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1 Introduction 

Over 7,500 bridges are listed in the 2013 National Bridge Inventory (NBI) (FHWA 

2015), more than half of which were built prior to 1975 and designed considering seismic 

demands far lower than current seismic standards and anticipated seismic activity. 

Unfortunately, paleo-seismic and geologic evidence supports a 37% probability of a 

subduction zone earthquake with a moment magnitude (M) greater than 8.0 occurring 

along the southern Oregon coast in the next 50 years (Goldfinger et al. 2012). Such an 

event (or even larger possible events) would not only cause extensive damage to bridges, 

but could bring forth devastating ground failures and tsunamis that can further amplify 

damage and disrupt the transportation network.  

Multiple frameworks exist to evaluate potential damage to a highway network from 

these impending hazards. HAZUS-MH (FEMA 2015) and REDARS (Werner et al. 2006) 

are tools that are often used by government and state highway agencies to estimate 

potential seismic losses and prioritize bridges that need to be retrofitted, replaced, and/or 

rebuilt. Other frameworks such as ShakeCast (USGS 2015a) and MAEViz (MAEC 2013) 

consider several sources of variability to estimate bridge damage and losses. Within these 

different sources, the various epistemic and aleatoric uncertainties in the components of 

risk (e.g., hazard, exposure, vulnerability) are associated within models used and capture 

the lack of knowledge in all stages of the risk assessment process (Kircher et al. 1997). 

Seismic damage and loss assessments can be analyzed using either a deterministic or 

a probabilistic approach. Deterministic approaches consider of small number of scenarios 

and then choose the largest “reasonable” earthquake, while probabilistic approaches 

consider all possible scenarios including associated annual rates of occurrence of each 

scenario and then combine the rates of scenarios to determine a probability of 

“exceedance”. While the probabilistic scenarios are more robust, these are complex and 

there still is a wide-spread public misunderstanding, and therefore, when communicating 

risk to stakeholders and communities, it is common to consider deterministic scenarios 

such as the M9.0 Cascadia Subduction Zone (CSZ) earthquake scenario evaluated in the 

Oregon Resilience Plan (ORP) (OSSPAC 2013; Madin and Burns 2013). 
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Both deterministic and probabilistic approaches involve probabilities and deal with 

uncertainties in the several steps of the seismic risk assessment in the estimation of 

ground shaking intensity, damage, and direct and indirect losses. Several researchers have 

evaluated the uncertainty inherent in earthquake models and predictive ground motion 

intensity including: fault locations and seismicity (Kramer 1996), soil site conditions 

(Bazzurro and Luco 2005; Neighbors et al. 2013), ground motion prediction equations 

(Remo and Pinter 2012), and constraints on time-dependent earthquake probability 

(Reasenberg et al. 2006). In addition, to the uncertainty in the estimates of ground 

shaking, another source of uncertainty lies in the prediction of structural damage from the 

ground shaking, typically expressed as a fragility function. 

A fragility function provides the probability of being in or exceeding a given damage 

state as a function of the ground shaking. Fragility functions have been developed for 

bridges at several levels of granularity, either based on simple or complex analytical 

models or from empirical data. Typical fragility functions are used to estimate structural 

damage as well as ground failure including liquefaction, lateral spreading, and landslides. 

Recent research has made great strides to improve fragility functions and other models 

used in hazard assessments (Nielson and DesRoches 2007).  

The overarching objective of this study is to examine and compare the vulnerabilities 

of bridges combining effects of ground shaking, ground failure, and tsunami hazards. 

Specifically, this paper:  

(1) Evaluates the impact of bridge damage on economic cost and traffic capacity 

considering earthquake ground shaking, ground failures, and tsunami inundation; 

(2) Analyzes the sensitivity of loss estimates to different model classes (e.g., fragility 

functions) and input parameters (demand, resistance, and dispersion [β]);  

(3) Presents a detailed assessment of a single bridge, exemplifying the methods used; 

and 

(4) Applies a statewide assessment of the Oregon bridge network. 
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2 Background 

2.1 Seismic Risk Assessment 

Several studies have incorporated seismic risk assessments (SRAs) with geographic 

information system (GIS) software for emergency preparedness planning, estimating 

losses, and for prioritizing retrofits to infrastructure (Shinozuka et al. 1997; Werner 2000; 

Ballantyne et al. 2002; Wong et al. 2005; Kiremidjian et al. 2007; Enke et al. 2008; 

Padgett et al. 2010; Miller 2014). Kiremidjian et al. (2007), for example, performed a 

SRA of a transportation network encompassing five counties in the San Francisco Bay 

Area considering the direct cost of damage due to ground shaking, landslide, and 

liquefaction effects as well as costs due to time delays in the damaged system. This study 

found that losses due to liquefaction dominate estimating nearly $1.4 million in bridge 

repair costs compared to approximately $500,000 due to ground shaking only. Padgett et 

al. (2010) performed SRA of approximately 375 bridges in the Charleston area using 

fragility functions developed in Nielson and DesRoches (2007), which included nine 

bridge classes common to the Central and Southeastern U.S. (CSUS). Results in Padgett 

et al. (2010) indicated that for the same damage ratio, the use of the HAZUS-MH 

fragilities as opposed to the CSUS fragilities result in a larger number of bridges 

categorized into the extensive and complete damage states. This was attributed to the fact 

that HAZUS-MH fragility functions have been shown to overestimate damage to many 

bridge types, such as the multi-span simply supported (MSSS) concrete girder, slab, and 

steel girder bridges, even though they tend to underestimate the damage of multi-span 

continuous (MSC) bridges (Nielson and DesRoches 2007).  

2.2 Fragility Functions for Ground Shaking and Ground Failure 

A fragility function provides the probability a structure will sustain or exceed a 

particular level of damage conditional on a given ground motion intensity. The general 

form of a fragility function is: 

[ ] ln( ) ln( )| IM
⎡ ⎤−≥ =Φ⎢ ⎥β⎣ ⎦

d ri
i d

i

IM IMP DS ds  (1) 
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where [ ]| IM≥ i dP DS ds  is the conditional probability of exceeding damage state dsi; 

Φ  is the standard normal cumulative distribution function; IMd is the intensity measure 

(IM) of the seismic hazard demand (e.g., peak ground acceleration [PGA], spectral 

acceleration at a given period [Sa(T)], permanent ground deformation [PGD]); IMri  is the 

mean value of the IM resistance for the ith damage state to occur; and βi is the log-normal 

standard deviation for the ith damage state. Alternatively, Equation 1 can be re-written as 

the probability of being in dsi: [ ]| IM= i dP DS ds  that can be computed as: 

[ ] [ ] [ ]1ds | IM | IM | IM+= = ≥ − ≥i d i d i dP DS P DS ds P DS ds  (2) 

Equation 1 and 2 incorporate aspects of uncertainty and randomness for both resistance 

and demand (Mander 1999). In HAZUS-MH and many other SRA tools, a total of five 

damage states are typically defined: none (ds1), slight (ds2), moderate (ds3), extensive 

(ds4), and complete (ds5). 

For earthquakes, fragility functions have been developed for ground shaking and 

ground failures (landslides, liquefaction, lateral spreading, etc.). For ground shaking, 

Basoz and Mander (1999) developed analytical fragility functions that were validated 

with empirical data following the 1994 Northridge earthquake. These fragility functions 

were adopted into the HAZUS-MH framework (FEMA 2010). Nielson (2005) developed 

fragility functions to directly represent the bridge classes most popular in the CSUS. 

Bridges were analyzed using 3-D analytical models and nonlinear time-history analyses. 

Multispan simply supported (MSSS) and multispan continuous (MSC) steel girder 

bridges were found to be particularly vulnerable. Although these fragility functions were 

developed for bridges in the CSUS, they are applicable for other regions in the US that 

followed similar design practices. Ranf et al. (2007) developed fragility functions based 

on Sa (T = 0.3 sec), bridge type, and year of construction. These fragility functions 

accounted for empirical data following the 2001 Nisqually, WA earthquake by 

correlating estimates of ground motion shaking intensity with bridge damage reports. 

Given the relatively low distribution of bridge damage following the Nisqually 

earthquake, these fragility functions were only developed for slight damage. The 

resistance and dispersion are highlighted in Table 2-1. 
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Table 2-1. Fragility parameters following the Nisqually, WA earthquake (Ranf et al. 
2007) (Case III). 

Category IMr2- Sa (T=0.3 sec) 2β  
Pre-1976 truss 0.55 0.6 
Movable 0.6 0.6 
Pre-1941 0.9 0.6 
1941 – 1975  1.4 0.6 
Post-1975  1.6 0.6 

 

Other researchers have focused on a sub-set of bridges meeting specific criteria, 

which included single-bent reinforced concrete highway overpass bridges (Mackie and 

Stojadinovic 2004), common multispan bridges in the CSUS (Padgett and DesRoches 

2009), vulnerable three- and five-span concrete continuous bridges in Oregon (Roberts 

and Dusicka 2011), two-span concrete box girders (Dukes et al. 2012), and multispan 

concrete bridges in California (Ramanathan et al. 2015). Roberts and Dusicka (2011) 

evaluated three and five span bridges in Oregon that were built during or before 1969. 

These were concrete continuous stringer/multi-beam or girder bridges, located on major 

routes in Oregon such as I-5, I-84, I-205, OR-99W, US-26, or US-30. Using average 

attributes, nonlinear finite element models were developed and analyzed using various 

ground motions using OpenSees (Open System for Earthquake Engineering Simulation 

2015). Table 2-2 summarizes the two sets of fragility functions that were developed by 

Roberts and Dusicka, which were obtained combining all ground-motion records and 

through regression analysis for resistance and demand. 

Table 2-2. Fragility functions for three- and five-span Oregon bridges built before 1970 
(Case IV). 

Damage State Three-span Bridge Five-span Bridge 
Median PGA (g) β Median PGA (g) β 

Slight 0.06 0.64 0.08 0.70 
Moderate 0.07 0.68 0.10 0.74 
Extensive 0.11 0.73 0.16 0.79 
Complete 0.33 0.78 0.51 0.84 
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In addition to ground shaking, fragility functions have been developed for bridges 

subject to ground failures such as landslide and liquefaction. These fragility functions are 

categorized in terms of the intensity as a function of permanent ground deformation 

(PGD) (Kiremidjian et al. 2006; Stergiou and Kiremidjian 2008; FEMA 2010; 

Brandenberg et al. 2011). HAZUS-MH (FEMA 2010) includes a set of these fragilities, 

which are independent of bridge type. Past bridge performance has shown that the 

HAZUS-MH fragilities tend to be overly-conservative during the 1989 Loma Prieta 

earthquake, and fragilities in Kiremidjian et al. (2006) showed extensively better 

estimations considering ground failures. Other authors found that the soil-structure 

interaction is a factor that needs to be explicitly considered, especially for bridges in 

areas susceptible to liquefaction-induced ground failures and landslides. Bowers (2007) 

evaluated the soil-structure interaction for bridges with liquefaction effects and concluded 

significant variability exists when considering liquefaction effects, particularly the 

interaction between the soil profile, ground motion, and bridge structure. Zhang et al. 

(2008) found that structural characterizations (e.g., seat-type abutments) influence the 

damage probabilities models due to seismic ground shaking and lateral spreading failures 

and that soil-structure interaction bridge models need to be developed to explicitly model 

these complex iterations. Brandenberg et al. (2011) developed simulation-based fragility 

surfaces using advanced nonlinear numerical models of bridges in potentially liquefiable 

and laterally spreading ground. The Brandenberg et al. fragility functions developed in 

the last decade provide a significant improvement to the overly-conservative estimates 

used in HAZUS-MH. However, these functions are only provided for a small sub-set of 

bridges. HAZUS-MH assumes that only incipient unseating and collapse are possible 

types of damage due to ground failure; therefore, only extensive and complete damage 

states are considered (FEMA 2010). Base median PGD resistances are set at 0.10 m and 

0.35 m for extensive and complete damage, respectively. These resistances are adjusted 

based on the number of spans, width, length, and skew of each bridge. This simplified 

estimation does not account for variations in bridge designs or materials, contrary to 

results from Zhang et al. (2008) who found that differences emerge (e.g., ratio of IM 
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resistances) for ground shaking and lateral spreading conditions due to structural 

characterizations (e.g., monolithic or seat abutments, expansion joint, pier isolation). 

2.3 Fragility Functions for Tsunami Inundation 

Tsunami inundation damage fragility functions have been recently developed for 

bridges, although existing studies are very limited. These fragility functions consider 

tsunami flow depth as the primary IM (Shoji and Moriyama 2007; Akiyama et al. 2012; 

Akiyama and Frangopol 2014). The HAZUS-MH Tsunami Methodology Technical 

Manual (FEMA 2013) outlines procedures for estimating damage to lifeline components 

considering inundation, flow rate, and the presence of large debris. The FEMA (2013) 

tsunami fragilities are characterized by discrete lifeline component damage states. Table 

2-3 defines the fragility values based on inundation depth for bridges, which can be 

scaled for bridges of varying heights. 

Table 2-3. Fragility values for highway bridges to tsunami inundation depth (FEMA 
2013). 

Component Defined 
Base 

Default 
height (m) 

Damage 
State 

Cost to Repair/ 
Component 

Value 

Inundation Depth 
to Enter Damage 

State (m) 

Highway 
bridge 

Top of 
foundation 6.1 

Slight 0.02 1.2  
Moderate 0.10 2.0  
Extensive 0.50 3.5 
Complete 1.0 5.2 

 

For uncertainty quantification, FEMA (2013) uses the HAZUS-MH approach in 

which the demand and resistance are assumed to be statistically independent random 

variables. Thus, the total uncertainty may be calculated in as follows: 

2 2
, |β = β +βdsi R dsi R R  (3) 

where βdsi,R is the logarithmic standard deviation describing the total uncertainty,  βdsi|R is 

the uncertainty associated with the resistance (as assumed to be 0.4), and βR is the 

uncertainty associated with the demand (as assumed to be 0.3 to 0.5).  
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2.4 Traffic Capacity of the Bridge Network 

The traffic capacity in this research is defined as the carrying capacity of the overall 

bridge network in terms of the average daily traffic (ADT) or annual average daily traffic 

(AADT). This capacity can be referred to an individual bridge or a network of bridges in 

terms of the capacity reduction subject to the damages induced by the multiple hazards 

aforementioned. Different from the highway capacity (vehs/hr/ln) defined in Highway 

Capacity Manual (TRB 2010), the unit of traffic capacity used in this context is in the 

percentage of overall reduction of AADT on the bridge network at a macroscopic scale. 

There are a multitude of highway capacity estimation methods used in the transportation 

research community such as fundamental diagram method, product limit method, 

headway model method, expected extreme value method, bimodal distribution method, 

online procedure, etc. Most of these methods require actual traffic volume observations 

of the facility over in a much finer time interval (i.e., seconds or minutes scale) over a 

relatively longer time period (days to months). Some methods such as product limit even 

demand the emergence of traffic congestions over the observation time period in order to 

apply it. These estimation methods are not directly applicable to the traffic capacity of 

bridge network in this study due to the unavailability of relevant traffic data.  

Several approaches can be implemented to estimate traffic capacity following a 

seismic event such as functional percentage or reductions based on bridge lanes (FEMA 

2010; Werner et al. 2006). The HAZUS-MH restoration curves were based on a best fit 

to the Applied Technology Council-13 (ATC-13) data. Table 2-4 highlights the 

distributions of functionality for each restoration period per each bridge damage state 

following an earthquake. Although these values are considered as restoration curves, they 

can represent traffic capacity.  

Table 2-4. Discrete restoration functions for highway bridges (FEMA 2005). 

