PDFs they can be 

effectively used to model multi-modal density functions, such as the ones observed 

for non-zero bridge repair costs. For a given set of sample points, which are seismic 

repair costs for a bridge in this study, a GMM can be obtained using an expectation 

maximization algorithm (Murphy, 2012). In this study, a simpler form of Gaussian 
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mixture model has been adopted; wherein, all the constituent Gaussians share the 

same value of standard deviation,  . This shared covariance GMM has relatively 

lower modeling capability since all the mixing normal distributions are constrained 

to have the same value of variance. However, a shared covariance model is selected 

in this study since this model sufficiently models the cumulative distribution 

functions of non-zero repair costs. Moreover, the shared covariance model has 

fewer model parameters, which reduces the number of parameters that need to be 

predicted for rapid loss estimation in support of resilience quantification. In order 

to model the bridge repair costs, this study considers a five parameter GMM, since 

five damage modes are considered, two corresponding to bearings and abutments 

and one for columns. Therefore, each GMM has five mean values, one variance, and 

five mixing fractions; in total 11 parameters. GMM is only used to model the non-

zero repair costs; therefore, in order to get the complete CDF of repair costs, 

including the zero costs, the fraction of samples that have zero cost, fzero, must be 

considered. The following equation describes the process of obtaining the complete 

CDF, Pc, using the CDF obtained from the GMM,  wcG ~,,~  , and the fraction of cases 

with zero cost: 

     wcGffcP zerozeroC
~,,~1              7.10 

Using the above equation and the Gaussian mixture models, in Figure 7.6 the 

CDFs of repair costs are compared for the four bridges – #85, #141, #349, and #476. 

The comparison clearly shows that the repair cost CDF obtained from the shared 

covariance GMM, the solid black line, closely matches with the actual CDF, the 
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dotted green line; the average absolute percentage error for the four bridges are 

4.45%, 2.02%, 1.16%, and 0.65% respectively. GMMs provide a good way to model 

the repair costs; however, for each bridge 11 GMM parameters and the fraction of 

zero costs are required to completely model the CDF of repair costs. Therefore, in 

order to facilitate rapid assessment of repair costs without any finite element 

simulations and GMM fitting; the parameters of the GMM are predicted using 

metamodels in the next section. 

 

Figure 7.6. Comparison of actual, modeled and predicted repair cost CDFs. 
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7.2.1.3. Repair cost prediction 

This study uses neural networks (NNs) to predict the GMM parameters and the 

fraction of zero costs to obtain the CDF of repair costs for bridges without any 

simulations or GMM fitting. Other metamodels, such as polynomial response 

surfaces, random forest, and ensemble methods, were also considered for modeling 

repair costs; however, neural networks were observed to perform best. A total of 9 

NN models are trained to predict the GMM parameters and the fraction of zero cost 

for a wide range of bridge characteristics and ground motion intensity. For all the 

neural networks, 690 bridge cases are divided into testing, training and validation 

sets; the six bridges shown in Table 7.6 were not included in any of these sets. The 

training set is used to train the neural network, the validation set is used to validate 

the trained NN and determine the stopping point for training, and the test set is 

specifically used to test the performance of the final trained neural network. The 

first neural network predicts the fraction of zero costs (fzero); the second neural 

network predicts the mean values for constituent Gaussians ( ~ ); the third NN 

predicts the common standard deviation value for the constituent Gaussians ( ); 

the fourth NN predicts the mixing fraction for the first constituent Gaussian 

distribution ( 1w ) when its mean, 1 , is less than 6.5; and the fifth NN is used to 

predict 1w  when 1 >6.5; and the remaining NNs are used to predict mixing 

fractions for the GMM constituents two to five ( 2w  to 5w ). Separate NNs are used to 

predict each of the mixing fractions while the mean value of constituent Gaussians, 

shared standard deviation, and fraction of zero costs are separately predicted by a 
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NN; use of multiple NNs improved the predictive accuracy. Similarly, two NNs are 

used to predict 1w  since two separate clusters were observed, one with 1 <6.5 and 

the other with 1 >6.5, therefore, two metamodels are used to predict 1w  with 

improved accuracy. For each of the NNs, the network architecture was varied and 

the NN with the most accurate prediction on the test set was chosen. Table 7.7 

provides additional details on the selected NN models; it describes the network 

architecture, the predictors (input) in the NN model, and performance metrics, such 

as R2 value and median percentage error, for each of the predicted variables. In 

Table 7.7, the network architecture column shows the number of neurons in the 

first and second hidden layer; aamax and apmax are maximum abutment active and 

passive responses; blmax and btmax are maximum bearing displacements in 

longitudinal and transverse direction; and Δmax is the maximum column drift. In all NN 

models, the maximum component responses for all of the damage modes are 

included as predictors; without these maximum responses, the NN models lack 

predictive capacity. Herein, the maximum responses are obtained directly from the 

simulation results for the 696 bridges. In the absence of simulation data, output 

from metamodels that predict the maximum component responses, such as 

metamodels developed in Section 6.5, may be used as input for predicting the 

parameters of the repair distribution; additionally, several studies have also 

developed metamodels to predict the maximum component responses and could be 

used for this purpose (Ghosh et al., 2013, Kameshwar & Padgett, 2014, Seo et al., 

2012, Park & Towashiraporn, 2014). In addition to the maximum component 

responses, NNs predicting standard deviation and mixing fractions also include the 
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means values of the constituent Gaussian distributions as inputs, which can be 

obtained from the NN developed for predicting ~ . Among all the NN models, NNs 

predicting the mixing fraction have a high rate of error which can be mainly 

attributed to the presence of significant uncertainty in mixing fractions.  

All the neural network models described in Table 7.7 can be used for 

constructing the CDF of repair costs for different bridges. The steps required to 

construct the CDF are outlined in Figure. 7.7. The process first requires the 

maximum component responses (either from simulation results or probabilistic 

seismic demand models as described above). Next, using NN #1, with some bridge 

parameters as inputs, the fraction of cases with zero costs is evaluated. Following 

estimation of fzero, the mean values of the constituent Gaussians in the GMM are 

evaluated using NN #2. ~  and bridge parameters are used as inputs for NN #4 to obtain 

the shared covariance value of the GMM. In order to construct the GMM using Equation 

7.10, the mixing fractions (w1 – w5) are evaluated using NNs #4 to #9. Using ~ ,  , and 

w1 – w5 the GMM is constructed which can be used along with fzero in Equation 7.10 to 

obtain the CDF of total seismic repair costs. 

The neural network models shown in Table 7.7 are used to predict the CDF of 

repair costs of the six bridges in Table 7.6. These six bridges were not included in 

the train, test, and validation set for any of the NN models. The maximum 

component responses were obtained from the results of finite element simulation 

while the estimates for mean values of constituent Gaussian distributions are 

obtained from the NN #2 which predicts ~ . For bridges #1 and #228, the NN for 
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fraction of zero costs predicts 1, implying that all repair costs are zero. For the 

remaining four bridges Figure 7.6 compares the predicted CDFs with the actual 

CDFs. The absolute mean errors in the predictions of the CDF for the four bridges 

(#85, #141, #349, and #476) are 16.40%, 7.41%, 2.52%, and 6.24%. The predicted 

CDFs and the actual CDF of bridges 141, 349 and 476 match closely; while for bridge 

#85, the predicted CDF has a slightly larger error but still follows a similar trend to 

the actual CDF. It must be noted that the neural network models have been 

developed to predict the parameters of the GMM model for a wide range of bridge 

parameters; therefore, the predicted CDFs may not exactly fit the actual CDFs. 

Nevertheless, the comparison in Figure 7.6 demonstrates that the NN models 

developed in this study provide good predictive capability. These surrogate NNs 

afford rapid repair cost assessment which may be used for resilience assessment of 

portfolio of regional bridges. Furthermore, these NNs can be used to allocate 

resources after an earthquake or for mitigation planning before an event. 

Additionally, the NNs developed in this study can be used to facilitate life cycle cost 

modeling, without any finite element simulations, since the complete CDF of losses, 

which follows a unique multi-modal distribution, can be predicted using the 

approach outlined in this study. 
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Table 7.7. Neural network architecture and performance 

NN 
# 

Parameter(s) 
predicted 

Network 
architecture 

Predictors in NN model R2 Median 
% error 

1 fzero 7 and 5 ln(fy), ln(fc), ln(nsp), ln(L), 

ln(ncol_bent), ln(Hc), ln(Dc), ln( l ), 

ln( t ), ln(W), ln(gd), 

  
bentcolsp nn _1ln  , ln(aamax), 

ln(apmax), ln(blmax), ln(btmax), 

ln(Δmax) 

0.99 3.54 

2 
1  

2  

3  

4  

5  

5 and 10 ln(fy), ln(fc), ln(nsp), ln(L), 

ln(ncol_bent), ln(Hc), ln(Dc), ln( l ), 

ln( t ), ln(aamax), ln(apmax), 

ln(blmax), ln(btmax), ln(Δmax) 

0.93 4.49 

0.94 2.50 

0.95 3.36 

0.64 9.45 

0.95 1.69 

3  ln  5 and10 ln( 1 ), ln( 2 ), ln( 3 ), ln( 4 ), 

ln( 5 ), ln(fy), ln(fc), ln(nsp), ln(L), 

ln(ncol_bent), ln(Hc), ln(Dc), ln( l ), 

ln( t ), ln(W), ln(gd), 

  
bentcolsp nn _1ln  , ln(aamax), 

ln(apmax), ln(blmax), ln(btmax), 

ln(Δmax) 

0.78 8.97 

4 
1w  (for 1

<6.5 ) 

7 and7 ln( 1 ), ln( 2 ), ln( 3 ), ln( 4 ), 

ln( 5 ), ln( ), ln(fy), ln(fc), 

ln(nsp), ln(L), ln(ncol_bent), ln(Hc), 

ln(Dc), ln( l ), ln( t ), ln(aamax), 

ln(apmax), ln(blmax), ln(btmax), 

ln(Δmax) 

0.88 5.15 

5 
1w  (for 1

>6.5 ) 

7 and 5 0.82 56.98 

6 
2w  5 and  5 0.87 6.91 

7 
3w  7 and 7 0.61 10.30 

8 
4w  5 and 7 0.80 16.93 

9 
5w  7 and 7 0.78 10.51 
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Figure 7.7. Steps for obtaining repair cost CDF 

7.2.2. Traffic restrictions and downtime assessment 

Currently, studies in the literature on resilience assessment of bridges, particularly 

seismic resilience, use continuous restoration functions and assign residual 

functionality values to bridges without considering the effects of bridge damage on 

the actual traffic capacity of bridges (Bocchini & Frangopol, 2012, Andric & Lu, 2015, 

Decò et al., 2013, Alipour & Shafei, 2016, Chandrasekaran & Banerjee, 2016). Such 

insights on traffic implications are necessary to understand transportation network 

performance and subsequent community impacts.  In absence of models that depict 

the relation between bridge damage and traffic implications, analysts of bridge and 

transportation network resilience are required to make assumptions on 

interpreting or mapping “functionality” to traffic restrictions. In order to address 

these issues, this study provides a method to relate bridge component damage 

states to traffic restrictions. Additionally, the duration of each traffic restriction is 

also related to the component damage states. These relations between damage, 



204 

traffic restrictions, and their duration can be used to develop estimates of bridge 

functionality and downtime for resilience assessment. Although, this study focuses 

on developing such relations for seismic damages, the methodology used herein can 

be applied to other hazards as well; future work may develop such relations for 

different hazards.  

In order to develop models relating component damage to subsequent traffic 

restrictions and their duration, this study collects data from past reconnaissance 

reports which describe the damage to bridges, the consequent traffic restrictions, 

and the duration of traffic restrictions. Since data from reconnaissance reports is 

limited this study augments the seismic damage data with data from accidents and 

regular maintenance, particularly for components which do not experience 

significant damage during earthquakes such as abutments. For each damaged 

bridge, the damage to the main components – columns, bearings, and abutments – 

are categorized into one of the following damage states: no damage, slight damage, 

moderate damage, extensive damage, and complete damage. The damage 

descriptions for the components are adopted from qualitative limit states 

descriptions in HAZUS and Nielson (2005), described in Table 7.8; these damage 

states are also compatible with bridge limit states adopted in Chapter 6. The details 

of bridge damage, corresponding traffic restrictions, and duration of traffic 

restrictions are shown in Table F1 in Appendix F. 
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Table 7.8. Component damage descriptions 

 Column Bearing Abutment 
Slight Minor spalling or cracking Slight noticeable 

movement/damage to 
bearings 

Minor cracking and 
spalling 

Moderate Moderate cracking and 
spalling 

Considerable bearing 
movement/damage 

which may have 
damaged the bearings 

and may require 
realignment 

Moderate approach 
settlement 

Extensive Shear failure, flexural 
failure, bar buckling 

Large bearing 
deformation/damage 
requiring realignment 

and possible 
replacement of 

bearings 

Major approach 
settlement causing 

vertical offset of the 
abutments 

Complete Collapse, loss of load 
carrying capacity 

Bearing deformation 
leading to deck 

unseating 

Tilting of bearings 
wilt potential loss of 

bearing capacity 

 

Using the empirical data on bridge damage and traffic restrictions, logic trees 

are constructed to relate component damage states to traffic restrictions. Figure 7.8 

shows the logic tree developed for bridge closure. At each leaf node, denoted by a 

triangle, the probability of bridge closure is shown. As can be seen from the figure, 

complete bearing damage leads to a high probability of bridge closure since 

complete bearing damage is likely to cause deck unseating. However, for lower 

bearing damages, the likelihood of bridge closure is determined by the column 

damage state. At the moderate to complete column damage state, either the column 

or the bridge may be replaced which leads to a high probability of bridge closure. 

Conversely, for less severe column damage, the chances of bridge closure are lower. 
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Figure 7.8. Logic tree for bridge closure decision 

 

Similar to Figure 7.8, the logic tree for the lane closure decision is shown in 

Figure 7.9. Herein, other restrictions such as lane restriction are applicable after the 

bridge is opened to traffic, if it was initially closed. For example, the rightmost leaf 

shows 4% chance of lane closure following a complete closure. The likelihood of 

lane closure following a complete bridge closure is low; therefore, there is only a 4% 

chance that the bridge will be subjected to a lane closure following a complete 

bridge closure. However, if the bridge is not closed completely, the empirical data 

shows that the lane closure is determined by the damage to abutments. Damage to 

abutments may need repair actions such as repaving the approaches which can be 

done lane by lane; therefore, lane closures are more likely in the case of abutment 

damage.  
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Figure 7.9. Logic tree for lane closure decision 

 

The remaining traffic restrictions considered in this study include speed and 

load restrictions. The empirical data has very limited cases with load or speed 

restrictions; however, the data suggests a correlation between the two restrictions. 

Therefore this study models the two restrictions together. Usually, speed and load 

restrictions are observed in the case of column replacement, which is often imposed 

to reduce the vibrations while the concrete is setting. Usually, after the concrete is 

hardened, speed and load restrictions are removed. These observations are clearly 

reflected in the logic tree for speed and load restrictions, shown in Figure 7.10. Up to 

moderate column damage, speed and load restrictions are not applied on the bridge. 

For extensive column damage the likelihood of speed and load restrictions is highest 

since extensively damaged columns are often replaced. However, for complete 

column damage, usually, bridges are replaced; therefore, the probability of speed 

and load restrictions is low in the case complete column damage. 
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Figure 7.10. Logic tree for speed and load restriction decision 

 

Next, logic trees are used to model the duration of the traffic restrictions using 

the empirical data shown in Table F1. The logic tree used to model the bridge 

closure time is shown in Figure 7.11 along with the mean and standard deviation of 

the closure time. The longest bridge closure time is associated with extensive to 

complete damage to abutments. At such high abutment damages, the other 

components are also expected to suffer severe damage, which may lead to bridge 

replacement. Consequently, the bridge closure time has a mean of 234 days and 

standard deviation of 113 days. If the bridge is not closed at all, the closure time 

should be zero; which is observed in the logic tree. Next, in case the bridge is closed, 

the duration of closure is observed to increase with an increase in damage. For cases 

with complete column damage, the closure time is close to 100 days, which is caused 

due to column or bridge replacement. With less severe column damage, complete 

bearing damage leads to 55 days of closure due to deck replacement, since complete 

bearing damage is expected to unseat the deck. For lower levels of damage to 

bridges with slight column damage the closure time is about a week, which may be 
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used to repair minor cracks and spalling. While for moderate column damage, the 

closure time is about 26 days. 

 

Figure 7.11. Logic tree to determine bridge closure time 

 

Next, the data is used to develop estimates of lane restriction times. Herein, 

since other restrictions such as lane and speed/load restrictions are applied after 

the bridge is opened to traffic, if at all the bridge is completely closed, the duration 

of other restrictions begins only after the bridge is opened to traffic, i.e. after the 

bridge closure time is exceeded. For lane closure, even though abutment damage 

determines the closure, the duration of closure is determined by damage to the 

bearings and columns; the logic tree is shown in Figure 7.12. In addition to the 
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prerequisite abutment damage for lane closure, damage to bearings may cause 

prolonged lane closures, with a mean duration of 84 days. This observation can be 

attributed to the repairs to component such as expansion joints, bearings, and 

bridge approaches. In case lane restrictions are placed and columns are damaged, 

the restrictions are expected to last about 52 days, which corresponds to the column 

replacement time. If lane restrictions are imposed without significant damage to 

other bridge components, the mean lane closure duration is only 18 days. 

 

Figure 7.12. Logic tree to determine lane closure duration 

 

The logic tree to determine the speed and load restriction duration is shown 

in Figure 7.13. Only in the case of extensive to complete column damage where the 

columns are expected to be replaced the speed and load restriction duration are 

high. Otherwise, the speed and load restriction durations are only applied for a few 
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days. These observations are consistent with the logic tree which is used to 

determine the speed and load restriction. 

 

Figure 7.13. Logic tree to determine speed and load restriction duration 

 

7.2.3. Functionality assessment 

The logic trees developed in the previous section can be used to assess the 

functionality of bridges, which is related to both the traffic capacity and traffic 

demand. Traffic restrictions such as lane closure or speed restriction can 

significantly affect the traffic capacity of the bridge. Therefore, the functionality can 

be estimated based on the ratio of traffic capacity to demand during peak hours. 

Herein, peak hours are considered for functionality assessment since during off-

peak hours the traffic demands are usually low, which may not result in traffic 

congestion. Therefore, during peak hours, as long as the capacity to demand ratio is 

greater than one, irrespective of traffic restrictions, the bridge can be considered 

fully functional. However, if the ratio is less than one, the capacity to demand ratio 



212 

indicates the level of bridge functionality in with respect to traffic carrying capacity. 

In order to quantify the demand, capacity, and the effects of traffic restrictions, this 

study uses the formulations provided in the Highway Capacity manual 

(Transportation Research Board, 2010). 

As per the Highway Capacity Manual (HCM), the traffic capacity during peak 

hours (TCpeak), evaluated in terms of passenger cars per hour, can be evaluated as: 

phvlanepeak ffPHFNBCTC              7.11 

In the above equation, BC is the base capacity, PHF is the peak hour factor which 

takes into account the reduction in capacity during peak hour traffic, fhv is the 

adjustment factor for heavy vehicles, and fp is the adjustment factor for driver 

population to account for their familiarity with the region, which can considered 

equal to one in urban regions. Nlane is the number of lanes, which could be changed if 

one or more lanes are closed based on the logic tree presented in Figure 7.11. The 

base capacity can be evaluated as: 

2400;101700  BCFFSBC              7.12 

The base capacity is a function of free flow capacity (FFS) and is limited up to a value 

of 2400 passenger cars per hour per lane. The free flow speed is a function of lane 

width, shoulder lateral clearance, number of lanes, and interchange density. FFS can 

be obtained as: 

idnlclw ffffBFFSFFS 
            7.13 
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BFFS is the base free flow capacity, which is considered as the speed at which the 

vehicles would travel in ideal traffic and road conditions. Therefore, to account for 

speed restrictions on the capacity, the BFFS can be reduced appropriately. The 

factors, flw, flc, fn, and, fid include the effects of lane width, lateral shoulder clearance, 

number lanes, and interchange density, respectively. The values for these factors 

can be obtained from HCM. In Equation 7.11, the factor fhv can be evaluated as: 

 11

1




T

hv
EADTT

f              7.14 

where ADTT is the fraction of trucks in the average daily traffic and ET is the 

passenger car equivalent for trucks, considered as 1.5 for urban freeways. The peak 

hour factor, PHF, in Equation 7.11 is dependent on the peak traffic demand (TDpeak), 

which can be evaluated as: 

DKpeak ffADTTD               7.15 

In the equation above, ADT is the average daily traffic demand on the bridge. In 

order to convert the ADT to hourly demand the factor fK is multiplied with ADT; fK 

varies from 0.151 to 0.067 for ADT values ranging from less than 2500 to 200000 

and greater. The factor fD is multiplied to account for directionality of traffic; in an 

urban setting fD = 0.65. 






















VC

VC
VC

VC

PHF

0.9025                    95.0

9025.081.0     
95.0

9025.0

81.0                      9.0

          7.16 
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where VC = phvpeak ffBCTD  . The ratio of Equations 7.11 and 7.15 can be 

effectively used to determine the functionality of the bridge in terms of traffic 

capacity after an earthquake as shown in Equation 7.17. 

peak

peak

TD

TC
ityFunctional               7.17 

Herein, traffic demand after an earthquake is assumed to follow the ADT 

values for pre-event conditions. In real scenarios, the actual traffic on a bridge may 

increase or decrease after an earthquake. Such effects can be easily incorporated 

into the functionality assessment methodology proposed in this study by changing 

ADT in Equation 7.15 with post-event average daily traffic values. However, 

assessment of traffic demand after an earthquake is beyond the scope of this study. 

7.3. Summary 

This chapter develops methods to assess performance metrics for ASTs and bridges 

which can be used to support resilience quantification. As such relevant input data 

and models are identified along with posing the methodological framework to 

evaluate performance metrics.  First, for ASTs, estimates of spill volume are 

developed using the parameterized fragility functions developed in Chapter 5. 

Additionally, estimates of repair costs and downtime of ASTs due to wind and storm 

surge failure are also developed. For this purpose, seismic repair costs and 

downtime estimates are adapted for hurricane related failures considering the 

similarities in damages due to earthquakes and hurricanes. Histograms of spill 
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volumes and repair costs, obtained using the approach s developed in this chapter, 

show that mean estimates may not be representative or sufficiently descriptive in 

the case of failure. For bridges, the distribution of seismic repair costs is observed to 

be multi-modal. A Gaussian mixture model and neural network based repair cost 

estimation methodology is proposed to estimate the entire CDF of seismic repair 

costs, which considers the uncertainty in repair actions, costs, and damage states of 

bridge components. Additionally, logic trees are developed based on empirical data 

to estimate the traffic restrictions and their durations for bridges damaged during 

earthquakes.  Such an approach could be extended to other hazards in the future. 
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Chapter 8 

Application of Fragility and 

Performance Estimation 

Methodologies to Portfolio of ASTs and 

Bridges 

The previous chapters develop fragility functions and methods to estimate 

resilience related performance metrics for ASTs and bridges. The proposed 

methodologies are applied in this chapter to portfolios of ASTs and bridges. For 

ASTs, the methodologies are demonstrated on tanks in the Houston Ship Channel for 

two hurricane scenarios. For bridges, the application of the fragility and resilience 

assessment methods are shown for a regional portfolio of bridges in Brazoria 

County, Texas and the greater Charleston region in South Carolina for several 

scenario events. These case studies provide several insights on the performance of 

regional portfolio of ASTs and bridges which can be used to improve their resilience.  
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8.1. Performance assessment of ASTs in the Houston Ship Channel 

The Houston Ship Channel is one of the busiest ports in the United States. 

Economically, its impact is estimated at $264.9 billion and the HSC also contributes 

over 1 million jobs in the state of Texas (The Port of Houston Authority, 2016). 

Furthermore, the largest petrochemical complex in the United States, second largest 

in the world, is also located in the Ship Channel. As a consequence there are over 

4500 ASTs in the Ship Channel which may be susceptible to hurricane related 

hazards since the HSC is located on the Gulf Coast. Considering the contributions of 

the HSC to the regional economy and the potential economic and environmental 

impacts in the event of a hurricane, probabilistic risk and resilience assessment of 

ASTs is essential to assess the threats and determine potential mitigation measures. 

Insights obtained from such regional level analysis can be used to inform that multi-

billion dollar investments for regional protection systems are currently being 

considered along the Texas coast and HSC region. Currently the US Army Corps of 

Engineers is using the models developed in this study for assessing different 

regional level alternatives. 

In order to demonstrate the practical application of the tools developed in 

Chapter 5 and 7, this study performs probabilistic performance and resilience 

assessment of the entire regional portfolio of ASTs in the HSC. For this purpose, 

using aerial imagery and GIS analysis, this study develops a database containing 

information on the location of tanks, their dimensions, the ground elevation at tank 

locations, and the surrounding berm elevations for all of the tanks in the Ship 
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Channel. Additional information on potential contents in the ASTs in the Ship 

Channel has been added to this database by Bernier et al. (2016 (in review)). Due to 

the limitations on resolution of aerial imagery, the database does not contain 

information on anchoring provided to tanks, if any. Therefore, all the tanks are 

assumed to be un-anchored since this reflects both anecdotal typical regional design 

practice and since design guidelines such as API 650 (2013) do not mandate 

anchoring tanks to prevent them from flotation. The database includes 4599 tanks 

from the Ship Channel; out of which 4157 tanks have a fixed roof, 389 have a 

floating roof and 53 tanks have an open roof, i.e. no roof. Since only about 1% of 

tanks in the HSC have open roofs, this study mainly focuses on fixed and floating 

roof tanks. Since a suite of hurricane storm scenarios is not available in the 

literature for the Houston Ship Channel region two synthetic hurricanes scenarios 

are considered to evaluate the probabilistic performance of the portfolio of tanks. 

