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Cable-stayed bridges have been used widely in the last 60 years in bridge construction practice and are key components of transportation networks. Therefore, the potential damages and losses, either in terms of economic cost or fatalities due to natural or man-made threats could become considerably large. Several researchers have identified the significance of risk assessment, especially to natural hazards and have proposed risk assessment frameworks for bridges. Recently, it has been identified that climate change affects the occurrence of extreme events and should be also incorporated in risk assessment. In the present research work, a risk assessment framework for cable-stayed bridges is proposed. The goal is to prioritize single and total risk to provide a useful tool in the decision-making process on the design and maintenance actions for cable-stayed bridges. Herein, the case study is an indicative design alternative of a cable-stayed bridge in a coastal area in the New York Region. which is expected to face sea-level rise due to climate change. Multi-hazard risk evaluation on the investigated bridge shows that it has low risk to the seismic hazard, while it has increased risk to hurricanes, which changes from low to high depending on the investigated sea-level rise projections and hurricane intensity levels. Hence, hurricane governs the resulting total risk of the case study bridge.
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INTRODUCTION

Cable-stayed bridges have been used widely in the last 60 years in bridge construction practice. Ren and Obata (1999) state that reasons for their use are appealing aesthetics, full and efficient utilization of structural materials, increased stiffness over suspension bridges, efficient and fast mode of construction and relatively small size of bridge elements. However, cable-stayed bridges are often exposed to threats, natural or man-made. The potential damages and losses, either in terms of economic cost or fatalities that could occur due to collapse, reduced performance or limited accessibility of a cable-stayed bridge could become considerably large. The collapse of Genoa Morandi Bridge in 2018 left 43 dead and an estimated cost of 422 million euros due to physical damages and business interruptions (The Japan Times, 2018).

The consequences of bridge failures have attracted several researchers to work toward the safety of cable-stayed bridges. Man-made threats in cable-stayed bridges, i.e., terrorist attacks, have been extensively investigated by using blast loads to evaluate their vulnerability and assess the risk they face (Bensi et al., 2005; Yan and Chang, 2009, 2010). Other critical threats that cable-stayed bridges face, similarly to other bridge types are induced by natural hazards, e.g., earthquakes, hurricanes, and tsunamis, during their service life. The significance of assessing risk to such threats in infrastructure has been identified from several researchers that provide frameworks to address multiple natural hazards and give a good insight on how to handle this issue (Kafali, 2008; Li and Ellingwood, 2009; Apaydin, 2010; McCullough and Kareem, 2011; Li and van de Lindt, 2012; Li et al., 2012; Topkara et al., 2015). Especially for typical concrete bridges, there have been studies that focus on multi-hazard risk assessment considering multiple extreme events like earthquakes and hurricanes (Decò and Frangopol, 2011; Kameshwar and Padgett, 2014). However, for cable-stayed bridges most attempts to assess natural hazard vulnerability and risk focus on single hazards. In some research studies the main goal is to assess seismic vulnerability and risk of cable-stayed bridges (Khan et al., 2004; Casciati et al., 2008; Khan and Datta, 2010; Akhoondzade and Bargi, 2016; Zhong et al., 2018). Ovett et al. (2018) deal with wind as a single hazard and specifically with cable-stayed bridges' vulnerability to wind effects beyond design basis. Recently there have been studies toward the multi-hazard treatment of cable stayed bridges. Domaneschi et al. (2015) deal with cable-stayed bridges in a multi-hazard approach by introducing adaptable control schemes to provide wind and earthquake protection and Domaneschi and Martinelli (2015) focus on resilient strategies for cable stayed bridges. A multi-hazard approach is also presented in Chen et al. (2017) where earthquake and wind hazard are investigated in a preliminary approach to multi-hazard assessment (e.g., flooding is not considered).

Furthermore, it is widely accepted that climate change affects the occurrence of extreme events, e.g., hurricanes, which can increase potential losses substantially (Jacob et al., 2011; Rosenzweig et al., 2011). Boin and Mc Connell (2007) have shown that severe climatic change along with natural disasters, can greatly affect the life, functionality and security of critical infrastructure. Milly et al. (2008) have noted that new bridge designs or maintenance actions on existing bridges based on climate averages derived from historical records, e.g., probability of flooding, may not include all future threats. Many articles and reports highlight the need for updating design standards to address more intense and frequent weather extremes [Zimmerman, 2002; U. S. and Department of Transportation (US DOT), 2006; Intergovernmental Panel on Climate Change (IPCC), 2007]. Hence, there is an urgent need to develop integrated multi-hazard risk assessment frameworks for bridges to account for climate change effects.