Restoration 
Period 

Functional Percentage (FP) 
None Slight Moderate Extensive Complete 

1 day 100 70 30 2 0 
3 days 100 100 60 5 2 
7 days 100 100 95 6 2 

30 days 100 100 100 15 4 
90 days 100 100 100 65 10 
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The traffic capacity is computed by: 

[ ]( )
5

1
| IM 1.0

=

= = ≤∑F i i d
i

TC FPP DS ds  (4) 

where TCF is the final bridge traffic capacity, FPi is the functional percentage for the ith 

damage state, and [ ]| IM= i dP DS ds  is the probability of being in damage state i for a 

given IMd. 

3 Methodology 

This study primarily focuses on the effects of uncertainty in the SRA process, using 

the direct bridge losses (repair cost and traffic capacity); hence, it does not account for 

operational losses of a transportation system. The general methodology (Figure 3-1) 

adopted herein is similar to the approach followed by REDARS (Werner (2000), Werner 

et al. 2006). However, herein additional hazards (ground failure and tsunami inundation) 

are considered and the effect of various sources of uncertainty on estimates of bridge 

loss. The preliminary input sources for the study are the NBI and the earthquake 

scenarios for the region of interest. From there, various fragility functions are used to 

estimate bridge damage. Using the obtained structural resistance (IMr) , demand (IMd), 

and β, a corresponding probability of damage is gathered for each of the five damage 

states. Finally, these probabilities are used to compute the estimated repair costs and 

reduced traffic capacity for each bridge in the network. These losses correspond only to 

the bridge structure and do not include losses due to road segments or overall 

functionality of the network. Earthquake scenarios, fragility functions, and cost functions 

were selected to be consistent with the study area (Oregon). 
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Figure 3-1: Flow chart of seismic risk assessment and sources of uncertainty considered 
in the sensitivity study. 

While the general process of the SRA and sources of uncertainty used are identical to 

the ones presented in HAZUS-MH and REDARS, the parametric analysis was 

implemented in ArcGIS and Excel to overcome limitations of HAZUS-MH (multiple 

fragility functions, tsunami inundation, etc.). In addition to the parameters in Figure 3-1, 

the demand, resistance, and β values were adjusted to estimate the sensitivity of these 

fragility functions. 

3.1 Earthquakes 

The three primary seismic sources that threaten Oregon are crustal, intraplate, and 

subduction earthquakes. Six earthquakes of magnitude five or greater have occurred 

within the greater Portland area in the last 150 years, based on historical records (Bott 

and Wong 1993; Wong et al. 2000). Several researchers have discovered geologic 

evidence supporting the possibility of large subduction zone earthquakes, greater than 

Bridge Inventory
• National Bridge Inventory (NBI) (FHWA 2015)

Earthquake Scenarios
• ShakeMaps (USGS 2015b) 
• DOGAMI (Madin and Burns 2013; Sharifi-

Mood et al., unpublished data, 2015)
• Tsunami Inundation (Priest et al. 2013)

Fragility Functions
• Ground Shaking

• HAZUS-MH (FEMA 2010)
• CSUS (Nielson 2005)
• Three- and Five-Span (Roberts and Dusicka 2011)
• Nisqually, WA (Ranf et al. 2007)

• Ground Failure
• HAZUS-MH (FEMA 2010)

• Tsunami 
• Tsunami Methodology Technical Manual (FEMA 2013)

Intensity Measures (IMs) 
• PGA
• Sa (0.3 sec and 1.0 sec)
• PGD (Landslide and Liquefaction)
• Tsunami Inundation (meters)

Bridge Damage State
• ds1 = None
• ds2 = Minor
• ds3 = Moderate
• ds4 = Extensive
• ds5 = Severe

Economic Cost
• Repair Cost Ratios (RCRs) 

(FEMA 2010)
• Replacement Cost (Mehary and 

Dusicka 2012)

= Uncertainty Source

Traffic Capacity
• Functional Percentage 

(FEMA 2010)

[ ] ln( ) ln( )| IM
⎡ ⎤−≥ =Φ ⎢ ⎥β⎣ ⎦

d ri
i d

i

IM IMP DS ds
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M8.0, occurring along the Pacific Northwest Coast as well as strong crustal 

earthquakes occurring in several areas throughout Oregon (Nako et al. 2009).  

Nine plausible ground motion scenarios were considered in this study (Table 3-1 and 

Figure 3-2). The first five earthquake scenarios were obtained from ShakeMaps (USGS 

2015b) while the remaining four were produced by DOGAMI (Sharifi-Mood et al. 2015). 

ShakeMap scenarios maps are constructed by accounting for the location and dimensions 

of the fault matter. These series of faults are selected in order to show the average effect 

of shaking for a particular magnitude since it is difficult to show results for every 

possible epicentral location. Sharifi-Mood et al., unpublished data (2015) created the four 

DOGAMI scenarios (M8.1 CSZ, M8.4 CSZ, M8.7 CSZ, and M9.0 CSZ) using the 

prescribed method from Madin and Burns (2013). Note that the M8.1 – M9.0 scenarios 

provided have been updated from the ORP M9.0 CSZ scenario. These models also 

consider site amplification effects. Seven of these scenarios are based on the CSZ, which 

is considered the most geographical extensive seismic hazard to the State of Oregon.  

Table 3-1: Summary of earthquake scenarios. 

Source ShakeMaps DOGAMI 

Scenario 

(a) 
M6.5 

Portland 
Hills 

(b) 
M6.5 

Klamath 
Falls 

(c) 
M8.3 
CSZ 

South 

(d) 
M8.3 
CSZ 

North 

(e) 
M9.0 

 CSZ 

(f) 
M8.1 
CSZ 

(g) 
M8.4 
CSZ 

(h) 
M8.7 
CSZ 

(i) 
M9.0 
CSZ 

 

The differences between Figure 3-2(f) through 2(i) highlight the sensitivity that the 

CSZ scenario has on the spatial variability of the intensity of ground shaking. For 

example, the M8.7 (Figure 3-2[h]) experiences higher shaking intensity near Coos Bay 

while the M9.0 (Figure 3-2 [i]) experiences shaking over a larger geographic area. 

Inclusion of two M9.0 CSZ scenarios (ShakeMaps and DOGAMI) enables the evaluation 

of the sensitivity of the SRA to the scenario creation approach. 

For the ORP M9.0 CSZ, landslide and liquefaction PGD maps were provided (Madin 

and Burns 2013). Liquefaction failures included liquefaction-induced lateral spreading 

deformations while landslide failures included landslide deformations. Tsunami 

inundation maps were provided by Priest et al. (2013). These maps consider five return 

periods: small (S1, 300 years), medium (M1, 425-525 years), large (L1, 650-800 years), 
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extra-large (XL1, 1,050-1,200 years), and extra-extra-large (XXL1, 1,200 years). 

These inundation zones were constructed by modifying the maximum slip deficit time 

intervals of a long (>800 km) M9.0 CSZ rupture. It should be noted that the ORP ground 

failure (Madin and Burns 2013) and tsunami inundation maps (Priest et al. 2013) for the 

same magnitude earthquakes, were created separately and from slightly different slip 

distributions. However, due to the large number of uncertainties already implemented in 

the analysis performed, the referenced differences were considered minor and thus 

applicable to the study in which the effects of cascading hazards were combined. 



 

 

 

13 

    

 

Figure 3-2: Earthquake scenarios: ShakeMaps – (a) M6.5 Portland Hills, (b) M6.5 
Klamath Falls, (c) M8.3 CSZ South, (d) M8.3 CSZ North, and (e) M9.0 CSZ. DOGAMI 

– (f) M8.1 CSZ, (g) M8.4 CSZ, (h) M8.7 CSZ, and (i) M9.0 CSZ. 
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3.2 Bridges 

Figure 3-3 summarizes the age of bridges still in service in Oregon (FHWA 2015). A 

large majority (approximately 23%) were designed in the mid- to late-1960s. Prior to the 

1970s, insufficient knowledge resulted in minimal consideration of seismic loads in 

structural designs in the Pacific Northwest. As earthquake awareness increased during the 

mid-1970s and beyond, so did the seismic resistance of bridges. Therefore, bridges built 

after the 1980s would likely have a lower risk of experiencing earthquake damage 

(Roberts and Dusicka 2011). Table 3-2 shows the evolution of seismic design for bridges 

in Oregon.  

While the NBI 2013 indicates that Oregon has 7,656 bridges (FHWA 2015), 

geographic (latitude, longitude) coordinates for were only available for 7,261 bridges. 

Hence this study is limited to those 7,261 bridges with geographic coordinates. 

 

Figure 3-3: Year of construction for Oregon bridges along with structural collapse 
potential based on year of construction (FHWA 2015). 
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Table 3-2: Important events and changes made to seismic design codes and ground 
motion hazard levels over time (Oregon DOT 2013). 

Year AASHTO Design Code Ground Motion Hazard 

Prior to 1958 Seismic loading typically not 
considered N/A 

1958-1974 Bridges designed for seismic force 
equal to 2%-6% of structure weight N/A 

1971 San Fernando, CA Earthquake 

1975-1990 

Bridges designed for seismic force 
equal to 8%-12% of structure weight 
based on adopted AASHTO Interim 
Specs. 

1975: Seismic Hazard Maps first 
appear in AASHTO; (Oregon in Zones 
1 & 2) 

1989 Loma Prieta, CA Earthquake 

1990 Adopt 1983 AASHTO Seismic Design 
Guide 

Adopt 1990 interim ODOT Seismic 
Specifications Hazard Map 

1995  
Adopt 500-yr. Geomatrix design 
hazard maps (includes subduction zone 
event) 

2004 Include liquefaction effects into routine 
design 

Adopt 2002 USGS hazard maps; 
Adopted 1000-yr. base design event 

 

3.3 Fragility Functions 

Table 3-3 lists seven cases considered for in the analysis, which include four fragility 

functions related ground shaking, two related to ground failure, and one related to 

tsunami inundation. The corresponding IMd and reference where the fragilities functions 

were obtained from are also listed in the table. 

The fragility functions in Case I are considered to be the base fragility functions for 

ground shaking. Regarding Case II, approximately 75% of Oregon bridges were 

classified as one of the nine types available in Nielson (2005), while remaining 25% 

remain unchanged (i.e., were classified using the Case I fragilities). The majority of these 

25% were already simplified and classified as “Other/HWB28” during the Case I 

analysis. Using the NBI, a total of 104 bridges (approximately 1.4% of all Oregon’s 

bridges) met the requirements for Case III, 89 of which were three-span and 15 were five-

span. For comparison, bridges meeting these requirements superseded Case I, while the 

remaining bridges were defaulted back Case I. Case V losses were computed using only 

landslide and liquefaction effects and thus do not include damage resulting from ground 
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shaking. For Case IV, it should be noted that these fragility functions were used for 

prioritization of bridge damage and only account for slight damage states. The most 

vulnerable bridges using this method are those classified as pre-1976 truss and movable. 

A total of 143 bridges were pre-1976 truss and 14 were movable. 98 to 155 state-owned 

bridges were used for Case VI, depending on the tsunami inundation zone. 

Table 3-3: Summary of fragility functions. 

Case Hazard IM Categorization Reference 
I Ground shaking Sa (T=1.0 sec) 28 bridge classes (FEMA 2010) 

II Ground shaking PGA Nine bridge classes (Nielson and 
DesRoches 2007) 

III Ground shaking PGA 
Three- and five-span concrete 

continuous bridges built 
before 1970 

(Roberts and 
Dusicka 2011) 

IV Ground shaking Sa (T=0.3 sec) Five bridge classes (Ranf et al. 2007) 
V.a Landslide PGD N/A (FEMA 2010) 
V.b Liquefaction PGD N/A (FEMA 2010) 
VI Tsunami H N/A (FEMA 2013) 

 

Evaluating multiple failure mechanisms such as ground shaking, ground failure, and 

tsunami requires that the probabilities be combined. In the absence of information on the 

correlation between the hazards, the events are assumed to be statistically independent. 

The FEMA (2013) study was used to combine damage probabilities, outlined in 

Equations 5 and 6 below: 

[ ] 1| , [DS | , ] [DS | EQ, TS]+= = ≥ − ≥i i iP DS ds EQ TS P ds EQ TS P ds  (5) 

[ ]| , [DS | ] [DS | TS]
[DS | ] [DS | TS]

≥ = ≥ + ≥
− ≥ × ≥

i i i

i i

P DS ds EQ TS P ds EQ P ds
P ds EQ P ds

 (6) 

where dsi is damage state i, EQ is the earthquake occurring, and TS is the tsunami 

occurring. Note that TS can also be replaced with L (landslide or liquefaction occurring) 

to evaluate the combined probability of damage for ground shaking and ground failures 

occurring. Similarly, the combined probabilities for ground shaking, ground failure, and 

tsunami can be combined by applying the same principles in Equations 5 and 6. 
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3.4 Tsunami Inundation 

The number of bridges located in tsunami inundation zones ranged from 98 for the S1 

zone up to 155 for the XXL1 zone. Bridge elevations were estimated from a 10 m digital 

elevation model (DEM) of Oregon (GEO 2013). Following procedures from FEMA 

(2013), the resistance was estimated for each of these bridges. ODOT (Nako 2015) 

provided bridge deck heights for 80% of the 155 state bridges located in the XXL 

tsunami inundation zones. The remaining 20% were set to a default height of 6.1 meters 

in accordance with FEMA (2013).   

The tsunami inundation maps (Priest et al. 2013) indicate the geographic extent of 

tsunami inundation but do not provide tsunami inundation depths. As a result, the relative 

tsunami inundation was estimated based from the DEM (GEO 2013). Based on 

evaluation of the anticipated tsunami inundation depth, there were significant fluctuations 

in the estimated tsunami run-up height along the Oregon coast with an average 

inundation depth 15.4 m for the XXL zone. Tsunami inundation at each bridge was 

obtained from the elevation on the closest node on the landward boundary of the 

inundation polygon. The difference of the elevations of the bridge deck and water level 

produced an estimate of the inundation depth at the bridge.  

3.5 Economic Cost 

Mander (1999) outlines the steps used in HAZUS-MH to compute economic loss 

based on bridge repair cost. This process is directly dependent on the damage state 

probabilities, bridge length, and bridge width. The repair cost is calculated using 

Equations 7 – 9 (Nako et al. 2009; Mehary and Dusicka 2012): 

[ ]
5

2
| IM

=

µ = =∑RCR i i d
i
RCR P DS ds  (7) 

T n RCR
n
Cµ = µ∑  (8) 

2
$165 3.2

max
$3,000,000

n

L WftC
⎧ × × ×⎪= ⎨
⎪⎩

 (9) 
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where n represents the bridge being evaluated, µRCR is the mean repair cost ratio (RCR) 

for bridge n, µT is the total repair cost of all bridges evaluated, RCRi is the RCR for the ith 

damage state, [ ]| IM= i dP DS ds  is the probability of being in damage state i for a given 

level of the ground motion, Cn is the replacement cost of bridge n, L is the length of the 

bridge, and W is the width of the bridge. For cost comparisons throughout the study, the 

following mean RCRs were used (Table 3-4).  

Table 3-4: Repair cost ratios (RCRs) for bridges. N = number of spans. 

Damage State None Slight Moderate Extensive Complete 
Mean RCR 0 0.03 0.08 0.25 0.3 < 2/N ≤ 1.0 
Minimum 0 0.01  0.02  0.10  0.30  
Maximum 0 0.05 0.15 0.40 1.0 

 

While Mehary and Dusicka (2012) apply an additional 1.2 multiplier to scale the 

“old” bridge estimate to the cost of a “new” bridge, this multiplier was not used in this 

study because of the subjective criteria of “old.” In Equation 9, the 3.2 multiplier is used 

to incorporate associated costs such as approaches, traffic control, etc. associated with 

construction.  