The two synthetic hurricanes, generated by FEMA, were simulated by colleagues 

from the SSPEED Center at Rice University in ADCIRC using the Powell wind drag 

law to obtain maximum storm surge and wind speeds at each tank location in the 

entire Ship Channel region (Bedient & Blackburn, 2016). The two hurricanes 

produce approximately 100 and 250 year return period storm surges, when 

compared with historical data. Herein, the hurricane events producing 100 and 250 

year level surges are referred as scenario 1 and scenario 2 respectively. 
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8.1.1. Fragility assessment 

The fragility models developed in Chapter 5 are used to assess the performance of 

ASTs under hurricane winds and storm surge. The fragility models include the 

aleatory sources of uncertainty such as imperfections in tank shell and uncertainties 

in density of sea water. However, sources of uncertainty such as liquid level (L) and 

relative density of contents (ρl), which are epistemic in nature, are propagated by 

convolving the fragility functions with assumed probability density functions (PDF). 

Since determination of actual level of liquid in each of the tanks during a hurricane 

is not possible, the liquid level in each tank is assumed to uniformly vary between 

zero to 90% of tank’s height, 10% of the capacity is usually reserved for over flow 

protection. Within a given parcel, the database of tank information provides a range 

for the expected relative density of contents stored in the tanks, which may range 

from 0.5 to 1.0 depending on the contents. The relative density of contents is 

assumed to be uniformly distributed within the provided range. However, this 

assumption may be relaxed in the future if precise information on the contents and 

their density becomes available. Using these assumptions, the fragility of tanks can 

be obtained as: 

          ddlflflIMfailurePIMfailureP
lL   ,,,, XX           8.1 

In the above equation,  ,,, lIMfailureP X  is the logistic regression model for a 

particular cause of failure , IM is the corresponding intensity measure, such as 

maximum wind speed for wind buckling, X is the vector of tank dimensions and 

 lf L  and  l
f are PDFs of liquid height and relative density, which are assumed 
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to be independent. Herein, Eq. 8.1 is evaluated using Monte Carlo simulations (MCS) 

with 10.0104 simulations, which is sufficient to obtain convergence in the failure 

probability estimates and probability distributions of consequences of tank failure 

such as spill volumes and repair costs. Additionally, the distribution of repair costs, 

downtime, and spill volumes are also obtained using MCS. 

8.1.1.1. Wind buckling fragility 

The above mentioned approach is first applied to assess the effects of hurricane 

winds on ASTs in the Ship Channel for the two scenarios. The maximum wind 

speeds across all of the tank locations for the two scenarios are 39.15 and 46.85 

m/s; local variations in wind speeds are observed depending on the location of 

tanks. For both the scenarios, the failure probabilities, i.e. probability of tank 

buckling, for all tanks are observed to be very low, less than 5%. Such low failure 

probabilities may be attributed to two main reasons. First, the two hurricanes do 

not produce very high wind speeds in the Ship Channel; the wind speeds are even 

lower than the 25 year return period winds. Secondly, the tanks are designed to 

resist hurricane winds because the design guidelines mandate several measures 

such as the use of stiffening rings to prevent wind buckling. For comparison, the 

fragility of all tanks for a 300 year return period wind speed, 60 m/s, were also 

evaluated assuming constant wind speed for all tanks. Again, low buckling 

probabilities, less than 5%, are observed, which shows the effectiveness of the 

buckling prevention measures mandated by design guidelines. Based on these 
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results, it may be concluded that hurricane winds do not generally pose a significant 

threat to the integrity of ASTs in the Ship Channel. 

8.1.1.2. Storm surge fragility 

Using the procedure described to assess performance under hurricane winds, the 

performance of ASTs subjected storm surge is evaluated for the two synthetic 

hurricane scenarios. For storm surge related failures, a series system assumption is 

adopted for the two causes of failure; i.e, tanks are assumed to fail if they fail either 

due to flotation or buckling. Furthermore, all tanks are assumed to be un-anchored; 

this assumption is reasonable since design guidelines do not mandate anchoring of 

tanks for storm surge related loads, and anecdotally tanks in the region do not 

typically have such details. With these assumptions, the failure probabilities of all of 

the ASTs in the HSC are evaluated for the two scenarios. Figures 8.1a and 8.1b show 

the location of all tanks, failure probability for each tank, and the extent of storm 

surge inundation. In Figure 8.1, the background shows areal imagery of the Houston 

region, obtained from ArcGIS (2011), the dots represent tanks and their colors 

indicate the probability of failure. For scenario 1, four regions, R1 to R4, are 

identified; regions R1 and R4 have a large number of tanks with significant failure 

probability but very few tanks have more than 75% chance of failure. Regions R2 

and R3 have fewer tanks but include those with very high failure probability. In 

scenario 2, as the inundation extends landwards more tanks have non zero failure 

probability. In addition to the four regions identified for scenario 1, another region, 

R5, with a large number of tanks having significant (although not extremely high) 
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failure probability is identified. The four regions – R1 to R4 – have low ground 

elevation which leads to higher inundation levels and consequently higher failure 

probabilities; however, region R5 which is at relatively higher elevation has large 

number of tanks with non-zero failure probability due to the large extent of storm 

surge inundation. 

 

Figure 8.1. Storm surge failure probabilities for scenario 1 (a) and scenario 2 

(b) 
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8.1.2. Resilience assessment 

Using the estimates of repair costs and spill volumes developed in Chapter 7, this 

study further evaluates these performance indicators for ASTs in the Ship Channel. 

Use of MCS allows examination of the PDFs of each of the resilience metrics, which 

reveals an interesting insight. Figure 8.2 shows the normalized frequency histogram 

of repair costs for one of the ASTs. For a large number of simulations, zero costs are 

observed which results in a spike at zero; the non-zero repair costs are clustered 

around $1.1-1.4 million. If the tank does not fail it does not incur any repair cost. 

Therefore, the spike at zero corresponds to the probability of survival and the costs 

around $1 million are for the cases that are observed to fail during MCS. Similar 

trends are observed for repair costs, downtime, and spill volumes for all other tanks 

with non-zero failure probability. This observation suggests that expected values 

may not effectively communicate the magnitude of repair costs in case of failure. 

Therefore, this study also evaluates mean values of resilience indicators conditioned 

on failure, i.e. the mean value of indicators for cases where the tank fails. However, 

communicating conditional mean values alone may be misleading for some decision 

makers since it excludes the cases where the tank survives and therefore leads to 

high values. Considering this, herein, both expected values and the conditional mean 

values are shown. The expected values can highlight tanks which can be expected to 

have high values for repair costs and other performance indicators and the 

conditional mean can show the extent of values that can be expected in case of tank 

failure. 
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Figure 8.2. Histogram of repair costs for an example tank 

 

Figures 8.3a and 8.3b and 8.4a and 8.4b show the expected and the 

conditional mean value of repair costs for scenario 1 and 2 respectively. The plots of 

conditional repair costs (Figures 8.3b and 8.4b) only include tanks which have non-

zero failure probability. In Figure 8.3a regions R1, R3, and R4 are observed to have 

significant repair costs; even though region R2 has tanks with very high failure 

probability, the region does not have high repair costs. Similar observations can be 

made from Figure 8.4a where R1, R3 and R4 have tanks with high repair costs while 

R2 and R5 do not have high repair costs, in spite of having tanks with significant 

failure probability. This observation suggests that tanks with the highest failure 

probabilities are not necessarily the ones with the highest expected value of repair 

costs. This trend is caused due to the size of tanks; the tanks in regions R2 and R5 
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are relatively smaller therefore their repair costs are lower. Figures 8.3a and 8.4a 

can help identify regions where high repair costs can be expected; Figures 8.3b and 

8.4b show the mean values of repair costs if tanks in these regions fail. Different 

values of conditional repair costs can be observed for tanks within the same region 

and across different regions. The disparity in repair costs can be attributed the 

difference in their sizes which leads to different replacement cost and consequently 

repair costs. 

 

Figure 8.3. Mean repair costs (a) and conditional mean repair cost (b) for 

scenario 1 
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Figure 8.4. Mean repair costs (a) and conditional mean repair cost (b) for 

scenario 2 

Expected downtime estimates are shown in Figures 8.5 and 8.6 for scenarios 

1 and 2. The downtime estimates are highly dependent on failure probabilities 

shown in Figure 8.1. For all of the tanks with non-zero failure probability, the 

conditional mean values of downtime are observed to be close to 160 days. This 

observation suggests that storm surge failure of ASTs is mostly dominated by 

floatation failure, since the mean downtime for flotation failure is 155 days.  
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Figure 8.5. Expected downtime for tanks in scenario 1 

 

 

Figure 8.6. Expected downtime for tanks in scenario 2 

 

Expected values and conditional mean values of spill volumes (i.e. expected 

value of spill volume given that the tank has failed) are shown in Figures 8.7a and 

8.7b and 8.8a and 8.8b for the two scenarios. The trends in spill volume and repair 
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costs are very similar; regions with high failure probability do not always have high 

spill volumes. Figures 8.7a and 8.8a identify the regions that may have high spills 

and Figures 8.7b and 8.8b show the magnitude of possible spills for each tank.  

 

Figure 8.7. Mean spill volumes (a) and conditional mean spill volumes (b) for 

scenario 1 
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Figure 8.8. Mean spill volumes (a) and conditional mean spill volumes (b) for 

scenario 2 

The results presented in Figures 8.7 and 8.8 highlight the potential for high 

spill volumes due to tank failure during storms with large storm surges. These spills 

can have long term environmental and societal effects. Moreover, failure of ASTs 

and consequent spills would lead to disruption of the economic activity in the Ship 

Channel. Clean up of 1m3 oil spill alone can cost $39,000 in 1999 US$ (Etkin, 2000). 

Clean up costs for the entire Ship Channel region may lead to excessive economic 

losses. Therefore, this study evaluates the effect of a structural mitigation measure – 
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anchoring tanks – on the performance of ASTs in the Ship Channel. For this purpose, 

as an illustration, anchors are assumed to be provided at a spacing of 3.0 m, which is 

the maximum allowed spacing as per API 650 (API, 2013) seismic design provisions. 

Using appropriate fragility functions from previous chapters, the failure probability 

of anchored ASTs subjected to storm surge is assessed again for the two scenarios. 

The performance assessment of tanks under hurricane winds is not repeated since 

the anchoring tanks does not influence the buckling performance of ASTs under 

hurricane winds. The sum of the repair costs and the spill volume from all of the 

ASTs in the Ship Channel are shown in Figure 8.9 where the total repair costs for all 

of the tanks in the HSC for the un-anchored and anchored cases, for both scenarios, 

are compared. Even though minimum anchoring is provided, a significant reduction 

in the repair costs can be observed for both scenarios. Furthermore, in Figure 8.10, 

similar observations can be made on the total spill volumes from all of the tanks in 

the Ship Channel. Table 8.1 compares the mean and coefficient of variation (COV) of 

the total repair costs and spill volumes for un-anchored and anchored tanks. For 

both scenarios, even minimal anchoring leads to approximately 40% reduction in 

mean values of total repair costs and spill volumes, in comparison to un-anchored 

tanks, with minor changes in COV. Therefore, based on the results for the two 

scenarios considered here, anchoring of tanks can be considered as a potential 

mitigation measure to improve the performance and resilience of ASTs at structural 

level. Further reduction in the repair costs and spill volumes can be achieved by 

increasing the anchoring for tanks by reducing the anchor spacing. However, it must 

be noted that excessive anchoring may lead to storm surge buckling failures instead 
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of flotation failures. Thus optimal anchoring may be provided to maximize the 

performance of ASTs; optimization of repair costs can be facilitated by the fragility 

functions and the resilience indicators developed in this study. Future work should 

focus on deriving such optimal mitigation measures based on regional level 

resilience indicator targets. 

 

Figure 8.9. Comparison of total repair costs for all the tanks in the HSC for the 

two scenarios 
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Figure 8.10. Comparison of total spill volume from all the tanks in the HSC for 

the two scenarios 

Table 8.1. Comparison of mean and COV of total repair costs and spill volume 

Hurricane 
scenario 

Un-anchored tanks Anchored tanks 

Total repair costs (in $) Total repair costs (in $) 
Mean COV Mean COV 

Scenario 1 83.89106 8.1510-2 52.63106 11.6310-2 
Scenario 2 217.29106 5.0410-2 137.38106 7.7510-2 

 Total spill volume (in m3) 

Scenario 1 20.01104 10.6110-2 11.89104 14.5310-2 
Scenario 2 52.52104 7.0710-2 33.41104 9.4310-2 
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8.2. Performance assessment of bridges in Brazoria and Charleston 

region 

Performance assessment of regional bridge networks is important for pre-event 

planning for extreme events and post-event rescue and recovery. For this purpose, 

knowing the state of the bridges immediately after the event and the potential 

repair costs of bridges and can help identify the most important bridges for which 

appropriate actions can be taken. For example, key bridges may be retrofitted to 

decrease their fragility or bridge components and construction materials may be 

stockpiled for rapid repair following an extreme event, such as bridge decks in the 

case of storm surge unseating. This study first assesses the vulnerability of a 

portfolio of coastal bridges in Brazoria County, Texas subjected to hurricane 

induced storm surge and wave loads. Next, seismic vulnerability and post-

earthquake performance of a regional portfolio of bridges in the Charleston region, 

South Carolina, is studied. 

8.2.1. Hurricane vulnerability of coastal bridges in Brazoria County 

Bridges in the coastal regions of Brazoria County are primarily vulnerable to 

hurricane induced storms surge and wave loads; therefore, this study assesses the 

failure probability for a portfolio of coastal bridges in the region for deck unseating. 

For this purpose, 25 bridges in Brazoria County were chosen for one of the following 

reasons: 1) bridge is on an arterial roadway, 2) bridge is near the coastline or water 

body with a hydraulic connection to the coast, or 3) the bridge is the sole access 



234 

point to a community. The bridge locations are shown in Figure 8.11. For each of the 

bridges, some of the bridge plans were obtained from the Texas Department of 

Transportation (DOT) while others were obtained from the office of the County 

engineer. The bridge plans were used to obtain the design details of the bridge such 

as height of the bridge, clearance under the bridge, type of soil at the bridge site, and 

type of super structure. Table 8.2 provides location and key structural details such 

as bridge clearance and normal water depth at the bridge locations.  

Table 8.2. Bridge parameters and location 

Latitude Longitude 
Bridge 

height (m) 
Normal water 

depth (m) 
Storm surge 

inundation (m) 

28.99738 -95.38463 2.52 2.13 0.00 
28.99719 -95.38505 3.05 0.00 0.00 
28.99753 -95.38454 5.79 2.13 0.00 
28.9838 -95.37777 3.05 4.57 0.00 

28.98388 -95.37739 3.05 4.57 0.00 
28.99279 -95.38222 5.49 0.00 2.72 
28.99453 -95.38359 5.49 0.00 2.72 
28.94562 -95.37541 4.88 0.00 0.00 
28.94795 -95.3848 4.88 0.00 0.00 
28.95903 -95.29632 3.05 0.00 4.53 
28.95976 -95.29796 3.05 0.00 4.55 
28.95452 -95.3427 5.18 0.00 0.00 
28.9271 -95.34451 2.13 0.00 2.25 

28.92841 -95.34502 2.13 0.00 3.25 
28.97099 -95.34742 4.65 4.27 2.56 

28.96921 -95.34891 3.26 2.44 0.00 
28.97993 -95.33844 4.21 0.65 0.00 
28.99478 -95.32955 4.02 2.65 0.00 
29.24387 -95.17424 3.05 0.00 0.00 
29.21001 -95.21008 6.40 0.00 0.00 
28.94883 -95.55665 4.57 0.00 0.00 
29.09317 -95.28537 3.76 0.00 2.85 
28.95463 -95.35955 6.58 6.10 0.00 
28.95466 -95.35965 6.58 6.10 0.00 
29.0871 -95.28322 2.00 3.30 3.89 
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The performance all the bridges is evaluated for a hurricane scenario where 

hurricane Ike is shifted such that landfall occurs at Freeport in Brazoria County. For 

this storm scenario, the results from ADCIRC simulation, performed at the SSPEED 

center, were used to obtain the storm surge and wind speeds to facilitate fragility 

assessment of the bridges. The maximum storm surges observed for the scenario 

storm are shown in Figure 8.11.  The wind speed and storm surge elevations are 

used to obtain the distribution of wave heights using the procedure mentioned in 

Appendix E. Using the fragility function developed in Chapter 6 for hurricane storm 

surge and wave loads (Equation 6.2) and the distribution of wave heights the failure 

probability for a given bridge height and storm surge is obtained as: 

𝑝(𝑓𝑎𝑖𝑙|𝑆, 𝐻𝐵) =  ∫ 𝑝(𝑓𝑎𝑖𝑙|𝑆, ℎ, 𝐻𝐵) 𝑓𝐻(ℎ)𝑑𝐻             8.2 

In the above equation, S is surge height, HB is the height of the bridge, and Hw is 

wave height. The probability of failure for all the 25 bridges is shown in Figure 8.11. 

Among the 25 bridges, four bridges, marked in red, have failure probabilities higher 

than 0.5; these bridges are highlighted in grey in Table 8.2. High failure probabilities 

for these four bridges can be attributed to overtopping of the bridges with a 

significant amount of water which creates greater wave heights and uplift forces. 

The last bridge in Table 8.2, which is one of the four bridges which have a very high 

chance of failure, provides the only source of roadway connectivity for a residential 

community. Furthermore, for several bridges with high failure probability, the main 

spans are observed to be safe; however, their failure probability is high because the 

approach spans are vulnerable to unseating. These results can be used to prioritize 

and inform retrofit actions for bridges; for example, the results suggest that bridge 
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approach spans may be secured against uplift since they are found to be vulnerable. 

Furthermore, these results can also be used for pre-event lifeline route selection 

since the results show which bridges are likely to fail, potentially trapping people 

without access to emergency medical aid, food, and water after a hurricane. 

 
Figure 8.11. Storm surge and wave load vulnerability of coastal bridges in 

Brazoria County 

8.2.2. Seismic performance of bridges in Charleston region 

The previous section demonstrated the use of fragility functions for hurricane 

related bridge failures. This section demonstrates the application of resilience 

assessment tools developed in Chapter 7, particularly the decision trees that 

determine the traffic restrictions and their duration. For this purpose, this study 

focuses on bridges in the greater Charleston region which is among the regions with 
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significant seismic hazard in the United States yet historically limited seismic 

detailing provided to the bridge structures. Herein, a small bridge network 

consisting of 50 bridges is considered which connects urban and semi-urban areas 

and includes bridges on different types of roads such as state highways, county 

roads, and main roads. The list of bridges along with their age and geometric 

parameters are shown in Table 8.3. 

Table 8.3. Charleston bridge parameters and age 

Bridge # 

Column 
height 

(m) 

Span 
length 

(m) Age 
Bridge 

# 

Column 
height 

(m) 

Span 
length 

(m) Age 

1 5.85 9.10 79 26 4.21 4.50 47 
2 5.89 9.10 19 27 6.09 9.10 29 
3 5.40 24.40 44 28 5.92 9.10 29 
4 5.09 27.10 44 29 5.50 26.50 24 
5 4.19 29.20 44 30 4.53 15.20 33 

6 3.97 9.10 44 31 4.42 4.20 29 
7 3.52 29.50 57 32 4.67 4.20 29 
8 4.34 29.50 15 33 4.00 9.10 46 
9 3.82 49.70 49 34 6.04 4.20 66 

10 3.66 29.50 49 35 6.02 3.00 66 
11 3.52 29.50 49 36 5.34 15.20 52 
12 5.40 29.50 55 37 5.34 9.10 52 
13 3.92 20.70 53 38 4.57 4.50 73 
14 6.27 9.10 40 39 4.36 9.10 79 
15 5.90 16.70 12 40 5.69 9.10 53 
16 5.90 16.70 47 41 4.99 4.20 27 

17 3.82 21.60 64 42 3.80 21.30 41 
18 3.89 23.10 26 43 5.00 4.20 64 
19 3.34 20.10 31 44 5.06 4.50 37 
20 3.87 21.30 16 45 6.01 30.50 45 
21 4.30 24.40 54 46 4.08 17.00 52 
22 5.95 12.20 51 47 4.55 4.50 49 
23 4.14 21.30 54 48 5.62 4.50 48 
24 5.91 6.70 54 49 6.24 4.20 48 
25 4.60 6.70 49 50 6.25 4.20 39 
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The bridge network is subjected to a scenario event, which is chosen from a 

suite of 599 probabilistic earthquake scenarios generated by Rokneddin (2016); the 

selected earthquake scenario leads to a maximum shaking intensity of 1.38g. The 

peak ground acceleration contour, the bridge locations, and the bridge network (in 

blue lines) are shown in Figure 8.12. In order to demonstrate the application of the 

traffic restrictions and duration estimation tools, the damage state of the bridge 

components needs to be estimated for each of the bridges, which belong to different 

bridge classes. Since this study has focused on developing seismic fragility functions 

for only for MSSS concrete girder bridges, the fragility functions developed by Ghosh 

and Padgett (2016), which are applicable to three span bridges of various classes. 

Using the peak ground accelerations at each bridge location and the fragility 

functions, component damage states are evaluated and used as inputs to the 

decision trees to determine the traffic restrictions and their durations. The mean 

durations of different traffic restrictions are obtained by propagating uncertainty in 

traffic restrictions and duration of the restrictions, assuming that restriction 

durations follow a normal distribution truncated at zero to avoid negative values. 

The steps in this procedure are shown in Figure 8.13. Mean estimates of recovery 

time are determined and are used to show the recovery of the bridge network in 

time in Figures 8.14 to 8.18. Figure 8.14 shows the state of the bridges at the day of 

the event. Immediately after the earthquake, all the bridges are expected to be 

closed since all the bridges are within an 80 km (50 mile) radius. A week later, most 

of the bridges are still closed but some bridges are open, but with lane restrictions. 

Majority of the bridges become operational after the second week. Around the third 



239 

week, the bridges that were subjected to lower ground motion accelerations become 

fully operational first while bridges that experienced moderate to high ground 

accelerations are still closed. By the end of the fourth week, most of the bridges in 

the low to moderate pga zone are fully functional, except a few bridges that are 

completely closed and some that have lane restrictions imposed. The two bridges in 

the low pga region, bridges 20 and 29, are closed even after four weeks due to 

significant abutment damage per the fragility models by Ghosh (2016). Bridge 20 

becomes functional at the end of the fifth week and bridge 29 becomes operational 

after two months. The four other bridges (4, 7, 15, and 46) that have lane 

restrictions at the end of four weeks also have abutment damage; however, these 

bridges only have slight abutment damage. This demonstration shows the 

usefulness of the decision trees developed in this study to understand the time 

evolving functionality of bridges, which could further be used to assess the time 

evolution of bridge functionality and the functionality of the entire bridge network, 

i.e. resilience. Furthermore, knowledge of such restrictions can be useful for 

planning post-earthquake rescue and recovery routes. 
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Figure 8.12. Bridge locations and ground motion intensity 

 

 

Figure 8.13. Steps for determining traffic restrictions and their durations for 

bridges with seismic damage 
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Figure 8.14. State of bridges after 1 day 

 

Figure 8.15. State of bridges after 7 days 
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Figure 8.16. State of bridges after 14 days 

 

Figure 8.17. State of bridges after 21 days 
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Figure 8.18. State of bridges after 28 days 

8.3. Mapping portfolio level resilience target to structure level 

resilience targets 

In addition to performance assessment of a portfolio of regional infrastructure, the 

performance and fragility assessment tools developed in this thesis are also applied 

to determine structure specific performance objectives based on regional level 

performance targets. For this purpose, a heuristic approach is developed and 

applied that can help determine the structure level performance targets and based 

on regional level goals. A general description of the steps involved in the heuristic 

methodology is given below: 



244 

1. Determine the metric(s) based on which the performance of the regional 

portfolio will be assessed 

2. Determine an acceptable threshold for performance of the portfolio, i.e. an 

allowable value of the performance metric 

3. Evaluate the performance of the portfolio for a given scenario or a suite of 

probabilistic scenarios, including the details on performance of individual 

structures in the portfolio 

4. Evaluate the contribution of individual structures in the portfolio towards 

the overall performance of the portfolio (for example, in case of ASTs, the 

contribution of an AST may be quantified as the ratio of the spill volume 

caused by the tank to the spill volume of the entire portfolio) 

5. Determine the necessary change (RΔ in %) in performance of the portfolio to 

meet the target value of the resilience metric 

6. Determine the required change in the performance of an individual structure 

commensurate to its contribution to towards the performance of the 

portfolio. 

In the above mentioned heuristic procedure, the second step, which determines the 

performance targets for portfolio of structures, is best informed by stakeholders and 

owners of infrastructure systems. Also, it is noted that the last step in this 

methodology is one of the possible ways to relate the performance of individual 

structures to the performance of the portfolio. 

Using the resilience assessment tools, this heuristic methodology is 

demonstrated for portfolio of ASTs and bridges in a regional bridge network.  
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8.3.1. Application to ASTs in the Houston Ship Channel 

The heuristic methodology, described above, is applied to ASTs in the Houston Ship 

Channel in order to evaluate structure specific performance targets based on the 

overall portfolio analysis, and determine actions to achieve the performance targets. 