In the last years, scientists have published a few studies that consider climate change in the vulnerability and risk assessment of bridges. AECOM report (AECOM, 2015) provides guidance to incorporate climate change adaptation in infrastructure planning and design. Dong and Frangopol (2016) presented a methodology for loss and resilience assessment of highway bridges under earthquake and flood hazard considering climate change effects. Khelifa et al. (2013) account for climate change impacts in the evaluation of bridge vulnerability to scour. However, there is still a lot of room for the development of multi-hazard risk assessment frameworks for bridges considering climate change. Especially for cable-stayed bridges, there have not been yet any specific methodologies developed for this bridge type.

The present research work proposes such a risk assessment methodology for cable-stayed bridges accounting for natural hazards and climate change impact. A simplified framework that avoids high computational costs is presented as the means to prioritize risk for a more effective decision-making process on the design or maintenance actions of cable-stayed bridges. The paper aims also to highlight and provide a better understanding of natural hazards and climate change impact on coastal cable-stayed bridges. The proposed framework will be a useful tool in reducing disaster risk and increasing cable-stayed bridge resilience to climate change. In the context of the present paper, a case study is used to apply the proposed framework and evaluate its effectiveness. An indicative design alternative of a cable-stayed bridge in a coastal area of New York City is selected as the case study, since New York Metropolitan Region is expected to be highly affected from climate change (NPCC, New York City Panel on Climate Change, 2013). However, the proposed framework is not limited to this application and could be also applied to a variety of bridges facing different natural hazards.



RISK ASSESSMENT FRAMEWORK

A step-wise framework is proposed in this research work as a tool for efficient prioritization of risk in the planning phase of the design or retrofit of cable-stayed bridges. The adopted methodology comprises of four steps that involve qualitative and quantitative estimation of bridge vulnerability and risk for different natural hazards. In Figure 1, the flowchart of the proposed framework is presented.


[image: Figure 1]
FIGURE 1. Adaptation methodology for cable-stayed bridges.



First Step

The first step of the framework is the identification of the cable-stayed bridge under study. The properties of the selected bridge in the preliminary phase of either the design of a new or the retrofit of an existing cable-stayed bridge are determined (geometry, materials, etc.). Information for the topography of the area and any special requirements in the design loads are also recorded in this step. It is noted, that when it comes to cable-stayed bridges, it is expected to perform bridge specific risk assessment since they present unique characteristics, unlike conventional reinforced concrete bridges that are often categorized and assessed in bridge classes (Nielson, 2005; Padgett, 2007).



Second Step

The second step is the designation of the hazard scenarios to represent low medium and high intensities. Firstly, potential natural hazards in coastal regions are identified, critical threats within each hazard are determined and climate impact on these hazards is discussed and quantified based on climate projection models. Herein, earthquakes and hurricanes are the focus of the case study presented in the following section. Earthquakes constitute a hazard of high significance since cable-stayed bridges can develop potential damages due to their flexibility and low inherent damping (Pacheco et al., 1993; Chang et al., 2004). The seismic hazard threat adopted in the proposed methodology is ground shaking. Hurricanes are also considered as critical natural hazards for coastal regions, as recent hurricane disasters indicate. It has been observed that the predominant failure modes of bridges during hurricanes are caused by wind, storm surge and waves (Kameshwar and Padgett, 2014). These are the main threats considered for the hurricane hazard.