4 Results and Discussion 

4.1 Case Study of Bridge #01305 

A detailed case study was conducted in order to evaluate the bridge-specific influence 

of using various fragility functions and parameters. Bridge #01305 in Seaside, OR was 

selected because it has been identified as a bridge soon to be replaced (Nako 2015) due to 

extensive damage predicted for a M9.0 event from REDARS2 software. The replacement 

cost of the new bridge is estimated at $8,564,500. Based on the NBI data, the bridge is a 

four-span bridge built in 1930 and is categorized as a concrete continuous stringer/multi-

beam or girder. Thus, for Case I this bridge it is categorized as HWB10, Case II it is 

classified as MSC concrete, and Case IV it is classified as pre-1941. This bridge did not 

meet the requirements for Case III because it is four spans instead of three or five. 

However, for representation of each case, it was evaluated using Case III three-span 
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criteria as well. Table 4-1 highlights the varying IMs and resistances for each case. 

These discrepancies reveal the sensitivity that a particular bridge has to the fragility 

function being used. 

Table 4-1: Summary of demand and resistance for bridge #01305. 

Case Fragility 
Function Classification IMd Resistance 

Slight Moderate Extensive Complete 

I HAZUS HWB10 Sa (T=1.0s) = 
0.561g 0.6g 0.974g 1.19g 1.62g 

II CSUS MSC 
Concrete 

PGA =  
0.391g 0.15g 0.52g 0.75g 1.03g 

III Oregon 3- 
and 5-span 3-span PGA =  

0.391g 0.06g 0.07g 0.11g 0.33g 

IV Nisqually, 
WA Pre-1941 Sa (T=0.3s) = 

0.952g 0.9g N/A N/A N/A 

V.a Landslide N/A PGD =  
0.77 m N/A N/A 10 cm 35 cm 

V.b Liquefaction N/A PGD =  
2.58 m N/A N/A 10 cm 35 cm 

VI Tsunami 
(L1) N/A Flow depth = 

7.48 m 1.01 m 1.78 m 3.18 m 4.69 m 

 

 

Figure 4-1: Fragility functions for (a) Case I: HAZUS, (b) Case II: CSUS, (c) Case III: 
Oregon 3- and 5-span, (d) Case IV: Nisqually, (e) Case V: Ground failure, and (f) Case 

VI: Tsunami inundation. 

Examining the fragility functions (Figure 4-1) with the corresponding demand yields 

the damage state, repair cost, and traffic capacity results (Table 4-2). Using multiple 
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fragility functions and hazards results in one estimate of no damage, two estimates of 

slight damage, and four estimates of complete damage. Economic costs range widely 

from $259,000 up to $4.1 million. The increase in repair cost with Case VI accounts for 

the different RCR values highlighted in Table 2-3.Traffic capacity estimates range from 

0% on day one up to 74% on day 1. When accounting for Case I, V.b, and VI, ground 

failure dominates the probability and estimates the bridge to be completely damaged.  

Table 4-2: Summary of damage state, repair cost, and traffic capacity for each case. 

Case Damage 
State 

Repair 
Cost 

Traffic Capacity 
Day 1 Day 3 Day 7 Day 30 Day 90 

I None $259k 74% 84% 87% 88% 93% 
II Slight $416k 54% 76% 82% 84% 89% 
III Complete $1,700k 2% 6% 7% 12% 34% 
IV Slight N/A N/A N/A N/A N/A N/A 
V.a Complete $1,830k 0% 2% 2% 4% 10% 
V.b Complete $1,830k 0% 2% 2% 4% 10% 
VI Complete $3,800k 2.5% 6% 9% 12% 24% 

I+V.b+VI Complete $4,100k 0% 2% 2% 4% 10% 
 

4.2 Statewide Bridge Network Damage 

These results consider various parameters including fragility functions, earthquake 

scenarios, and input variables. First, damage prediction results for the several earthquake 

scenarios are discussed. Cost estimates for each of the earthquake scenarios with respect 

to the Case I, Case II, and Case III fragility functions will be provided in a later section. 

Next, a detailed analysis including additional ground failures (Case V) and tsunami 

inundation (Case VI) is presented for the M9.0 CSZ scenario by DOGAMI. Cost 

estimates and traffic capacity are then given for ground failures, tsunami inundation, and 

the combination of cascading hazards.  

4.2.1 Bridge Damage due to Ground Shaking 

The first set of fragility functions evaluated were the HAZUS-MH default functions 

(Case I). Figure 4-2 presents the results obtained for the nine scenarios used to estimate 

bridge damage. Regarding the ShakeMaps scenarios, the M6.5 Portland Hills event 
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produces a relatively large number of damaged bridges compared with the CSZ 

scenarios, despite the ground shaking covering a much smaller geographic area. This 

large number can be attributed to the increased density of bridges in the Portland area to 

account for increased traffic levels and stronger ground shaking near the epicenter 

(compared with the CSZ scenarios). Although the M9.0 CSZ event produces a higher 

total number of damaged bridges, the severity of damage for the M6.5 Portland Hills 

event is greater due to the proximity. For example, the M6.5 Portland Hills scenario 

produces an estimated 46 bridges as extensively damaged compared to 32 for the M9.0 

CSZ event.  

There is also a linear increase observed in damage with earthquake magnitude for the 

DOGAMI scenarios that begins to break down for the M9.0 scenario. Examining the 

PGA and Sa shaking levels in each scenario, the M8.7 event has greater ground shaking 

intensity expected near Coos Bay and the southern Oregon coast whereas the M9.0 event 

distributes the energy over a larger geographic area (the model assumes that the energy is 

evenly distributed across the entire rupture length). Comparing these two scenarios shows 

that the more severe events will be those with greater shaking near the coast as increased 

levels of shaking will damage more critical bridges.  

It is also worth noting the differences between the ShakeMaps and DOGAMI M9.0 

CSZ scenarios. There was a more than double increase in extensively damage bridges (32 

for ShakeMaps and 66 for DOGAMI) and a 58% increase in the number of slight 

damaged bridges. These differences can partially be attributed to the rounding 

simplification ShakeMaps uses when providing discretized GIS polygons contours 

whereas the DOGAMI analysis provides continuous estimates with rasters, which were 

more detailed. A graphical representation of the M9.0 CSZ DOGAMI scenario is shown 

in Figure 4-5. The widespread geographical extent of the CSZ scenario produces a large 

number of extensively damaged bridges along the Oregon coast, particularly areas near 

Coos Bay, Newport, and Astoria.  

The second set of fragility functions used in this study (Case II) were those developed 

for the CSUS (Nielson 2005; Nielson and DesRoches 2007). For the CSZ scenarios, 

compared with Case I, Case II estimates a significant increase in the number of slight 
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damaged bridges while reducing the number of moderate, extensive, and complete 

damaged bridges (see Figure 4-3 and Figure 4-6). Examining the fragility resistance 

reveals that CSUS resistances are relatively low for slight damage, but very high for any 

moderate damage or greater. This seems to be more applicable and reliable for scenarios 

where the epicenter occurs on-site (e.g., Portland Hills) compared to off the coast (e.g., 

CSZ).  

The third set of fragility functions analyzed were those developed by Roberts and 

Dusicka (2011) for three- and five-span bridges in Oregon built before 1970 (Case III). 

The results in Figure 4-4 highlight the difference in bridge damage when accounting for 

these detailed fragility functions. Figure 4-7 highlights the increase in bridge damage 

along I-5, a tier 1 (highest priority) lifeline route (CH2M Hill 2012). These results 

provide a significant influence in the anticipated performance of Oregon bridges 

following an earthquake. The largest increase in bridge damage categories occurs with 

those identified as extensive damage. In all four DOGAMI scenarios, the number of 

extensive damaged bridges nearly doubles (86 – 147%) when the Case III fragility 

functions are used in conjunction with Case I. These findings provide reasoning to further 

develop bridge-specific fragility functions because the adjustment of approximately 100 

bridges can have a widespread effect on the overall expected bridge damage.  

 For the final ground shaking fragility function comparison (Case IV), fragility 

functions developed after the 2001 Nisqually, WA were used (Ranf et al. 2007). A 

baseline Case I and Case IV comparison was used to evaluate the total number of bridges 

identified with at least slight damage (Table 4-3). Following this comparison, the 

difference of the intersection of Case I and Case IV estimates the number of bridges that 

were identified as slight damage using Case IV but not Case I. These differences can 

offer insight to particular bridges that are vulnerable to earthquake damage but are not 

directly identified as damaged using Case I. 
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Table 4-3: Comparison of estimates of number of bridges damaged using Case I and 
Case IV fragility functions. 

Method 
ShakeMap DOGAMI 

M6.5 
PH 

M6.5 
KF 

M8.3 
CSZ-S 

M8.3 
CSZ-N 

M9.0 
CSZ 

M8.1 
CSZ 

M8.4 
CSZ 

M8.7 
CSZ 

M9.0 
CSZ 

Case I 138 18 92 132 449 81 346 749 678 
Case IV 28 4 24 21 68 1 45 90 61 

Case I ∩ Case IV 6 2 1 0 6 0 11 21 5 
Case IV – Case I ∩ 

Case IV +22 +2 +23 +21 +62 +1 +34 +69 +56 

 

There is a large discrepancy of the slight damage estimates between using Case I and 

Case IV because of how the bridge resistance is categorized. The first observation notes 

that the two most vulnerable bridges (pre-1976 truss and movable) are not directly 

identified in Case I and are subsequently identified as “Other/HWB28.” All bridges 

identified as other, despite their unique design characteristics, are given the same median 

Sa (T=1.0 sec) resistance of 0.80, 1.0, 1.2, and 1.7g for slight, moderate, extensive, and 

complete damages states, respectively. The second observation of using Case IV 

highlights the relatively simple and crude distinction between bridge categories. Whereas 

Case I categorizes bridges based on material (concrete and steel), spans (single span and 

multiple span), and other identifying characteristics, Case IV primarily categorizes them 

based on the year built. Third, Case IV uses a Sa (T=0.3 sec) to correlate bridge damage 

instead of Sa (T=1.0 sec), which is used for Case I. Finally, Case I considers bridge years 

based on pre- and post-1990 whereas Case IV examines bridges into categories of pre-

1941, 1941-1975, and post-1976.  
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Figure 4-2: Damage summary table using HAZUS-MH fragility functions (Case I). 

 

Figure 4-3: Damage summary table using CSUS fragility functions (Case II). 
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Figure 4-4: Damage summary table using Oregon Three and Five Span fragility 
functions (Case III).
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Figure 4-5: Damage map for the M9.0 CSZ DOGAMI scenario using HAZUS fragility functions (Case I). 
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Figure 4-6: Damage map for the M9.0 CSZ DOGAMI scenario using CSUS fragility functions (Case II). 
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Figure 4-7: Damage map for the M9.0 CSZ DOGAMI scenario using Oregon Three- and Five-Span fragility functions (Case III). 
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4.2.2 Bridge Damage due to Ground Failures (Landslide and Liquefaction) 

Case V reveals that the inclusion of landslide and liquefaction effects for the M9.0 

CSZ scenario drastically increases the number of extensive and completely damaged 

bridges within the Oregon highway network (Figure 4-8 and Figure 4-9) compared to 

Cases I – IV (ground shaking only). The consideration of landslide and liquefaction 

effects creates large discrepancies in bridge damage with estimates of over 700 and 1,500 

completely damaged bridges, respectively, whereas ground shaking estimates estimated 

no completely damaged bridges. Nonetheless, ground failures are very likely to occur 

during the CSZ scenario and will likely have a very significant impact on the entire 

network. Given the high potential for damage but large uncertainty, it is important to 

refine models predicting PGD from landslide and liquefaction events as well as the 

fragility functions to relate these ground deformations to bridge damage. 

 

Figure 4-8: Damage summary table for the M9.0 CSZ DOGAMI scenario using 
landslide and liquefaction fragility functions (Case V).
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Figure 4-9: Damage map for the M9.0 CSZ DOGAMI scenario using liquefaction PGD fragility functions (Case V.b). 
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4.2.3 Bridge Damage due to Tsunami Inundation 

Figure 4-10 highlights the estimated bridge damage for each of the five inundation 

zones (Case VI). Approximately 7% of bridges are estimated to be completely damaged 

considering the S1 inundation zones while this estimate increases to 46% for the XXL1 

event. Currently, because nearly 80% of the bridges are expected to experience slight 

damage or greater during the XXL1 event, it may appear a large portion of bridges 

located in a tsunami inundation zone may experience at least slight damage. 

 
Figure 4-10: Anticipated bridge damage due to tsunami inundation scenarios. 

4.2.4 Bridge Damage and Cascading Hazards 

Cascading hazards following an earthquake including landslide, liquefaction, and 

tsunami need to be considered to better predict the damage to bridges. The previous 

sections considered these hazards individually, while in this section focus is placed on 

estimating the combined effects. For this evaluation, the M9.0 CSZ DOGAMI scenario 

was used in conjunction with liquefaction effects rather than landslides because 

liquefaction produced higher damage states. The combined bridge damage estimates are 

shown in Figure 4-11 for the 98 to 155 state bridges located in the S1 and XXL1 tsunami 

inundation zones, respectively. Results in this figure indicate that when accounting for 

earthquake ground shaking and tsunami inundation damage, the estimated number of 

completely damaged bridges ranges from 5% (out of 98) for the S1 scenario up to 49% 
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additional damage due to scouring and tsunami induced liquefaction, which are 

currently not accounted for in the tsunami inundation based fragility functions. Including 

additional seismic liquefaction-induced lateral spreading effects dramatically increases 

these estimates to 80% and 87%, respectively. These results provide support for 

conservatively estimating that all bridges located in a tsunami inundation zone will 

experience some level of damage.  

 
Figure 4-11: Bridge damage due to combined earthquake, liquefaction, and tsunami 

hazards. Note that EQ = earthquake ground shaking, Liq = liquefaction, and TS = 
tsunami. 

4.3 Loss Assessment 

4.3.1 Economic Cost 

Figure 4-12 shows the estimated economic cost in millions of U.S. dollars for the 

ShakeMaps and DOGAMI scenarios. These figures also compare the difference in cost 

for Cases I-III. Note that as mentioned before, Case I is used as the baseline for the 

comparisons. 

Although Case II greatly reduces the number of bridges moderately damaged or 

worse, it provides a relatively close economic loss estimate to Case I. The DOGAMI 

scenarios saw a decrease in median costs ranging from 6% to 24% while the ShakeMap 

scenarios ranged from an increase of 91% to a decrease of 11%. The most surprising 
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Despite only accounting for approximately 100 bridges (1.4%) in Oregon, Case III 

provides a significant increase in the economic cost ranging from 8% to 13% for the 

DOGAMI scenarios and 2% to 24% for the ShakeMap scenarios. This indicates the need 

for further development into bridge class or material specific fragility functions to better 

capture a bridge’s particular behavior, particularly to the region of interest.  

 

Figure 4-12: Economic cost of bridge damage. 

Figure 4-13 shows the effect of including landslide and liquefaction on the loss 

estimates for the M9.0 CSZ scenario by DOGAMI. Inclusion of landslide effects alone 
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addition of landslide and liquefaction effects provides an astounding increase in the 

number of extensive and completely damaged bridges. This is due to the conservative 

approximation of providing every bridge with the same median PGD resistance and only 

adjusting them by a limited number of factors for each bridge (spans, width, length, and 
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Case I ($ mil) 
Case II ($ mil) 

Case III ($ mil) 

$0 

$250 

$500 

$750 

$1,000 

M6.5 
PH 

M6.5 
KF 

M8.3 
CSZ -S 

M8.3 
CSZ -N 

M9.0 
CSZ 

M8.1 
CSZ 

M8.4 
CSZ 

M8.7 
CSZ 

M9.0 
CSZ 

ShakeMaps DOGAMI 
Case I ($ mil) $601 $32 $225 $315 $673 $127 $456 $922 $737 

Case II ($ mil) $537 $61 $312 $375 $679 $119 $400 $697 $640 

Case III ($ mil) $620 $32 $279 $373 $751 $144 $511 $993 $815 

C
os

t (
$ 

m
ill

io
ns

) 



 

 

 

34 

increased estimation of not only bridge damage, but cost as well. Although highly 

conservative, ground failures should be considered when evaluating a highway network 

because they will undoubtedly result in extensive damage. 