In this procedure spill volume is chosen as the metric which will be used to evaluate 

the performance of ASTs. Next, an acceptable threshold of spill volume for the entire 

Ship Channel is selected as 3.79104 m3 as an example. This threshold is 

determined assuming that $10.0  104 clean-up cost per tank is acceptable, 

considering a cost of $12000 for cleaning one cubic meter of spill (United States 

Coast Gaurd, 2006). In order to evaluate the performance of ASTs in the Ship 

Channel, this study considers three scenarios: 100 year FEMA base flood elevation 

(BFE), FEMA 500 year BFE, and a constant surge level of 7.6 m above sea level; for 

reference, the 100 year and 500 year BFE have maximum surge heights of 5.78 m 

and 7.01 m above sea level respectively. For each of the three scenarios, the mean 

spill volume of individual tanks in the portfolio is evaluated along with the mean 

value of the total spill volume for the portfolio while considering uncertainties in the 

liquid level in the tanks using Monte Carlo simulations with 10.0104 samples. The 

spill volume for the three scenarios, 100 year, 500 year, and 7.6 m surge, are 1.13

105 m3 , 3.13105 m3, and 6.24105 m3 respectively. Based on the actual 

performance and the threshold value, the necessary reduction in spill volume for 

each tank is determined as: 

ionparticipat sTank'  spill) allowable Total - spill (Total =reduction   volumeSpill                8.3 
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where each tank’s participation is the fraction of the total spill volume for the 

portfolio contributed by the tank. Using the above equation, the reduction in spill 

volume for each tank is evaluated. In order to achieve the reduction in spill volumes, 

procedural and structural mitigation measures are considered taking into account 

the cost and benefit of the remedial action. Anchoring of tanks is considered as a 

structural mitigation measure while maintaining minimum level of contents in the 

tank is considered as the procedural mitigation measure. The combination of the 

two remedial actions is assessed by ensuring that the cost of the remedial actions is 

always less than the potential benefits, i.e. the money saved in clean-up cost by 

reducing the spill volumes to the tank specific target level. Herein, it is assumed that 

maintaining certain liquid level in the tank has no costs and the cost of anchoring 

tanks is evaluated considering the cost of the anchors and foundation, assessed 

using a cost database (RS Means Company, 2016). For example, in order to achieve 

the target spill volume a tank may require 100 anchors, however, the cost of 

anchoring with 100 anchors may exceed the savings in clean-up costs. In this case, 

the tank will be anchored with less number of anchors, such that the cost does not 

exceed the benefits, and a minimum liquid level will also be specified for the tank. 

Figure 8.19 shows the measures required for every tank in the Ship Channel to 

achieve the spill targets. Most of the tanks do not need any measures but several 

tanks in the 500 year BFE zone require a prescribed minimum liquid level in the 

tanks or they need to be anchored; some tanks need both – anchoring and minimum 

liquid level.  
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Figure 8.19. Mitigation measures for tanks corresponding to 500 year BFE 

 

Based on the above approach described above, achieving the spill targets for 

100 year BFE, 500 year BFE, and constant 7.6 m surge cost: $140 million, $369 

million, and $789 million; the mitigation costs increases with increase in storm 

surge inundation, which is expected. The total mean spill volume for the 100 year 

BFE, 500 year BFE, and 7.6 m surge with the corresponding mitigation measures 

are: 1.00104 m3, 3.43104 m3, and 3.54104 m3, which are below the spill 

threshold. Therefore, the heuristic methodology can be considered to be effective in 

reducing the spill volumes below the threshold. However, it is acknowledged that 

the solution obtained by the heuristic methodology is only a solution among several 

possible solutions; additionally, this solution is also not the optimal solution. 

Figures 8.20 and 8.21 compare the performance of the ASTs in the Ship 

Channel for various levels of surge considering the mitigation measures obtained for 

the three scenarios.  For this purpose, several constant surge levels ranging from 0.2 

m to 7.6 m above the mean sea level are considered. Based on the constant surge, 

the inundation level at each tank is obtained by taking the difference between the 
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surge and the ground elevation at the tank location; negative values of inundation 

imply that the tank is not inundated. Figure 8.20 shows the reduction in spill 

volumes for mitigation measures based on the three surge scenarios. The reduction 

in spill volumes based on mitigation measures for the three scenarios have similar 

values for surges up to 5.5 m, after which the mitigation strategy based on the 100 

year BFE leads to lower levels of spill volume reduction since the mitigation strategy 

is meant to meet the spill thresholds for about 5.8 m surge. The strategies based on 

the 500 year BFE and the constant 7.6 m surge lead to large spill volume reductions 

for surges up to 7.6 m and have very similar performance up to 7.0 m surge. Even 

for surges greater than 7.0 m the mitigation measures based on the 500 year BFE 

lead to considerably high spill volume reductions. 

 

Figure 8.20. Reduction in spill volumes for various surge levels 
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Figure 8.21 compares the cost benefit ratios for the three mitigation 

strategies. Even though the mitigation strategy based on 100 year BFE leads to the 

least spill reductions, its cost benefit ratio is the highest since the mitigation costs 

are low and the spill volumes are significant. On the other hand, the mitigation 

strategy based on 7.6 m surge has the highest reductions in spill volumes but it has 

the least benefit to cost ratios which can be attributed to high mitigation costs. 

Among the three surge scenarios, mitigating for the 500 year BFE provides very 

high reductions in spill volume and also has high benefit to cost ratios. Although the 

heuristic methodology is effective in reducing the spill volumes, comparison of tank 

performance using the heuristic methodology and an optimal solution will help 

further assess the usefulness of the methodology developed herein, which will be 

addressed in future work. 

 

Figure 8.21. Benefit to cost ratios at different surge levels for different 

mitigation strategies 
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8.3.2. Application to bridges in the greater Charleston region 

The heuristic methodology is applied to the bridge network in greater Charleston 

region to demonstrate the application to improving the seismic resilience of 

network. For this purpose, the time to reach 75% network functionality is 

considered as the performance metric. Additionally, as an example, the target time 

to reach 75% performance level is set as 30 days. Herein, the performance metric 

and the target time are chosen for demonstration of the heuristic methodology; for 

practical applications such metrics and target may be chosen by the stakeholders 

and infrastructure owners. Herein, network functionality is defined based on 

network connectivity as the ratio of available connections in the network to the total 

number of possible connections. For example, for the 50 bridge greater Charleston 

network, the total number of possible connections from each bridge to every other 

bridge are (50)2-50; if earthquake damage to a bridge splits the network into two 

fully connected clusters with 30 and 19 bridges, then the available number of 

connections are (30)2 + (19)2 = 1261 and consequently the functionality of the 

bridge network is 1261/2450 = 0.51. This network functionality definition is used to 

evaluate the performance of the bridge network and its recovery over time for 599 

probabilistic earthquake scenarios developed by Rokneddin (2016). For each 

scenario, the logic trees developed in Chapter 7 are used to determine the bridge 

closure decision and duration for all the 50 bridges. Next, the bridges are restored 

based on their duration of closure. As an individual bridge is restored, the change in 

network functionality is recorded as a measure of the bridge’s contribution towards 

the functionality of the network. Since there is significant uncertainty, this 
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procedure is repeated 10104 times for each earthquake scenario to propagate 

uncertainties in the restoration times. Using these simulations, the mean time to 

reach 75% for all simulations in all scenarios is obtained as 69 days. Since the target 

time for reaching 75% functionality is set as 30 days, the performance of the bridges 

need to be improved to achieve the target resilience goal. For this purpose, the mean 

estimate of every bridge’s contribution to network functionality is evaluated for 

each scenario which is further used to obtain the overall mean contribution towards 

network functionality. Using the mean contribution of each bridge towards network 

functionality, a list of 21 bridges is obtained whose restoration leads to at least 75% 

functionality, in a mean sense. The downtime of these 21 bridges that lead to 75% 

functionality is limited to at most 30 days. This could be achieved either by 

prioritizing the repair of these bridges or retrofitting them to reduce the chances of 

significant damage. Future work will focus on assessing these actions based on 

direct and indirect costs. 

Figure 8.22 shows the effect of limiting the restoration time of the 21 bridges 

on the time evolution of network functionality for scenario 17, whose pga map is 

shown in Figure 8.12. Figure 8.22 shows the recovery of the bridge functionality for 

each Monte Carlo simulation for scenario 17 and the mean recovery trajectory is 

shown using the black line. Before, the restrictions on downtime are applied, the 

time for 75% functionality was 72 days; however, after the restrictions are imposed 

75% functionality is restored in 21 days. Furthermore, the restriction on downtime 

decreases the uncertainty in the recovery of the bridge network, which can be 
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observed by comparing the dispersion of the recovery trajectories before and after 

the restrictions are applied. 

 

Figure 8.22. Effect of downtime restrictions on the recovery of the bridge 

network for earthquake scenario 17 

 

With limitations on the restoration time of the 21 bridges, the performance 

of the bridge network is assessed again for all of the 599 earthquake scenarios and 

the mean time to achieve 75% functionality is obtained as 31 days, which shows 

that the heuristic methodology is effective in improving the performance of the 

bridge network. Furthermore, future work will compare the performance of the 

heuristic method with an optimal strategy to compare the limitations imposed on 

the restoration time for bridges and the overall performance of the network. 
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8.4. Summary 

This chapter demonstrates the application of fragility and performance assessment 

tools developed in Chapters 5 through 7 to support resilience quantification. First, 

the fragility functions and performance assessment tools are applied to the portfolio 

of ASTs in the Houston Ship Channel for two hurricane scenarios. The application 

shows that for the two hurricane scenarios, tanks are more susceptible to hurricane 

storm surge in comparison to wind, and the regions where tanks are more 

vulnerable to storm surge related failure are identified. For both of the hurricanes 

scenarios, significant potential for tank failure and spill of hazardous material is 

revealed.  Anchoring the tanks is observed to be a viable mitigation strategy to 

reduce spill volumes in the Ship Channel, although there is a limit to their practical 

impact. Thus in future work, the models developed herein can be used to also 

evaluate the impact of regional protective systems (e.g. dikes and levees) for 

alternative current or future climate conditions. The fragility functions for bridges 

subjected to storm surge and wave forces, developed in Chapter 6, are applied to a 

portfolio of bridges in Brazoria County to assess their safety for a hurricane 

scenario. The results show that approach spans for several bridges are vulnerable to 

unseating due to their low clearance, and reveal the potential for loss of access to 

certain communities. Furthermore, the logic trees that determine traffic restriction 

and their duration are applied to a portfolio of bridges in the Charleston region. The 

results uncover the time evolution of bridge functionality, and offer new insights on 

traffic restrictions which are critical for future traffic flow simulations or post-
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hazard transportation network analyses. Finally, a heuristic methodology is 

developed to improve the performance of a regional portfolio of structures. The 

applicability of the heuristic methodology is demonstrated for a portfolio of ASTs in 

the Houston Ship Channel and for bridges in the Charleston region.  Such a method 

provides a simple and transparent approach to identify actions that should be taken 

at the individual structure level to achieve regional level performance goals, such as 

target maximum total spill volumes or network level functionality. 
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Chapter 9 

Conclusions, Key Contributions and 

Future Work 

9.1. Conclusions 

This thesis provides a generalized method for multi-hazard fragility assessment of 

structures and develops several new tools for resilience assessment of regional 

portfolio of above ground storage tanks and bridges. In this process, insights are 

gained regarding viable metamodels for bridges and ASTs subjected to a range of 

different multi-hazard conditions. The tools developed in this study can be applied 

for future risk and resilience assessment and for assessing the effectiveness of 

several regional level mitigation strategies. Insights gained regarding the 

performance and resilience of ASTs and bridges through case study applications are 

discussed below. 
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Fragility functions are developed for common causes of AST failure during 

hurricanes: flotation and buckling due to wind and surge. Comparison of fragility 

functions for wind and storm surge buckling of fixed and floating roof tanks shows 

that the seal stiffness of floating roof tanks does not have significant effect on the 

buckling capacity of ASTs. This observation is attributed to the relatively smaller 

influence of seal stiffness in comparison to the uncertainties in the buckling 

performance due to the presence of geometric imperfections. Fragility comparison 

of wind and storm surge buckling for a case study tank shows that the presence of a 

floating roof increases the uncertainty in the fragility; but in the case of storm surge 

fragility, the floating and fixed roof tanks are observed to have similar fragility 

curves. Comparisons of fragility curves for storm surge related failure of fixed roof 

tanks with different dimensions and contents show that in the un-anchored 

condition all tanks have higher probability of flotation than buckling; consequently, 

the system fragility is completely dominated by flotation failure. However, when the 

tanks are anchored the probability of flotation reduces significantly. Depending on 

the effectiveness of the anchors, the system response is influenced by either or both 

of the failure modes. Generally, flotation dominates the response at low surge 

heights and buckling dominates the failure at higher surge heights. This transition of 

failure modes for anchored tanks from flotation to buckling failure suggests that 

anchoring alone may not be sufficient to prevent failure of ASTs. This observation 

highlights the competing nature of storm surge flotation and buckling failures with 

respect to the strength of anchors since preventing flotation of tanks can cause 

storm surge buckling. Overall, as expected, higher liquid levels reduce the fragility of 
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ASTs for all failure modes; therefore, the liquid height has a complementary effect 

for all hazards 

Using the proposed dual layer fragility assessment method, fragility functions 

are developed for several hazards and multi-hazard combinations such as: scour 

and vehicular loads; barge impact, scour, and vehicular loads; earthquakes; 

earthquakes and vehicular loads; and, hurricanes.  Results from finite element 

simulations of bridges subjected to vehicular loads and scour show that that bridges 

with pier scour can resist longitudinal vehicular loads without loss of stability or 

significant damage to bridge components; which highlights that bridges with pier 

scour are generally safe under breaking loads. However, a large numbers of bridges 

were observed to loose stability under gravity and vertical vehicular loads. 

Therefore, considering vertical vehicular loads two parameterized fragility 

functions are developed using logistic regression for bridges in clayey and sandy 

soils, respectively. The fragility functions show that the effect of vehicular loads may 

not be significant for bridges with heavy super-structures. Additionally, the failure 

probability is observed to depend on the location of the vehicular loads as well. 

These findings suggest that the fragility functions can help to support decision-

making on bridge closure, or imposing lane and load restrictions. Using the fragility 

functions and the soil homogenization procedure, the safety of a bridge in Brazoria 

County, Texas is assessed for various combinations of scour levels and vehicular 

loads. The results show that the bridge is safe to carry vehicular loads at 1.5 m of 

scour, which is TXDOT’s scour depth threshold for bridge closures.  
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Regarding the evaluation of barge impact and its joint occurrence with bridge 

scour and subsequent ability to carry traffic, the results obtained from the finite 

element simulations provide several key insights. First, findings show that the 

presence of scour reduces the shear demand on bridge columns when subjected to 

barge impact; however, the moment demands are observed to increase for scoured 

bridges. Furthermore, comparisons of the demand to capacity ratio for maximum 

column shear strain and column curvature show that without scour, shear and 

flexure equally dominate the failures. While, for cases with scour, flexural failure is 

observed to dominate for a majority of the cases. Additional insights are also 

obtained on the effects of several variables on the force demands. For example, an 

increase in the barge bow yield force is observed to significantly increase the force 

demands; similarly, an increase in column depth and breadth is also observed to 

increase the force demands. The results of the static analysis after the barge impact 

suggest that the bridges that do not have failed columns and are stable under 

gravity loads are safe to carry vehicular loads. The demand metamodels show that 

at high collision energies, further increase in the impact energy does not 

significantly increase the force demands. However, the fragility curves for exceeding 

ultimate shear and flexural deformations show that even though the force demands 

may not increase significantly at high impact energies, the failure probability for 

both the shear and flexural failure modes increase. Such results underscore the 

importance of displacement based fragility functions. Furthermore, the fragility 

functions show that scour leads to a reduction in failure probability for both of the 

failure modes, which is attributed to the larger deformations in piles for larger scour 
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depths while at lower scour depths the columns deform more. This observation 

emphasizes the need to study the effect of barge impact and scour on the 

performance of piles supporting the bridge, which may be addressed in future work. 

Overall, the demand metamodels can serve as useful tool for designing bridges since 

it can be used to assess demands on bridge columns for various pier geometries and 

impact conditions. Similarly, the fragility functions can be used by decision makers 

and stakeholders to rapidly assess potential damage in the event of barge collision. 

The study of comparison of risks to bridges due to hurricanes and 

earthquakes provides insight as to how different parameters influence the risk of 

damage to the bridge systems under the two hazards. In case of earthquakes, 

increase in several bridge parameters such as column diameter and column 

reinforcement ratio is observed to improve the seismic performance of bridges. 

However, increase in column height, number of spans, and span length is observed 

increase the probability of bridge failure. On the other hand, the fragility of bridges 

subjected to hurricane wave and surge loads is observed to decrease with increase 

in column height. Application of the fragility functions for a case study bridge also 

highlights the opposing effect of column height on the seismic and hurricane 

performance of bridges. For example, for the case study bridge, the relative risks 

from hurricane and earthquake hazards are observed to change significantly with 

change in column height, showing a nonlinear decrease in hurricane risks and 

nearly linear increase in seismic risks as the column height increases. This 

application shows the usefulness of the parameterized fragility functions developed 



260 

in this study for various hazards in understanding the relative influence of different 

hazards on the safety of bridges. 

Results from the study on vehicle bridge interaction during earthquakes 

show that the interaction significantly influences the response of bridge 

components. For example, if the vehicle and the bridge have in-phase eigen modes, 

the responses increase while out of phase eigen mode shapes lead to a decrease in 

component responses. Several additional insights are obtained from this study 

include: increase in column height significantly increases the response of columns in 

presence of vehicles, increase in stiffness of the columns has a negative influence on 

the bearing response, and abutment response decreases, relatively, as the length 

and the width of the bridges decrease. Application of fragility functions for three 

case study bridges clearly demonstrate that modeling vehicles without suspensions 

springs is not sufficient to capture the effect of VBI. Overall, this study concludes 

that the effect of VBI on bridge performance depends on vehicle and bridge 

characteristics and needs to be determined on a case by case basis.  Since this 

influence is complex across the parameter space, response metamodels and 

parameterized fragility models are developed which enable exploration of any 

viable combination of model parameters. Thus while no single simple trend can be 

inferred regarding the effect of VBI on seismic bridge response and fragility, the 

unique influences per case can be identified using the proposed metamodels. 

Overall, for bridges, the development of parameterized fragility functions has 

provided several insights into the effects of bridge parameters on the performance 
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and fragility of bridges. Based on the observations obtained from performance 

assessment of bridges, multi-hazard combinations can be classified in to different 

categories based on the multi-hazard taxonomy developed in this study. For 

example, scour and vehicular loads have complementary effect on selection of pile 

length since an increase in pile length improves the performance of the bridge for 

scour and vehicular loads. In the case of barge impact, considering the performance 

of columns alone, barge impact and scour can be considered as diminishing hazards, 

since the presence of scour reduces the chances of column failure due to shear 

and/or flexure. Hurricanes and earthquakes, two non-concurrent hazards, have 

competing influence on the selection of column heights. Finally, the effect of vehicle 

presence on the seismic performance of bridges can be either amplifying or 

diminishing depending on bridge and vehicle characteristic. 

The study of seismic repair costs of bridges provides several new insights. 

This study shows that the distribution total of repair costs is multi-modal in nature, 

which was not known prior to this study. Furthermore, the distribution of total 

repair costs of individual components and the distribution of the costs of repairing 

individual elements from different damage states are also observed to be multi-

modal. The existence of multiple modes is attributed to the multiple repair options 

available for addressing damage to bridge elements and the differences in damage 

states of elements belonging to the same component type. Furthermore, the 

histograms of repair costs demonstrate that due to the presence of multiple modes 

in the repair cost distribution, commonly used statistical descriptors of repair costs, 

such as mean and variance, are inadequate to describe the repair costs. Comparison 
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of the actual repair cost CDF with the CDF derived using the GMM parameters 

predicted by neural networks show a close match, with about 8% absolute mean 

error, which highlights the usefulness of the trained neural network models. The 

trained neural network models can facilitate rapid repair cost estimation for a 

portfolio of bridges considering the effects of uncertainties emanating from repair 

costs, repair actions, and component damage states.  

The logic trees, developed using empirical data, that determine potential 

traffic restrictions and their durations for bridges damaged during earthquakes help 

uncover several trends from the empirical seismic damage data. For example, 

moderate to complete damage to columns leads to complete bridge closure; while 

extensive column damage leading to column replacement leads to speed and load 

restrictions on bridges and abutment damage to bridges leads to lane closures. The 

duration of these traffic restrictions are observed to have large uncertainties and 

are related to the severity of bridge damage. These logic trees could be used for 

network level resilience assessment of bridges tanking in to account realistic traffic 

restrictions on bridges, which is not considered in existing bridge network level 

analyses. 

The results of the portfolio analysis of all the tanks in the Houston Ship 

Channel, obtained using tools developed in this study, for 100 and 250 year return 

period hurricane events provide several insights into the performance of ASTs 

during hurricanes. The results suggest that the ASTs in the Ship Channel have very 

low probability of buckling due to hurricane winds. In contrast to hurricane winds, 
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however, ATSs are not designed for storm surges; therefore, high probabilities of 

failure are observed due to storm surge for the two hurricane scenarios. Analysis of 

the distributions of repair costs and spill volumes show that mean values are not 

sufficient to communicate the potential values of spills and repair costs on a per 

tank basis. Therefore, this study evaluates mean estimates of resilience indicators 

conditioned on failure, i.e. expected values in the event of failure. However, first and 

second order moments of the total repair costs and spill volumes of all the tanks can 

be used to study the collective performance of the regional portfolio of ASTs. 

Analysis of failure probabilities and resilience indicators shows that due to 

variations in dimensions, tanks with the highest failure probability may not 

necessarily cause large spills or lead to high repair costs. Furthermore, the results 

show that for both of the hurricane scenarios large numbers of tanks are vulnerable 

to flotation failure, which highlights the need for either structural or regional surge 

mitigation strategies, which can be assessed using the tools developed in this study. 

Hurricane performance of a portfolio of coastal bridges in Brazoria County, 

Texas, for a scenario storm event where hurricane Ike is shifted south west to make 

land fall at Freeport, in Brazoria County shows that out of 25 bridges, four bridges 

have failure probability over 0.5. Interestingly, among the four bridges, the main 

spans of most of the bridges are safe; however, the approach spans are vulnerable to 

unseating failure which leads to high failure probabilities. Therefore, tying down the 

approach spans may be a potential solution for improving the safety of these 

bridges; however, the connections between the approach spans and the sub-

structure should be appropriately designed to limit the amount of forces transferred 
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to the sub-structure. Furthermore, one of the four bridges with high failure 

probability is on a route that provides the only road access to a residential 

community. Therefore, the results indicate that residents of this residential 

community should evacuate before a hurricane since the bridge providing road 

access may fail during a hurricane. This demonstration shows the usefulness of the 

fragility functions for identifying critical bridges and determining potential repair 

activities for bridges to improve their safety. 

The logic trees that determine the traffic restrictions and their duration are 

employed for network level performance assessment of a bridge network consisting 

of 50 bridge in Charleston region for a scenario earthquake with pga = 1.38g. At 

first, all of the bridges are closed for a few days since all the bridges are located 

within an 80 km radius of the epicenter of the earthquake. Bridges in the low pga 

regions become operational first and bridges in higher pga become functional in the 

following weeks. The results show that abutment damage to two bridges in low to 

moderate pga region leads to extended periods of bridge closure times, of over a 

month. Additionally, several bridges in very high pga zones, pga>1g, are also 

observed to have extended periods of bridge closure, which is expected. This 

information can be used to model the resilience of the bridge network; furthermore, 

such information on recovery of the bridge network can be useful for planning 

emergency routes for post-earthquake recovery and identifying priority bridges for 

retrofits. 
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Application of the heuristic methodology for ASTs in the Houston Ship 

Channel with total spill volume as the performance metric shows that simple 

structural mitigation measures and procedural restrictions such as anchoring tanks 

and maintaining minimum fill level, respectively, can be effectively used to reach the 

spill volume target. Furthermore, the benefit to cost ratios of the structural 

mitigation obtained from the heuristic methods are also observed to be very high, 

showcasing the potential usefulness of the methodology. Similarly, the heuristic 

method is also applied to the 50 bridge network in the greater Charleston region to 

improve the resilience of the bridge network, which is quantified using time to 

recover 75% functionality. Through applying the heuristic method, limits on the 

downtime for individual bridges in the network are obtained that enable achieving 

the network level performance target of reaching 75% functionality in 30 days. The 

demonstrations on the portfolio of ASTs and the bridge network show that the 

methodology is applicable to both spatially disconnected infrastructure systems and 

networked infrastructure systems. 

9.2. Key contributions 

This study has focused on evaluating the performance of regional portfolios of 

infrastructure systems, namely ASTs and bridges, under multiple hazards to 

facilitate resilience assessment. Several key contributions have resulted: 

 Taxonomy has been developed for classification of multi-hazard combinations 

which could help in clearly communicating the influence of multiple hazards on 
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the performance and design of infrastructure systems to stakeholders and 

regional infrastructure managers. Furthermore, this systematic approach for 

characterizing multi-hazards can facilitate discussion of emerging research on 

the pressing problem of multi-hazard infrastructure resilience.   

 This study has proposed a generalized dual layer metamodel based fragility 

assessment methodology which can be applied to assess the vulnerability of a 

portfolio of infrastructure systems under various hazards. The proposed method 

harnesses statistical learning techniques to enable efficient response and 

reliability assessment of structures with a broad range of design details when 

subjected to different hazards.   