While climate change has no impact on earthquakes, there is a significant impact on storm surge heights. For coastal bridges, sea-level rise is the most influential climate effect. In particular, as sea-level rises due to climate change, coastal flooding associated with storms will very likely increase in intensity, frequency, and duration. In the present study, the increase in coastal flood intensity and height are considered as a gradual increase in sea-level and as an increase in surge height by using projection models for 2100s. Given that climate impact on frequency and intensity of the wind speed is still a debate for scientists, potential changes in wind speed are neglected. However, it is noted that any climate impact in the frequency or intensity of storms themselves would result in even more frequent large flood events. Given that economic losses and fatalities after a cable-stayed bridge collapse due to extreme events can be tremendous, hazard scenarios are developed including hazard intensity levels beyond the established design levels. To provide a homogenous basis for calculating the annual risk for different hazards, the annual probability of occurrence is used. The probability of occurrence of an event is found by subtracting the appropriate annual probabilities of exceedance, since the annual probability of exceedance assigned to each hazard event is the sum of the probabilities of occurrence of events that will produce the same level of intensity or higher (Salman and Li, 2017, 2018). A number of different hazard intensity levels of low medium and high intensities are selected to sufficiently cover the hazard curves. To account for climate change, hazard scenarios that account for sea-level rise are also generated. Table 1 shows the characteristics of natural hazards that are included in the development of the scenarios for the implementation of the risk assessment framework.


Table 1. Hazard characteristics.
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Third Step

In the third step, the vulnerability of the selected cable-stayed bridge to the designated natural hazards is assessed. Although different approaches are used to quantify vulnerability depending on the investigated hazard type, a common basis on the annual probability of occurrence is used for all hazard types. It is noted that more rigorous calculations could be incorporated into the steps of the presented framework to increase accuracy in future works.


Earthquake Vulnerability

Figure 2 shows the process followed to evaluate earthquake vulnerability. The earthquake vulnerability of a structure is calculated as the probability of failure, P(Fx)e, in Equation (1) by a probabilistic relationship between the capacity (C) expressed as limit state values and the earthquake demand (D) for a given intensity measure (IM), such as spectral acceleration (Sa), peak ground acceleration (PGA), probability of recurrence, or specified ground motion magnitude.

[image: image]

In the present research work, vulnerability to the investigated hazard intensity levels is evaluated. The sub-steps that are followed to conduct seismic vulnerability assessment are the following:

1. Development of the 3D finite element model (FE Model) of the bridge. The selected bridge is simulated in robust analysis software to investigate the seismic behavior of the bridge. Bridge modeling is conducted depending on the computational cost and accuracy required. To achieve a balance between cost and accuracy and since load variation is taken into account in the next steps, material uncertainties are not considered in the present methodology. Therefore, one bridge model adopting mean values for material strengths is used.

2. Selection of ground motions to fit the selected hazard intensity levels. The selected earthquake intensity parameter (IM) is peak ground acceleration (PGA). For each seismic hazard intensity level, the corresponding response spectra are developed based on code provisions. Appropriate ground motions are selected from a global database and scaled to fit these response spectra.

3. Definition of failure damage states for each bridge component and threshold values.

Damage states (DS) reflect the capacity (C) of the cable-stayed bridge. In the proposed methodology one damage state for each component failure is determined, which is a common practice for cable-stayed bridges (Barnawi and Dyke, 2014) since they are expected to remain in the elastic range. This is considered a conservative approach, although it does not necessarily represent the ultimate failure of the bridge deck and tower sections. Although several parameters have been used to derive fragility for cable-stayed bridges (Iemura and Pradono, 2003; Domaneschi, 2005; Casciati et al., 2008; Pang et al., 2014), the parameters proposed in Barnawi and Dyke (2014) are adopted herein: deck's displacement, base shear forces and overturning moments at the piers. Regarding deck response, the maximum absolute deck displacement for each time history analysis is compared to the displacement threshold value equal to 0.1% of the bridge length. Regarding pier response, the threshold value for the base shear force at the deck level and the maximum overturning moment at the footings are calculated from American Concrete Institute (ACI) (2014) specifications.

4. Computation of bridge component response by conducting time history analysis, e.g., pier shear forces and moments are calculated.

5. Calculation of vulnerability at component level and for the global system.


[image: Figure 2]
FIGURE 2. Seismic vulnerability assessment process.


The probability of failure for each critical bridge component is calculated from Equation (2).

[image: image]

where P(Fj)ec is the probability of failure of its bridge component j (i.e., piers, deck), ni is equal to the number of realizations exceeding failure threshold values for the damage state DSi and Na is the total number of analyses for the specific intensity measure (IM).

First-order reliability theory, which expresses the system fragility in the form of upper and lower bounds, is used to combine component vulnerability to calculate bridge systemic fragility. Maximum component fragility is the lower bound, while the upper bound is calculated as shown in Equation (3).