 
Figure 4-13: Economic cost including landslide and liquefaction effects. 

Referring back to tsunami inundation, the estimated economic cost was calculated for 

state-owned bridges located in each tsunami inundation zone (Figure 4-14). Considering 

the tsunami as a cascading hazard increases the economic cost by 126% and 690% for the 

S1 zone and XXL1, respectively. Simply taking into account tsunami inundation can 

have a profound effect on the total estimated cost of a network. Additionally, including 

ground shaking, liquefaction, and tsunami effects increases the range to 852% and 

1150%, respectively. Although this only applies to only 98 to 155 bridges, these 

estimates can, at a minimum, increase the total bridge network cost by twice to nearly 10 

times greater than estimates that only consider ground shaking. 

 
Figure 4-14: Economic cost including tsunami inundation scenarios and cascading 
hazards. Note that EQ = earthquake ground shaking, Liq = liquefaction, and TS = 

tsunami. 
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4.3.1.1 Sensitivity of Economic Cost 

The main factor used to test the sensitivity when adjusting the demand, resistance, 

and dispersion values was the change in economic cost. The results for altering these 

variables are shown in Figure 4-15. For ground shaking only (Case I) (Figure 4-15[a]) 

applying a positive 30% adjustment to the demand and dispersion along with a negative 

30% adjustment to resistance result in increases ranging from 62% to 124%. Similarly, 

applying a negative 30% adjustment to demand and resistance along with a positive 30% 

adjustment to resistance results in a cost decrease of 61%, 43%, and 49%, respectively. 

These results suggest that the above ground shaking parameters are more sensitive to 

increases in the medians (increase in ground shaking estimates, decrease in bridge 

median resistance, and increase in β) compared to a decrease. Liquefaction (Case V) 

(Figure 4-15[b]) and tsunami (Case VI) (Figure 4-15[c]) impacts exhibit similar behavior 

regarding increases in demand. A 30% change in demand increases the cost estimates by 

15% and 18% for liquefaction and tsunami effects, respectively. The rate of increase in 

cost for  Figure 4-15(b) and Figure 4-15(c) represent the limits due to a large number of 

bridges being in complete damage states. As the demand increases, many bridges are 

already in a complete damage state so the rate of increase decreases. In contrast, a 30% 

reduction in resistance results in a cost increase of 20% and 245% for liquefaction and 

tsunami effects, respectively. These results are similar to that of ground failure in that 

resistance produces the most widely varying results. For combining the three hazards, 

Figure 4-15(d) shows an increase of 17% for increasing the demand by 30% and 24% for 

decreasing the resistance by 30%. Particularly, the resistance proves to be the most 

sensitive parameter for evaluating a bridge network due to the drastic increase in cost 

with respect to decreases in the median resistance. As a result, these findings support 

refinement for increasing the accuracy of current resistance measurements for ground 

shaking, ground failure, and tsunami damage as these resistances result in the widest 

margin of change with respect to economic cost models. 
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Figure 4-15: Change in economic cost when adjusting demand, resistance and dispersion 

for (a) ground shaking only (Case I), (b) liquefaction only (Case V), (c) tsunami only 
(Case VI) (XXLl scenario), and (d) ground shaking, liquefaction, and tsunami combined 

(Case I, V, and VI). 

These results are insightful given the relative nature of both fragility functions and 

earthquake scenarios being estimated. Regarding demand, earthquake scenarios are 

purely used for planning purposes and most certainly will not reflect the actual shaking 

intensity of an earthquake. With respect to resistance, it is very likely that each individual 

bridge exhibits varying levels of earthquake resistance. Given the relatively coarse 

estimation of grouping bridges into classes, these fluctuations in behavior can have an 

impact on the resulting replacement cost. Additionally, deteriorating bridges may exhibit 

a decrease in resistance while retrofitting bridges could see an increase in resistance, both 

of which were not accounted for in current seismic assessments (Ghosh and Padgett 

2011). Finally, the resulting changes in the dispersion values were considered less 
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sensitive than those for demand and resistance. Although minor, these results still 

present systematic problems associated with Case I. Whereas Case II and Case III 

provide adjusted β values, Case I uses a consistent value of 0.6 along all bridge classes. 

Mirroring Case II, a similar approach may be taken in which, on average, concrete 

bridges have a larger β while steel bridges have a smaller β. Although this is only a 

recommendation, these results highlight the sensitivity of both median capacities and β 

values when computing economic cost of bridge damage. 

4.3.2 Traffic Capacity 

Per HAZUS-MH procedures, the reduced bridge functionality can be directly 

calculated using RCR values. This method directly compares an individual bridge’s 

response and also the network as a whole using means and standard deviations of the 

traffic capacity per each bridge. The main focus was to analyze the reduction in traffic 

capacity using lifeline tiers defined by the Oregon Seismic Lifelines Report (CH2M Hill 

2012). Figure 4-16 shows the results for mean percent of traffic capacity per bridge based 

on lifeline tier of the bridges using Case I and the M9.0 CSZ DOGAMI scenario. A 

general trend is observed regarding the reduced traffic capacity with respect to lifeline 

tiers in that the percent reduction reduces as the level of lifeline tiers increase. This is 

vitally important to the post-earthquake operational status of the Oregon transportation 

network because Tier 1 lifelines are given the highest priority (CH2M Hill 2012). These 

lifelines are the most crucial links in the network for access to hospitals, fire stations, 

freeways, and more.  
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Figure 4-16: Traffic capacity for (a) entire network and (b) average per bridge based on 

lifeline tiers for post-earthquake recovery. The bars represent the standard deviation. 

In order to examine the relative traffic capacity for the most heavily damaged 

network along the Oregon coast, all state bridges located in the XXL tsunami inundation 

zone were analyzed. The combined effect of ground shaking, liquefaction, and tsunami 

was also considered. Figure 4-17 provides a higher level of detail when evaluating traffic 

capacity because it examines the most heavily damaged bridges and networks. The most 

significant disruption is due to liquefaction which reduces the traffic capacity of the 

overall network to less than 30%, even after 90 days. When considering all three 

cascading hazards, this estimate decreases to 21%. The Oregon coast is highly susceptible 

to heavy damage and traffic disruptions of this severity will greatly impact the post-

earthquake recovery of the network. 
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Figure 4-17: Traffic capacity of bridges located in the XXL tsunami inundation zone 
when using (a) ground shaking only (Case I), (b) liquefaction only (Case V), (c) XXL 
tsunami inundation only (Case VI), and (d) ground shaking, liquefaction, and tsunami 
cascading hazards (Case I, V, and VI). Markers show the average values and the bars 

show the range of the response at one standard deviation away from the average results. 

5 Conclusion and Future Remarks 

This study examined the sensitivity of earthquake planning procedures for a bridge 

transportation network using several types of fragility functions, earthquake scenarios, 

and economic costs. An assessment of Oregon’s bridge network was used as a case study 

to test these parameters and assumptions. This section summarizes the key conclusions 

obtained from this study. 

Regarding fragility functions, it was found that Case I, although arguably the most 

widely used method, overestimates bridge damage and does not provide a reasonable 

solution for bridges classified as “Other.” Case II is more likely to be accurate for local 

earthquakes where the epicenter occurs on land, directly under higher populated regions, 

versus scenarios that occur off land (e.g., CSZ). Using more detailed fragility functions 

for a subset class of bridges (e.g., Case III) has a significant effect on both the total 

number of bridges damaged as well as economic cost. Adjusting these fragility functions 
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for less than 1.4% of the bridges leads to an increase of nearly $80 million in loss 

estimates, which can greatly influence subsequent resilience studies, including pre-event 

planning, mitigation, and post-event economic recovery. 

Ground failure related damage (e.g., landslide and liquefaction PGD) provides a 

drastic increase in the amount of damage and estimated cost, particularly when taking 

into account liquefaction effects. HAZUS-MH does not provide a realistic solution for 

incorporating ground failure damage and most research needs to be collected in order to 

efficiently apply a method to an entire inventory of bridges. Ground failures are likely a 

major source of damage and must be included when evaluating bridge damage following 

an earthquake. 

The inclusion of tsunami inundation estimates 34 – 80% of bridges located in a 

tsunami inundation zone will experience at least slight damage. With the addition of 

liquefaction effects, this estimate increases to 88 – 97%. These estimates are preliminary 

at most, but provide insight as to the expected behavior of bridges along the Oregon coast 

when considering cascading hazards. 

Finally, it was found that parameters based into fragility functions, particularly 

resistance, had a drastic influence on the replacement and repair cost from the resulting 

bridge damage. The most sensitive parameter (largest fluctuations in percent cost) was 

that of ground shaking while ground failures exhibited the greatest change in overall cost. 

There are numerous challenges when evaluating an entire bridge inventory, 

particularly the vast amount of assumptions that are needed in order to estimate potential 

damages for the thousands of bridges analyzed. To this end, recommendations for future 

research were identified by this sensitivity analysis, including: 

• Refining current landslide and liquefaction effects in HAZUS-MH. Currently, 

these procedures are over-simplified and further research should be conducted to 

provide more realistic estimations of bridge damage due to ground failure related 

issues. At the moment, there is not a reasonable solution to include ground failure 

related issues; however, these effects cannot be ignored when evaluating a bridge 

network, which will undoubtedly be affected by these hazards. Additionally, there 

is significant uncertainty in the modeling and mapping of ground failure hazards 



 

 

 

41 

that could be refined. It is also recommended that more research and testing be 

done in order to examine how bridges behave in the event of ground failures and 

what other factors influence this behavior to help refine these estimates.  

• Developing regional specific fragility functions. The addition of Case III 

highlights the influence that a small subset of bridge classes can have on not only 

the bridge network, but the economic cost as well.  

• Rigorously evaluate bridges located within tsunami inundation zones. These 

bridges are extremely vulnerable to additional damage from a tsunami and should 

be rigorously evaluated for their structural resistance to tsunami loading.  

• Considering the reliability of current demand, resistance, and dispersion 

parameters, particularly HAZUS-MH median capacities for ground shaking and 

ground failure. This study showed the relative sensitivity that these parameters 

have when evaluating a bridge network.  

• Evaluating the characteristics of unique bridges classified as “Other” by HAZUS-

MH (e.g., truss, movable). Although these classifications account for the minority 

of bridges in a region, they can still provide crucial support to post-earthquake 

recovery networks.  

• Refining the traffic capacity definition from a bridge network to an individual 

bridge by considering the damage states and different fragility functions. In 

addition, the geographic distribution of bridges (parallel or serial) in a 

transportation network can be evaluated subject to post-disaster traffic network 

demand variations.  

• Including the fragilities of other roadway links/segments, highway structures such 

as culverts, or tunnels in the vulnerability analysis framework as well because 

they are all essential to the overall traffic capacity of the bridge network. The 

different transportation structures are spatially embedded and interdependent in 

operation. Therefore, the traffic analysis should not be done in isolation but 

consider the joint impacts of bridges in a probabilistic manner in future research.   

The realistic behavior of not only earthquakes, but the response of bridges as well 

will undoubtedly be different than the limits provided by fragility functions. Fragility 
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functions and earthquake scenarios are extremely useful tools for evaluating estimated 

damage and loss to a bridge network, but there are still significant areas of uncertainty 

that can drastically alter the projected response of bridges during earthquakes. 
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Appendix A: Literature Review 
Appendix A: Literature Review 
A.1. Earthquakes 

An earthquake is defined as a sudden and violent shaking of the ground as a result of 

movements within the earth’s crust or volcanic action. When masses of rock or large tectonic 

plates in the Earth’s crustal slip and slide against each other, energy is released as seismic P- 

and S-waves which propagate through the crust. These waves create multi-directional ground 

motions creating stresses not only within bridges, but also within the supporting geotechnical 

elements (e.g., bridge foundation). The intensity of shaking depends on distance from the 

epicenter, the geotechnical conditions at sites, and variations in the propagation of seismic 

waves due to the Earth’s crust. 

While the intensity of an earthquake is typically measured on one of two scales, the 

Richter Scale or the Modified Mercalli Scale (USGS 2012; USGS 2013), for engineering 

purposes, ground motion intensity measures (IMs) are typically used to determine the 

intensity of shaking. Common ground motion IMs used to characterize the potential for 

damage of an earthquake at a specific site are: peak ground acceleration (PGA), peak ground 

velocity (PGV), and spectral acceleration (Sa) (Mackie and Stojadinović 2001). These IMs 

are used both in design of new structures, in loss assessment of existing bridge systems, and 

can also be used to aid in prioritization of emergency management efforts during emergency 

situations. Figure A-1 highlights the relationship between perceived shaking, potential 

damage, PGA, PGV, and Modified Mercalli Intensity scale as used by United States 

Geological Survey (USGS). 

 

Figure A-1: Intensity descriptions with the corresponding PGA and PGV values used for 
ShakeMaps (USGS 2015b). 

Figure A-2 shows the 2014 United States seismic hazard map produced by USGS 

(Peterson et al. 2014). The national seismic hazard maps for the conterminous United 

States have been updated to account for new methods, models, and data since the 2008 
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maps were released (Peterson et al. 2008). High seismic areas are concentrated at the 

West coast and the Central and Southeastern United States (CSUS).  

 

Figure A-2: Two-percent probability of exceedance in 50 years map of PGA (Peterson et 
al. 2014). 

A.2. Bridges 

Bridges are the most common and complex type of highway structure in the United 

States. There are over 600,000 bridges in the United States with an average age of 42 

years and an average infrastructure grade of C+ (ASCE 2013). Bridges are built with the 

purpose to provide passage over a physical object such as watercourses, railways, roads, 

valleys, etc. Each bridge is comprised of elements that function to provide resistance to 

loads (e.g., dead, live, wind, snow, earthquake). These are the superstructure, 

substructure, durability elements, safety elements, and ancillary elements (as shown in 

Figure A-3), and their typical elements are as follows:  

• Superstructure – Primary, secondary and tertiary load bearing elements. These 

include slabs, beams, arches, parapet beams and cantilevers.  
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• Substructure – These include foundations, piers, abutments, columns, bearings, 

and cross-heads.  

• Durability elements – Waterproofing, drainage, surface finishes, and expansion 

joints.  

• Safety elements – Guardrails, walkways, parapets, safety fences, and access 

gantries.  

• Ancillary elements – Wing walls, embankments, lighting, and carriageway.  

 

 

Figure A-3: Bridge schematic illustrating basic components (modified from Missouri 
DOT 2014). 

In structural response analysis, the structural effects of the loads and moments are 

assessed in terms of axial forces, shear forces, bending forces, and torsion forces. 

Earthquakes are often variable in nature and can exert a combination of forces on the 

bridge. When these forces exceed the bridge’s resisting capabilities, damage or failure 

can result. Examples of bridge damages corresponding with earthquakes can be found in: 

(Pamuk et al. 2005; Barbosa and Silva 2007; Hoshikuma 2011). As a matter of fact, 

bridges play a critical role in transport and linking communities in the aftermath of 

natural disasters; therefore their level of structural safety must be rigorously evaluated 
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(Petrini and Palmeri 2012). Past earthquakes have proven that bridges are typically one 

of the most vulnerable components of transportation systems (Bowers 2007). 

A.3. Fragility Functions 

Fragility functions are important elements of loss-estimated methodologies for 

earthquakes (Ranf et al. 2007). A fragility function is the probability a structure will 

sustain or exceed a particular level of damage conditional on a ground motion intensity. 

The use of fragility functions has helped reduce the duration of the functional assessment 

stage of recovery as well as streamlining reconnaissance efforts (Ranf et al. 2007). 

Fragility functions can be developed both empirically and analytically. Empirical 

fragility functions are typically developed based on the damage reports from past 

earthquakes whereas analytical fragility functions are developed using finite analytical 

models. As a result, several researchers have developed fragility functions either for an 

entire inventory of bridges (Basoz and Mander 1999; Nielson and DesRoches 2007) or a 

sub-set of bridges meeting specific criteria (Mackie and Stojadinovic 2004; Padgett and 

DesRoches 2009; Roberts and Dusicka 2011; Dukes et al. 2012; Ramanathan et al. 