 Using the dual layer fragility assessment methodology this study has developed 

fragility functions that can be applied to a portfolio of ASTs for the most common 

failure modes during strong winds and storm surges, i.e. buckling due to wind 

and storm surge and flotation due to surge. These fragility functions can be used 

to efficiently assess the performance of regional portfolio of ASTs for various 

hazards to understand the risk profile of the portfolio. Additionally, the fragility 

functions can also be used for assessing the sensitivity of the failure probabilities 

to variation in several parameters. Furthermore, the dual layer fragility 

assessment methodology helps quantify the effects of changes in AST and bridge 

parameters on their response and vulnerability. 

 This study also develops fragility models for bridge under various multi-hazard 

combinations such as scour and vehicular load; barge impact, scour and 

vehicular load; earthquakes; hurricanes; and earthquakes and vehicular loads. 
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These fragility functions are parameterized on hazard and bridge parameters to 

facilitate performance assessment of bridges at a regional level; such fragility 

functions were completely lacking in the literature and enable unprecedented 

understanding of multi-hazard risk and resilience of bridge portfolios. 

Furthermore, the fragility functions can be used to identify vulnerable bridges 

and impose traffic restrictions; for example, the fragility models for bridges 

subjected to scour and live loads are able to capture the effects of vehicle weight 

and position on the safety of bridges, so the fragility models can also be used to 

impose bridge closure, and lane and load restrictions. 

 In addition to fragility models, this study also develops methods to evaluate 

probabilistic estimates of spill volumes, repair costs, and repair time for tanks in 

case they fail during hurricanes, which has been observed several times in past 

hurricanes such as Rita and Katrina. These estimates, along with the fragility 

models can be used to evaluate the resilience of a portfolio of ASTs and compare 

regional storm surge mitigation strategies that can have a major impact on 

regional resilience. 

 Similarly, for bridges, this study has also developed methods to estimate repair 

cost estimates using Gaussian mixture models with neural networks. 

Additionally, traffic restrictions on bridges, and their duration for bridges 

damaged during an earthquake are developed using logic trees. These estimates 

along with the fragility models can be used to model the recovery of a regional 

bridge network and the resilience of regional bridge networks, which can be 

used to identify the most important bridges for retrofitting. Moreover, the 
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frameworks can also be used identify routes that can be used for rescue and 

recovery operations after an earthquake. 

 This study has also proposed a heuristic methodology to determine performance 

targets for individual structures such that the performance target of the regional 

portfolio of structures is met. Currently, there are no simple frameworks which 

could facilitate such analysis for ASTs and bridges. Such a framework would be 

very useful for regional bridge managers since they can determine the 

performance targets for bridges in the region considering the regional 

performance target. Furthermore, the application of this framework on the 

storage tanks in the Houston Ship Channel shows that their safety and 

performance can be significantly improved using simple structural and 

procedural measures. 

9.3. Future work 

Additional research that can further extend and improve the framework and tools 

developed in this study are identified below: 

 This study has developed fragility functions for ASTs for flotation and buckling 

failure under wind and storm surge. However, there are additional failure modes 

such as sliding and failures due to debris and wave impact for which fragility 

functions need to be developed. 

 Since limited quantitative data is available on storm surge buckling of ATSs, 

physical experiments may be conducted to validate the fragility models 

developed in this study. Additionally, experiments may be conducted to study 
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other potential failure modes, which have not been studied here, such as wave 

and debris impact. 

 For bridges, this thesis has developed fragility functions under barge impact and 

scour considering that the impact is completely perpendicular to the bridge. 

Future work may considerer oblique impact scenarios for fragility assessment. 

Additionally, a detailed study on the effects of scour on the demands on the 

foundations may also be performed. Furthermore, fragility functions for other 

impact scenarios such as truck and bridge piers may be developed in future 

work. 

 At present, the bridge seismic fragility functions accounting for vehicle presence 

considers a static vehicle. Future work may consider presence of multiple 

vehicles for longer bridges and the effect of moving vehicles on the bridge may 

also be studied. 

 The bridge fragility functions developed in this study are mostly applicable to 

multi-span simply supported concrete girder bridges. Future work may focus on 

developing fragility function for other bridge types. Similarly, the seismic loss 

assessment methodology and tools for estimation of traffic restrictions and their 

duration may also be extended for different hazards and bridge classes.  

 Since large uncertainties are observed in the estimates of duration for different 

traffic restrictions, additional data may be collected using surveys to get a better 

understanding on the uncertainties in the duration of traffic restrictions. 

Furthermore, the data from surveys may also be used to determine the 

probability distribution of traffic restrictions.  
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 Future work may focus on further improvement of the heuristic methodology for 

assessing performance target for individual structures and compare the results 

of the heuristic methodology with an optimal strategy. 
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Appendix A: Modeling global imperfections 
in ASTs 

Precise modeling of the imperfections in ASTs is important for quantitative 

assessment of buckling strength under various external loads, such as wind and 

storm surge since buckling phenomenon is highly sensitive to the stochastic 

imperfections. Even though buckling due to extreme hurricane winds has been 

reported as a common failure mode of ASTs, existing literature lacks models for 

random geometric imperfections. Therefore to facilitate probabilistic buckling 

capacity estimation of ASTs a stochastic model for global imperfections in welded 

cylindrical ASTs is developed in this study (Kameshwar & Padgett, 2016)  

A.1 Characterization of imperfections 

In order to develop a generalized global imperfection model for AST all existing 

published global imperfection data from tanks and silos is analyzed to detect any 

common features among the imperfections in different tanks and silos. The common 

features are used to develop an imperfection modeling scheme which also 

incorporates randomness to the imperfections. To this end, imperfections measured 

from tanks in Germany (Hornung, 2000) are analyzed, and in addition to 

observations gathered from the analysis of tanks in Germany, this study also 

incorporates the observations from analysis of imperfections on silos in Australia 

(Teng et al., 2005) to propose an imperfection modeling scheme.  Hornung and Saal 
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(2002) inspected four oil storage tanks in Germany with unstiffened shell made of 

unalloyed or low alloy steel for local and global imperfections. The four tanks had 

different dimensions; the heights of the first two tanks are 13.29 m, 17.07 m 

respectively while the third and fourth tanks are 10.00 m high and their radii are 

5.00, 35.00, 5.75 and 7.00 m respectively. However, complete imperfection 

measurements were only obtained for Tanks 3 and 4 by Hornung (2000); therefore, 

imperfections measured from these two tanks are analyzed in this study. For each of 

these two tanks, the imperfections were measured at 640 locations using 

tachymetry, with a precision of 2 mm. These imperfection measurements were 

adjusted for eccentricity of the tanks; for details Hornung and Saal (2002) may be 

referred.  

One and two dimensional Fourier analysis of the imperfections obtained is 

performed to detect any systemic pattern in the imperfections. First, one 

dimensional Fourier analysis of imperfections measured around the circumference 

of the tank is performed. For this purpose, a full Fourier representation shown in 

the following equation is used 
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where an and bn are Fourier coefficients, θ is the angle around the circumference of 

the tank (0 to 2π), N is the number of Fourier coefficients and I(θ) is the value of 

imperfection at angle θ. Figures A1a and A1b show the magnitude of the Fourier 

coefficients of the imperfections measured around the circumference of the tanks 
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for the nth harmonic, 22

nnn baA  , for Tanks 3 and 4 respectively. In Figure A.1a it 

can be observed that for lower harmonics, the magnitude of the coefficients is high. 

Furthermore, near n = 6 and n = 12 the coefficients have peaks, i.e. in the 

neighborhood of n = 6 and n = 12 the magnitude of the coefficients decreases with 

increase or decrease in the value of n. Similarly, in Figure A.1b, peaks can be clearly 

identified around n = 7 and n = 14. In both figures, A.1a and A.1b, peaks 

corresponding to higher harmonics have lower value. The harmonics around which 

peaks are observed correspond to the number of panels in the circumferential 

direction or a multiple of the number of panels. Tank 3 has six panels while Tank 4 

has seven panels; therefore, peaks are observed near harmonics that are multiples 

of six and seven respectively. Figures A.2a and A.2b show the magnitude of Fourier 

coefficients of the full Fourier series representation, shown in Equation A.1, of 

imperfections measured along the meridians of Tanks 3 and 4. Unlike imperfections 

measured around the circumference, the Fourier coefficients for imperfections 

measured along the meridians have very small peaks near harmonic n = 6, which 

corresponds to the number of panels along the height of the tank.  
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Figure A.1. Fourier coefficient amplitude in circumferential direction 
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Figure A.2. Fourier coefficient amplitude in meridonial direction 

 

One dimensional Fourier analysis provides several valuable observations on 

the correlation of imperfections with the number of panels in the tank. However, it 

ignores the correlation between the imperfections in the circumferential and 

meridional directions. Therefore, a two dimensional (2D) Fourier analysis was also 

performed on the imperfections using the following half cosine wave expression: 
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In the above expression, H is the height of the tank; Cmn and Dmn are the Fourier 

coefficients; and M and N are the number of harmonics in meridional and 

circumferential direction respectively. The amplitude of the Fourier coefficients, 

22

mnmnmn DCA  , for imperfections in Tank 3 is shown in Figure A.3. Similar to one 

dimensional Fourier analysis, lower harmonics in both directions, circumferential 

and meridonial, have large magnitudes. On close inspection it can be observed that 

the coefficient Amn assumes a large value where either m or n corresponds to a 

multiple of the number of panels in the meridional or circumferential direction. 

Even though one dimensional Fourier analysis of imperfections along the meridonal 

direction does not show a prominent trend, as it was observed for imperfections in 

circumferential, the 2D Fourier analysis shows a trend relating amplitude of 

coefficients in both of the directions. Similar trends are also observed from two 

dimensional Fourier analysis of imperfections on Tank 4. 
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Figure A.3. Amplitude of Fourier coefficients (2D) of Tank 3 

 

Teng et al. (2005) analyzed imperfections on three silos in Australia. The 

observations herein on the imperfections obtained from tanks in Germany are 

similar to the observations by Teng et al. on silos in Australia; namely: the peaks in 

the amplitude of one dimensional Fourier coefficients of circumferential 

imperfections are observed near harmonics that are multiples of number of panels 

along the circumference; less prominent trend in one dimensional Fourier 

coefficients of imperfections in meridonal direction; and higher magnitude of two 

dimensional Fourier coefficients for harmonics that correspond to number of panels 

in either direction. The similarities in the imperfections of the two shell structures 



 278 
 

situated in two different continents suggest that the imperfections arise due to 

manufacturing process of these shell structures. This conclusion is consistent with 

Teng and Rotter (2006) wherein they suggest that specific imperfection patterns 

may arise in shell structures due to the manufacturing process. 

A.2 Proposed imperfection modeling scheme 

The observations from Fourier analysis of imperfections in tank and silo shells are 

used in this section to develop a probabilistic imperfection modeling scheme. The 

proposed imperfection modeling scheme uses a two dimensional Fourier series 

representation, as used by Teng et al. (2005) to represent imperfections on a few 

silos in Australia.  However, this study suggests the magnitude of the Fourier 

coefficients based on the observations on Fourier coefficients from the previous 

section such that the Fourier series representation can be generalized for ASTs of 

different dimensions. The first observation is that the coefficients corresponding to 

lower harmonics have high values in circumferential and meridonal directions but 

the magnitude of the coefficients decreases for larger harmonics; to represent this 

observation a function that decays the magnitude of the coefficients for larger 

harmonics is required. Furthermore, an oscillatory pattern is observed in the 

magnitude coefficients with higher values near harmonics corresponding to the 

number of panels in either direction. This observation can be represented by a 

periodic function with a period corresponding to the number of panels. In order to 

represent these patterns probabilistically, equation A.3 is proposed to evaluate the 
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magnitude of Fourier coefficients; however, it is acknowledged that other functional 

forms could also be explored to model the patterns observed in the magnitude of the 

Fourier coefficients. 
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In the above Equation, N(0,1) is a normally distributed random variable with zero 

mean and unit standard deviation; pm and pc are the number of panels in meridonal 

and circumferential direction; c1 and c2 are non-negative constants; α and β are 

decay coefficients in the meridonal and circumferential direction respectively. In 

Equation A.3, the cosine terms are the periodic functions that account for the 

oscillatory pattern observed in the Fourier coefficients; the constants c1 and c2 are 

added to the cosine terms to prevent the coefficients from assuming null values. The 

exponential terms with negative coefficients decrease the magnitude of the 

coefficients for larger harmonics, i.e. the exponential terms serve as the decay 

function. The decay coefficients, α  and β, assume small positive values to facilitate 

the decay of the coefficients for larger harmonics; the magnitude of the decay 

coefficient determines the rate of decrease of the coefficients. The exponential 

functions and the cosines together form an envelope function, which emulates the 

patterns observed from the Fourier coefficients of the imperfections. The standard 

normal variable adds randomness to the coefficients; it is acknowledged that other 

distributions may also be used to add uncertainty in the magnitude of coefficients. 
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The coefficients from Equation A.3 are used in the following two dimensional 

Fourier series 
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where F(θ,z) is the unscaled imperfection at angle θ and height z;  φ is the 

phase angle, which is assumed to be a uniformly distributed random variable 

varying between 0.7 – 2.4 radians based on the observations from imperfection on 

tanks and silos.  

Equation A.4 qualitatively represents the imperfections that can be observed 

in tanks and silos and offers consistency with the systematic trends observed from 

Fourier analysis of tank imperfection data across different tank dimensions and 

locations. However, the magnitude of the imperfections is still unknown; therefore, 

Equation A.4 must be scaled appropriately to obtain the imperfections. In order to 

scale the imperfections for tanks of all dimensions this study normalizes the 

imperfection magnitude the by the square root of the surface area of the cylindrical 

shell ( DH where D is the diameter of the tank). The magnitude of normalized 

imperfection of the tanks described in the previous section was also analyzed and 

observed to lie within 5.0e-4 and 3.0e-3. Since the magnitude of normalized 

imperfection is obtained from a few imperfection measures it is assumed to be a 

uniformly distributed variable within the above mentioned range. Therefore, the 

scaled imperfection can be obtained as 

),(max),(),( zFzUFDHRzI sign                        A.5 
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In the above equation, U is a uniformly distributed random variable, between 5.0e-4 

and 3.0e-3, representing the normalized imperfection magnitude and signR  is a 

random variable which takes values -1 and 1 with equal probability. The variable 

signR  randomly changes the direction of the imperfections from outward to inward. 

The imperfection model proposed in Equation A.5 is based on the trends observed 

in the imperfections on two ASTs in Germany and three silos in Australia. Even 

though the number of observations used to derive the model is limited, the 

observations are consistent across different continents which instill confidence in 

the model which emulates these consistent trends. In addition to providing a 

generalization of the patterns observed in the imperfections, the proposed model 

also incorporates uncertainty in the imperfection model. Furthermore, the proposed 

model can be easily updated as more imperfection measurements become available. 

A.3 Comparison with spectral simulations 

In order to gain more confidence on the proposed imperfection modeling scheme, 

the effects of the proposed imperfection modeling method on the buckling capacity 

of a tank is compared against the effects of imperfection modeling via spectral 

simulations. For this purpose, the wind buckling capacity of Tank 3 from Hornung 

and Saal (2002) is evaluated using the proposed imperfection model and compared 

with buckling capacity of the tank with imperfections modeled using two 

dimensional spectral simulation (Shinozuka & Deodatis, 1996).  
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Herein, the spectral simulation method uses the power spectral density 

directly obtained from imperfections in Tank 3. Therefore, the imperfections 

generated using spectral simulation will closely emulate the characteristics of 

imperfections on Tank 3. On the other hand, the proposed imperfection modeling 

scheme, which can be applied to tanks of different dimensions, is generalized based 

on the systematic observation gathered from imperfection samples. Hence this 

comparison may highlight the effectiveness of the proposed imperfection modeling 

scheme to represent the effects of imperfection on the tank’s buckling capacity. For 

the selected tank, with diameter of 11.5 m and height of 10.0 m, the imperfections 

have been measured and reported in Hornung (2000); further details on the tank 

are available in Hornung and Saal (2002). In order to implement the spectral 

simulation approach, the experimentally measured imperfections obtained from the 

tank are smoothed and the power spectral density of the imperfections is obtained 

which is used to generate 500 sample imperfections; for details Shinozuka and 

Deodatis (1996) may be referred. It must be noted that spectral simulation could 

only be implemented due to the availability of imperfection measurements from the 

tank of interest, which are required to inform the power spectral density function. 

However, in absence of imperfection measurements from tanks the spectral 

simulation will be difficult to apply. Instances of 500 imperfections are also 

generated using the method proposed in this study, using Equations A.3 through 

A.5, with 0.121  cc  and 6/1  . The wind buckling capacity of the tank is 

evaluated using instances of imperfections generated using the two methods under 
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a generalized wind pressure distribution described in Equation 5.1 and the 

methodology described in Section 5.1.1. 

Using the instances of imperfections generated via spectral simulations the 

mean and the coefficient of variation (COV) of the wind buckling capacity are 

obtained as 9.84 kPa and 11.84% respectively. The mean and the COV of the 

buckling wind pressure of the tank with imperfections obtained from the proposed 

imperfection model are 9.94 kPa and 27.39% respectively. The mean wind buckling 

capacities obtained with the two different imperfection modeling schemes are very 

close to each other. However, the two COVs are quite different; this is in part due to 

the large range of normalized imperfection adopted in the proposed scheme—U in 

Equation A.3—and partly due to the fact that the spectral simulation is based only 

on one instance of imperfection, which leads to a very narrow range of imperfection 

magnitude. However, as the range of U in Equation A.3 was restricted to the range of 

normalized imperfection observed solely in Tank 3, 1.4 e-3 to 1.9e-3, the COV of the 

decreased to 16.00% and the mean buckling pressure slightly decreased to 9.21 kPa. 

Therefore, the results from this comparison suggest that the two imperfection 

modeling methods yield relatively consistent buckling capacity estimates for a given 

tank. Overall, the results from this comparison suggest that the proposed 

imperfection scheme is able to represent the imperfections which is reflected in the 

mean and COV of the buckling capacity of the tank. The comparison also lends 

confidence to the proposed model since similar results are obtained for a single tank 

using the proposed method and using the spectral simulation method described in 
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Shinozuka and Deodatis (1996).  However, this study goes a step beyond methods in 

the existing literature by proposing a potential form of imperfection model that 

reflects the overall systematic trends observed from past measurements, but is 

generalized and can be applied to ASTs of different dimensions. 
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Appendix B: AST fragility functions and 
validation results 

B.1 Fragility functions 

The logit function for flotation failure of anchored tanks is shown in Table B.2, 

where the variables x1 to x13 correspond to tank parameters; the relation between 

variables x1 to x13 and corresponding tank parameters is shown in Table B.1. 

Table B.1. Relation between variables x1 to x13 and tank parameters 

Variable Tank 
parameter 

Units Variable Tank 
parameter 

Units 

x1 D (diameter)  x8 fc(concrete 
strength) 

MPa 

x2 H (height) m x9 hef (embedment 
depth of 
anchors) 

m 

x3 L (liquid 
height) 

m x10 d (anchor bolt 
diameter) 

m 

x4 ρl (relative 
density of 
contents) 

- 
x11 c1 (edge 

distance) 
m 

x5 Sd (product 
design stress) 

MPa x12 sp (anchor 
spacing) 

m 

x6 S (surge height) m x13 na (number of 
anchors) 

- 

x7 fy (yield 
strength of 

anchor bolts) 

MPa    

 

 

 

 

 



 286 
 

Table B.2. Logit function for flotation failure of anchored tanks 

Term Coefficient Term Coefficient Term Coefficient 

Intercept -5.46E+00 x8x9 1.26E-01 x8x10x12 1.66E+00 
x1 9.52E-02 x8x10 -4.70E+00 x9x10x11 -1.08E+03 
x3 -6.31E-02 x8x12 -2.54E-02 x9x10x12 1.19E+02 
x4 2.48E-01 x8x13 -4.88E-04 x9x11x12 6.97E+00 
x6 4.99E-02 x9x10 -5.06E+02 x10x11x12 1.22E+02 
x7 7.49E-03 x9x11 -3.28E+01 x7x102 3.55E+00 
x8 1.58E-01 x9x12 3.93E+00 x92x10 6.79E+02 

x9 -1.20E+01 x10x11 -6.96E+02 x92x11 2.88E+01 
x10 5.38E+01 x10x12 7.10E+01 x92x12 -4.66E+00 
x11 -3.25E+00 x10x13 -2.22E+00 x9x102 -4.26E+03 
x12 5.34E-01 x11x12 -1.56E+00 x9x122 -6.05E-01 
x13 3.22E-02 x11x13 -3.51E-02 x102x11 4.17E+03 

x1x3 -4.48E-03 x12 -5.28E-04 x102x12 -5.64E+02 
x1x4 -3.40E-02 x92 3.04E+01 x102x13 2.10E+01 
x1x6 8.69E-02 x102 1.95E+03 x10x112 4.86E+02 
x3x4 -3.52E-01 x112 6.43E+01 x10x122 -2.36E+01 
x3x6 2.53E-02 x122 1.21E-01 x112x12 -4.73E+00 
x7x8 -2.54E-04 x1x3x4 -7.81E-02 x112x13 1.14E-01 

x7x10 -1.72E-01 x7x10x13 8.10E-04 x93 -2.20E+01 
x7x11 -4.69E-03 x7x11x13 -1.47E-04 x113 -5.54E+01 
x7x13 1.65E-06 x8x9x10 -6.97E+00 

   

The logit functions for system fragility of fixed roof tanks are shown in Tables 

B3 and B4 respectively. The relation between the variables in the logit functions and 

the tank parameters is shown in Table B2. 
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Table B.3. Logit function for system failure of un-anchored tanks 

Term Coefficient 

Intercept -1.84E+00 
x1 1.02E-01 
x2 -1.20E-01 
x3 -1.17E-01 
x4 -7.12E-01 
x6 6.86E+00 

x3x4 -6.51E+00 

x12 -1.10E-03 

 

Table B. 4. Logit function for system failure of anchored tanks 

Term Coefficient Term Coefficient Term Coefficient 

(Intercept) -3.28E+01 x2x4 1.28E+00 x102 2.59E+03 
x1 1.91E+00 x2x10 7.51E+00 x112 1.02E+01 
x2 5.48E+00 x2x12 -2.43E-02 x2x10x12 2.53E+00 
x3 4.89E-01 x3x4 -2.79E+00 x22x4 -4.89E-02 

x4 -1.46E+01 x3x10 4.79E+00 x22x10 -5.19E-01 
x5 1.38E-02 x3x12 -2.50E-01 x92x10 3.08E+02 
x6 1.10E+00 x4x6 1.91E+00 x13 1.20E-03 
x9 -1.22E+01 x6x12 2.22E-01 x23 2.26E-02 

x10 -1.27E+02 x9x10 -4.05E+02 x93 -2.16E+01 
x11 -6.88E+00 x10x12 -5.29E+01 x14 -6.87E-06 
x12 9.18E-01 x12 -7.44E-02 x24 -2.99E-04 

x1x11 -7.26E-02 x22 -5.59E-01 
  x1x12 3.04E-02 x92 3.16E+01 
   

B.2 Validation of fragility functions 

The generalized fragility functions presented above and in Chapter 5 are compared 

against tank specific fragility estimates for five tanks which span a wide range of 

tank dimensions, contents, and anchoring details. For this purpose, five tank 
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parameter combinations are generated using Latin hypercube sampling; parameters 

of the five tanks are shown in Table B5. Figures B.1 to B.5 compare the flotation 

fragility for the five tanks; Figures B.6 to B.10 compare flotation fragility for the five 

tanks with anchors; Figures B.11 to B.15 wind buckling fragility functions; and 

Figures B.16 to B.20 compare surge buckling fragility. The comparison of tank 

specific and logistic regression based fragility estimates show that the logistic 

regression models are very accurate for flotation failure of un-anchored tanks. 

However, for some tanks, in case of flotation failure of anchored tanks and buckling 

failure either due to wind or surge the logistic regression based fragility curves have 

significant differences with respect to tank specific fragilities. Nevertheless, for all 

tanks the logistic regression based fragility functions are able to capture the trends 

observed in the tank specific fragility estimates which provides confidence in the 

generalized LR based fragility models developed in this study. 