[image: image]

where, N is the number of different components and P(Fbr)e is the total probability of failure of the bridge to earthquake hazard, P(Fjmax)ec is equal to the maximum probability of failure among the components of the same group (e.g., the maximum probability of failure of 1st, 2nd, 3rd, etc. pier).

Uncertainties are considered in terms of intensity measure, while for material properties the mean values are used. To sufficiently cover the hazard curve, different hazard intensity levels (low, medium and high) are investigated by scaling a set of recorded ground motions (Vamvatsikos and Cornell, 2002).



Hurricane Vulnerability

Hurricane hazard is a complex phenomenon where wind, storm surge and waves are considered as critical threats. On the one side wind introduces excitation forces to bridge members, while storm surge/flooding and wave height result in multiple effects like wave impact, current induced scour, and floating debris impact that induce further loads in the bridge system. The physics of these aerodynamic and hydrodynamic loads are complex in nature and difficult to model analytically. Gidaris et al. (2017) highlight that in the last years researchers (Ataei and Padgett, 2012; Padgett et al., 2012; Kameshwar and Padgett, 2014) have made some efforts toward the development of fragility models for coastal bridges against hurricanes. However, there is still plenty of work to do to arrive at robust methods that consider all aspects of a hurricane or flooding event. Especially for cable-stayed bridges there are few studies available that investigate the effect of hurricanes which focus only on extreme wind speeds (Chen, 2015; Chen et al., 2017; Ovett et al., 2018). To provide a more integrated framework accounting for storm surge, wave height and wind speed for assessing vulnerability against hurricane hazard, two approaches are adopted to calculate the probability of failure of the bridge system considering wind, storm surge and wave height. The first approach adopted is the failure probability function for coastal bridges suggested by Kameshwar and Padgett (2014), as shown in Equations (4) and (5). The failure mode that is considered in this approach is the potential deck uplift/unseating due to storm surge and wave height impact. Probability of failure is calculated directly for the global bridge system.
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where S is the storm surge, H is the wave height dependent on the wind speed, HB is the pier height from sea-level to the deck, g is the resulting logit function obtained from stepwise logistic regression and is only dependent on the surge, bridge height and wave height.

The second approach evaluates bridge vulnerability to extreme wind forces developed on the bridge during a hurricane event. Ovett et al. (2018) proposed a method that pertains a simple but effective combination of static wind loading and dynamic wind effects to identify critical bridge elements and their vulnerability to failure. Bridge components and sections are evaluated for vertical (lift), horizontal (drag), and torsional (pitch) loading scenarios. Each of these loading scenarios forces the components to undergo compression, tension, flexure, shear, or a combination. In this approach, dynamic wind loads are considered in terms of an equivalent static wind load, and the demand and capacity of the cable-stayed bridge structure are determined for each component for growing wind speed between the minimum and maximum values of wind speed for a specific hurricane intensity. Vehicular loads are not included in the analysis because the bridge is assumed to be closed during hurricane events.

According to Ovett et al. (2018) the total wind force, FT, to be applied on the bridge to perform vulnerability analysis, is described in Equation (6).
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where FS is the static wind force, indicating the mean pressure loads and FDYN is the dynamic force including both fluctuating loads due to wind turbulence and inertial forces due to the bridge motion. The static force's, Fs, components are described in Equations (7–9) as lateral, Fsd, vertical, FsL, and torsional forces, Msp, on the bridge deck and lateral forces on the towers, FsL, Tower, and cables, FsL, Cables. Regarding the parameters introduced in Equations (7–11), ρ is the density of the air, u is the velocity of the wind, d is the depth of the deck or diameter of cables, B is the width of the deck, T is the thickness of the tower. The coefficients, Cx, Cz, Cm, Cc, Ct, are non-dimensional numbers experimentally derived from wind tunnel testing that describe the aerodynamic configuration of the shape. The dynamic force component, FDYN, is calculated based on Equation (12).

[image: image]

where U is a dynamic factor applied to the static force (Fs), Fm is the inertial force term and nm is the number of modes used in the analysis.