2015). 

Basoz and Mander (1999) developed fragility functions for 28 bridge classes 

following the 1994 Northridge and 1989 Loma Prieta earthquakes. This methodology was 

later adopted by HAZUS-MH (FEMA 2015). Detailed descriptions of the methodology 

proposed are discussed in subsequent chapters and are also included in the HAZUS 

technical manual (FEMA 2010). 

Nielson and DesRoches (2007) developed fragility functions for Central and 

Southeastern United States (CSUS) common bridge classes (multi-span continuous 

[MSC] concrete girder, steel girder, slab, and concrete box girder; multi-span simply 

supported [MSSS] concrete girder, steel girder, slab, and concrete box girder; and single-

span [SS] concrete girder and steel girder). The proposed fragility functions for 

continuous span bridges were found to be consistently more fragile than those proposed 

by HAZUS. However, for multi-span simply supported bridges, HAZUS provided 

consistently more fragile functions. The benefit of this report relies on the fragility 



 

 

 

56 

function applicability to an entire region in the CSUS whereas other fragility function 

results rely on one particular bridge type or design. 

Mackie and Stojadinovic (2004) generated fragility functions for single-bent 

reinforced concrete highway overpass bridges. The study used probabilistic methods to 

estimate the seismic intensity (demand), damage on the bridge (resistance), and decision 

making damage (loss). The results considered both a bridge component (column) model 

and a whole bridge model. 

Padgett and DesRoches (2009) used three-dimensional nonlinear analysis to develop 

fragility functions for a range of retrofit methods of four common classes of multispan 

bridges in the CSUS. Retrofit measures provided various results in regards to improving 

system fragility. Elastomeric bearing retrofits provided the most consistent results for 

increasing system fragility for the slight damage state.  

Roberts and Dusicka (2011) developed fragility functions for typical three- and five-

span bridges in Oregon using analytical methods. Based on a review of the National 

Bridge Inventory (NBI), the subset of bridges evaluated were those classified as concrete 

continuous stringer/multi-beam or girder bridges built before 1970 and carrying critical 

highway networks in Oregon. The results obtained from this study were compared with 

Basoz and Mander (1999) and Nielson (2005) and found to be significantly more fragile 

than these methods. Additionally, the effect of abutments, ground-motion suite change, 

decreasing number of runs, ground-motion orientation, and concrete confinement retrofit 

were also evaluated. 

Dukes et al. (2012) introduced probabilistic fragility analysis into the Caltrans design 

process using a two-span concrete box girder bridge as an example. A performance-based 

design tool was constructed that describes the performance of a bridge at various hazard 

levels as well as understanding the performance of a bridge due to different design 

decisions. The design tool, if needed, can be expanded to all types of bridge classes in 

California. This development could greatly increase the seismic resiliency of a 

transportation network by more accurately modeling and prediction bridge damage.  

Ramanathan et al. (2015) developed next-generation fragility functions for four 

multispan concrete bridge classes common in the California region. Three-dimensional 
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nonlinear analytical models were used to construct fragility functions that considered 

the vulnerability of multiple bridges components. Although these fragility functions 

provide a more accurate depiction of a range of bridges in California, they do not 

consider the entire bridge inventory of a state. 

A.4. Current Hazard Frameworks 

An important consideration when evaluating a bridge network is what framework to 

either use or model. Several current frameworks exist for evaluating bridge damage due 

to an earthquake scenario including: HAZUS-MH (FEMA 2015), ShakeCast (USGS 

2015a), REDARS (Werner et al. 2006), and MAEViz (MAEC 2013). Additionally, there 

are several methods of developing earthquake scenarios included the use of HAZUS-MH 

formulation (FEMA 2015), ShakeMaps (USGS 2015b), or the results from DOGAMI 

(Madin and Burns 2013; Sharifi-Mood et al. 2015) 

HAZUS-MH is an earthquake loss estimation software developed by FEMA (FEMA 

2010). Among many HAZUS-MH uses are analysis of disaster-related damages; 

identification of vulnerable areas; assessment of vulnerability of housing, essential 

facilities and lifelines; estimation of potential losses; and aid in development of response 

and recovery plans (Ballantyne et al. 2002). The inputs needed to perform HAZUS-MH 

analysis for highway bridges are the geographical location of the bridge (longitude and 

latitude), bridge classification, Sa (T = 0.3 and 1.0 sec), permanent ground deformation 

(PGD) at bridge, and PGA at the bridge. A total of 28 classes (HWB1 through HWB28) 

are defined which differentiate between the different bridge characteristics found in the 

NBI. Using these classifications as well as other unique parameters defined by each 

bridge, fragility functions are developed that define five damage states, which are none, 

slight, moderate, extensive, and complete (Table A-1). 
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Table A-1: HAZUS damage states (FEMA 2010). 

Damage Type Definition 

Slight 

Defined by minor cracking and spalling to the abutment, cracks in 
shear keys at abutments, minor spalling and cracks at hinges, minor 
spalling at the column (damage requires no more than cosmetic 
repair) or minor cracking to the deck. 

Moderate 

Defined by any column experiencing moderate (shear cracks) 
cracking and spalling (column structurally still sound), moderate 
movement of the abutment (<2”), extensive cracking and spalling 
of shear keys, any connection having cracked shear keys or bent 
bolts, keeper bar failure without unseating, rocker bearing failure or 
moderate settlement of the approach. 

Extensive  

Defined by any column degrading without collapse – shear failure – 
(column structurally unsafe), significant residual movement at 
connections, or major settlement approach, vertical offset of the 
abutment, differential settlement at connections, shear key failure at 
abutments. 

Complete 
Defined by any column collapsing and connection losing all bearing 
support, which may lead to imminent deck collapse, tilting of 
substructure due to foundation failure. 

 

The USGS ShakeCast system is a freely-available, post-earthquake situational 

awareness application that automatically retrieves earthquake shaking data from 

ShakeMap, compares IMs against facilities, sends notifications of estimated damage, and 

generates facility damage assessment maps for emergency managers and responders (Lin 

and Wald 2012). ShakeCast is particularly suitable for earthquake planning and response 

purposes by Departments of Transportation (DOTs) (Wald et al. 2013). Bridge-specific 

fragilities are determined with bridge damage models originally published by Basoz and 

Mander (1999). Version 3 utilizes a full statistical fragility analysis framework designed 

mainly for Caltrans. This version uses Generation-2 Fragility (g2F) in addition to the 

HAZUS-based method for improved near-real-time damage alerting of bridges in 

California. The g2F methods analyze the overall bridge state as a function of the 

individual component fragilities (Lin and Wald 2012). These components include the 

columns, abutments, deck, and foundation elements. Each component could be analyzed 

separately against a ShakeMap IM with probabilities assigned for various component 

damage states. Those results would then be combined to provide additional detail to 
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inspectors on specific components that are likely the cause of bridge damage (Wald et 

al. 2013). 

REDARS2 (Risks from Earthquake Damage to Roadway Systems) is a geographic 

information system (GIS) software used to evaluate the seismic performance of highway-

roadway systems (Werner et al. 2006). The model used to estimate bridge damage 

corresponds to the HAZUS-MH model (FEMA 2010), with slight fluctuations in bridge 

class identification. However, REDARS2 also has the capability to evaluate post-

earthquake network analysis which measures the reduction in system-wide travel times 

and traffic flows as well the economic impacts due to these reductions. 

MAEViz (Mid-American Earthquake Center Seismic Loss Assessment System) is 

also a GIS-based software used to evaluate a bridge network. This system uses fragility 

functions developed by Nielson and DesRoches (2007). Additionally, similar to 

REDARS, MAEViz also provides loss due to reduced functionality of the network 

system. 

ShakeMap is a product of the U.S. Geological Survey (USGS) Earthquake Hazards 

Program in conjunction with regional seismic network operators (USGS 2015b). 

ShakeMap sites provide near-real-time maps of ground motion and shaking intensity 

following significant earthquakes. These products have evolved to include automatically 

generated high-resolution graphic files, GIS files for direct input into FEMA’s HAZUS-

MH (NIBS and FEMA 2003) loss estimation software, as well as gridded extensible 

markup language (XML) and Google Earth (KML) data files (Wald et al. 2008). 

ShakeMap also provides scenario earthquakes that simulate the instrumental intensity, 

PGA, PGV, and Sa. These maps are used by federal, state, and local organizations, for 

preparedness exercises, disaster planning, post-earthquake response and recovery, and 

public and scientific information. For example, Ranf et al. (2007) found that using 

shaking parameters provided by ShakeMap for the 2001, Nisqually, Washington (M6.7) 

earthquake would have been highly useful in prioritizing post-earthquake response and 

inspection. It would have been possible to identify 80% of the damaged bridges by 

inspecting only 14% of the bridges within the boundaries of ShakeMaps by focusing on 
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0.3 sec period Sa and modifying existing HAZUS-MH (NIBS and FEMA 2003) 

fragility functions to account for the older, particularly vulnerable bridges in the region. 

A.5. Seismic Risk Assessments 

Several studies have incorporated seismic risk assessments (SRAs) along with GIS 

software for emergency preparedness planning (Werner 2000; Ballantyne et al. 2002; 

Wong et al. 2005; Padgett and DesRoches 2007; Kiremidjian et al. 2007; Padgett et al. 

2010; Miller 2014). SRAs are important tools for evaluating a bridge inventory because 

they estimate bridge damage, economic loss, and the impact of the event on network 

performance (Kircher et al. 2006; Werner et al. 1997). 

Werner (2000) developed a methodology for performing an SRA of a highway-

roadway system to estimate system-wide direct losses and indirect losses due to reduced 

traffic flows. The SRA was demonstrated on a highway system in Shelby County, 

Tennessee. This methodology used to formulate the REDARS 1.0 pre-beta software, 

which is currently REDARS 2. 

Ballantyne et al. (2002) completed a seismic vulnerability assessment of 214 bridges 

between Seattle and Tacoma, Washington. The study incorporated six ground motion 

scenarios from USGS, site response amplifications using NEHRP implication factors, and 

bridge data provided by the Washington State Department of Transportation (WSDOT). 

These data sources were imported into HAZUS 99 in order to evaluate the transportation 

network. The study found that the maximum probability of failure of any single bridge is 

less than 35% with overall losses estimated to be three to six percent of  the 214 bridges 

when using the 50 to 100 year ground motions.However, for earthquakes that produce 

ground motions that are expected every 300 to 1,000 years, 10 to 15 percent of the 

bridges estimated to collapse.  

Wong et al. (2005) used HAZUS-MH to represent four earthquake scenarios in North 

Carolina: a M7.3 “1886 Charleston-like” earthquake; M6.3 and M5.3 events from the 

Charleston seismic source; and a M5.0 earthquake in Columbia. The results found that 

close to 800 bridges are expected to suffer enough damage to make them inaccessible. 
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 Kiremidjian et al. (2007) performed a SRA to a transportation network within five 

counties in the San Francisco Bay Area considering the direct cost of damage and costs 

due to time delays in the damaged system. Ground shaking, liquefaction, and landslide 

hazards were considered in the direct loss estimation model. Fragility functions were 

estimated using methods provided by Basoz and Mander (1999) while liquefaction and 

landslide analysis were evaluated using the  HAZUS-MH (FEMA 2010) formulation. 

This study concluded that losses due to liquefaction dominate. Using only ground 

motions to estimate bridge repair calculated $494,046 in damages while including 

liquefaction PGD increases this estimation to $ 1,392,593. Network analysis was 

performed using a program EMME/2 and included both fixed travel damage and variable 

travel demand. Variable traffic demand estimated a realistic 128,125 hour decrease in 

traffic demand while fixed traffic demand concluded an unrealistic 103,829,577,469 hour 

increase. This report considered a consistent bridge closure time with bridges considered 

moderate damage or greater being closed for at least the first 72 hours after an 

earthquake. 

Padgett and DesRoches (2007) conducted an expert survey related to the effects of 

bridge component damage and functionality (traffic carrying capacity) of the bridge. A 

total of 28 responses were used to help derive damage state exceedance probabilities of 

bridge component damage. These damage states were then used to correlate allowable 

traffic carrying capacities as stepwise restoration functions. 

A study by Padgett et al. (2010) performed a SRA of approximately 375 bridges in 

the Charleston area. The SRA used bridge fragility functions that represent the unique 

characteristics of bridges in the region, as well as state-specific bridge repair and 

replacement cost data (Nielson and DesRoches 2007). The results showed that for the 

M7.0 event, over 85% of the bridges are damaged with 73% of the bridges having 

moderate to complete damage. For the M5.5 event, approximately 60% of the bridges are 

damaged, with nearly 50% of the bridges have moderate to complete damage. Finally, the 

M4.0 earthquake results in 17% of the bridges having damage, and less than 9% have 

moderate or greater damage. The use of the HAZUS-MH fragility functions as opposed 

to the CSUS fragilities for the same damage ratio result in a larger number of bridges in 
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the extensive and complete damage states. This can be attributed to the fact that: (1) 

HAZUS-MH fragility functions have been shown to underestimate the damage of MSC 

bridges (Nielson and DesRoches 2007); and (2) damage to other bridge types, such as the 

MSSS concrete girder, slab, and steel girder bridges, may be overestimated by the 

HAZUS-MH fragilities. 

Miller (2014) introduced frameworks to assessing the probabilistic seismic risk of the 

San Francisco Bay Area transportation network. This framework utilized a Monte Carlo 

approach simulating earthquake scenarios, ground-motion intensity maps, bridge damage 

maps, network damage maps, and network performance. In total, 113,940 damage maps 

were used corresponding to 2110 scenarios, three ground-motion intensity maps per 

scenario, and 18 damage maps per ground-motion intensity map. These scenarios were 

then aggregated using a composite importance measure to classify bridges for retrofit. 

These simulations provide a probabilistic representation of the San Francisco Bay Area 

and can better estimate, with probabilistic certainty, the bridges most likely to experience 

significant damage and cause severe network disruption. 

A.6. Oregon Bridge and Seismic Reports 

A.6.1 Oregon Seismic Lifelines Identification Project 

The intent of the project was to develop a strategy for the state highway system to 

support emergency response and recovery efforts by providing the best-connecting 

infrastructure (CH2M Hill 2012). The criteria in the evaluation framework were grouped 

into three categories: connections, capacity, and resilience (Table A-2). The main sources 

of data used to analyze the seismic vulnerability of each highway segment are: ODOT 

GIS database, DOGAMI references, USGS Seismic Hazard references, and REDARS2 

data. 
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Table A-2: Criteria by Group (CH2M Hill 2012). 

Connections Capacity Resilience 
• Access to fire stations 
• Access to hospitals 
• Access to ports and airports 
• Access to railroads 
• Access to ODOT maintenance 

facilities 
• Access to population centers 
• Access to emergency response 

staging areas 
• Access to critical utilities 
• Access to central Oregon 

• Width of roadway 
• Ability to control 

use of the 
highway 

• Freight access 

• Bridge seismic 
resilience 

• Roadway seismic 
resilience 

• Bridge seismic 
resilience after 
short-term repair 

• Roadway seismic 
resilience after 
short-term repair 

 

The assessment of bridge vulnerabilities to ground shaking hazards was based on the 

results of the REDARS2 analyses, which have been developed consistently across the 

study region and are currently the best available and most-complete data for assessing 

bridge vulnerabilities. Using the criteria defined, the report identified a three-tiered 

seismic lifeline system: Tier 1 being the highest priority roadway segment, Tier 2 being 

the next highest, and Tier 3 being the third highest priority grouping. A map of Oregon’s 

lifelines routes is shown in Figure A-4. Bridges were categorized based on which lifeline 

tier they are located on. 
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Figure A-4: Oregon seismic lifeline routes (CH2M Hill 2012). 
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A.6.2 Seismic Vulnerability of Oregon State Highway Bridges 

The Oregon Department of Transportation (ODOT) began a study to evaluate the 

vulnerability of state highway bridges in western Oregon (Nako et al. 2009). This report 

was intended to be a first step in a comprehensive look at seismic risk to transportation 

systems that could include slides, fill slopes, local roads and bridges, and supply lines, 

such as fuel depots, electricity, water and sewer lines. The report used REDARS 2 to 

simulate damage to bridges within a transportation network. Research and analysis were 

performed to identify the most vulnerable highway segments of the state highway system 

and to select appropriate earthquake scenarios.  