Table B. 5. Tank parameters for validation of fragility functions 

Parameter Tank 1 Tank 2 Tank 3 Tank 4 Tank 5 

D (m) 21.0 53.6 68.7 41.8 37.0 

l  0.83 0.63 0.77 0.90 0.52 

H (m) 15.5 17.9 18.7 17.2 16.9 
fc (MPa) 33.9 22.4 36.6 26 28.8 
fy (MPa) 332 517 321 470 414 
hef (m) 0.8 0.64 0.42 0.31 0.75 
d (m) 0.016 0.053 0.061 0.036 0.030 
c (m) 0.18 0.54 0.35 0.42 0.26 

sp (m) 0.70 1.23 1.51 2.16 0.86 
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Figure B.1. Comparison of un-anchored flotation fragility for tank 1 

 

Figure B.2. Comparison of un-anchored flotation fragility for tank 2 
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Figure B.3. Comparison of un-anchored flotation fragility for tank 3 

 

Figure B.4. Comparison of un-anchored flotation fragility for tank 4 
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Figure B.5. Comparison of un-anchored flotation fragility for tank 5 

 

Figure B.6. Comparison of anchored flotation fragility for tank 1 
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Figure B.7. Comparison of anchored flotation fragility for tank 2 

 

Figure B.8. Comparison of anchored flotation fragility for tank 3 
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Figure B.9. Comparison of anchored flotation fragility for tank 4 

 

Figure B.10. Comparison of anchored flotation fragility for tank 5 
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Figure B.11. Comparison of wind buckling fragility for tank 1 with fixed roof 

  

Figure B.12. Comparison of wind buckling fragility for tank 2 with fixed roof 
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Figure B.13. Comparison of wind buckling fragility for tank 3 with fixed roof 

 

Figure B.14. Comparison of wind buckling fragility for tank 4 with fixed roof 
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Figure B.15. Comparison of wind buckling fragility for tank 5 with fixed roof 

 

Figure B.16. Comparison of surge buckling fragility for tank 1 with fixed roof 
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Figure B.17. Comparison of surge buckling fragility for tank 2 with fixed roof 

 

Figure B.18. Comparison of surge buckling fragility for tank 3 with fixed roof 
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Figure B.19. Comparison of surge buckling fragility for tank 4 with fixed roof 

 

Figure B.20. Comparison of surge buckling fragility for tank 5 with fixed roof 
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Appendix C: Soil Homogenization 
procedure 

In order to obtain a single homogenized soil layer that has the same bearing 

capacity as the original multi-layer soil profile, an iterative scheme is developed, 

which is schematically shown in Figure C.1. An example soil profile with four soil 

layers is shown in Figure C.1a. The proposed iterative procedure considers 2 soil 

layers at a time and obtains an equivalent soil layer, in terms of bearing capacity. In 

the first iteration, as shown in Figure C1b, the first two soil layers, layer 1 and 2, are 

considered while the soil layers below the two selected layers are neglected and the 

bearing capacity of the pile is evaluated. Next, a single soil layer, E12, is obtained for 

which the bearing capacity is the same as that of the soil layers 1 and 2; the 

procedure for obtaining the properties of the equivalent layer is discussed in the 

next paragraph. In the next iteration, soil layer 3 is added and an equivalent soil 

layer, E123, is obtained for soil layers E12 and soil layer 3. In the final iteration, 

equivalent layer E1234 is obtained whose bearing capacity is same as that of the two 

layer profile with layer E123 and layer 4. The final equivalent layer E1234 is the 

homogenized soil layer which has the same capacity as the original multi-layer soil 

profile. The pseudo algorithm for homogenization of a general multi-layered soil 

profile is shown in Table C.1. 
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Figure C.1. Soil homogenization scheme 

 

Table C.1. Pseudo algorithm for the soil homogenization procedure 

1 START 
2 Input 
3  Number of soil layers (nlayers) 
4  Soil properties for each layer 
5 For i=1:nlayers – 1 
6  If i=1 
7   For soil layers #1 and #2, obtain the properties of the 

  equivalent soil layer E12 (Either using Newton Raphson 
  scheme or using the neural network models developed 

  in this study) 
8  If i>1 
   Place soil layer #i+1 under layer E1..i and obtain the  

  properties of the soil layer equivalent to E1..i and layer 
  #i, i.e. E1..i+1 (Either using Newton Raphson scheme or 
  using the neural network models developed in this  

  study) 
9  Set i  = i+1 

10 End 
11 E1..nlayers is the homogenized soil layer corresponding to the original 

multi-layer soil profile with nlayers 
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In steps 7 and 8 of the pseudo algorithm described in Table C.1, an equivalent 

soil layer for any two soil layers is obtained by solving Equation C1 using Newton 

Raphson scheme . 

    0,,,,,,, 212,2211112  pileeqeqeqpile XddspRXdspdspR                   C.1 

In the equation above, R12 is the total vertical bearing capacity of the two original 

soil layers, which is a function of the soil property, either cohesion or friction, (sp1, 

sp2), soil unit weight (γ1, γ2), and depth (d1, d2) of the two soil layers. Additionally, 

the vertical resistance of the soil layers is also dependent on the pile properties 

(Xpile) which includes bx, bz, Ap, Cp, ηy, and Ptype. Similarly, the resistance provided by 

the equivalent soil layer is a function of the soil property (speq) and unit weight (γeq) 

of the equivalent soil layer; Req is also dependent on Xpile. Herein, γeq is obtained as: 

21

2211

dd

dd
eq







                 C.2 

The above equation provides the unit weight of the equivalent soil layer (γeq) and 

the solution of Equation C1 provides the soil property (speq) for the equivalent soil 

layer. 

The pseudo algorithm described in Table C.1 can be applied for any number 

of soil layers to obtain the equivalent homogenized soil layer. In order to test the 

effectiveness and accuracy of the soil homogenization procedure, this study 

compares the bearing capacity of piles with different parameters in soils with 

different number of soil layers, ranging from two to eight, with the bearing capacity 
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in the corresponding equivalent soil layer. A set consisting of 100 combinations of 

the pile and soil parameters are generated for each number of soil layers using Latin 

hypercube sampling. The results of comparison of the bearing capacity for the 

original soil layer and the equivalent soil layer are shown in Table C.2 in terms of 

the R2 value, mean and median percentage error in the bearing capacity of the 

equivalent soil layer. Table C.2 shows that the mean and the median error in the 

bearing capacity of the equivalent soil layer is less than 2% for all cases, which 

indicates the accuracy of the homogenization procedure. However, it can be 

observed that as the number of soil layers increases the errors slightly increase. 

This observation can be attributed to the accumulation of error as the number of oil 

layers increase. Nevertheless, the accuracy of the homogenization procedure is very 

good for different number of soil layers. 

 

Table C.2. Accuracy of the soil homogenization procedure with Newton 

Raphson solution scheme 

 2 soil 
layers 

3 soil 
layers 

4 soil 
layers 

5 soil 
layers 

6 soil 
layers 

7 soil 
layers 

8 soil 
layers 

Average 
for all 

soil 
layers 

R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
Mean 

error (%) 
0.19 0.41 0.74 1.03 1.10 1.36 1.77 0.94 

Median 
error (%) 

0.03 0.28 0.47 0.94 0.86 1.20 1.60 0.66 
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The soil homogenization procedure discussed above requires solution of 

several non-linear equations to obtain the equivalent soil properties for the 

equivalent soil layer. So, in order to offer an alternative path to obtain the equivalent 

soil properties for two soil layers, a neural network model is developed which can 

be used obtain the properties of the equivalent soil layer with solving any non-linear 

equations. The inputs to the neural network are sp1, sp2, γ1, γ2, d1, d2, bx, bz, Ap, Cp, ηy, 

and Ptype. The neural network has two hidden layers with 15 neurons each. For a 

given soil profile and pile properties, the homogenization procedure, discussed 

above, is used where instead of solving Equation C1 to obtain speq the neural 

network model is used; i.e., this neural network model can be used in steps 7 and 8 

of the pseudo algorithm instead of Newton Raphson scheme. The neural network is 

used in the homogenization procedure, in steps 7 and 8 in the pseudo algorithm, and 

the percentage differences in the bearing capacity of the original and the 

homogenized soil layer are shown in Table C.3 for different number of soil layers. 

Using the neural network in the homogenization procedure increases the 

percentage errors slightly but the mean errors are still very low, less than 3% for all 

cases. This comparison highlights the applicability of the neural network model in 

the soil homogenization procedure as an efficient alternative to homogenization 

with imbedded Newton Raphson solution scheme.  Since many practical cases of 

bridges with pier scour may be supported by multiple soil layers, the 

homogenization procedure suggested can extend the applicability of the proposed 

fragility functions.  
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Table C.3. Accuracy of the soil homogenization procedure with the neural 

network model 

 
2 soil 
layers 

3 soil 
layers 

4 soil 
layers 

5 soil 
layers 

6 soil 
layers 

7 soil 
layers 

8 soil 
layers 

Average 
for all 

soil 
layers 

R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
Mean 

error (%) 
1.79 1.75 1.83 1.96 2.37 2.34 2.68 2.1 

Median 
error (%) 

0.78 1.17 1.27 1.12 2.00 1.67 1.81 1.33 
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Appendix D: Metamodels for bridges 

The demand metamodels for maximum shear and moment in bridge columns 

subject to barge collision for different soil conditions and pile cap location are 

shown in Tables D.2 to D.9, where variables x1 to x37 correspond to different bridge 

parameters; the relation between variables x1 to x37 and corresponding bridge 

parameters is shown in Table D.1. Also, the output of the metamodels in Tables D2 

to D9 is the natural logarithm of the corresponding demand. 

Table D.1. Relation between variables x1 to x13 and bridge parameters for 

barge impact in Tables D.2 to D.9 

Variable Bridge 
parameter 

Units Variable Bridge 
parameter 

Units Variable Bridge 
parameter 

Units 

x1 ln(fc) MPa x14 ln(bpz) m x27 ln(Mb) kg 
x2 ln(fy) MPa x15 ln(Cp) m x28 ln(Vb) m/s 
x3 ln(Ls) m x16 ln(Ap) m2 x29 ln(Himpact/Hc) - 
x4 ln(ncol) - x17 ln(Ep) MPa x30 ln(Wgd) kN/m 
x5 ln(Hc) m x18 ln(Ipx) m4 x31 ln(Bc) M 
x6 ln(Dc) m x19 ln(Ipz) m4 x32 ln(Sh) - 
x7 ln(ρl) - x20 ln(Ptype) - x33 ln(Fyb) kN 
x8 ln(ρt) - x21 ln(ηy) - x34 ln(Ec) MPa 
x9 ln(ngd) - x22 ln(ηx) - x35 ln(Ixc) m4 

x10 ln(W/(ngd-
1) ) 

m x23 ln(ηz) - x36 ln(Himpact) m 

x11 ln(W/(ncol-
1) ) 

m x24 ln(Npile) - x37 ln(Ds) m 

x12 ln(Lpile) m x25 ln(γsoil) kN/m3    
x13 ln(bpx) m x26 ln(csoil) or 

ln(ϕsoil) 
kPa or 

° 
   

 

In the table above, Ec refers to Young’s modulus of the column and Icx is the area 

moment of inertia of the column along the longitudinal direction of the bridge. The 

remaining parameters are described in Table 6.4. 
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Table D.2. Regression model for maximum shear demand of bridges in clayey 

soils without scour (pile cap at mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) -4.36E+00 x7x35 -3.36E-02 x7x352 7.54E-03 
x4(2) 6.09E+00 x27x28 -1.68E+00 x272x28 5.12E-02 
x4(3) 5.72E+00 x27x33 1.05E-01 x27x282 6.75E-02 
x4(4) 5.31E+00 x28x33 -7.05E+00 x282x33 -7.24E-02 

x7 1.49E-02 x28x35 8.02E-03 x28x332 4.06E-01 

x27 1.04E+00 x29x35 6.75E-02 x292x35 1.30E-02 
x28 4.42E+01 x33x34 5.29E-01 x29x352 9.31E-03 
x29 -2.58E-01 x33x35 5.90E-02 x33x352 -6.60E-02 
x33 4.63E+00 x34x35 -2.77E-01 x34x352 4.22E-02 
x34 -4.30E+00 x35x36 3.40E-02 x352x36 -1.54E-02 
x35 2.28E+00 x272 -6.60E-02 x283 -4.80E-01 
x36 3.89E-02 x282 -5.68E-01 x353 -7.00E-02 

x4(2)x34 -6.10E-01 x292 -3.71E-02 x27x283 3.69E-02 
x4(3)x34 -5.65E-01 x332 -5.96E-01 x33x353 1.12E-02 
x4(4)x34 -5.23E-01 x352 1.58E-01 x284 2.97E-02 
x4(2)x35 -7.45E-02 x4(2)x352 7.36E-02 x354 -3.95E-03 

x4(3)x35 2.68E-02 x4(3)x352 9.71E-02 
  x4(4)x35 5.56E-02 x4(4)x352 1.16E-01 
  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.3. Regression model for maximum shear demand of bridges in sandy 

soils without scour (pile cap at mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) -2.12E+01 x4(4)x6 -4.83E-01 x62x29 -1.71E-01 
x4(2) 1.99E-01 x6x7 -1.16E+00 x62x33 -2.50E+00 
x4(3) 2.84E-01 x6x29 6.03E-01 x62x34 3.99E+00 
x4(4) 2.65E-01 x6x33 2.30E+00 x6x292 4.39E-02 

x6 1.95E+01 x6x34 -3.97E+00 x272x28 6.96E-02 

x7 -3.24E-01 x7x27 4.52E-02 x27x282 8.43E-02 
x27 2.07E+00 x27x28 -2.12E+00 x63 5.54E+00 
x28 1.48E+01 x28x33 1.46E-01 x283 7.35E-02 
x29 -4.46E-01 x62 -1.80E+01 x63x7 -3.38E-01 
x33 2.34E-01 x272 -6.46E-02 x63x33 8.18E-01 
x34 1.10E+00 x282 -1.37E+00 x63x34 -1.20E+00 

x4(2)x6 -5.39E-01 x292 -5.31E-02 x64 -3.66E-01 
x4(3)x6 -5.53E-01 x62x7 1.16E+00 

  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 

Table D.4. Regression model for maximum moment demand of bridges in 

clayey soils without scour (pile cap at mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 2.87E+00 x36 -3.29E-01 x27x28 -1.06E-01 
x1 2.39E-01 x4(2)x36 -1.25E-01 x62 8.27E-01 

x4(2) 1.76E-01 x4(3)x36 5.81E-02 x262 -5.76E-02 
x4(3) -3.94E-02 x4(4)x36 6.97E-02 x282 -8.45E-02 
x4(4) -4.27E-02 x6x7 -1.98E-01 x312 -2.30E+00 

x6 -2.87E+00 x6x23 -2.74E-01 x362 1.50E-02 
x7 2.55E-01 x6x24 6.42E-02 x62x24 -1.36E-01 

x23 -2.80E-02 x6x26 -1.60E-01 x62x26 -1.81E-01 
x24 -6.16E-02 x6x28 1.37E-01 x6x282 -8.04E-02 
x26 4.41E-01 x6x31 -2.59E-01 x6x312 8.93E-01 
x27 1.34E-01 x6x33 4.57E-01 x313 1.14E+00 
x28 1.89E+00 x23x36 1.62E-01 x363 -3.93E-02 
x29 -6.70E-02 x24x36 6.24E-02 x314 -4.92E-01 
x31 1.26E+00 x26x28 -5.17E-02 

  x33 2.72E-01 x26x36 1.82E-01 
  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.5. Regression model for maximum moment demand of bridges in 

sandy soils without scour (pile cap at mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) -4.65E+00 x33 2.37E-01 x24x36 5.94E-02 
x1 4.31E-01 x36 3.94E-01 x27x28 -1.07E-01 

x4(2) 3.08E-01 x1x6 -3.15E-01 x28x36 -7.11E-02 
x4(3) 7.41E-03 x4(2)x36 -4.04E-01 x62 -1.76E+00 
x4(4) -5.98E-02 x4(3)x36 -1.29E-01 x72 -4.94E-01 

x6 1.13E-01 x4(4)x36 -4.86E-02 x242 4.68E-02 
x7 -3.85E+00 x6x24 -8.77E-02 x282 -3.42E-02 

x24 -2.75E-01 x6x28 1.26E-01 x62x36 -3.78E-01 
x27 1.13E-01 x6x33 4.04E-01 x6x282 -1.25E-01 
x28 1.70E+00 x6x36 8.51E-01 x72x29 -3.36E-01 
x29 -5.35E+00 x7x29 -2.68E+00 x63 5.12E-01 

*In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.6. Regression model for maximum shear demand of bridges in clayey 

soils with scour (pile cap above mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) -6.38E+01 x4(3)x31 -2.06E-01 x272 -5.31E-02 
x4(2) 5.91E-01 x4(4)x31 -3.10E-01 x282 2.49E-02 
x4(3) 6.38E-01 x7x35 -2.55E-02 x312 1.17E+01 
x4(4) 7.55E-01 x12x26 -9.60E-02 x332 -8.13E-01 

x7 3.74E-02 x12x28 -1.68E-01 x352 -2.54E-02 

x12 4.64E-01 x12x37 5.26E-02 x362 -1.74E-02 
x18 1.07E-02 x23x26 -7.61E-02 x372 -2.99E-02 
x23 3.92E-01 x24x26 -4.92E-02 x12x282 7.17E-02 
x24 2.29E-01 x24x28 -5.54E-02 x26x282 4.74E-02 
x26 1.25E+00 x24x35 1.11E-02 x282x33 -8.26E-02 
x27 4.86E-01 x24x37 1.94E-02 x282x37 -3.97E-02 
x28 4.93E+01 x26x27 -4.62E-02 x28x332 6.06E-01 
x31 -3.27E-02 x26x28 -1.24E-01 x28x372 1.80E-02 
x33 1.25E+01 x26x31 -7.05E-02 x312x33 -2.26E+00 
x34 6.73E-01 x26x37 6.24E-02 x312x34 8.29E-01 
x35 -3.11E-01 x27x28 -1.56E-01 x283 4.36E-02 

x36 -4.33E-02 x27x33 1.57E-01 x313 -6.59E+00 
x37 -4.96E-01 x27x35 1.30E-02 x353 1.46E-02 

x4(2)x26 -1.10E-01 x28x33 -1.05E+01 x313x33 7.32E-01 
x4(3)x26 -1.27E-01 x28x37 1.45E-02 x284 5.17E-02 
x4(4)x26 -1.36E-01 x31x33 1.96E+00 x354 -1.78E-03 
x4(2)x31 -4.67E-01 x31x34 -1.66E+00 

  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.7. Regression model for maximum shear demand of bridges in sandy 

soils with scour (pile cap above mudline) 

Term* Coefficient Term Coefficient 

(Intercept) -3.18E-01 x35x36 3.39E-02 
x1 -2.28E-02 x36x37 -1.95E-02 

x25 9.34E-02 x282 -1.22E+00 
x27 9.76E-02 x352 3.43E-01 
x28 1.49E+00 x362 -1.67E-02 

x33 8.44E-01 x1x352 2.98E-02 
x35 3.34E-01 x27x282 7.41E-02 
x36 6.28E-02 x33x352 -5.12E-02 
x37 1.44E-02 x352x36 -1.25E-02 

x1x35 -1.04E-01 x283 5.84E-02 
x27x28 -1.65E-01 x353 -1.02E-01 
x28x33 1.14E-01 x33x353 1.28E-02 
x33x35 5.38E-03 x354 -2.16E-03 

*In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.8. Regression model for maximum moment demand of bridges in 

clayey soils with scour (pile cap above mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 1.09E+01 x4(3)x36 1.45E-01 x26x37 3.26E-02 
x1 3.97E-01 x4(4)x36 1.91E-01 x27x28 -1.25E-01 

x4(2) 3.55E-01 x4(2)x37 -1.31E-01 x28x31 1.29E-01 
x4(3) 1.44E-01 x4(3)x37 -1.29E-01 x31x37 1.48E-01 
x4(4) 2.08E-01 x4(4)x37 -1.74E-01 x36x37 3.89E-02 

x5 1.39E+00 x5x6 1.50E-01 x52 -1.42E-01 
x6 -1.91E+00 x5x26 -1.47E-01 x262 -1.67E-03 
x7 2.56E-01 x6x7 -2.08E-01 x282 -7.88E-02 

x12 3.76E-02 x6x12 -4.14E-01 x312 -1.98E+00 
x23 6.42E-03 x6x23 -1.79E-01 x362 3.99E-02 
x24 -8.77E-03 x6x24 -1.55E-01 x372 5.28E-03 
x26 -2.03E+00 x6x26 7.32E-01 x6x262 -1.25E-01 
x27 1.51E-01 x6x33 4.06E-01 x6x372 2.23E-02 
x28 2.20E+00 x6x37 -3.05E-01 x282x31 -1.48E-01 
x31 1.92E+00 x12x36 2.06E-01 x36x372 -3.44E-02 
x33 -9.13E-01 x23x36 1.02E-01 x313 1.56E+00 

x36 -1.53E+00 x24x36 7.34E-02 x373 -1.33E-03 
x37 3.51E-02 x26x28 -4.78E-02 x6x373 1.17E-02 

x1x31 -2.72E-01 x26x33 2.59E-01 x314 -4.37E-01 
x4(2)x36 1.90E-02 x26x36 2.00E-01 

  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.9. Regression model for maximum moment demand of bridges in 

sandy soils with scour (pile cap above mudline) 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 7.21E+01 x4(4)x12 3.35E-01 x24x36 4.77E-02 
x4(2) -1.20E+00 x4(2)x24 2.50E-01 x26x29 4.15E-01 
x4(3) -2.09E+00 x4(3)x24 1.08E-01 x27x28 -9.08E-02 
x4(4) -1.79E+00 x4(4)x24 1.65E-01 x28x36 -5.15E-02 

x6 8.89E+00 x4(2)x36 -3.43E-01 x29x34 -4.65E-01 

x7 3.67E+00 x4(3)x36 -1.27E-01 x36x37 -9.84E-02 
x12 -3.40E+01 x4(4)x36 -7.26E-02 x62 -1.60E+00 
x24 -4.37E-01 x6x26 -1.66E+00 x72 2.36E-01 
x26 1.33E+00 x6x27 8.38E-02 x122 4.71E+00 
x27 -4.41E+00 x6x33 3.75E-01 x242 4.79E-02 
x28 1.75E+00 x6x34 -5.28E-01 x282 -1.06E-01 
x29 2.65E+00 x6x37 -4.08E-02 x372 -6.04E-02 
x33 2.55E-01 x7x27 -1.42E-01 x6x372 6.23E-02 
x34 -8.72E-02 x7x29 -1.35E-01 x122x27 -3.12E-01 
x36 4.08E-01 x12x27 2.24E+00 x63 4.88E-01 
x37 7.37E-01 x12x36 1.27E-01 x373 1.43E-02 

x4(2)x12 1.95E-01 x12x37 -1.78E-01 
  x4(3)x12 4.80E-01 x24x28 -6.54E-02 
  *In the table above, ‘x4(#)’ refer to coefficients for different number of columns. 
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Table D.10. Metamodel comparison for seismic response of bridges 

Column curvature 

Metamodel RMSE R2 RMAE 5-CV R2 

PRS 

Order 2 0.55 0.84 1.27 0.76 

Order 3 0.50 0.87 1.29 0.71 

Order 4 0.39 0.92 0.93 0.65 

ABFC 0.43 0.91 0.86 0.75 

MARS 
Linear  0.48 0.88 1.36 0.68 

Cubic 0.50 0.87 1.33 0.70 

RBF 

Multi quad - - - 0.77 

Thin plate - - - 0.74 

Gaussian - - - 0.58 

Abutment displacement 

Metamodel RMSE R2 RMAE 5-CV R2 

PRS 

Order 2 0.44 0.86 1.54 0.78 

Order 3 0.41 0.88 1.62 0.78 

Order 4 0.39 0.89 1.49 0.76 

ABFC 0.42 0.87 1.37 0.77 

MARS 
Linear  0.30 0.93 1.02 0.29 

Cubic 0.36 0.91 1.43 0.61 

RBF 

Multi quad - - - 0.76 

Thin plate - - - 0.73 

Gaussian - - - 0.53 

Bearing displacement 

Metamodel RMSE R2 RMAE 5-CV R2 

PRS 

Order 2 0.43 0.81 1.34 0.70 

Order 3 0.38 0.85 1.35 0.69 

Order 4 0.38 0.85 1.30 0.59 

ABFC 0.37 0.86 1.28 0.71 

MARS 
Linear  0.23 0.95 0.66 -0.06 

Cubic 0.31 0.90 1.30 0.34 

RBF 

Multi quad - - - 0.68 

Thin plate - - - 0.65 

Gaussian - - - 0.44 
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The following Tables, from D.12 to D.19, show the response metamodels and 

system fragility functions obtained for the bridge only case (simulation set 1) for studying 

the effect of VBI on the seismic response of bridges. The output of the response 

metamodels is the logarithm of the maximum component response. The correspondence 

between the variables in these metamodels and fragility functions to the bridge 

parameters is shown in Table D.11. 

Table D.11. Relation between variables x1 to x13 and bridge parameters in 

Tables D.12 to D.20 

Variable Bridge 
parameter 

Units Variable Bridge 
parameter 

Units 

x1 fc ksi x6 Hc inches 
x2 fy ksi x7 Dc inches 
x3 nsp - x8 ρl - 
x4 Ls inches x9 ρt - 
x5 ncol - x10 ln(Sa0.5) g 
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Table D.12. Regression model for prediction of maximum abutment active or 

transverse response for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) 7.13E-01 x6x7 -2.00E-05 
x3 7.11E-03 x6x9 -1.07E-01 
x4 2.91E-04 x6x10 7.22E-04 

x5(3) 1.87E-03 x7x10 -4.81E-03 
x5(4) 8.28E-03 x9x10 7.33E+01 

x6 4.55E-03 x62 -5.01E-06 
x7 4.03E-03 x102 -2.76E-01 
x9 2.68E+01 x6x9x10 -2.45E-01 

x10 1.01E-01 x5(3)x102 5.98E-02 
x3x10 1.63E-02 x5(4)x102 7.47E-02 
x4x10 -4.40E-04 x9x102 8.26E+00 

x5(3)x10 1.31E-02 x103 2.12E-02 
x5(4)x10 4.43E-02 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns. 