The wind speeds used to compute the wind forces are selected on a basis to have average wind speed equal to the mean wind speed for the investigated hurricane hazard intensity level. The wind forces are then applied into the finite element model of the bridge and analysis is performed. The damage states used in the vulnerability assessment are the same used for the assessment of earthquake vulnerability. To calculate probability of failure at each component, P(Fj)hwc, Equation (2) is used by substituting ni and N with the corresponding values from the wind analysis and at system level, P(Fbr)hw, Equation (3) is used by substituting P(F_j)ec with the component probability of failure for the hurricane hazard, P(Fj)hwc.

The total probability of failure of the bridge system considering both approaches is equal to the maximum of the system probabilities of failure P(Fbr)hu and P(Fbr)hw, Equation (13).

[image: image]

To account for climate change effects, each hurricane hazard intensity level is investigated along with selected scenarios for sea-level rise. In this manner, the total storm surge height H, will be equal to the sum of the hurricane storm surge and the expected sea-level rise. It is noted that if fragility functions for cable-stayed bridges are developed in future studies, they can easily replace these direct calculations in the implementation of the proposed methodology.




Fourth Step

The fourth step is to conduct risk assessment for the cable-stayed bridge under study as the annual probability of damage based on Kameshwar and Padgett (2014) methodology. Single risk, Rs (h), is computed as the product of the annual frequency of occurrence, AFOz, and the probability of damage of the bridge system, P(Fbr)z, of each investigated hazard intensity, I, Equation (14). Given that the joint occurrence of hurricanes and earthquakes has negligible probability, the total annual risk can be calculated by summing up the single annual risk values, Equation (15), for earthquake and hurricane hazard (Kameshwar and Padgett, 2014).

[image: image]

[image: image]

To provide an improved visualization of risk for supporting decision-making systems a 3-grade risk classification for single and multi-hazard risk is proposed. In Table 2, the qualitative aspects of risk classes are illustrated. According to this classification, grade 1 corresponds to low risk (green color), grade 2 corresponds to medium risk (orange color), grade 3 corresponds to extreme risk (red color). The description of the qualitative risk definition has been derived from AECOM (2015). To quantify annual risk classes, three equal intervals are determined ranging from zero to the maximum possible annual risk value for a single hazard, Rs(h)max. Rs(h)max is calculated by substituting in Equation (14) the system probability of failure, P(Fbr)z, equal to 1 for every hazard intensity level.


Table 2. Multi-hazard Risk classification.
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CASE STUDY


Description of the Selected Cable-Stayed Bridge

The selected case study is the planning of Goethals Bridge replacement. Goethals Bridge was an old truss bridge that provided a direct connection between Staten Island and New Jersey since 1920's and facilitated mobility between New York and New Jersey within the larger context of the trans-Hudson bridges and tunnels in the New York City metropolitan region. The location map is shown in Figure 3. In this region, climate change impact is apparent and will be even more in the near future. Although the replacement project is already under construction including two cable-stayed bridges (one for each traffic direction) that have a total length of approximately 540 m with a 265 m long main span with two towers, herein a design alternative for the new Goethals Bridge is investigated for demonstrating the efficiency of the proposed methodology accounting for natural hazards and climate change effects. The investigated design alternative, Figure 4 is a cable-stayed bridge that is continuous over a total length of 1,020 m with 255 m main spans and 127.5 m long end spans to prevent uplift at the end piers. The width of the bridge is equal to 17 m. There are four pylons Y shaped with a hollow rectangular cross-section, 2.4 × 3.65 m with a thickness of 0.45 m. Their height is 40 m with the deck located 9.5 m above sea-level. Although there is a navigation clearance for permitting passage of deep-sea vessels, it is neglected to allow for lower pylon heights that show higher sensitivity to climate change effects. The base of the pylons has rectangular size 10 × 20 m. The deck is 0.40 m thick and rests on sliding pot bearings over the piers. The concrete strength for the pylons and the deck is 40 MPa. There are 252 cables which are made of 14 mm diameter steel strands (grade 1862 MPa) with the number of strands varying between 15 and 37.


[image: Figure 3]
FIGURE 3. Bridge location (Google, 2018).



[image: Figure 4]
FIGURE 4. 3D Elevation view of the cable-stayed bridge.