The seismic vulnerability assessment mainly focused on bridges within the western 

portion of the state. In total, the study area included over 1,900 bridges, 1,500 of which 

lied on major routes. A total of six earthquake scenarios were used within this study 

including: M7.0 crustal earthquake in the Portland Metro Area, M7.0 crustal earthquake 

in the Scott Mills Area, M6.5 crustal earthquake in the Klamath Falls Area, M8.3 

Cascadia Subduction Zone (CSZ) earthquake near Southern Oregon, M8.3 CSZ 

earthquake near Northern Oregon, and M9.0 CSZ along the Oregon Coast. Figure A-5 

highlights the expected bridge damage states from the six earthquake scenarios. 
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Figure A-5: Bridge component damage states for (a) M7.0 scenario EQ around Portland 
Hills; (b) M7.0 scenario EQ around Scott Mills; (c) M6.5 scenario EQ around Klamath 

Falls; (d) M8.3 CSZ scenario EQ near southern Oregon; (e) M8.3 CSZ scenario EQ near 
north Oregon; and (f) M9.0 CSZ EQ. 

A.6.3 Oregon Resilience Plan 

The Oregon Resilience Plan (ORP) was developed to assess the likely impacts of a 

M9.0 CSZ earthquake and to provide timeframes and recommendations on post-

earthquake recovery (OSSPAC 2013). A total of eight task groups ranging from 

transportation, communications, energy, and infrastructure were identified to: 

1. Determine the likely impacts of a M9.0 CSZ earthquake and tsunami; 
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2. Define acceptable timeframes to restore functions; and 

3. Recommend changes in practices and policies that would allow Oregon to reach 

the desired resilience targets. 

The Transportation task group identified significant vulnerabilities regarding 

Oregon’s bridges, particularly those on the west coast and built before current seismic 

standards (Table A-3). The Cascadia Earthquake Scenario Task Group produced open-

source data files and maps of a M9.0 CSZ scenario, as highlighted in the next section. 

Table A-3: Comparison of target states and estimated time for recovery. 

Minimal: A minimum level of service is restored, primarily for the use of 
emergency responders, repair crews, and vehicles transportation food. R 

Functional: Although service is not yet restored to full capacity, it is sufficient to get 
the economic moving again (e.g., some truck/freight traffic can be accommodated) Y 

Operational: Restoration is up to 90% of capacity. A full level of service has been 
restored. G 

Estimated time for recovery to 60% operational given current conditions. S 

Estimated time for recovery to 60% operational given current conditions. X 
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A.6.4 Ground Motion, Ground Deformation, Tsunami Inundation, Coseismic 
Subsidence, and Damage Potential Maps for the 2012 Oregon Resilience Plan 
for Cascadia Subduction Zone Earthquakes 

This report describes the data sources and methods used to prepare scenario maps for 

a M9.0 CSZ earthquake (Madin and Burns 2013). The maps include likely ground motion 

and ground deformation to be expected as well as maps of the likely tsunami inundation 

for coastal cities. The goal was to provide maps that were as detailed and accurate as 

possible, using a well-established methodology, combined with the best available 

published and unpublished data sources. Ground motions were based on the parameters 

of the USGS M9.0 CSZ scenario ShakeMap. The synthetic bedrock motions derived from 

the ShakeMap scenario were adjusted for site effects using the relationship described by 

Boore and Atkinson (2008). Figure A-6 highlights the proposed M9.0 CSZ scenario for 

Oregon (Madin and Burns 2013). 

 

Figure A-6: Site PGA map for the scenario M9.0 CSZ earthquake (Madin and Burns 
2013). 
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A.7. Traffic Analysis  

HAZUS-MH restoration curves were developed based on a best fit to ATC-13 data. 

Table A-4 below highlights the distributions of functionality for each restoration period 

based on the bridge damage state following an earthquake. 

Table A-4: Discrete restoration function for highway bridges (FEMA 2010). 

Restoration 
Period 

Functional Percentage 
Slight Moderate Extensive Complete 

1 day 70 30 2 0 
3 days 700 60 5 2 
7 days 700 95 6 2 

30 days 100 100 15 4 
90 days 100 100 65 10 

 

[ ]( )
5

1
| IM 1.0

=

= = ≤∑F i i d
i

TC FPP DS ds  (10) 

 

where TCF is the final bridge traffic capacity, FPi is the functional percentage for the ith 

damage state, and [ ]| IM= i dP DS ds  is the probability of being in damage state i for a 

given IMd. 

Several reports consider moderate damage to be a grey zone when estimating bridge 

traffic capacity (Kiremidjian et al. 2007; Werner et al. 2006). It is assumed that a bridge 

is either fully open to traffic or fully closed to traffic. Conservatively, one can assume 

that any bridge with moderate damage or greater is fully closed to traffic and provides a 

0% traffic capacity. Any bridge with minor damage or less will be fully open to traffic 

with 100% traffic capacity. 

The REDARS reduced lanes method considers bridges to be partially open to traffic 

as a function of the number of bridge spans and damage state (Table A-5). This method 

provides a less conservative approach in that severely damaged bridges can still 

potentially carry traffic.  
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Table A-5: REDARS2 partially opened bridges based on number of lanes (Werner et 
al. 2006). 

Bridge 
Damage 

State 

Number of Lanes Each Way Open to Traffic after Earthquake 
Pre-EQ 

Lanes = 1 
Pre-EQ 

Lanes = 2 
Pre-EQ 

Lanes = 3 
Pre-EQ 

Lanes = 4 
Pre-EQ 

Lanes = 5 
Pre-EQ 

Lanes = 6 
None 1 2 3 4 5 6 
Slight 1 2 3 4 5 6 

Moderate 0 1 2 3 4 5 
Extensive 0 1 1 2 2 2 
Collapse 0 0 0 0 0 0 

 

A report conducted by Stergiou and Kiremidjian (2008) estimated the operational loss 

of a network relative to the baseline performance of the network prior to an earthquake. 

The damage of each component of a network, based on RCR values, was used to reduce 

the bridge capacity. This applies up to a damage percentage of 40% in which the bridge is 

assumed closed to traffic. 

Contrary to previous traffic analysis methods, the Link Damage Index (LDI) method 

(Table A-6) considers multiple bridges on one road network link (Shinozuka et al. 2003). 

Therefore, the resiliency of a network can be increased or decreased based on the 

surrounding bridge performance following an earthquake. The state of link damage is 

quantified as a function of the square root of the sum of the squares of bridge damage 

indexes. The performance of a network link is considerably higher than previous methods 

because the LDI method has a minimum performance of 25% for a network.  

  



 

 

 

71 

 

Table A-6: LDI method (Shinozuka et al. 2003). 

Bridge Damage State 
Minor 

Moderate 
Extensive 
Complete 

Bridge Damage Index 
0.1 
0.3 
0.75 
1.0 

Link Damage Index LDI for Link I 
JI

2

J 1
LDI (BDJI)

=

= ∑  

where BDIJ = Bridge Damage Index for Bridge J on Link I 
JI = Total Number of Bridges on Link I 

Link Damage Index 
LDI < 0.5 

0.5≤ LDI < 1.0 
1.0 ≤ LDI < 1.5 

1.5≤ LDI 

Traffic Flow Capacity (in terms of VPH) 
100% (No Link Damage) 

75% (Minor Link Damage) 
50% (Moderate Link Damage) 

25% (Major Link Damage) 
 

A.8. Retrofit Prioritization 

One of the most important aspects of identifying bridge vulnerabilities is to then 

evaluate which of these bridges require retrofit. The most comprehensive methods are 

those that include not only vulnerability, but other characteristics such as road network, 

average daily traffic (ADT), and deck area. Two methods are summarized below by and 

CH2M Hill (1997) and Buckle (2011). 

 

I = C*V (11) 
 

where I = priority index; C = criticality function (dependent on water crossings, lifeline 

routes, detour lengths, traffic congestion, utilities, priority routes under the bridge, and 

ADT); and V = vulnerability function (dependent on structural vulnerability and intensity 

measure) (CH2M Hill 1997). 

 

R = Iw1 + Sw2 + Vw3 (12) 
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where I = importance factor (dependent on route type, detour length, utilities, ADT, 

replacement cost, and retrofit cost); S = seismicity factor (dependent on adjusted site 

accelerations);V = vulnerability factor; and W = weighted factors which sum to 10 

(Buckle 2011).   
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Appendix B: Study Area – Oregon  
Appendix B: Study Area – Oregon  

B.1. Earthquake Hazards 

The three primary earthquake sources that threaten Oregon are crustal earthquakes, 

intraplate earthquakes, or great subduction earthquakes. Crustal earthquakes occur along 

relatively shallow faults within about 10 miles of the surface, intraplate earthquakes occur at 

greater depths about 20-40 miles beneath the surface, and great subduction earthquakes occur 

along a great offshore fault that parallels the Oregon and Washington coasts (Madin and 

Mabey 1996). Based on the relatively brief 150-year historic record, six earthquakes of 

magnitude five or greater have occurred within the greater Portland area (Bott and Wong 

1993; Wong et al. 2000). Geologic evidence has been discovered by several researchers 

supporting the possibility of large subduction zone earthquakes, with moment magnitudes 

greater than 8.0, occurring in the future somewhere along the Oregon coast. Other geologic 

evidence has been discovered which supports a high probability of strong crustal earthquakes 

occurring in several areas throughout Oregon (Nako et al. 2009). 

The most common earthquakes in Oregon are crustal earthquakes, which occur frequently 

but are typically below M5.5. The 1993 M5.6 earthquake at Scotts Mills, Oregon (Madin et 

al. 1993) and the 1993 M5.9 and M6.0 Klamath Falls, Oregon, main shocks (Wiley et al. 

1993) are examples of crustal earthquakes that have occurred in Oregon (Nako et al. 2009). 

Table B-1 summarizes that typical frequency of crustal, intraplate, and CSZ earthquakes. 

Table B-1: Primary types of earthquakes affecting Oregon (Nako et al. 2009). 

Source Magnitude Frequency Latest Occurrence 

Crustal M < 5.5 15 – 20 per year Annually 
M ≥ 5.5 Unknown 1993: Scott Mills & Klamath Falls 

Intraplate M = 4.0 – 7.0 Every 30 – 50 years Feb., 2009: M41, Grants Pass, OR 
CSZ M ≥ 8.0 Every 350 – 500 years Jan., 1700 
 

Subduction zone earthquakes occur far less often than crustal earthquakes but are 

significantly higher in magnitude and duration. Though no earthquakes have been recorded 

on the CSZ during Oregon’s 150-year historical record, numerous studies have found 

widespread evidence that very large earthquakes have occurred, most recently about 300 

years ago, in January 1700 (Atwater 1987; Yamaguchi et al. 1997). Figure B-1 below 
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highlights Oregon’s current seismic hazard maps to be used when designing new 

structures. It should be noted that this map is not corrected for soil and only accounts for rock 

amplifications. It can be observed the hazard map is predominately based on shaking from 

the CSZ. 

 

Figure B-1:Oregon seismic hazard map showing PGA for 2-percent probability of 
exceedance in 50 years (adapted from USGS 2014a). 

Figure B-2 shows over 14,000 earthquakes that have occurred in Oregon from 1841-

2002. Large concentrations can be seen in Klamath Falls, local Portland areas, and along 

the southern Oregon coast. 
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Figure B-2: Map of selected earthquakes for Oregon (1841-2002) (Niewendorp and Neuhaus 2003). 
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B.2. Bridges 

Based on 2013 data from the National Bridge Inventory (NBI), Oregon has 7,656 

bridges (FHWA 2015). All bridges in Oregon vary in length, width, materials, site 

conditions, and general design. Bridges are also dispersed geographically across the state, 

so they will have varying levels of acceleration. This means that each bridge may react 

differently when exposed to a given earthquake. Prior to the 1970s, minimal 

consideration was given to seismic loads in the Pacific Northwest. Bridges built after 

1980 were designed with an increased awareness for seismic design. As a result, bridges 

built before 1980 are at risk to experiencing damage from a moderate to large compared 

to bridges designed after 1980. However, much of the interstate highway system in the 

Pacific Northwest was designed in the mid- to late-1960s. Therefore, there are a large 

number of bridges that have minimal seismic resistance (Roberts and Dusicka 2011). 

Table B-2 summarizes the changes to bridge seismic design for Oregon and Table B-3 

summarizes the structure collapse potential relative to year constructed. 

Table B-2: Important events and changes made to seismic design codes and ground 
motion hazard levels over time (Oregon DOT 2013). 

Year AASHTO Design Code Ground Motion Hazard 
Prior to 

1958 
Seismic loading typically not 
considered N/A 

1958-1974 Bridges designed for seismic force 
equal to 2%-6% of structure weight N/A 

1971 San Fernando, CA Earthquake 

1975-1990 

Bridges designed for seismic force 
equal to 8%-12% of structure 
weight based on adopted AASHTO 
Interim Specs. 

1975: Seismic Hazard Maps first 
appear in AASHTO; (Oregon in 
Zones 1 & 2) 

1989 Loma Prieta, CA Earthquake 

1990 Adopt 1983 AASHTO Seismic 
Design Guide 

Adopt 1990 interim ODOT Seismic 
Specifications Hazard Map 

1995  
Adopt 500-yr. Geomatrix design 
hazard maps (includes subduction 
zone event) 

2004 Include liquefaction effects into 
routine design 

Adopt 2002 USGS hazard maps; 
Adopted 1000-yr. base design event 
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Table B-3: Structure collapse potential relative to year constructed (Oregon DOT 
2013). 

Year Constructed Structure Collapse Potential 
Prior to 1975 Significant 
1975-1994 Moderate 
1995-2004 Low 

2004-present Very low 
 

Based on a 2012 report of Oregon highway bridges, 1,500 bridges will reach the end 

of their service life by 2020. Of these 1,500 “end of service life” bridges, approximately 

27% are currently just one point away from structural deficiency as defined by FHWA 

(Oregon DOT 2012). Structural deficiency means the bridge has deteriorated physical 

conditions in its structural elements and has reduced load capacity. These bridges are not 

necessarily unsafe, but needed to be replaced or repaired. Figure B-3 highlights the 

number of distressed bridges within Oregon. Regions 1, 2, and 3 are particularly 

significant because these regions are more prone to seismic damage resulting from a CSZ 

earthquake. It is also noteworthy that these areas have a relatively high number of 

distressed bridges (3-6% structurally deficient and 17-27% with other deficiencies). 

Compared with Regions 4 and 5 (2% structurally deficient and 9-14% with other 

deficiencies), the first three regions have a significantly higher number of distressed 

bridges. These regions are crucial to maintaining the Oregon lifelines routes as they 

provide access from highway 101 and interstate 5 (I-5). The additional use due to higher 

traffic volumes may be one reason that the western regions have a larger distress rate 

percentage. 
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Figure B-3: Oregon highway bridges based on distress rate (Oregon DOT 2012).  
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Appendix C: Methodology 
Appendix C: Methodology 

C.1. Data Files 

A variety of GIS data files were used in this study to evaluate the Oregon bridge 

network. These datasets are highlighted below in Table C-1. 

Table C-1: Summary of datasets. 

Dataset Description Resolution Attributes Source 

National 
Bridge 
Inventory 
(NBI) 

The NBI is a database 
that provides information 
on all bridges in the 
United States.  