Table D.13. Regression model for prediction of maximum abutment passive 

response for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) 1.75E+00 x2x8 4.99E-01 
x1 -2.85E-02 x3x10 2.32E-02 
x2 -1.33E-02 x4x5(3) -6.28E-04 
x3 2.63E-02 x4x5(4) -2.26E-04 
x4 2.86E-03 x4x7 -1.77E-05 

x5(3) 3.89E-01 x4x10 3.19E-04 

x5(4) 2.33E-01 x6x10 1.19E-03 
x6 4.11E-03 x7x10 -4.48E-03 
x7 -2.82E-02 x72 2.99E-04 
x8 -3.95E+01 x102 2.31E-01 

x10 9.72E-01 x103 4.57E-02 
*In the table above, ‘x5(#)’ refers to coefficients for different number of columns. 
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Table D.14. Regression model for prediction of maximum bearing response 

for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) 2.79E+00 x1x5(4) -9.93E-02 
x1 1.87E-02 x3x10 2.77E-02 
x3 5.07E-02 x4x5(3) -8.20E-04 
x4 2.33E-03 x4x5(4) -2.78E-04 

x5(3) 9.28E-01 x4x10 7.33E-04 

x5(4) 7.59E-01 x5(3)x6 -1.89E-03 
x6 5.81E-03 x5(4)x6 1.90E-04 
x7 -3.90E-02 x6x10 1.54E-03 
x9 6.06E+01 x7x9 -1.20E+00 

x10 1.07E+00 x72 4.45E-04 
x1x5(3) 9.74E-04 x102 2.43E-01 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns. 

 

Table D.15. Regression model for prediction of maximum column response for 

bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) -2.06E+00 x3x7 -1.46E-03 
x1 7.94E-02 x4x5(3) -6.36E-04 
x2 8.97E-03 x4x5(4) -2.68E-04 
x3 1.42E+00 x4x7 -1.72E-05 
x4 1.92E-03 x6x10 1.50E-03 

x5(3) 3.70E-01 x7x10 -7.34E-03 
x5(4) 2.37E-01 x32 -2.05E-01 

x6 -1.66E-02 x62 9.60E-05 
x7 -4.37E-02 x72 4.54E-04 
x8 -9.27E-01 x102 -1.94E-01 
x9 1.01E+02 x33 1.05E-02 

x10 7.81E-01 x63 -1.34E-07 
x1x6 -3.90E-04 x103 -4.05E-02 
x2x9 -1.20E+00 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns. 
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The system fragility functions shown in Tables D.16 to D.19 provide the 

probability of exceedance for the corresponding limit state. 

Table D.16. Bridge system’s logit function for exceedance of slight damage 

state for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) 4.52E+00 x3(6)x7 -1.77E-02 

x3(4) 1.44E+00 x3(7)x7 -2.26E-02 
x3(5) 1.93E+00 x3(8)x7 -2.37E-02 
x3(6) 2.03E+00 x3(9)x7 -3.61E-02 
x3(7) 2.60E+00 x4x5(3) -2.01E-03 
x3(8) 2.75E+00 x4x5(4) -8.77E-04 
x3(9) 3.82E+00 x4x7 -4.33E-05 

x4 6.82E-03 x4x10 7.93E-04 
x5(3) 1.17E+00 x6x7 6.75E-05 
x5(4) 7.96E-01 x6x10 4.84E-03 

x6 9.00E-03 x7x10 -1.94E-02 
x7 -1.53E-01 x62 -1.54E-05 

x10 4.32E+00 x72 1.36E-03 
x3(4)x7 -1.12E-02 x102 5.32E-01 
x3(5)x7 -1.36E-02 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of 
spans and columns. 
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Table D.17. Bridge system’s logit function for exceedance of moderate damage 

state for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) -2.25E-01 x1x6 -1.41E-03 
x1 1.39E+00 x1x8 -5.42E+00 
x2 -1.90E-02 x4x5(3) -2.13E-03 

x3(4) 7.78E-01 x4x5(4) -1.17E-03 
x3(5) 1.25E+00 x4x7 -4.94E-05 

x3(6) 1.26E+00 x4x8 5.32E-02 
x3(7) 1.31E+00 x5(3)x7 7.19E-03 
x3(8) 1.48E+00 x5(4)x7 1.41E-02 
x3(9) 1.79E+00 x6x8 1.06E-01 

x4 9.43E-03 x6x10 7.53E-03 
x5(3) 1.15E+00 x7x10 -1.97E-02 
x5(4) 1.15E+00 x8x10 2.77E+01 

x6 2.67E-02 x12 -3.27E-02 
x7 -2.27E-01 x42 -2.07E-06 
x8 -1.58E+02 x62 -2.30E-05 

x10 2.76E+00 x72 1.97E-03 

x1x4 -2.49E-04 x82 1.35E+03 
x1x5(3) -2.50E-02 x102 2.57E-01 
x1x5(4) -1.66E-01 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number 

of spans and columns. 
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Table D.18. Bridge system’s logit function for exceedance of extensive damage 

state for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) 4.28E+00 x3(5)x9 -1.84E+02 
x1 -3.06E-02 x3(6)x9 -1.67E+02 

x3(4) 9.50E-01 x3(7)x9 -9.49E+01 
x3(5) 1.63E+00 x3(8)x9 -1.24E+02 
x3(6) 1.68E+00 x3(9)x9 -8.99E+01 

x3(7) 1.26E+00 x4x5(3) -1.53E-03 
x3(8) 1.68E+00 x4x5(4) -1.08E-03 
x3(9) 1.79E+00 x4x7 -3.55E-05 

x4 3.10E-03 x4x8 6.34E-02 
x5(3) 1.05E+00 x4x9 2.53E-01 
x5(4) 1.76E+00 x6x7 5.72E-05 

x6 3.28E-03 x6x9 4.51E-01 
x7 -1.76E-01 x6x10 8.45E-03 
x8 -7.15E+01 x7x8 4.86E-01 
x9 -5.71E+02 x7x9 -3.72E+00 

x10 9.79E-01 x9x10 1.37E+02 

x1x5(3) -2.92E-02 x72 1.63E-03 
x1x5(4) -1.60E-01 x92 2.54E+04 

x1x9 2.93E+01 x102 2.04E-01 
x3(4)x9 -1.09E+02 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of 
spans and columns. 
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Table D.19. Bridge system’s logit function for exceedance of complete damage 

state for bridge only case 

Term* Coefficient Term Coefficient 

(Intercept) -2.04E+00 x9 -4.42E+01 
x3(4) -1.73E-01 x10 3.92E+00 
x3(5) 6.24E-02 x3(4)x10 5.67E-01 
x3(6) 5.08E-02 x3(5)x10 -9.92E-03 
x3(7) 4.41E-01 x3(6)x10 1.15E+00 

x3(8) 2.96E-01 x3(7)x10 -4.92E-02 
x3(9) 6.28E-01 x3(8)x10 5.11E-01 

x4 7.30E-03 x3(9)x10 2.45E-01 
x5(3) -1.55E-01 x5(3)x10 1.23E-01 
x5(4) 2.44E-01 x5(4)x10 -3.69E-01 

x6 1.26E-02 x6x10 2.29E-03 
x7 -1.81E-01 x42 -2.77E-06 
x8 -6.89E+00 x72 1.63E-03 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of 
spans and columns. 

 

The following Tables, from D.21 to D.29, show the response metamodels and 

system fragility functions obtained for the bridge with vehicle model 1 without VBI 

(simulation set 2). The output of the response metamodels is the logarithm of the 

maximum component response and logit functions for system fragility provide the 

probability of exceedance for the corresponding limit state. The correspondence between 

the variables in these metamodels and fragility functions to the bridge parameters is 

shown in Table D.20 where x13 is a binary variable which indicates the presence of a 

heavy axle within 1.0 m of the bridge bent. 

 



 321 
 

Table D.20. Relation between variables x1 to x13 and bridge parameters in 

Tables D.12 to D.68 

Variable Bridge 
parameter 

Units Variable Bridge 
parameter 

Units 

x1 fc ksi x8 ρl - 
x2 fy ksi x9 ρt - 
x3 nsp - x10 Tpl - 
x4 Ls inches x11 Tpw - 
x5 ncol - x12 ln(Sa0.5) g 
x6 Hc inches x13 Axle on bent - 
x7 Dc inches    

 

Table D.21. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 9.59E-01 x4x12 -3.68E-04 
x3 7.90E-03 x5(3)x12 -1.10E-01 

x4 7.91E-04 x5(4)x12 -9.96E-02 
x5(3) -2.99E-02 x6x7 -2.66E-05 
x5(4) -2.75E-02 x6x9 1.35E-01 

x6 3.63E-03 x6x12 -6.86E-04 
x7 6.96E-03 x6x13(1) 1.00E-03 
x9 -3.25E+01 x7x11 1.16E-02 

x11 -7.94E-01 x7x12 -5.12E-03 
x12 5.93E-01 x62 -5.67E-06 

x13(1) -2.73E-01 x122 -1.77E-01 
x3x12 1.84E-02 x123 2.35E-02 
x4x7 -7.90E-06 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; 
x13(1) refers to case when axle is near a bent. 
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Table D.22. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 5.93E-01 x3x12 3.26E-02 
x3 3.89E-02 x4x5(3) -7.40E-04 
x4 2.92E-03 x4x5(4) -1.36E-04 

x5(3) 4.90E-01 x4x7 -1.78E-05 
x5(4) 1.76E-01 x4x12 3.25E-04 

x6 3.91E-03 x6x12 9.34E-04 
x7 -3.27E-02 x7x12 -5.11E-03 

x12 7.40E-01 x72 3.31E-04 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; 
x13(1) refers to case when axle is near a bent. 

 

Table D.23. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 5.48E+00 x1x5(3) -1.08E-02 
x1 3.61E-02 x1x5(4) -1.20E-01 
x2 -1.76E-02 x2x6 7.54E-05 
x3 -5.53E-02 x3x4 1.28E-04 
x4 1.30E-03 x4x5(3) -9.58E-04 

x5(3) 6.03E-01 x4x5(4) -3.45E-04 
x5(4) 9.14E-01 x4x12 5.49E-04 

x6 -1.26E-03 x6x12 1.30E-03 
x7 -4.02E-02 x7x12 -4.08E-03 
x9 -1.67E+01 x72 3.61E-04 

x12 1.59E+00 x122 2.38E-01 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; 
x13(1) refers to case when axle is near a bent. 
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Table D.24. Regression model for prediction of maximum column response for 

bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -4.03E+00 x1x6 -3.53E-04 
x1 1.01E-01 x3x7 -1.36E-03 
x2 2.40E-03 x4x5(3) -7.10E-04 
x3 1.37E+00 x4x5(4) -3.20E-04 
x4 2.54E-03 x4x6 -2.80E-06 

x5(3) 5.85E-01 x4x7 -1.48E-05 
x5(4) 5.87E-01 x6x12 1.41E-03 

x6 1.05E-02 x7x12 -7.66E-03 
x7 -3.93E-02 x8x13(1) 9.16E+00 
x8 -3.06E+00 x32 -1.96E-01 

x10 5.36E-02 x62 -8.59E-06 
x12 8.21E-01 x72 4.03E-04 

x13(1) -2.31E-01 x122 -1.90E-01 
x1x5(3) -3.19E-02 x3+ 9.94E-03 
x1x5(4) -6.62E-02 x123 -3.88E-02 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.25. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 3.72E+00 x1x6 -1.06E-03 
x1 2.87E-01 x3(4)x7 -1.02E-02 

x3(4) 1.33E+00 x3(5)x7 -2.35E-02 
x3(5) 2.52E+00 x3(6)x7 -1.47E-02 
x3(6) 2.13E+00 x3(7)x7 -7.41E-03 

x3(7) 1.70E+00 x3(8)x7 -2.16E-02 
x3(8) 2.64E+00 x3(9)x7 -3.70E-02 
x3(9) 3.94E+00 x4x5(3) -2.81E-03 

x4 7.72E-03 x4x5(4) -6.65E-04 
x5(3) 1.91E+00 x4x6 -9.89E-06 
x5(4) 1.83E+00 x4x7 -3.25E-05 

x6 1.29E-02 x6x7 7.47E-05 
x7 -1.52E-01 x6x12 5.99E-03 

x12 5.18E+00 x7x12 -2.78E-02 
x1x5(3) -7.03E-02 x72 1.21E-03 
x1x5(4) -2.33E-01 x122 5.15E-01 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.26. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 6.85E-01 x3(5)x8 -5.52E+01 
x1 5.34E-01 x3(6)x8 -2.97E+01 

x3(4) 8.06E-01 x3(7)x8 -2.49E+01 
x3(5) 2.57E+00 x3(8)x8 -1.38E+01 
x3(6) 2.20E+00 x3(9)x8 -4.56E+01 

x3(7) 2.05E+00 x4x6 -6.52E-06 
x3(8) 1.87E+00 x4x7 -2.38E-05 
x3(9) 3.01E+00 x4x8 -5.77E-02 

x4 5.26E-03 x4x12 1.30E-03 
x6 3.22E-02 x6x7 7.08E-05 
x7 -2.17E-01 x6x12 6.79E-03 
x8 -1.15E+02 x7x12 -1.72E-02 

x12 2.56E+00 x42 2.87E-06 
x1x6 -1.46E-03 x62 -3.07E-05 
x1x7 2.98E-03 x72 1.59E-03 
x1x8 -4.59E+00 x82 1.94E+03 

x3(4)x8 -1.21E+00 x122 1.39E-01 
*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.27. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 4.07E+00 x3(5)x9 -6.48E+01 
x1 1.52E-01 x3(6)x9 -1.24E+02 

x3(4) -5.13E-01 x3(7)x9 -6.81E+01 
x3(5) -7.66E-01 x3(8)x9 -9.71E+01 
x3(6) 1.38E-01 x3(9)x9 -2.21E+02 

x3(7) 3.64E-01 x3(4)x10 2.65E-01 
x3(8) 1.64E-01 x3(5)x10 1.65E+00 
x3(9) 1.49E+00 x3(6)x10 6.91E-01 

x4 2.15E-03 x3(7)x10 9.63E-01 
x6 1.41E-02 x3(8)x10 7.21E-01 
x7 -1.98E-01 x3(9)x10 1.23E-01 
x9 -5.93E+02 x4x7 -2.25E-05 

x10 -4.33E-01 x4x9 1.57E-01 
x12 2.01E+00 x4x12 1.29E-03 

x1x6 -7.89E-04 x6x7 9.55E-05 
x1x9 2.06E+01 x6x12 7.20E-03 

x3(4)x4 1.91E-03 x7x12 -2.13E-02 
x3(5)x4 1.80E-03 x9x12 9.19E+01 
x3(6)x4 2.11E-03 x62 -1.38E-05 
x3(7)x4 6.65E-04 x72 1.52E-03 
x3(8)x4 1.80E-03 x92 2.17E+04 
x3(9)x4 1.43E-03 x122 1.89E-01 
x3(4)x9 -5.59E+01 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.28. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 1 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -8.95E-01 x3(7)x4 1.99E-03 
x3(4) -1.01E+00 x3(8)x4 3.37E-03 
x3(5) -2.98E-01 x3(9)x4 2.24E-03 
x3(6) 3.54E-01 x3(4)x9 -6.81E+00 
x3(7) -1.52E+00 x3(5)x9 1.49E+01 

x3(8) -1.31E+00 x3(6)x9 -4.84E+01 
x3(9) -1.95E-01 x3(7)x9 1.15E+02 

x4 2.46E-03 x3(8)x9 1.71E+01 
x6 1.69E-02 x3(9)x9 -9.28E+01 
x7 -1.69E-01 x4x12 8.24E-04 
x9 -1.81E+02 x4x13(1) -1.01E-03 

x12 4.22E+00 x6x7 1.35E-04 
x13(1) 1.58E+00 x7x13(1) -1.49E-02 
x3(4)x4 2.25E-03 x62 -2.36E-05 
x3(5)x4 2.78E-04 x72 1.18E-03 
x3(6)x4 6.18E-04 x92 1.15E+04 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.29. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 7.35E-01 x3x4 5.16E-05 
x2 5.24E-03 x3x12 2.06E-02 
x3 -2.05E-02 x4x6 -1.65E-06 
x4 1.34E-03 x4x7 -1.06E-05 

x5(3) 4.53E-01 x4x10 -3.77E-04 

x5(4) 6.31E-03 x4x12 1.71E-04 
x6 3.35E-04 x5(3)x12 -8.04E-02 
x7 3.72E-03 x5(4)x12 -5.35E-02 
x9 -2.61E+01 x6x9 1.13E-01 

x10 2.89E-01 x6x12 -6.15E-04 
x11 1.21E+00 x7x12 -5.58E-03 
x12 2.40E-01 x10x12 0.55867 

x13(1) 6.73E-02 x10x13(1) -1.45E-01 
x2x5(3) -5.83E-03 x122 -1.50E-01 
x2x5(4) -2.05E-04 x4x10x12 -0.00085 
x2x11 -1.59E-02 x123 2.96E-02 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

Table D.30. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 3.24E+00 x2x8 4.53E-01 
x1 -2.92E-02 x4x7 -1.67E-05 
x2 -2.41E-02 x4x12 3.93E-04 

x3 -1.68E-01 x6x12 9.87E-04 
x4 2.58E-03 x7x12 -4.97E-03 
x6 3.70E-03 x10x12 -2.22E-01 
x7 -2.83E-02 x72 2.82E-04 
x8 -3.75E+01 x122 3.15E-01 

x10 -2.97E-02 x10x122 -1.57E-01 
x12 1.30E+00 x123 4.07E-02 

x2x3 2.09E-03 
  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.31. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 2.61E+00 x4x5(3) -8.02E-04 
x1 3.74E-02 x4x5(4) -1.05E-04 
x4 1.86E-03 x4x12 5.71E-04 

x5(3) 9.54E-01 x5(3)x7 -7.75E-03 
x5(4) 9.81E-01 x5(4)x7 -9.29E-03 

x6 7.83E-03 x5(3)x11 2.18E-01 
x7 -1.85E-02 x5(4)x11 9.68E-01 

x11 -5.39E-01 x6x7 -5.82E-05 
x12 1.30E+00 x6x12 1.16E-03 

x1x5(3) -2.77E-02 x72 3.82E-04 
x1x5(4) -1.05E-01 x122 2.23E-01 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.32. Regression model for prediction of maximum column response for 

bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.00E+00 x3x7 -1.43E-03 
x1 7.63E-02 x4x5(3) -5.32E-04 
x2 2.47E-03 x4x5(4) -1.50E-04 
x3 1.21E+00 x4x7 -1.62E-05 
x4 1.78E-03 x6x12 1.41E-03 

x5(3) 3.01E-01 x7x12 -6.77E-03 
x5(4) 1.50E-01 x8x12 -4.84E+00 

x6 9.07E-03 x32 -1.68E-01 
x7 -4.60E-02 x62 -8.54E-06 
x8 -6.46E+00 x72 4.72E-04 
x9 3.92E+00 x102 -4.73E-01 

x10 4.98E-01 x122 -1.80E-01 
x12 8.96E-01 x33 8.41E-03 

x1x6 -3.65E-04 x123 -3.76E-02 
*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.33. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 6.29E+00 x3(7)x5(3) 8.52E-01 
x1 1.89E-01 x3(8)x5(3) 5.93E-01 

x3(4) -7.12E-01 x3(9)x5(3) 7.61E-01 
x3(5) 2.31E-02 x3(4)x5(4) 3.88E-01 
x3(6) 1.72E+00 x3(5)x5(4) -4.84E-03 

x3(7) 1.19E+00 x3(6)x5(4) 7.69E-01 
x3(8) 1.69E+00 x3(7)x5(4) 4.98E-01 
x3(9) 1.18E+00 x3(8)x5(4) 8.47E-01 

x4 7.93E-03 x3(9)x5(4) 8.51E-01 
x5(3) 8.95E-01 x3(4)x6 2.39E-03 
x5(4) 3.25E-01 x3(5)x6 -1.33E-03 

x6 7.01E-03 x3(6)x6 -3.08E-03 
x7 -1.90E-01 x3(7)x6 -1.47E-03 

x12 4.36E+00 x3(8)x6 -4.81E-03 
x13(1) -1.87E+00 x3(9)x6 -5.36E-03 
x1x3(4) 9.16E-02 x4x5(3) -2.62E-03 

x1x3(5) 1.77E-01 x4x5(4) -1.03E-03 
x1x3(6) -7.71E-02 x4x6 -6.29E-06 
x1x3(7) -1.24E-02 x4x7 -5.83E-05 
x1x3(8) 1.56E-02 x6x12 4.52E-03 
x1x3(9) 1.73E-01 x6x13(1) 2.37E-03 

x1x6 -1.28E-03 x7x12 -1.88E-02 
x1x13(1) 2.06E-01 x62 1.82E-05 

x3(4)x5(3) 3.70E-01 x72 1.77E-03 
x3(5)x5(3) 3.95E-01 x122 3.84E-01 
x3(6)x5(3) 3.78E-01 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.34. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.65E+00 x3(5)x7 -1.60E-03 
x1 1.20E+00 x3(6)x7 -1.74E-02 
x2 1.23E-02 x3(7)x7 -7.55E-04 

x3(4) 1.26E+00 x3(8)x7 -1.33E-02 
x3(5) 2.27E+00 x3(9)x7 -3.70E-02 

x3(6) 3.22E+00 x3(4)x8 -7.01E+00 
x3(7) 2.49E+00 x3(5)x8 -4.08E+01 
x3(8) 2.91E+00 x3(6)x8 -3.87E+01 
x3(9) 5.18E+00 x3(7)x8 -4.31E+01 

x4 7.80E-03 x3(8)x8 -2.81E+01 
x5(3) 1.23E+00 x3(9)x8 -4.20E+01 
x5(4) 7.80E-01 x4x5(3) -2.29E-03 

x6 4.09E-02 x4x5(4) -7.11E-04 
x7 -1.73E-01 x4x7 -7.11E-05 
x8 -2.00E+02 x6x12 5.33E-03 

x12 3.43E+00 x7x12 -2.00E-02 

x1x6 -1.27E-03 x12 -3.95E-02 
x1x8 -7.85E+00 x62 -2.48E-05 
x2x6 -1.73E-04 x72 1.79E-03 
x2x8 6.81E-01 x82 2.67E+03 

x3(4)x7 -5.23E-03 
  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.35. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -1.07E+00 x1x3(9) 1.91E-01 
x1 -1.07E-01 x1x9 2.63E+01 
x2 5.19E-02 x2x6 -8.92E-05 

x3(4) 1.20E+00 x2x7 -6.11E-04 
x3(5) 6.37E-01 x3(4)x9 -5.10E+01 

x3(6) 1.68E+00 x3(5)x9 -1.16E+02 
x3(7) 1.10E+00 x3(6)x9 -1.35E+02 
x3(8) 1.93E+00 x3(7)x9 -1.20E+02 
x3(9) 8.86E-01 x3(8)x9 -1.41E+02 

x4 4.34E-03 x3(9)x9 -1.68E+02 
x5(3) 1.03E+00 x4x5(3) -2.27E-03 
x5(4) 5.32E-01 x4x5(4) -8.15E-04 

x6 1.45E-02 x4x7 -7.73E-05 
x7 -1.27E-01 x4x9 2.83E-01 
x9 -4.34E+02 x6x12 7.89E-03 

x11 4.19E-01 x7x12 -1.13E-02 

x12 1.65E+00 x9x11 -1.52E+02 
x1x3(4) -8.34E-02 x9x12 1.32E+02 
x1x3(5) 1.18E-01 x42 2.07E-06 
x1x3(6) -5.85E-02 x72 1.85E-03 
x1x3(7) 5.29E-02 x92 7.41E+03 
x1x3(8) -5.89E-02 x122 2.19E-01 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.36. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 2 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.84E+00 x4x5(3) -2.74E-03 
x1 -8.16E-02 x4x5(4) -1.03E-04 
x4 4.66E-03 x5(3)x6 3.14E-03 

x5(3) 1.44E+00 x5(4)x6 7.32E-04 
x5(4) 9.40E-01 x5(3)x7 -1.56E-02 

x6 2.06E-02 x5(4)x7 -1.67E-02 
x7 -1.30E-01 x6x7 -1.82E-04 

x12 4.55E+00 x7x12 -1.03E-02 
x13(1) 2.29E-01 x72 1.66E-03 
x1x12 8.86E-02 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 

 