Implementation of the Risk Assessment Methodology

The proposed risk assessment methodology is conducted to evaluate the multi-hazard annual risk for the selected cable-stayed bridge. Given that the bridge under study is located in the Hudson river region in the New York Metropolitan area, the natural hazards that are identified as critical are the seismic and hurricane hazard. No interaction between these two hazards is considered since the simultaneous occurrence of these events is extremely rare. For each hazard, eight hazard intensity levels are investigated to sufficiently cover the hazard curve (low, medium and high intensities). To compute single and multi-hazard risks the mean annual frequency of occurrence for each intensity level is used.

Firstly, the seismic hazard intensity levels are determined. In Figure 5 the seismic hazard curve for the Goethal's Bridge location (40.634830794, −74.191499234) is presented in terms of mean annual frequency of exceedance as generated by the United States Geological Survey (U.S. Geological Survey, 2019) tool that provides seismic hazard curves for different locations in the United States describing the mean annual frequency of exceeding different seismic intensity levels. The earthquake event with a probability of exceedance of 10% in 50 years, which is the design load for life safety, with a return period of 475 years is selected for the development of the corresponding ASCE-16 acceleration response spectrum for soft soils. Seven recorded ground motions are selected via Rexel (Iervolino et al., 2010). The ground motions cover a range in magnitudes (Mw = 5.5–7.0) and epicentral distances (R = 10–30 km) and are appropriately scaled so that their average elastic acceleration response spectrum is compatible with the code response spectrum. In Figure 6 the scaled response spectrum for each ground motion record, the mean response spectrum and the targeted response spectrum are presented. To investigate different earthquake intensities, the set of ground motions is then scaled to cover Spectral Acceleration (Sa) values from 0.08 to 0.8 g (a total number of eight intensities).


[image: Figure 5]
FIGURE 5. Seismic Hazard Curve for Goethal's Location, USGS.



[image: Figure 6]
FIGURE 6. Record spectra, average scaled response spectrum of the accelerograms and NEHRP response spectrum (soft soil) for Tr = 475 years.


Unlike seismic hazard data, hurricane hazard models are less available and present wide variations in their predictions. Lopeman (2015) identified that during hurricane Sandy, there was a total storm surge of 5.27 m that corresponded to 2.75 m flood height, 2.45 m tidal height and 0.07 m current sea-level rise. The last two flood heights are used as the basis to add on the selected hurricane hazard storm surge intensities. Lopeman et al. (2015) also indicated that Sandy was 103-year event flood while other researchers estimate that this storm surge height corresponds to events with larger return periods (500–3,500 years). Lin et al. (2016) have estimated that Sandy had a return period of 398 years (NCEP-2000 curve), which seems a reasonable prediction among the extremes found in literature. Hence, herein the NCEP-2000 curve for flood heights from Lin et al. (2016) is used to determine hurricane hazard intensities to sufficiently cover all hurricane levels (low, medium, and high) and eight storm surge heights are selected based on their corresponding return periods ranging from 100 to 104 years. Annual risk is calculated based on the mean annual frequency of occurrence for the selected hazard intensities. Wind speed for each hurricane storm surge intensity is selected based on the Lin et al. (2010) wind speed and storm surge correlation curve. To conduct wind analysis, seven wind speed intensities are used which are distributed uniformly with a deviation of ±6 m/s from the mean derived wind speed. Considering that in shallow waters, waves are fetch limited, wave heights are calculated based on wave height approximations provided in the Shore Protection Manual (USACE, 1984). Using the approximation that the maximum wave height is equal to 0.78 × depth and considering that the depth in the area is 15 m deep, the upper limit for wave height is 11.7 m.

New York Metropolitan area has been also identified as extremely sensitive to climate change (Rosenzweig et al., 2011) and the most important impact of climate change will be sea-level rise. In particular, Horton et al. (2014) state that sea-level is projected to rise along the tidal Hudson by 0.05–0.254 m (2–10 in.) by the 2020s, 0.20–0.76 m (8–30 in.) by the 2050s, 0.33–1.47 m (13–58 in.) by the 2080s and 0.48–1.75 m (15–75 in.) by the 2100s. As mentioned in the previous section, sea-level rise affects directly the height of storm surge (Garnera et al., 2017), since it is directly added upon it. To account for sea-level rise in vulnerability assessment four sea-level rise scenarios are selected and incorporated in the hazard analysis. The first scenario represents the current situation (SLR0), the second scenario is 0.6 m of sea-level rise (SLR1) corresponding to sea-level rise by the 2020s, the third scenario is 1.2 m (SLR2) corresponding to sea-level rise by the 2080s and the fourth is 1.75 m (SLR3) corresponding to sea-level rise by the 2100s. To be consistent with predictions for 2100, in the SLR3 scenario, the NECP prediction model for 2100 storm surge height from Lin et al. (2016) is adopted. Table 3 summarizes the values of each parameter for the selected hurricane return periods combined with climate change impact. Based on this table a total number of 20 hurricane combined with sea-level rise scenarios are investigated.