Latitude/ Longitude 
accurate is provided 
in XXX degrees, 
XX minutes, and 
XX.XX seconds. 

The database uses 116 unique 
fields (e.g., length, material, 
design, spans). 

(FHWA 2015) 

Traffic 
Network 

These GIS layers provide 
state and non-state traffic 
networks in Oregon. 

Unknown Highway name, number, 
milepoints, roadway ID, etc. 

ODOT 
TransGIS 
(Oregon DOT 
2015) 

Hillshade 
DEM 

Oregon Digital elevation 
model (DEM) data is 
provided. 

DEM cells are 10 x 
10 meters. DEM and hillshade DEM rasters. 

Oregon 
Statewide 
DEM 
Downloads 
(Oregon 
Geospatial 
Enterprise 
Office (GEO) 
2013) 

ShakeMap 
earthquake 
scenarios 

ShakeMap scenarios 
provide expected ground 
motions and effects of 
hypothetical earthquakes. 

Latitude and 
longitude resolution 
is 0.050 decimal 
degrees. 

Peak ground acceleration (PGA), 
peak ground velocity (PGV), 
instrumental intensity (MMI), 
spectral acceleration with 5% 
damping at 0.3 s period (PSA03), 
1.0 s period (PSA10), and 3.0 s 
period (PSA30). 

(USGS 2015b) 

DOGAMI 
earthquake 
scenarios 

Scenario maps were 
developed that estimate 
the likely ground motion 
from the Cascadia 
Subduction Zone event. 

Raster cell size is 30 
meters (98.4 feet). 

PGA, PGV, and SA; liquefaction 
and landslide susceptibility, 
probability, and PGD; and 
bedrock PGA and SA. 

(Madin and 
Burns 2013; 
Sharifi-Mood 
et al. 2015) 

DOGAMI 
tsunami 
scenarios 

These maps provide 
seven tsunami inundation 
scenarios for the Oregon 
coast. 

Spacing between 
computational grid 
points is generally 
less than 10 m in 
populated areas and 
critical shoreline 
features. 

Maximum inundation for five 
CSZ earthquake sources (Sm1 = 
300 years, M1 = 425-525 years, 
L1 = 650-800 years, XL1 = 
1,050-1,200 years, and XXL1 = 
1,200 years) and two M9.2 
Alaska earthquake sources (AK64 
= historical maximum that struck 
in 1964 and AKMax = 
hypothetical maximum). 

(Priest et al. 
2013) 

C.2. Bridge Inventory 

The 2013 National Bridge Inventory (NBI) database contains a total of 7,656 bridges 

for Oregon (FHWA 2015). Due to a lack of latitude/longitude data for 395 bridges, the 
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database was reduced to 7,261 bridges in order to properly map the geospatial 

coordinates. The remaining bridges are to be used in the analysis provided in later 

sections.  

Each bridge record has 116 unique fields. Regarding the development of fragility 

functions for an entire bridge network, the material and design (NBI fields 43A and 43B 

respectively) are vital to identifying bridge characteristics. Table C-2 highlights the 

coding options for bridge materials and design.  

Table C-2: NBI coding for material (field 43A) and design (field 43B) (FHWA 1995). 

NBIS Code 43A – Material  NBIS Code 43B – Design 
Code Description  Code Description 

1 Concrete  1 Slab 
2 Concrete continuous  2 Stringer/multi-beam or girder 
3 Steel  3 Girder and floorbeam system 
4 Steel continuous  4 Tee beam 
5 Prestressed concrete  5 Box beam or girders – multiple  

6 Prestressed concrete 
continuous 

 6 Box beam or girders – single or spread 
7 Frame (except frame culverts) 

7 Wood or timber  8 Orthotropic 
8 Masonry  9 Truss – deck  

9 Aluminum, wrought 
iron, or cast iron 

 10 Truss – thru 
11 Arch – deck 

0 Other  12 Arch – thru 
  14 Stayed girder 

 15 Movable – lift 
 16 Movable – bascule 
 17 Movable – swing 
 18 Tunnel 
 19 Culvert (includes frame culverts) 
 20 Mixed types 
 21 Segmental box girder 
 22 Channel beam 
 00 Other 

 

The NBI inventory for Oregon was categorized based on material and design. Bridges 

were sorted by state-owned (NBI field 22 = 1), and non-state owned (NBI field 22 > 1). 

The top 10 design and material types are listed in Table C-3. Nearly 30% of Oregon 
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bridges are prestressed concrete slabs with the next highest being prestressed concrete 

stringer/multi-beam or girders and concrete continuous stringer/multi-beam or girders.  

Table C-3: Top 10 design and material types of Oregon bridges. 

Type (43A, 43B) 
Total Oregon DOT Other 

# % # % # % 
Concrete stringer/multi-beam or 
girder (1, 2) 256 3.5% 81 3.0% 175 3.9% 

Concrete continuous slab (2, 1) 244 3.4% 147 5.4% 97 2.1% 
Concrete continuous stringer/multi-
beam or girder (2, 2) 746 10.3% 452 16.7% 294 6.5% 

Concrete continuous box beam or 
girders – multiple (2,3) 153 2.1% 139 5.2% 14 0.3% 

Steel stringer/multi-beam or girder 
(3, 2) 562 7.8% 115 4.3% 447 9.9% 

Prestressed concrete slab (5, 1) 2,161 29.9% 415 15.4% 1,746 38.5% 
Prestressed concrete stringer/multi-
beam or girder (5, 2) 801 11.1% 382 14.2% 419 9.2% 

Prestressed concrete box beam or 
girders – multiple (5,3) 237 3.3% 113 4.2% 124 2.7% 

Prestressed concrete continuous 
stringer/multi-beam or girder (6, 2) 182 2.5% 140 5.2% 42 0.9% 

Wood or timber stringer/multi-beam 
or girder (7, 2) 367 5.1% 45 1.7% 322 7.1% 

 

C.3. Fragility Functions 

C.3.1 Case I: HAZUS Method 

HAZUS-MH classifies bridges based on the following characteristics (FEMA 2010): 

• Seismic design (pre-1990 or post-1990) 

• Number of spans: single vs. multiple span bridges 

• Structure type: concrete, steel, and others 

• Pier type: multiple column bents, single column bents, and pier walls 

• Abutment type and bearing type: monolithic vs. non-monolithic; high rocker 

bearings, low steel bearings, and neoprene rubber bearings 

A total of 28 bridge classes (HWB1 through HWB28) are defined using the above 

characteristics, as shown in Table C-4. The method developed by Basoz and Mander 
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(1999) uses three sources of data for fragility analysis: (1) NBI; (2) ground motion 

data; and (3) geological maps. Steps for calculating bridge fragility are highlighted 

below: 

1. Gather the bridge location (latitude and longitude), class (Table C-4), number 

of spans (NBI field 45), skew angle (NBI field 34), span width (NBI field 52), 

bridge length (NBI field 49), and maximum span length (NBI field 48). 

Table C-4: HAZUS bridge classification scheme. 

Class NBI 
class 

Year 
built 

# 
spans 

Length 
of max. 

span 
(meters) 

Length 
less 
than 
20 m 

K3D Ishape Design Description 

HWB1 All < 1990 - > 150 N/A EQ1 0 Conventional Major bridge – Length > 
150m 

HWB2 All ≥ 1990 - > 150 N/A EQ1 0 Seismic Major bridge – Length > 
150m 

HWB3 All < 1990 1 - N/A EQ1 1 Conventional Single span 
HWB4 All ≥ 1990 1 - N/A EQ1 1 Seismic Single span 

HWB5 101-106 < 1990 - - N/A EQ1 0 Conventional Multi-Col. Bent, Simple 
Support – Concrete 

HWB7 101-106 ≥ 1990 - - N/A EQ1 0 Seismic Multi-Col. Bent, Simple 
Support – Concrete 

HWB10 201-206 < 1990 - - N/A EQ2 1 Conventional Continuous concrete 
HWB11 201-206 ≥ 1990 - - N/A EQ2 1 Seismic Continuous concrete 

HWB12 301-306 < 1990 - - No EQ4 0 Conventional Multi-Col. Bent, Simple 
Support – Steel 

HWB14 301-306 ≥ 1990 - - N/A EQ1 0 Seismic Multi-Col. Bent, Simple 
Support – Steel 

HWB15 402-410 < 1990 - - No EQ5 1 Conventional Continuous Steel 
HWB16 402-410 ≥ 1990 - - N/A EQ3 1 Seismic Continuous Steel 

HWB17 501-506 < 1990 - - N/A EQ1 0 Conventional 
Multi-Col. Bent, Simple 

Support – Prestressed 
concrete 

HWB19 501-506 ≥ 1990 - - N/A EQ1 0 Seismic 
Multi-Col. Bent, Simple 

Support – Prestressed 
concrete 

HWB22 601-607 < 1990 - - N/A EQ2 1 Conventional Prestressed continuous 
concrete 

HWB23 601-607 ≥ 1990 - - N/A EQ2 1 Seismic Prestressed continuous 
concrete 

HWB24 301-306 < 1990 - - Yes EQ6 0 Conventional Multi-Col. Bent, Simple 
Support – Steel 

HWB26 402-410 < 1990 - - Yes EQ7 1 Conventional Continuous Steel 

HWB28 - - - - - - - - All other bridges that are not 
classified 

 

2. Evaluate the soil-amplified peak ground acceleration (PGA), Sa (T=0.3 sec) 

and Sa (T=1.0 sec), and the PGD. 

3. Evaluate the three modification factors: 

a.   (13) skewK sin(90 )α= −
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b.   (14) 

c.   (15) 

Table C-5: Coefficients for evaluating K3D (FEMA 2010). 

Equation (per Table C-4) A B K3D 
EQ1 0.25 1 1 + 0.25 / (N-1) 
EQ2 0.33 0 1 + 0.33 / (N) 
EQ3 0.33 1 1 + 0.33 / (N-1) 
EQ4 0.09 1 1 + 0.09 / (N-1) 
EQ5 0.05 0 1 + 0.05 / (N) 
EQ6 0.20 1 1 + 0.20 / (N-1) 
EQ7 0.10 0 1 + 0.10 / (N-1) 

 

where α is skew angle (degrees) and N is the number of spans 

4. Modify the ground shaking medians for the standard fragility functions (Table 

C-6): 

a.  Sanew-slight = Saold-slight * factorslight 

where  

Factorslight = 1 if Ishape = 0 

Factorslight = minimum of (1, Kshape) if Ishape = 1 

(16) 

b.  Sanew-moderate = SaAtold-moderate* Kskew * K3D (17) 

c.  Sanew-extensive = Saold-extensive* Kskew * K3D (18) 

d.  Sanew-complete = Saold-complete* Kskew * K3D (19) 

5. Compute the probability of damage 

[ ] ln( ) ln( )| IM
⎡ ⎤−≥ =Φ⎢ ⎥β⎣ ⎦

d ri
i d

i

IM IMP DS ds  (20) 

where [ ]| IM≥ i dP DS ds  is the conditional probability of exceeding damage 

state dsi; Φ  is the standard normal cumulative distribution function; IMd is the 

Sa of the seismic hazard demand; IMri  is the mean value of the IM resistance 

shape
Sa(1.0sec)K 2.5*
Sa(0.3sec)

=

3D
AK 1

(N B)
= +

−
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for the ith damage state to occur; and βi is the log-normal standard deviation 

for the ith damage state. 

Table C-6: Median resistance coefficients for HAZUS bridges (FEMA 2010). 

 Sa (1.0 sec in g’s) for Damage Functions 
due to Ground Shaking 

PGD (inches) for damage Functions due 
to Ground Failure 

Class Slight Moderate Extensive Complete Slight Moderate Extensive Complete 
HWB1 0.40 0.50 0.70 0.9 3.9 3.9 3.9 13.8 
HWB2 0.60 0.90 1.10 1.70 3.9 3.9 3.9 13.8 
HWB3 0.80 1.00 1.20 1.70 3.9 3.9 3.9 13.8 
HWB4 0.80 1.00 1.20 1.70 3.9 3.9 3.9 13.8 
HWB5 0.25 0.35 0.45 0.70 3.9 3.9 3.9 13.8 
HWB6 0.30 0.50 0.60 0.90 3.9 3.9 3.9 13.8 
HWB7 0.50 0.80 1.10 1.70 3.9 3.9 3.9 13.8 
HWB8 0.35 0.45 0.55 0.80 3.9 3.9 3.9 13.8 
HWB9 0.60 0.90 1.30 1.60 3.9 3.9 3.9 13.8 

HWB10 0.60 0.90 1.10 1.50 3.9 3.9 3.9 13.8 
HWB11 0.90 0.90 1.10 1.50 3.9 3.9 3.9 13.8 
HWB12 0.25 0.35 0.45 0.70 3.9 3.9 3.9 13.8 
HWB13 0.30 0.50 0.60 0.90 3.9 3.9 3.9 13.8 
HWB14 0.50 0.80 1.10 1.70 3.9 3.9 3.9 13.8 
HWB15 0.75 0.75 0.75 1.10 3.9 3.9 3.9 13.8 
HWB16 0.90 0.90 1.10 1.50 3.9 3.9 3.9 13.8 
HWB17 0.25 0.35 0.45 0.70 3.9 3.9 3.9 13.8 
HWB18 0.30 0.50 0.60 0.90 3.9 3.9 3.9 13.8 
HWB19 0.50 0.80 1.10 1.70 3.9 3.9 3.9 13.8 
HWB20 0.35 0.45 0.55 0.80 3.9 3.9 3.9 13.8 
HWB21 0.60 0.90 1.30 1.60 3.9 3.9 3.9 13.8 
HWB22 0.60 0.90 1.10 1.50 3.9 3.9 3.9 13.8 
HWB23 0.90 0.90 1.10 1.50 3.9 3.9 3.9 13.8 
HWB24 0.25 0.35 0.45 0.70 3.9 3.9 3.9 13.8 
HWB25 0.30 0.50 0.60 0..90 3.9 3.9 3.9 13.8 
HWB26 0.75 0.75 0.75 1.10 3.9 3.9 3.9 13.8 
HWB27 0.75 0.75 0.75 1.10 3.9 3.9 3.9 13.8 
HWB28 0.80 1.00 1.20 1.70 3.9 3.9 3.9 13.8 
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Figure C-1: Oregon HAZUS bridge classification. 

Based on Figure C-1, the majority of Oregon bridges are classified as single span 

bridges built before 1990 (HWB3). Other leading classifications include single span 

bridges built after 1990 (HWB4); continuous concrete bridges (HWB10); multi-column 

bent, simply supported prestressed concrete bridges (HWB17); and other bridges 

(HWB28). Over 600 bridges are classified as “other” using the HAZUS-MH method, 

approximately 8% of the Oregon transportation network. This highlights a problem for 

HAZUS-MH classifications. Classifications coded as other receive the same capacity Sa, 

independent of the bridges unique characteristics. Other categories include wood or 

timber bridges as well as truss or movable design types. Surely these bridges behave 

differently during an earthquake but due to HAZUS-MH limitations they are coded as the 

same classification.  

C.3.2 Case II: CSUS Method 

Based on work by Nielson (2005), a total of nine bridge classes were identified for 

the most common bridges in the CSUS region (Table C-7). These bridge classifications 

were chose as they make up 87.8% of the number of bridges in the CSUS. Although these 

bridge classifications were targeted to bridges in the CSUS, the general classification is 

applicable to bridges across the United States because they are based on NBI data. 

HWB1 HWB2 HWB3 HWB4 HWB5 HWB7 HWB10 HWB11 HWB12 HWB14 HWB15 HWB16 HWB17 HWB19 HWB22 HWB23 HWB24 HWB26 HWB28 

Other 1 0 1876 780 116 3 424 14 93 2 51 6 558 119 28 36 11 19 409 

Oregon DOT 12 0 473 354 44 0 723 23 52 1 113 19 333 82 149 130 0 0 207 
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Table C-7: CSUS bridge classification scheme. 