Table D.37. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.42E+00 x3x12 2.15E-02 
x3 9.67E-03 x4x8 1.41E-02 
x4 8.35E-05 x4x10 -2.50E-04 

x5(3) 5.47E-02 x4x12 1.55E-04 
x5(4) 3.26E-02 x4x13(1) 2.35E-04 

x6 6.53E-04 x7x12 -4.29E-03 
x7 -1.09E-03 x10x12 6.37E-01 

x8 -7.77E+00 x12x13(1) 9.02E-02 
x10 2.15E-01 x122 -2.35E-01 
x12 -1.93E-01 x4x10x12 -7.68E-04 

x13(1) -6.39E-02 
  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.38. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 5.08E+00 x4x12 3.58E-04 
x2 -1.58E-02 x6x12 1.09E-03 
x3 -2.11E-01 x7x12 -3.98E-03 
x4 -1.99E-03 x10x12 -1.08E-01 
x6 3.66E-03 x72 1.05E-03 

x7 -1.19E-01 x102 5.90E-01 
x10 -5.77E-01 x122 1.83E-01 
x12 1.09E+00 x4x72 -1.33E-06 

x2x3 2.55E-03 x10x122 -1.53E-01 
x4x7 1.43E-04 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.39. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 5.15E+00 x1x9 8.88E+00 
x1 1.37E-01 x2x6 7.26E-05 
x2 -1.67E-02 x4x5(3) -7.07E-04 
x4 1.39E-03 x4x5(4) -1.03E-04 

x5(3) 2.69E-01 x4x12 3.03E-04 
x5(4) 3.96E-01 x5(3)x12 -1.71E-01 

x6 2.77E-03 x5(4)x12 -1.33E-01 
x7 -1.23E-02 x6x7 -6.68E-05 

x9 -9.57E+01 x6x10 2.60E-03 
x10 -6.59E-01 x9x11 1.48E+02 
x11 -1.61E+00 x11x12 -4.81E-01 
x12 1.90E+00 x72 2.90E-04 

x1x5(3) -4.03E-02 x122 3.31E-02 
x1x5(4) -1.10E-01 x123 -5.60E-02 

x1x6 -6.38E-04 
  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.40. Regression model for prediction of maximum column response for 

bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.25E+00 x4x5(3) -6.01E-04 
x1 8.18E-02 x4x5(4) -2.21E-04 
x2 1.54E-03 x4x7 -1.73E-05 
x3 1.23E+00 x6x10 -1.34E-02 
x4 1.88E-03 x6x12 1.39E-03 

x5(3) 3.23E-01 x7x12 -6.87E-03 
x5(4) 1.76E-01 x8x12 -4.62E+00 

x6 1.61E-02 x9x12 -1.20E+01 
x7 -5.25E-02 x32 -1.78E-01 
x8 -5.57E+00 x62 -2.35E-05 
x9 -1.36E+01 x72 5.13E-04 

x10 1.41E+00 x122 -2.17E-01 
x12 9.36E-01 x62x10 2.97E-05 

x13(1) -2.61E-02 x33 9.14E-03 
x1x6 -4.10E-04 x123 -4.49E-02 
x3x7 -1.19E-03 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.41. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 5.18E+00 x1x6 -7.15E-04 
x1 3.10E-01 x1x8 -6.80E+00 

x3(4) 4.81E-01 x4x7 -5.20E-05 
x3(5) 8.32E-01 x4x10 1.24E-03 
x3(6) 8.48E-01 x6x7 -5.91E-05 

x3(7) 1.09E+00 x6x10 3.06E-03 
x3(8) 9.45E-01 x6x12 5.45E-03 
x3(9) 1.35E+00 x7x12 -9.01E-03 

x4 7.42E-03 x10x12 -5.72E-01 
x6 1.23E-02 x42 -3.21E-06 
x7 -1.46E-01 x72 1.61E-03 
x8 4.43E+01 x102 7.56E-01 

x10 -2.82E+00 x122 7.47E-01 
x12 5.19E+00 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.42. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.22E+01 x12 3.77E+00 
x1 7.90E-01 x1x6 -1.05E-03 
x2 -1.44E-01 x1x8 -1.28E+01 

x3(4) 6.17E-01 x2x9 -2.95E+00 
x3(5) 1.33E+00 x4x7 -5.91E-05 

x3(6) 1.06E+00 x4x8 5.34E-02 
x3(7) 1.06E+00 x6x12 2.92E-03 
x3(8) 1.26E+00 x7x9 1.51E+00 
x3(9) 1.73E+00 x7x12 -1.48E-02 

x4 4.19E-03 x8x12 1.67E+01 
x6 1.10E-02 x22 9.02E-04 
x7 -2.53E-01 x72 2.25E-03 
x8 -1.56E+02 x82 2.28E+03 
x9 1.24E+02 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.43. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 4.01E+00 x3(6)x9 -1.62E+02 
x3(4) 7.75E-01 x3(7)x9 -1.23E+02 
x3(5) 1.41E+00 x3(8)x9 -1.99E+02 
x3(6) 1.35E+00 x3(9)x9 -2.05E+02 
x3(7) 1.14E+00 x4x5(3) -1.80E-03 

x3(8) 1.64E+00 x4x5(4) -5.05E-04 
x3(9) 2.12E+00 x4x7 -4.08E-05 

x4 5.66E-03 x4x12 1.05E-03 
x5(3) 2.18E-01 x5(3)x12 -3.89E-01 
x5(4) -3.47E-01 x5(4)x12 -3.37E-01 

x6 7.45E-03 x6x7 -7.91E-05 
x7 -1.64E-01 x6x12 3.00E-03 
x9 -4.57E+02 x7x12 -9.78E-03 

x11 -9.27E-01 x9x12 8.56E+01 
x12 2.78E+00 x11x12 -9.69E-01 

x3(4)x9 -8.37E+01 x72 1.75E-03 

x3(5)x9 -1.55E+02 x92 2.95E+04 
*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.44. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 3 without VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.85E+00 x1x7 6.83E-03 
x1 1.21E-01 x1x9 2.39E+01 
x2 -1.13E-02 x1x11 4.40E-01 
x4 1.65E-03 x2x6 1.95E-04 

x5(3) 2.32E-02 x4x5(3) -1.38E-03 

x5(4) -2.68E-01 x4x5(4) 8.22E-04 
x6 4.11E-03 x4x7 3.05E-05 
x7 -1.13E-01 x4x11 2.18E-03 
x9 -1.03E+02 x5(3)x11 4.80E-01 

x11 -6.69E+00 x5(4)x11 1.70E+00 
x12 3.66E+00 x6x7 -1.38E-04 

x1x2 -5.56E-03 x6x9 -3.53E-01 
x1x4 -2.45E-04 x7x12 9.51E-03 

x1x5(3) -3.88E-02 x9x11 1.56E+02 
x1x5(4) -2.30E-01 x72 8.48E-04 

x1x6 -7.17E-04 x122 -2.86E-01 
*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.45. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 9.89E-01 x5(3)x12 1.17E-03 
x3 9.64E-03 x5(4)x12 5.00E-02 
x4 9.65E-04 x6x9 -1.03E-01 

x5(3) -2.62E-03 x6x12 9.18E-04 
x5(4) 8.44E-03 x6x13(1) 9.61E-04 

x6 6.88E-04 x7x12 -5.19E-03 
x7 5.27E-03 x9x12 7.22E+01 
x9 2.64E+01 x122 -2.39E-01 

x12 4.95E-02 x6x9x12 -2.40E-01 
x13(1) -2.65E-01 x5(3)x122 4.57E-02 
x3x12 2.27E-02 x5(4)x122 7.10E-02 
x4x7 -1.13E-05 x9x122 9.01E+00 

x4x12 -3.91E-04 x123 2.38E-02 
*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.46. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 7.87E-01 x3x12 -3.44E-02 
x1 -2.44E-02 x4x7 -1.97E-05 
x3 1.25E-03 x4x12 5.10E-04 
x4 2.95E-03 x6x12 9.97E-04 

x5(3) 5.58E-02 x7x12 -5.17E-03 

x5(4) 1.15E-01 x72 2.93E-04 
x6 3.90E-03 x122 4.16E-01 
x7 -2.67E-02 x3x122 -2.53E-02 

x12 1.29E+00 x123 4.97E-02 
*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.47. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.45E+00 x1x7 2.55E-03 
x1 -1.13E-01 x3x12 2.77E-02 
x3 3.85E-02 x4x7 -2.81E-05 
x4 3.63E-03 x4x12 7.69E-04 

x5(3) 4.94E-01 x5(3)x7 -4.63E-03 

x5(4) 1.25E+00 x5(4)x7 -9.92E-03 
x6 9.05E-03 x6x7 -7.68E-05 
x7 -2.57E-03 x6x12 1.31E-03 

x12 9.62E-01 x72 3.12E-04 
x1x5(3) -4.44E-02 x122 2.17E-01 
x1x5(4) -1.04E-01 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.48. Regression model for prediction of maximum column response for 

bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -2.44E+00 x3x7 -1.29E-03 
x1 -1.10E-01 x4x7 -1.93E-05 
x2 2.36E-03 x6x12 1.73E-03 
x3 1.28E+00 x7x12 -6.81E-03 
x4 1.76E-03 x8x12 -4.48E+00 

x5(3) 1.87E-02 x8x13(1) 8.17E+00 
x5(4) 8.39E-02 x32 -1.81E-01 

x6 7.64E-03 x62 -9.16E-06 
x7 -4.06E-02 x72 3.77E-04 
x8 -6.77E+00 x122 -1.66E-01 

x12 7.95E-01 x33 9.14E-03 
x13(1) -2.26E-01 x123 -3.50E-02 
x1x7 1.53E-03 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.49. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 7.62E+00 x3(5)x6 -4.36E-03 
x1 -5.30E-01 x3(6)x6 -7.10E-03 

x3(4) 1.74E+00 x3(7)x6 -4.84E-03 
x3(5) 2.07E+00 x3(8)x6 -6.98E-03 
x3(6) 3.15E+00 x3(9)x6 -6.55E-03 

x3(7) 2.61E+00 x3(4)x7 -3.92E-03 
x3(8) 3.82E+00 x3(5)x7 4.21E-04 
x3(9) 5.04E+00 x3(6)x7 -6.66E-03 

x4 1.87E-03 x3(7)x7 -1.52E-03 
x5(3) -8.62E-01 x3(8)x7 -1.66E-02 
x5(4) 1.72E-02 x3(9)x7 -3.03E-02 

x6 7.32E-03 x4x6 5.93E-06 
x7 -1.72E-01 x4x7 -6.49E-05 

x12 3.13E+00 x6x12 6.17E-03 
x1x5(3) 1.42E-01 x42 2.16E-06 
x1x5(4) 3.99E-02 x72 1.65E-03 

x1x7 7.16E-03 x122 5.03E-01 
x3(4)x6 -4.17E-03 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.50. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 2.32E+00 x1x3(9) 2.42E-01 x3(8)x7 -1.45E-02 
x1 -3.89E-01 x1x5(3) 4.44E-02 x3(9)x7 -2.40E-02 
x2 8.87E-03 x1x5(4) -8.24E-02 x3(4)x8 1.42E+01 

x3(4) -1.18E+00 x1x7 9.59E-03 x3(5)x8 -1.35E+01 
x3(5) 3.76E-01 x2x9 -2.61E+00 x3(6)x8 -1.97E+01 

x3(6) 1.19E+00 x2x12 1.28E-02 x3(7)x8 -3.98E+01 
x3(7) 3.20E+00 x3(4)x5(3) 8.12E-01 x3(8)x8 -4.78E+00 
x3(8) 2.51E+00 x3(5)x5(3) 1.39E+00 x3(9)x8 -1.89E+01 
x3(9) 2.13E+00 x3(6)x5(3) 4.19E-01 x4x7 -8.30E-05 

x4 7.75E-03 x3(7)x5(3) 4.64E-01 x5(3)x8 -2.44E+01 
x5(3) -1.60E-01 x3(8)x5(3) 7.66E-01 x5(4)x8 -3.69E+00 
x5(4) 5.04E-01 x3(9)x5(3) 8.00E-01 x6x12 7.18E-03 

x6 1.97E-02 x3(4)x5(4) 6.63E-01 x7x9 -2.07E+00 
x7 -1.51E-01 x3(5)x5(4) 3.87E-01 x7x12 -1.02E-02 
x8 -1.96E+02 x3(6)x5(4) 1.79E-01 x62 -1.91E-05 
x9 2.09E+02 x3(7)x5(4) 2.92E-01 x72 1.42E-03 

x12 1.74E+00 x3(8)x5(4) 8.36E-01 x82 2.44E+03 
x1x3(4) 1.06E-01 x3(9)x5(4) 5.70E-01 x92 8.13E+03 
x1x3(5) 8.06E-02 x3(4)x7 8.86E-03 x122 1.72E-01 
x1x3(6) 1.97E-01 x3(5)x7 1.65E-03 

  x1x3(7) -6.55E-03 x3(6)x7 -7.84E-03 
  x1x3(8) -7.50E-02 x3(7)x7 -1.61E-02 
  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.51. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.09E+01 x3(8)x7 -9.93E-03 
x1 -1.01E+00 x3(9)x7 -1.15E-03 
x2 -1.38E-01 x3(4)x9 4.14E+01 

x3(4) -8.96E-01 x3(5)x9 -1.15E+02 
x3(5) 5.23E-01 x3(6)x9 -9.86E+01 

x3(6) 1.86E+00 x3(7)x9 -2.81E+01 
x3(7) 1.87E+00 x3(8)x9 -7.04E+01 
x3(8) 1.98E+00 x3(9)x9 -1.32E+01 
x3(9) 1.51E+00 x4x6 4.45E-06 

x4 7.15E-03 x4x7 -7.32E-05 
x5(3) 6.05E-01 x4x9 1.85E-01 
x5(4) 2.11E-01 x4x12 9.56E-04 

x6 4.70E-03 x5(3)x6 2.31E-04 
x7 -1.56E-01 x5(4)x6 3.01E-03 
x9 -8.07E+02 x5(3)x7 -1.18E-02 

x12 1.18E+00 x5(4)x7 -1.19E-02 

x13(1) 1.31E-01 x6x7 -6.10E-05 
x1x2 4.66E-03 x6x9 4.40E-01 
x1x4 2.04E-04 x6x12 6.51E-03 
x1x7 6.09E-03 x7x12 -7.70E-03 
x1x9 3.89E+01 x9x12 1.22E+02 
x2x4 -3.46E-05 x22 7.76E-04 

x3(4)x7 1.88E-02 x72 1.65E-03 

x3(5)x7 1.26E-02 x92 1.85E+04 
x3(6)x7 -7.27E-03 x122 1.31E-01 
x3(7)x7 -1.35E-02 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.52. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 1 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -4.88E+00 x3(6)x4 -1.79E-03 
x1 -8.92E-01 x3(7)x4 -7.71E-05 

x3(4) 6.08E-01 x3(8)x4 1.50E-03 
x3(5) -8.01E-02 x3(9)x4 1.36E-04 
x3(6) 1.16E+00 x3(4)x12 -3.53E-01 

x3(7) 2.42E-01 x3(5)x12 7.98E-02 
x3(8) -2.09E-01 x3(6)x12 2.90E-01 
x3(9) 7.22E-01 x3(7)x12 5.25E-01 

x4 5.41E-03 x3(8)x12 8.08E-02 
x5(3) 1.76E+00 x3(9)x12 9.90E-01 
x5(4) 3.77E+00 x4x6 8.52E-06 

x6 1.61E-02 x4x7 -5.04E-05 
x7 -6.14E-02 x4x12 2.22E-03 

x12 3.07E+00 x5(3)x7 -3.23E-02 
x1x5(3) 4.56E-02 x5(4)x7 -4.14E-02 
x1x5(4) -1.90E-01 x6x7 -1.65E-04 

x1x7 7.41E-03 x12 3.98E-02 
x3(4)x4 -8.39E-04 x72 1.15E-03 
x3(5)x4 4.49E-04 x122 3.50E-01 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.53. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.84E+00 x4x12 -4.01E-04 
x2 -5.03E-03 x5(3)x9 -1.20E+01 
x3 1.33E-02 x5(4)x9 2.11E+00 
x4 1.00E-04 x5(3)x12 -6.02E-02 

x5(3) 2.67E-02 x5(4)x12 -1.78E-01 

x5(4) -1.33E-02 x6x11 2.82E-03 
x6 -5.79E-04 x6x12 -6.57E-04 
x7 3.19E-03 x7x11 1.11E-02 
x9 -1.77E+00 x7x12 -4.39E-03 

x10 4.28E-02 x9x12 -1.15E+01 
x11 -1.46E+00 x10x13(1) -2.26E-01 
x12 -1.16E-01 x122 -6.16E-01 

x13(1) 8.83E-02 x5(3)x9x12 -1.17E+01 
x2x4 1.12E-05 x5(4)x9x12 1.77E+01 

x2x12 9.97E-03 x2x122 5.67E-03 
x3x12 1.69E-02 x123 2.11E-02 

x4x7 -1.14E-05 
  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.54. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 8.53E-02 x4x5(3) -7.45E-04 

x4 2.03E-03 x4x5(4) -4.43E-04 
x5(3) 4.37E-01 x4x12 3.89E-04 
x5(4) 3.42E-01 x6x12 1.28E-03 

x6 3.95E-03 x7x13(1) 6.91E-03 
x7 1.80E-03 x9x12 -2.03E+01 
x9 -2.20E+01 x122 2.98E-01 

x12 9.70E-01 x123 6.02E-02 
x13(1) -4.15E-01 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; 

x13(1) refers to case when axle is near a bent. 
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Table D.55. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 3.14E+00 x1x5(4) -1.13E-01 
x1 3.27E-02 x4x5(3) -9.58E-04 
x4 3.42E-03 x4x5(4) -2.64E-04 

x5(3) 8.95E-01 x4x7 -1.78E-05 
x5(4) 6.28E-01 x4x12 7.20E-04 

x6 4.01E-03 x5(3)x6 -1.35E-03 
x7 -2.76E-02 x5(4)x6 7.47E-04 
x9 -3.83E+01 x6x12 1.15E-03 

x11 -7.35E-01 x6x13(1) 1.72E-03 
x12 1.23E+00 x9x11 1.25E+02 

x13(1) -4.67E-01 x72 3.74E-04 
x1x5(3) -1.47E-02 x122 2.14E-01 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.56. Regression model for prediction of maximum column response for 

bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -4.18E+00 x3x7 -1.54E-03 
x1 1.15E-01 x4x5(3) -8.48E-04 
x2 8.76E-03 x4x5(4) -3.62E-04 
x3 1.48E+00 x4x7 -1.83E-05 
x4 2.13E-03 x6x12 1.53E-03 

x5(3) 4.72E-01 x7x12 -1.18E-02 

x5(4) 2.77E-01 x8x12 -4.09E+00 
x6 5.84E-03 x32 -2.13E-01 
x7 -3.38E-02 x72 3.88E-04 
x8 -6.39E+00 x122 -7.01E-02 
x9 1.02E+02 x7x122 -2.59E-03 

x12 1.09E+00 x33 1.09E-02 
x1x6 -5.25E-04 x123 -4.51E-02 
x2x9 -1.22E+00 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.57. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 9.71E-01 x1x7 3.20E-03 
x1 7.02E-01 x4x5(3) -3.53E-03 

x3(4) 6.57E-01 x4x5(4) -2.07E-03 
x3(5) 1.03E+00 x4x7 -6.92E-05 
x3(6) 7.32E-01 x4x8 3.97E-02 

x3(7) 1.02E+00 x4x12 8.05E-04 
x3(8) 1.06E+00 x6x9 -2.94E-01 
x3(9) 1.45E+00 x6x12 7.00E-03 

x4 1.04E-02 x7x9 -1.43E+00 
x5(3) 1.76E+00 x7x12 -1.07E-02 
x5(4) 1.30E+00 x8x12 -3.02E+01 

x6 2.16E-02 x12 -3.33E-02 
x7 -1.04E-01 x42 -2.10E-06 
x8 -7.65E+01 x72 1.16E-03 
x9 9.28E+01 x92 7.31E+03 

x11 -2.62E+00 x112 4.37E+00 

x12 4.72E+00 x122 6.49E-01 
x1x6 -2.28E-03 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.58. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 9.65E-01 x1x2 -4.23E-03 x3(9)x12 -9.17E-01 
x1 1.58E+00 x1x6 -1.81E-03 x4x5(3) -3.87E-03 
x2 -1.25E-01 x1x8 -7.12E+00 x4x5(4) -2.03E-03 

x3(4) 4.95E-01 x1x9 1.50E+01 x4x7 -7.98E-05 
x3(5) 2.07E+00 x2x4 4.66E-05 x4x8 5.85E-02 

x3(6) 1.84E+00 x2x6 -1.25E-04 x4x9 2.23E-01 
x3(7) 1.81E+00 x2x9 -3.19E+00 x5(3)x12 -3.18E-01 
x3(8) 2.31E+00 x3(4)x7 -1.17E-03 x5(4)x12 -6.54E-02 
x3(9) 3.13E+00 x3(5)x7 -2.47E-02 x6x12 5.93E-03 

x4 3.19E-03 x3(6)x7 -1.73E-02 x7x9 -1.43E+00 
x5(3) 1.89E+00 x3(7)x7 -2.07E-02 x7x12 -1.97E-02 
x5(4) 1.35E+00 x3(8)x7 -2.68E-02 x8x12 1.42E+01 

x6 2.80E-02 x3(9)x7 -3.60E-02 x12 -3.55E-02 
x7 -9.41E-02 x3(4)x12 -7.10E-01 x22 9.62E-04 
x8 -1.96E+02 x3(5)x12 -1.06E+00 x72 1.37E-03 
x9 1.63E+02 x3(6)x12 -7.97E-01 x82 2.30E+03 

x10 1.98E-01 x3(7)x12 -9.65E-01 
  x12 4.12E+00 x3(8)x12 -9.91E-01 
  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.59. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient Term Coefficient 

(Intercept) 4.34E-01 x1x5(3) -4.83E-02 x3(9)x9 -1.77E+02 
x1 -9.44E-02 x1x5(4) -1.99E-01 x4x5(3) -3.31E-03 

x3(4) 5.00E-01 x1x6 -7.02E-04 x4x5(4) -1.02E-03 
x3(5) 1.27E+00 x1x7 5.05E-03 x4x7 -7.44E-05 
x3(6) 1.78E+00 x1x9 4.02E+01 x4x9 2.89E-01 

x3(7) 2.09E+00 x1x10 -1.55E-01 x4x12 8.80E-04 
x3(8) 2.87E+00 x3(4)x7 7.70E-03 x5(3)x6 -3.34E-03 
x3(9) 3.43E+00 x3(5)x7 -3.87E-03 x5(4)x6 1.15E-03 

x4 7.57E-03 x3(6)x7 2.47E-03 x5(3)x10 -4.60E-01 
x5(3) 2.98E+00 x3(7)x7 -8.13E-03 x5(4)x10 4.09E-01 
x5(4) 1.35E+00 x3(8)x7 -2.00E-02 x6x10 4.57E-03 

x6 1.01E-02 x3(9)x7 -2.03E-02 x6x12 8.04E-03 
x7 -1.38E-01 x3(4)x9 -9.73E+01 x7x12 -1.54E-02 
x8 -1.58E+01 x3(5)x9 -6.84E+01 x9x12 1.30E+02 
x9 -6.14E+02 x3(6)x9 -1.71E+02 x72 1.34E-03 

x10 -5.95E-03 x3(7)x9 -1.35E+02 x92 1.40E+04 

x12 1.68E+00 x3(8)x9 -1.51E+02 x122 2.94E-01 
*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.60. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 2 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.17E+00 x5(3)x6 -1.50E-03 
x4 8.31E-03 x5(4)x6 3.36E-03 

x5(3) 1.76E+00 x5(3)x10 -5.25E-01 
x5(4) -4.75E-02 x5(4)x10 -7.79E-01 

x6 1.85E-03 x6x12 4.05E-03 

x7 -1.10E-01 x7x9 2.04E+00 
x9 -1.69E+02 x9x12 5.48E+01 

x10 -8.87E-01 x10x12 5.78E-01 
x12 2.29E+00 x62 1.67E-05 

x4x5(3) -2.58E-03 x72 1.12E-03 
x4x5(4) -5.26E-04 x102 1.48E+00 

x4x7 -3.84E-05 x122 3.15E-01 
x4x12 1.71E-03 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 

 

Table D.61. Regression model for prediction of maximum abutment active or 

transverse response for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.07E+00 x4x5(3) -3.25E-04 
x2 4.13E-03 x4x5(4) -1.64E-04 
x4 4.61E-04 x4x12 -3.73E-04 

x5(3) 1.79E-01 x5(3)x12 -7.98E-02 

x5(4) 9.86E-02 x5(4)x12 -5.56E-02 
x6 2.96E-04 x6x12 -3.46E-04 
x7 -8.69E-04 x7x12 -4.02E-03 

x10 2.04E-01 x10x12 5.26E-01 
x11 1.29E+00 x102 -1.50E-01 
x12 3.62E-01 x122 -2.58E-01 

x2x11 -1.70E-02 x102x12 -4.29E-01 
*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.62. Regression model for prediction of maximum abutment passive 

response for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.81E+00 x4x5(3) -7.06E-04 
x4 1.75E-03 x4x5(4) -1.55E-04 

x5(3) 2.39E-01 x4x12 2.74E-04 
x5(4) -1.56E-03 x5(3)x11 6.68E-01 

x6 3.86E-03 x5(4)x11 7.68E-01 

x7 -4.39E-02 x6x12 1.23E-03 
x9 -2.74E+01 x9x11 9.72E+01 

x10 -1.35E-01 x72 3.89E-04 
x11 -1.17E+00 x122 2.12E-01 
x12 8.25E-01 x123 4.22E-02 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 

 