Table 3. Storm surge height and wind speed for the selected return periods and sea-level rise scenarios.
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The next step in the proposed methodology is to conduct the vulnerability assessment for the investigated hazard intensity levels. Firstly, a 3D finite element model of the bridge is developed. The deck is modeled with shell elements and pylons are modeled with frame elements. The cables are modeled as single beam elements such that low frequency modes such as cable vibrations are not captured in the global system response. The application of thermal loads in the concrete deck is used to consider the post-tensioning effect in the cables and continuity strands. Time history analysis is performed for the selected seismic hazard intensities and maximum deck displacement, base shear forces and moments are recorded.

To calculate the probability of failure for the investigated seismic intensities for each bridge member the threshold values for the determined damage state are derived. The limit state of deck displacement is equal to 1.1 m (0.1% of bridge length); Based on ACI requirements (American Concrete Institute (ACI), 2014) the analysis shows that a limit state of 15356 kN for shear capacity and 109142 kNm for moment capacity are suitable for this study and are within the ultimate thresholds of the towers. Hurricane vulnerability, P(Fbr)hu is directly calculated for the global bridge system according to Equations (4) and (5). To perform the equivalent static wind analysis, the static and dynamic forces on the bridge are calculated for the selected wind speeds for the derived wind speed values. The aerodynamic coefficients and U (fluctuating dynamic coefficient) were selected based on the aerodynamic configuration of the structure empirically using conservative values as shown in Table 4. The inertial force, Fm, is not included in the analysis due to its small contribution to the model based on preliminary modal analysis (Ovett et al., 2018).


Table 4. Coefficients for wind analysis.
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Results and Discussion

In Figure 7, component and systemic earthquake vulnerability for the investigated seismic intensities are presented as the probability of damage relative to the annual frequency of occurrence. As it is expected, it is less probable for the bridge to fail under low seismic intensity values that have larger probability of occurrence. It is observed that the piers are more vulnerable to shear forces rather than to flexure. It is also noted that the global probability of failure of the bridge system is large for high seismic intensity levels even for the lower bound of Equation (3). Figure 8 demonstrates the computed vulnerability at component and bridge system level due to the wind forces induced by the selected hurricane intensity levels. The analysis has shown that the deck is more vulnerable in comparison to the towers of the cable-stayed bridge for all wind speed intensities. For instance, when mean wind speed is 50 m/s, the deck probability of failure exceeds 50%. To calculate bridge vulnerability to storm surge and wave height, the probability of failure for the global bridge system is directly calculated from Equations (4) and (5). The maximum probability of failure for each hurricane intensity level and SLR scenario is then derived as the maximum of the two global bridge system probabilities of failure for wind speed and storm surge. This probability of failure is used in the calculation of the annual risk to hurricane hazard. Figure 9 shows the calculated probability of failure to storm surge and wave height and the final maximum probability of failure for each of the investigated scenarios without and with SLR. It is observed that for the current sea-level the bridge has a low probability of failure for events with storm surge lower than 3 m and noticeably higher for extreme hurricane events with over 2,500 years return period and smaller mean annual frequency. However, there is a dramatic increase in the vulnerability of the bridge to hurricanes when sea-level rise projections are applied, especially at SLR3, which is the worst-case scenario. It should be highlighted that this increase in vulnerability in SLR3 is attributed also to the increased storm surge heights for the same return periods used in the analysis. It is also observed, based on the red points on the plots of Figure 9, which depict the maximum probability of failure, that wind forces are the dominant cause of bridge vulnerability for SLR0 and for the low hurricane intensity levels for the rest of SLR scenarios.