Name Abbreviation Material (43A) Type (43B) Spans 

Multi-Span Continuous 
Concrete Girder MSC Concrete Concrete continuous (2) 

Prestressed concrete continuous (6) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 

> 1 

Multi-Span Continuous Steel 
Girder MSC Steel Continuous steel (4) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 

> 1 

Multi-Span Continuous Slab MSC Slab Concrete continuous (2) 
Prestressed concrete continuous (6) Slab (1) > 1 

Multi-Span Continuous 
Concrete Box Girder 

MSC Concrete-
Box 

Concrete continuous (2) 
Prestressed concrete continuous (6) Box beam – multiple (5) > 1 

Mutli-Span Simply Supported 
Concrete Girder 

MSSS 
Concrete 

Concrete (1) 
Prestressed concrete (5) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 

> 1 

Multi-Span Simply Supported 
Steel Girder MSSS Steel Steel (3) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 

> 1 

Multi-Span Simply Supported 
Slab MSSS Slab Concrete (1) 

Prestressed concrete (5) Slab (1) > 1 

Multi-Span Simply Supported 
Concrete Box Girder 

MSSS 
Concrete-Box 

Concrete (1) 
Prestressed concrete (5) Box beam – multiple (5) > 1 

Single-Span Concrete Girder SS Concrete 

Concrete (1) 
Prestressed concrete (2) 
Concrete continuous (5) 
Prestressed concrete continuous (6) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 
Slab (1) 
Box beam – multiple (5) 

< 2 

Single-Span Steel Girder SS Steel Steel (3) 
Steel continuous (4) 

Stringer (2) 
Tee-beam (4) 
Floor girder (3) 
Channel beam (22) 
Slab (1) 
Box beam – multiple (5) 

< 2 

 

After classifying each bridge as one of nine bridge types, an associated median PGA 

resistance is assigned. Roughly 75% of Oregon bridges were classified as one of these 

nine types; however, the other 25% were not. As a result, the remaining 25% were 

reclassified using HAZUS-MH median fragilities in order to continue to account for the 

entire transportation network. Of the 25% remaining, a majority were already classified 

as “HWB28 or other” using HAZUS-MH methods and were thus simplified to begin 

with. This assumption proved useful when comparing the entire bridge network instead 

of just those identified by CSUS methods. 
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Table C-8: Final proposed system fragility for nine bridge types (PGA) (Nielson and 
DesRoches 2007). 

Bridge Median PGA Values (g) Dispersion Slight Moderate Extensive Complete 
MSC Concrete 0.15 0.52 0.75 1.03 0.70 
MSC Slab 0.17 0.45 0.78 1.73 0.70 
MSC Steel 0.18 0.31 0.39 0.50 0.55 
MSSS Concrete 0.20 0.57 0.83 1.17 0.65 
MSSS Concrete-Box 0.21 0.65 1.19 2.92 0.75 
MSSS Slab 0.18 0.52 0.94 1.92 0.75 
MSSS Steel 0.24 0.44 0.56 0.82 0.50 
SS Concrete 0.41 1.84 26.2 3.64 0.90 
SS Steel 0.63 1.14 1.52 2.49 0.55 

 

 

Figure C-2: Oregon CSUS bridge classification. 

Within Oregon, more than 2,000 bridges are classified as single-span concrete bridges 

(SS Concrete). The remaining leading categories include multi-span continuous concrete 

girder (MSC Concrete), multi-span simply supported concrete girder (MSSS Concrete), 

multi-span simply supported slab (MSSS Slab), and single-span steel girder (SS Steel). It 

is worth noting that approximately 1,800 bridges (~25%) did not meet any CSUS 

classifications and were thus categorized as “other.”  
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C.3.3 Case III: Special Oregon Three and Five Span Classification 

A report by Roberts and Dusicka (2011) used analytical methods to construct fragility 

functions for older Oregon three- and five-span bridges. Bridges were categorized using 

Table C-9 per the NBI: 

Table C-9: NBI database search criteria (Roberts and Dusicka 2011). 

NBI Item Value 
5C Designated Level of Service = 1 (Mainline) 
7 Facility Carried by Structure = I-5, I-84, I-205, OR-99W, US-26, and US-30 
27 Year Built ≤ 1969 
43A Material = 2 (concrete continuous) 
43B Design = 2 (stringer/multi-beam or girder) 
 

Using NBI data, a total of 104 bridges met the requirements, 89 of which were three-

span and 15 were five-span. This accounts for approximately 1.4% of the entire Oregon 

bridge network. The resulting fragility medians are summarized below in Table C-10.  

Table C-10: Fragility functions for three- and five-span older Oregon bridges. 

Damage State Typical Three-span Bridge Typical Five-span Bridges 
Median Dispersion Median Dispersion 

Slight 0.06 0.64 0.08 0.70 
Moderate 0.07 0.68 0.10 0.74 
Extensive 0.11 0.73 0.16 0.79 
Complete 0.33 0.78 0.51 0.84 

 

C.3.4 Case IV: Nisqually, WA Classification 

Following the 2001 Nisqually earthquake, bridge damage reports were correlated 

with estimates of ground-motion intensity. Based on evidence from field reports and 

statistical analysis, bridges damaged correlated best with the Sa (T=0.3s). In particular, 

pre-1940 bridges, pre-1976 truss bridges, and movable bridges were found to be 

particularly vulnerable (Ranf et al. 2007). Especially with regards to the truss and 

movable bridges, these are not specified in HAZUS-MH and are classified as “other” 

bridges. Therefore, this report was useful for furthering development into improving 

HAZUS-MH fragility functions. 
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Bridges were classified into five categories: pre-1976 truss, movable, pre-1941, 

1941-1975, and post-1975. Based on observations from bridge damage, bridges identified 

as pre-1976 truss and movable were particularly vulnerable. Truss bridges are identified 

in NBI field 43B as the following numeric values: 09 – truss-deck and 10 – truss-thru. 

Movable bridges are identified in NBI field 43B as: 15 – movable-lift, 16 – movable-

bascule, and 17 – movable-swing. Out of the 7,261 bridges in the study area, 145 were 

identified as pre-1976 truss and 17 were identified as movable. Although this 

identification only accounts for only 2.3% of the bridge network, any disruption in a 

particular link can represent significant influence on the transportation network. 62 of 

these bridges are state owned with an average daily traffic (ADT) of nearly 9,000. The 

lognormal distributed in Equation 21 was developed to estimate fragility relationships: 

 (21) 

where A and are defined in Table C-11. 

Table C-11: Proposed fragility parameters (Ranf et al. 2007). 

Category A  
Pre-1976 truss 0.55 0.6 
Movable 0.6 0.6 
Pre-1941 0.9 0.6 
1941 – 1975  1.4 0.6 
Post-1975  1.6 0.6 

 

C.3.5 Case V: Landslide and Liquefaction 

Continuing from the ground shaking resistance, HAZUS-MH also provides steps to 

estimate the damage of a bridge due to ground failures from liquefaction and landslide 

permanent ground deformation (PGD). HAZUS-MH provides the same median PGD for 

slight, moderate, and extensive damage, so only extensive and severe damages are 

considered. This is due to the assumption that only incipient unseating and collapse are 

possible types of damage due to ground failure (FEMA 2010). These are summarized 

below: 

a
D

S1P ln
Aζ

⎡ ⎤⎛ ⎞=Φ ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

ζ
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6. Modify the PGD medians using Table C-12. 

e.  PGDnew-slight = PGDold-slight * f1 (22) 

f.  PGDnew-moderate= PGDold-moderate * f1 (23) 

g.  PGDnew-extensive = PGDold-extensive * f1 (24) 

h.  PGDnew-complete = PGDold-complete * f2 (25) 

Table C-12: Modifiers for PGD medians. 

Class f1 f2 
HWB1 1 1 
HWB2 1 1 
HWB3 1 1 
HWB4 1 1 
HWB5 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB6 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB7 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB8 1 sin(α) 
HWB9 1 sin(α) 

HWB10 1 sin(α) 
HWB11 1 sin(α) 
HWB12 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB13 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB14 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB15 1 sin(α) 
HWB16 1 sin(α) 
HWB17 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB18 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB19 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB20 1 sin(α) 
HWB21 1 sin(α) 
HWB22 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB23 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB24 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB25 0.5*L / [N*W*sin(α)] 0.5*L / [N*W*sin(α)] 
HWB26 1 sin(α) 
HWB27 1 sin(α) 
HWB28 1 1 

 

where N is the number of spans, W is the width of span, L is the length of the 

bridge, and α is the skew. 

7. Using the new medians and β = 0.2, evaluate the ground failure-related 

damage state probability. 
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C.3.6 Case VI: Tsunami Inundation 

The HAZUS-MH Tsunami Methodology Technical Manual (FEMA 2013) outlines 

procedures outlines procedures for estimating damage to lifeline components considering 

effects of inundation, flow rate, and presence of large debris. FEMA (2013) tsunami 

fragilities are characterized by discrete lifelines component damage states. Table C-13 

defines the fragility values to inundation depth for highway bridges. The inundation 

depth resistances can be scaled in order to accurately reflect bridges of varying heights. 

Table C-13: Fragility values for bridges to tsunami inundation depth (FEMA 2013). 

Component Defined 
Base 

Default 
height 

(m) 

Damage 
State 

Cost to Repair/ 
Component Value 

Inundation Depth to Enter 
Damage State (m) 

Highway 
bridge 

Top of 
foundation 6.1 

Slight 0.02 1.2 
Moderate 0.10 2.0 
Extensive 0.50 3.5 
Complete 1.0 5.2 

 

With respect to uncertainty quantification, FEMA (2013) uses the HAZUS-MH 

approach in which the demand and resistance are assumed to be statistically independent 

random variables. Thus, the total uncertainty may be calculated in Equation 26 as 

follows: 

2 2
, |β = β +βdsi R dsi R R  (26) 

where βdsi,R is the logarithmic standard deviation describing the total uncertainty,  βdsi|R is 

the uncertainty associated with the resistance (assumed as 0.4), and βR is the uncertainty 

associated with the demand (assumed as 0.3 to 0.5). For this study, both βdsi|R and βR were 

taken as 0.4. 

C.4. Earthquakes 

C.4.1 ShakeMaps 

The five key ShakeMap scenarios are used for this study are the M6.5 Portland Hills, 

M6.5 Klamath Falls, M8.3 CSZ South, M8.3 CSZ North, and M9.0 CSZ scenarios 

(Figure C-3 though Figure C-7). These scenarios are to be used for planning purposes 
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only and do not represent the actual behavior of an earthquake to occur in the same 

region. However, these scenarios represent the three major earthquake faults that can 

occur in Oregon: Portland Hills fault, Klamath Falls fault, and the Cascadia fault.  

There are several limitations to the use of ShakeMaps, most notably of which is the 

simplification and rounding of IMs. ShakeMaps provides GIS data as ShapeFiles, but 

reduces the accuracy to the specific IM in question. This is done so by rounding all IMs 

to the closest 0.04 digit (e.g., PGA values rounded to 0.32, 0.36, and 0.40). Although this 

provides a quantified representation of the particular earthquake shaking, it has a 

significant effect on the representative bridge damage and replacement cost.  

 

Figure C-3: ShakeMap scenario for M6.5 Portland Hills. 
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Figure C-4: ShakeMap scenario for M6.5 Klamath Falls. 

 

Figure C-5: ShakeMap scenario for M8.3 CSZ South. 
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Figure C-6: ShakeMap scenario for M8.3 CSZ North. 

 

Figure C-7: ShakeMap scenario for M9.0 CSZ. 
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C.4.2 DOGAMI Earthquakes 

Another source of scenario earthquakes are those computed by DOGAMI (Madin and 

Burns 2013). A M9.0 CSZ scenario was based on the M9.0 scenario provided by 

ShakeMap. The synthetic bedrock motions were adjust for local site effects using the new 

statewide NEHRP site class map and relationships provided by (Boore and Atkinson 

2008). A multi-step geoprocessing model was developed in ArcMap to compute all the 

required PGA map calculations (Figure C-8). 

Using the prescribed method, Sharifi-Mood et al. 2015 was able to estimate four 

Cascadia fault rupture scenarios: M8.1, M8.4, M8.7, and M9.0 (Figure C-9 through 

Figure C-12). These scenarios were used throughout the study to compare different fault 

lines with the CSZ and to compare the representative damage to the Oregon bridge 

network. 

 

Figure C-8: Esri ArcMap geoprocessing model for calculation of PGA values with site 
amplification (Madin and Burns 2013). 
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Figure C-9: DOGAMI scenario for M8.1 CSZ. 

 

Figure C-10: DOGAMI scenario for M8.4 CSZ. 
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Figure C-11: DOGAMI scenario for M8.7 CSZ. 

 

Figure C-12: DOGAMI scenario for M9.0 CSZ. 
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C.4.3 Cascadia M9.0 DOGAMI Scenario 

For the M9.0 CSZ scenario by Madin and Burns (2013), additional landslide and 

liquefaction PGD maps were provided (Figure C-13 and  Figure C-14). Shapefiles of 

tsunami inundation maps were also published (Priest et al. 2013). Included are five 

inundation maps of different magnitudes: S1 = 300 years, M1 = 425-525 years, L1 = 650-

800 years, XL1 = 1,050-1,200 years, and XXL1 = 1,200 years. These inundation maps 

are shown in Figure C-15.  

 

Figure C-13: Landslide PGD for the M9.0 CSZ scenario by DOGAMI (Madin and Burns 
2013). 
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 Figure C-14: Liquefaction PGD for the M9.0 CSZ scenario by DOGAMI (Madin and 
Burns 2013). 

 

Figure C-15: Tsunami inundation map showing: (A) S1, (B) M1, (C) L1, (D) XL1, and 
(E) XXL1. 

C.5. Sensitivity Analysis 

The four primary sources of uncertainty regarding a SRA of a bridge network are the 

demand (e.g., earthquake scenario), resistance (e.g., Case I, Case II), dispersion (beta), 
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and the economic cost model. Figure C-16 reveals the sensitivity when altering the 

resistance and beta value Case I fragility functions. For graphical representation, 

resistance and beta factors were increased and decreased by 50% to amplify the 

sensitivity. Regardless, this figure reveals how changing these parameters alters the 

fragility function and in turn probability of damage.  

 

Figure C-16: Effect of altering Case I default fragility functions. 

C.5.1 Sensitivity of Bridge Damage 

Using the Case I fragility functions, Figure C-17 reveals that resistance, particularly 

when underestimated, has a more significant effect on the increase in the number of 

bridges in extensive and complete damage states than demand. Increasing the median 

values for demand and reducing resistance by 30% result in an increase from no 

completely damaged bridges to 19 and 43, respectively. Reducing the demand and 

increasing resistance by 30% decreases the total number of slight damaged bridges from 

546 to 112 and 141, respectively. 
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Figure C-17: Change in damage states when altering (a) demand and (b) resistance. 

C.5.2 Sensitivity of Traffic Capacity 

The previous procedure of applying changes to the demand, resistance, and dispersion 

was also applied for the traffic capacity based on the M9.0 CSZ scenario by DOGAMI. 

Comparisons were made for the overall reduction in total traffic capacity for the entire 

network. Figure C-18 highlights the percent in overall traffic capacity when adjusting the 

demand, resistance, and dispersion. This figure highlights a similar trend observed on the 

economic cost. The first is that the resistance has the most significant influence on the 

reduced traffic capacity of a network. The second observation is the minor influence the 

dispersion has on the network capacity. These findings support those with economic cost 

and also reveal the general senstivity of Case I. These fluctuations may alter the post-

earthquake traffic network and provide disruptions that would inhibit recovery. 
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Figure C-18: Percent reduction in traffic capacity applying standard deviation changes to 

the demand, resistance, and dispersion. Note that D=demand, R=resistance, and 
β=dispersion. 
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