Table D.63. Regression model for prediction of maximum bearing response 

for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 4.14E+00 x4x5(3) -8.32E-04 
x3 3.53E-02 x4x5(4) -6.24E-05 
x4 1.78E-03 x4x12 4.16E-04 

x5(3) 1.65E-01 x5(3)x12 -1.73E-01 
x5(4) -8.70E-02 x5(4)x12 -9.32E-02 

x6 3.86E-03 x6x12 1.04E-03 
x7 -3.85E-02 x72 3.72E-04 

x12 1.54E+00 x122 2.15E-01 

*In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.64. Regression model for prediction of maximum column response for 

bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -2.27E+00 x1x6 -3.30E-04 
x1 6.88E-02 x4x5(3) -7.99E-04 
x2 1.74E-03 x4x5(4) -3.13E-04 
x3 1.33E+00 x4x7 -1.41E-05 
x4 1.82E-03 x6x12 1.48E-03 

x5(3) 4.42E-01 x7x12 -1.28E-02 
x5(4) 2.40E-01 x32 -2.08E-01 

x6 4.76E-03 x72 4.36E-04 
x7 -5.29E-02 x122 -1.07E-01 
x8 -2.01E+00 x7x122 -2.98E-03 
x9 3.82E+00 x33 1.09E-02 

x12 1.01E+00 x123 -5.88E-02 
x13(1) -3.81E-02 

  *In the table above, ‘x5(#)’ refers to coefficients for different number of columns; x13(1) 

refers to case when axle is near a bent. 
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Table D.65. Bridge system’s logit function for exceedance of slight damage 

state for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 6.58E+00 x3(5)x10 4.20E-01 
x1 2.98E-01 x3(6)x10 1.09E-01 

x3(4) 4.90E-01 x3(7)x10 -6.01E-01 
x3(5) 9.50E-01 x3(8)x10 -3.78E-02 
x3(6) 1.17E+00 x3(9)x10 1.10E+00 

x3(7) 1.68E+00 x4x5(3) -2.82E-03 
x3(8) 1.41E+00 x4x5(4) -1.64E-03 
x3(9) 1.14E+00 x4x6 -8.85E-06 

x4 7.91E-03 x4x7 -3.98E-05 
x5(3) 1.38E+00 x6x8 1.49E-01 
x5(4) 9.96E-01 x6x10 2.67E-03 

x6 -1.52E-03 x6x12 4.38E-03 
x7 -1.46E-01 x6x13(1) 2.42E-03 
x8 -6.35E+01 x7x9 -2.32E+00 
x9 1.67E+02 x7x12 -1.89E-02 

x10 -1.30E+00 x8x10 2.79E+01 

x12 4.90E+00 x62 2.17E-05 
x13(1) -7.64E-01 x72 1.40E-03 
x1x6 -1.05E-03 x92 7.06E+03 
x1x9 -1.52E+01 x122 4.31E-01 

x3(4)x10 6.38E-01 
  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.66. Bridge system’s logit function for exceedance of moderate damage 

state for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.26E+00 x3(5)x8 -3.55E+01 
x1 1.33E+00 x3(6)x8 -1.68E+01 
x2 -2.89E-02 x3(7)x8 -3.89E+01 

x3(4) 7.52E-01 x3(8)x8 -2.05E+01 
x3(5) 2.17E+00 x3(9)x8 -3.92E+01 

x3(6) 1.63E+00 x4x5(3) -3.19E-03 
x3(7) 2.18E+00 x4x5(4) -1.46E-03 
x3(8) 1.93E+00 x4x6 -4.70E-06 
x3(9) 2.74E+00 x4x7 -3.85E-05 

x4 7.30E-03 x5(3)x8 -3.37E+01 
x5(3) 2.44E+00 x5(4)x8 -1.80E+01 
x5(4) 1.31E+00 x6x12 6.27E-03 

x6 2.13E-03 x7x12 -1.15E-02 
x7 -1.74E-01 x8x9 -2.87E+03 
x8 -7.66E+01 x8x12 1.52E+01 
x9 -7.27E+01 x9x12 6.23E+01 

x12 2.22E+00 x12 -5.20E-02 
x1x6 -9.21E-04 x62 2.75E-05 
x1x8 -9.80E+00 x72 1.61E-03 
x2x9 2.71E+00 x82 2.06E+03 

x3(4)x8 2.35E+00 
  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.67. Bridge system’s logit function for exceedance of extensive damage 

state for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) 1.17E+01 x3(4)x9 -8.47E+01 
x1 -3.25E-02 x3(5)x9 -1.57E+02 
x2 -1.50E-01 x3(6)x9 -1.13E+02 

x3(4) 1.80E+00 x3(7)x9 -8.12E+01 
x3(5) 1.43E+00 x3(8)x9 -1.55E+02 

x3(6) 2.11E+00 x3(9)x9 -1.45E+02 
x3(7) 1.53E+00 x4x5(3) -2.00E-03 
x3(8) 2.69E+00 x4x5(4) -1.11E-03 
x3(9) 1.57E+00 x4x7 -2.36E-05 

x4 3.51E-03 x4x9 2.50E-01 
x5(3) 5.94E-01 x5(3)x10 -3.05E-01 
x5(4) 1.76E-01 x5(4)x10 4.19E-01 

x6 -1.30E-02 x5(3)x12 -4.39E-01 
x7 -1.47E-01 x5(4)x12 -2.71E-01 
x8 -9.94E+00 x6x9 4.28E-01 
x9 -6.06E+02 x6x12 6.39E-03 

x10 1.02E+00 x7x10 -1.34E-02 
x12 2.10E+00 x7x12 -1.05E-02 

x1x3(4) -1.55E-01 x9x12 1.64E+02 
x1x3(5) 2.39E-02 x22 8.70E-04 
x1x3(6) -1.35E-01 x62 3.56E-05 
x1x3(7) -5.92E-02 x72 1.40E-03 
x1x3(8) -1.55E-01 x92 8.42E+03 

x1x3(9) 8.34E-02 x122 1.35E-01 
x1x9 3.53E+01 

  *In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Table D.68. Bridge system’s logit function for exceedance of complete damage 

state for bridge with vehicle model 3 with VBI 

Term* Coefficient Term Coefficient 

(Intercept) -3.45E+00 x3(5)x6 1.44E-03 
x3(4) 1.17E+00 x3(6)x6 1.80E-04 
x3(5) -2.18E-01 x3(7)x6 -4.80E-03 
x3(6) 2.94E-01 x3(8)x6 7.39E-04 
x3(7) 1.67E+00 x3(9)x6 -3.47E-03 

x3(8) 3.89E-01 x4x5(3) -1.41E-03 
x3(9) 1.37E+00 x4x5(4) 4.35E-04 

x4 6.97E-03 x5(3)x6 -4.73E-04 
x5(3) 3.03E-01 x5(4)x6 2.69E-03 
x5(4) -1.14E+00 x5(3)x12 -4.83E-01 

x6 1.07E-02 x5(4)x12 -7.01E-02 
x7 -1.12E-01 x42 -3.19E-06 

x12 4.60E+00 x72 1.05E-03 
x3(4)x6 -3.93E-03 x122 3.69E-01 

*In the table above, ‘x3(#)’ and ‘x5(#)’ refer to coefficients for different number of spans 

and columns; x13(1) refers to case when axle is near a bent. 
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Appendix E: Risk assessment methodology 
for bridges subjected to storm surge and 

wave loads 

Annual probability of failure, i.e. risk, of bridges subjected to hurricane storm surge 

and wave loads can be obtained using the PEER formulation as: 

    
S

wSwH

wH

wf dSdHshfHSXFailPp .,,, ,             E.1 

where   is annual frequency of occurrence of hurricanes and  
w

HSXFailP ,,  is 

the fragility function parameterized on surge height (S), wave height (Hw) and 

bridge parameters (X), shown in Equation 6.1, and  shf SwH ,,  is the joint probability 

density function (PDF) of wave and surge heights. In contrast to seismic hazard data, 

information on joint PDF of wave and surge height is less readily available, in 

particular from nationwide consistent databases. Data sources are emerging that 

can be used to derive these distributions of wave height and surge elevation based 

on simulation studies that use sophisticated surge and wave models such as SLOSH 

(Jelesnianski et al., 1992), ADCIRC (Luettich et al., 1991) and SWAN (Booij et al., 

1996) for catalogues of synthetic storms or perturbations of historic events 

(Niedoroda et al., 2010, Scheffner & Carson, 2001, Lin et al., 2010). However, the 

emphasis of most of these studies is on deriving marginal surge probabilities while 

the joint probability or even some marginal probabilities may not be available for a 

specific location. Therefore, in order to facilitate risk assessment for hurricane wave 
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and surge loads the following method is proposed to estimate the required 

probability distributions.  

First, exceedance probability estimates or return period estimates of surge 

heights must be obtained. For example, return period estimates for surge height can 

be obtained from local surge studies such as Lin et al. (2010), Federal Emergency 

Management Agency (FEMA) flood insurance studies, and HEC-18 (FHWA, 2004). 

However, in the absence of return period estimates derived from probability based 

simulation data, estimates based upon historical record databases such as 

SURGEDAT (Needham & Keim, 2012) may also be used. Probability density 

functions for surge height are then fit to the point estimates considering 

distributions such as lognormal, weibull, extreme value and generalized extreme 

value distribution. After obtaining the marginal distribution for surge heights the 

next step entails estimation of significant wave height SH , which allows for 

calculating the marginal distribution of wave heights. 

Generally, in shallow waters near the coast the waves are fetch limited 

(AASHTO, 2008). An estimate of fetch limited significant wave height in shallow 

waters for a given water depth )(D , fetch length )(F  and time averaged wind speed 

)(U , a proxy for wind speed, can be obtained by using the simplified analytical wave 

height approximations provided in the Shore Protection Manual (USACE, 1984). 

Conventionally, a Raleigh distribution is used to model wave heights in deep sea; 

however it has been shown to be erroneous for shallow water wave heights. Several 

shallow water wave height records were analyzed and the error in representative 
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wave heights (root mean square height, mean height and maximum wave height) 

using the Raleigh approximation was quantified by Rattanapitikon and Shibayama 

(2007). The error in using the Raleigh approximation for predicting maximum wave 

height was found to be as high as 20%. However, the error in predicting root mean 

square wave height )( RMSH was only approximately 5%. Therefore, the Raleigh 

assumption is used here to obtain RMSH  from significant wave height as

42.1/SRMS HH  . This estimated value of RMSH  is used for obtaining the probability 

distribution of wave heights. The probability density for shallow waves proposed by 

Elfrink et al. (2006)  using shallow water field data is adopted in this study. The 

probability density is given as  

03.2tanh5.15
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in the above equation, )( is the gamma function and all other variables are as 

previously defined. It must be noted that RMSH  is a function of fetch length, water 

depth and the time averaged wind speed and therefore the probability distribution 

of wave heights is conditional on U, D and F. 

Among the parameters influencing the wave height, fetch length is treated 

deterministically, assuming that the length of open water over which the wind can 

blow is known at the site; however it can be treated probabilistically.  The total 
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water depth and the time averaged wind speed are treated probabilistically herein. 

Water depth ( D ) is the sum of surge height and the still water elevation before the 

hurricane )(d , with d taken as a deterministic quantity here. Therefore the 

distribution of D  can be subsequently obtained from the surge height distribution 

described above. As suggested by Peterka and Shahid (Peterka & Shahid, 1998), the 

distribution of hurricane wind speed (U), taken as the 3 second gust, is 

approximated by a Weibull distribution with its Cumulative Distribution Function 

(CDF) and Probability Density Function (PDF) as  
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where  and k are parameters, specific to a site, that can be obtained from wind 

speed maps using the recurrence relation between the wind speeds and their return 

periods. 

The joint distribution for wave height and surge height can therefore be obtained 

through a simple convolution 

       duufsfusdFhfshf USwHSwH   ,,,,                                                                  E.4 

In the above joint probability density function, the wave height PDF is correlated to 

wind and surge probability density functions. This joint PDF is used for risk in 

Equation E1. 
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Appendix F: Bridge damage, traffic 
restriction, and duration data 

Table F.1 presents the data used to develop the logic trees that relate the component 

damage to traffic restrictions and their durations. In Table F.1, components C, B, and 

A represent columns, bearings, and abutments respectively. The damage to these 

components is represented with an integer ranging from 0 to 4, where no damage is 

represented by zero; slight damage is represented by 1; moderate damage is 

represented by 2; extensive damage is represented by 3; and complete damage is 

represented by 4. Table F.2 provides details, such as bridge name, source of 

restrictions, and event, for each of the cases in Table F.1. 
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Table F.1. Bridge damage, traffic restriction, and duration data 

 Component  damage Traffic restriction 
Duration of  

traffic restriction 

Case 
# 

Colu
mn 

Beari
ng 

Abutm
ent Complete 

Lan
e 

Spee
d 

Loa
d 

Comple
te 

Lan
e 

Spee
d 

Loa
d  

1 0 4 0 No Yes No 0 0 120 0 0 

2 0 0 1 No Yes No 0 0 105 0 0 

3 0 0 1 No Yes No 0 0 90 0 0 

4 4 0 2 Yes No No 0 80 0 0 0 

5 2 0 0 Yes No No 0 26 0 0 0 

6 4 0 0 Yes No No 0 10 30   30 

7 3 0 0 No Yes No 1 0 75 0 75 

8 0 0 2 Yes No No 0  120 0 0 0 

9 0 0 1 Yes No No 0 3 0 0 0 

10 0 0 1 Yes No No 0 21 0 0 0 

11 0 0 1 No Yes No 0 0 21 0 0 

12 0 0 1 No Yes No 0 0 20 0 0 

13 4 4 4 Yes No No   166 0 0 0 

14 0 0 2 Yes No No 0 42 0 0 0 

15 0 4 0 No No No 0 0 0 0 0 

16 2 0 0 No No No 0 0 0 0 0 

17 0 4 0 No No No 0 0 0 0 0 

18 0 4 0 Yes No No 0 1 0 0 0 

19 0 4 0 Yes No No 0 20 0 0 0 

20 0 0 2 No Yes No 0 0 14 0 0 
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21 4 0 0 No No No 0 0 0 0 0 

22 2 0 0 No Yes No 0 0 78 0 0 

23 0 3 2 No Yes No 0 0 20 0 0 

24 2 0 2 No Yes No 0 0 40 0 0 

25 4 4 4 Yes No No 0 365 0 0 0 

26 2 2 1 Yes No No 0 5 0 0 0 

27 0 3 0 Yes No No 0 5 0 0 0 

28 3 3 0 Yes Yes Yes 1 30 180 180 180 

29 1 0 0 No No No 0 0 0 0 0 

30 0 2 0 No No No 0 0 0 0 0 

31 2 0 2 Yes No No 0 4 0 0 0 

32 0 4 0 Yes No No 0 30 0 0 0 

33 2 0 1 Yes Yes No 0 3 20 0 0 

34 1 2 0 Yes No No 0 4 0 0 0 

35 1 2 1 Yes No No 0 10 0 0 0 

36 4 0 0 Yes No No 0 14 0 0 0 

37 2 0 2 Yes No No 0 21 0 0 0 

38 2 0 0 Yes No No 0 5 0 0 0 

39 4 0 0 Yes No No 0 60 0 0   

40 3 2 0 Yes No No 0 21 0 0 0 

41 1 4 1 Yes No No 0 11 0 0 0 

42 0 4 0 Yes No No 0 55 0 0 0 

43 0 0 2 No Yes No 0 0 18 0 0 

44 1 0 0 Yes No No 0 3 0 0 0 

45 4 2 0 No No No 0 0 0 0 0 

46 2 2 0 Yes No No 0 10 0 0 0 

47 2 2 0 Yes No No 0 10 0 0 0 
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48 1 0 1 Yes No No 0 3 0 0 0 

49 4 0 0 Yes No No 0 84 0 0 0 

50 1 4 2 Yes No No 0 120 0 0 0 

51 4 4 3 Yes No No 0 172 0 0 0 

52 4 4 0 Yes No No 0 291 0 0 0 

53 4 0 1 Yes No No 0 116 0 0 0 

54 4 0 0 Yes No No 0 307 0 0 0 

55 0 4 0 Yes No No 0 84 0 0 0 

56 0 4 0 Yes No No 0 30 0 0 0 

57 0 4 0 Yes No No 0 55 0 0 0 

58 0 4 0 Yes No No 0 90 0 0 0 

59 0 4 0 Yes No No 0 52 0 0 0 

60 0 4 0 Yes No No 0 30 0 0 0 

61 0 4 0 Yes No No 0 85 0 0 0 

62 0 0 1 No No No 0 0 0 0 0 

63 0 2 0 No No No 0 0 0 0 0 

64 0 3 0 Yes No No 0 2 0 0 0 

65 1 0 0 No No No 0 0 0 0 0 

66 4 0 0 Yes No Yes 0 10 0 12 0 

67 0 2 0 Yes No No 0 1 0 0 0 

68 0 4 0 Yes No No 0 3 0 0 0 

69 1 2 0 No No Yes 0 0 0 4 0 

70 2 2 1 No No Yes 0 0 0 5 0 

71 0 0 2 No No No 0 0 0 0 0 

72 0 2 0 No No No 0 0 0 0 0 

73 0 3 0 No No Yes 0 0 0 1 0 

74 1 0 0 No No No 0 0 0 0 0 
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75 4 0 0 Yes No Yes 1 7 0 90 90 

76 4 0 0 No No Yes 1 0 0 14 14 

77 0 4 0 Yes No No 0 120 0 0 0 
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Table F.2. Additional details on bridge closures 

Case  
# 

Source Source type Bridge name Location Event 
Yea

r 

1 
(Virginia Department of 
Transportation, 2015) 

Maintenance and 
repair report 

Glebe Rd. 
over Ramp D 

Arlington 
County, 
Virginia 

- 
201

5 

2 
(Virginia Department of 
Transportation, 2015) 

Maintenance and 
repair report 

I-395 over 
Glebe Rd. 

Arlington 
County, 
Virginia 

- 
201

5 

3 
(Virginia Department of 
Transportation, 2015) 

Maintenance and 
repair report 

I-395 over 
Ramp G 

Arlington 
County, 
Virginia 

- 
201

5 

4 (Summit County, 2016) 
Maintenance and 

repair report 
Bank Street 

bridge 
Akron, Ohio - 

201
6 

5 
(Kansas Department of Trasportation, 

2016) 
Maintenance and 

repair report 

K-18/I-
70/Clarks 

Creek Road 
bridge 

Geary county, 
Kansas 

 
201

6 

6 
(Idaho Transportation Department, 

2014) 
Maintenance and 

repair report 

850 West Road 
Overpass over I-

84 
Burley, Idaho 

Vehicle 
impact 

201
4 

7 
(Hawaii Department of Transportation, 

2016) 
Maintenance and 

repair report 

Paumalu 
Stream 
bridge 

Hawaii - 
201

6 

8 (Money, 2016) 
Maintenance and 

repair report 
Red Hill Avenue 

bridge over I-405 
Costa Mesa, 
California 

- 
201

6 

9 (DOT Staff, 2016) 
Maintenance and 

repair report 
Neely bridge 

King County,  
Washington 

- 
201

6 
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10 
(Minnesota Department of 

Transportation, 2016) 
Maintenance and 

repair report 

Eastbound 
Grand Ave. 

Bridge 

St Paul, 
Minnesota 

- 
201

6 

11 
(Minnesota Department of 

Transportation, 2016) 
Maintenance and 

repair report 

Ramsey 
Street/Grand 
Ave. Bridge 

St Paul, 
Minnesota 

- 
201

6 

12 
(Michigan Department of 

Transportation, 2016) 
Maintenance and 

repair report 

Huron Rive 
bridge over 

M-14 

Ann Arbor, 
Michigan 

- 
201

6 

13 
(Pennsylvania Department of 

Transportation, 2016) 
Maintenance and 

repair report 
Bethel, 

Pennsylvania 
Greble Road 

bridge 
- 

201
6 

14 (louisvilleky.gov, 2016) 
Maintenance and 

repair report 
Cherokee 

Park bridge 
Louisville, 
Kentucky 

- 
201

6 

15 

(Mallett, 1994) 

Maintenance and 
repair report 

Weaver 
Viaduct 

Cheshire, UK - 
198

8 

16 
Maintenance and 

repair report 
Oland Bridge Oland, Sweden - 

199
1 

17 
Maintenance and 

repair report 
Polcevera 

Viaduct 
Genova, Italy - 

199
3 

18 
Maintenance and 

repair report 
Autoroute 
A6 Viaduct 

Paris, France - 
199

1 

19 
Maintenance and 

repair report 

Expressway 
over River 

Seine 
Corbeil, France - 

199
1 

20 
Maintenance and 

repair report 
Fiumicello 

Viaduct 
Italy - 

199
1 

21 
Maintenance and 

repair report 
Crescent 

bridge 
Salford. UK - 

199
1 

22 
Maintenance and 

repair report 
M6 

Motorway 
Cheshire, UK - 

199
1 
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bridges 

23 
Maintenance and 

repair report 
Structure X6 

Egerkingen, 
Switzerland 

- 
199

1 

24 
Maintenance and 

repair report 
Marsh Mills 

Viaduct 

Plymouth, 
Massachusetts 

 
- 

198
6 

25 
Maintenance and 

repair report 
Gravelly Hill 
interchange 

UK - 
199

0 

26 

(Ballantyne & Heubach, 2002) 

Reconnaissance 
report 

Beacon-
Holgate 

undercrossin
g bridge 5 

Seattle, 
Washington 

Nisqually 
Earthquak

e 

200
1 

27 
Reconnaissance 

report 

I-5/I-90 
interchange 
connectors 

90/9S 

Seattle, 
Washington 

Nisqually 
Earthquak

e 

200
1 

28 
Reconnaissance 

report 
Alaskan Way 

Viaduct 
Seattle, 

Washington 

Nisqually 
Earthquak

e 

200
1 

29 
Reconnaissance 

report 

Spokane 
Street 

overcrossing 

Seattle, 
Washington 

Nisqually 
Earthquak

e 

200
1 

30 
Reconnaissance 

report 
99/530W 

and 99/530E 
Seattle, 

Washington 

Nisqually 
Earthquak

e 

200
1 

31 
Reconnaissance 

report 

South Park 
Bascule 
bridge 

Seattle, 
Washington 

Nisqually 
Earthquak

e 

200
1 

32 (Yashinsky, 1998) 
Reconnaissance 

report 
San-

Francisco-
Oakland, 
California 

Loma 
Prieta 

198
9 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjx3_TD497SAhWD7IMKHSLkB8oQFggaMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPlymouth%2C_Massachusetts&usg=AFQjCNEGZWFOOemvpihlaAvJLa2KHd7LJw&sig2=GPg2RhKaWyJNq6AyG9W7Hg&bvm=bv.149760088,d.amc
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Oakland Bay 
bridge 

Earthquak
e 

33 
Reconnaissance 

report 

Route 980 
Southbound 

connector 

Oakland, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

34 
Reconnaissance 

report 

Port of 
Oakland 
crossing 

Oakland, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

35 
Reconnaissance 

report 
Distribution 

structure 
Oakland, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

36 
Reconnaissance 

report 
Fifth Avenue 

overhead 
Oakland, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

37 
Reconnaissance 

report 

Southern 
Freeway 
Viaduct 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

38 
Reconnaissance 

report 
Embarcader

o Viaduct 
San Francisco, 

California 

Loma 
Prieta 

Earthquak
e 

198
9 

39 
Reconnaissance 

report 
Terminal 

Separation 
San Francisco, 

California 

Loma 
Prieta 

Earthquak
e 

198
9 
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40 
Reconnaissance 

report 

Central 
Freeway 
Viaduct 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

41 
Reconnaissance 

report 

Route 
92/101 

separation 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

42 
Reconnaissance 

report 

Struve 
Slough 
bridges 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

43 
Reconnaissance 

report 

Grant 
undercrossin

g 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

198
9 

44 
Reconnaissance 

report 
Mococo 

overhead 
San Francisco, 

California 

Loma 
Prieta 

Earthquak
e 

198
9 

45 
Reconnaissance 

report 
Napa River 

bridge 
San Francisco, 

California 

Loma 
Prieta 

Earthquak
e 

198
9 

46 
Reconnaissance 

report 

Richardson 
Bay bridge 

and 
separation 

San Francisco, 
California 

Loma 
Prieta 

Earthquak
e 

 

47 
Reconnaissance 

report 
San Mateo-
Hayward 

San Francisco, 
California 

Loma 
Prieta 

198
9 
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bridge Earthquak
e 

48 
Reconnaissance 

report 
Mora Drive 

overcrossing 
San Francisco, 

California 

Loma 
Prieta 

Earthquak
e 

198
9 

49 

(Moehle et al., 1995) 

Reconnaissance 
report 

La Cienega 
Venice 

undercrossin
g 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 

50 
Reconnaissance 

report 

Gavin 
Canyon 

overcrossing 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 

51 
Reconnaissance 

report 

Route 15/5 
separation 

and 
overhead 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 

52 
Reconnaissance 

report 

I-5/SR14 
North 

Connector 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 

53 
Reconnaissance 

report 

Mission-
Gothic 

undercrossin
g 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 

54 
Reconnaissance 

report 

Bull Creek 
Canyon 
Channel 
bridge 

Los Angeles, 
California 

Northridg
e 

Earthquak
e 

199
4 
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55 
(New Jersey Department of 

Transportation, 2016) 
Maintenance and 

repair report 
Route 440 

bridge 
Trenton, New 

Jersey 
- 

201
6 

56 
(Missouri Department of 
Transportation, 2016a) 

Maintenance and 
repair report 

Log Creek 
bridge 

Cladwell 
County, 

Missouri 
- 

201
6 

57 
(Missouri Department of 
Transportation, 2016b) 

Maintenance and 
repair report 

North River 
bridge 

Shelby County, 
Missouri 

- 
201

6 

58 (El Paso County Colorado, 2016b) 
Maintenance and 

repair report 
North Calhan Bridge El Paso County, 

Colorado 
- 

201
6 

59 (El Paso County Colorado, 2016a) 
Maintenance and 

repair report 
Elbert Road Bridge El Paso County, 

Colorado 
- 

201
6 

60 (Barnesville Enterprise, 2016) 
Maintenance and 

repair report 
- 

Barnesville, 
Ohio 

- 
201

6 

61 (TCSEMS, 2016) 
Maintenance and 

repair report 
- 

South Park, 
Pennsylvania 

- 
201

6 

62 

(Misra & Padgett, 2016) 

Survey - - - - 

63 Survey - - - - 

64 Survey - - - - 

65 Survey - - - - 

66 Survey - - - - 

67 Survey - - - - 

68 Survey - - - - 

69 Survey - - - - 

70 Survey - - - - 

71 Survey - - - - 

72 Survey - - - - 

73 Survey - - - - 

74 Survey - - - - 
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75 Survey - - - - 

76 Survey - - - - 

77 Survey - - - - 
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