[image: Figure 7]
FIGURE 7. Component and systemic probability of failure to earthquake hazard.



[image: Figure 8]
FIGURE 8. Component and systemic probability of failure to wind hazard during hurricane events.



[image: Figure 9]
FIGURE 9. Systemic probability of failure to storm surge and wave height and maximum probability of failure for the selected hurricane events and sea-level rise scenarios.


Single and multi-hazard risk is calculated according to Equations (14) and (15). Mean annual frequency of occurrence of the selected hazard intensities is multiplied with the probability of damage to provide a consistent basis for risk quantification. Figure 10 presents the calculated risk values for single, earthquake (E) and hurricane (H) hazard, and multi-hazard scenarios. Regarding earthquake hazard, the calculated risk is low. Regarding hurricane hazard, the bridge faces low risk for the SLR0 and SLR1 medium for the SLR2 and high for SLR3. As shown in Figure 10 when both hazards are considered in the first three scenarios of sea-level rise, total risk follows hurricane risk levels which means that it is low for the SLR0 and SLR1, medium for SLR2 and high for SLR3, which is the worst sea-level rise scenario. In light of the above, it is evident that the governing hazard for the bridge performance is the hurricane and that the risk is higher when climate change impact is adopted in the analysis. Hence, the study can be an indicator for measures to be taken to mitigate hurricane hazard and reduce climate change impact. For instance, in the investigated design alternative bridge pier height can be increased to lower the probability of failure of the bridge system.


[image: Figure 10]
FIGURE 10. Single and multi-hazard risk for the investigated sea-level rise scenarios.


In the light of the above, a practical implication of the research should be highlighted. Current regulations and standards still haven't included climate change scenarios in their provisions to associate them with specific hazard intensity levels. A practical challenge, is how to establish the incorporation of climate change scenario when addressing the demand of different natural hazards. As mentioned above, there are several climatic models that show variable climate change levels. However, it is accepted by most scientists that some effects like sea level rise are inevitable. Hence, the premise of this research is that by understanding the climate change impact on bridges, it can contribute to the improvement of standards and regulations for multi-hazard assessment of infrastructure toward this direction.




CONCLUSIONS

The consideration of climate change and natural hazard risk in the design or maintenance of cable-stayed bridges is a significant challenge. Risk quantification is important for stakeholders and project managers to perform justified decision-making processes. In the last years, there have been some attempts to incorporate climate change into multi-hazard risk assessment methodologies. However, research on assessment methodologies for cable-stayed bridges is still limited. The present study focuses on a risk assessment methodology of cable-stayed bridges to natural hazards and climate change impact. A simplified framework that avoids high computational cost is presented as the means to prioritize risk. The following conclusions are derived:


• In the proposed methodology different hazard intensity levels are selected to represent sufficiently the hazard curve. To provide a consistent basis for risk calculation the mean annual frequency of occurrence is considered for each investigated hazard intensity level. It should be noted that hurricane hazard data is less available than earthquake hazard data and presents diversity among the estimations of different researchers. Climate change impact is also adopted in the analysis by incorporating the increase of sea-level in establishing hurricane hazard scenarios.

• Earthquake and hurricane vulnerability at component and system level are computed independently based on discrete hazard events. Regarding hurricane vulnerability, the effects of storm surge and wave height along with wind forces on bridge components affecting the structure's aeroelastic stability are considered.

• Single hazard risk is evaluated as the product of the mean annual frequency of occurrence and probability of damage. To estimate multi-hazard risk, single risk values are added for each case study scenario. The qualitative and quantitative classification of risk contributes to the establishment of useful indicators for decision-making processes on adopting mitigation measures.

• The application of the proposed risk assessment methodology on the case study cable-stayed bridge in New York Metropolitan Region, considers both earthquake and hurricane hazard along with sea-level rise projections due to climate change. The analysis has shown that the bridge has low risk to seismic hazard. Regarding hurricanes, the application of the proposed methodology demonstrates that the annual probability of damage is very low for the current situation, while it is much higher in the worst-case scenario of sea-level rise. In the integrated multi-hazard assessment, hurricane is the dominant hazard of the total risk, which is classified low for the first two the scenarios of sea-level rise, medium for the intermediate level of sea-level rise and high for the projection corresponding to 2100's.
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