
	[image: image1.png]



	10th International Conference on Short and Medium Span Bridges

Quebec City, Quebec, Canada,

 July 31 – August 3, 2018

	[image: image2.png]





PERFORMANCE-BASED DESIGN OF HIGHWAY BRIDGES: A STATE-OF-THE-ART REVIEW
Zhang, Qi1,2 and Alam, M. Shahria1,3 

1 School of Engineering, The University of British Columbia, 3333 University Way, Kelowna, BC V1V 1V7,  Canada
2 WSP Group, 1045 Howe Street, Vancouver, BC V6Z 2A9 Canada
3 corresponding author shahria.alam@ubc.ca
Abstract: This paper reviews the fundamentals and current practices of performance-based design for standard highway bridges covering the Canadian Highway Bridge Design Code (CHBDC), AASHTO and a number of jurisdictions. The design criteria vary from one region to another and are based on various damage measurements such as strains, drifts and ductility. The study compares different codes by assessing the performance of a cantilever column as a case study. It is found that CHBDC has the most stringent design criteria. BC MoTI Supplement provides similar level of design safety to South California DOT and Oregon DOT at the lower hazard level (500-year return period). In addition to code comparison, this study investigates the impact of seismic damages on column axial capacities. It is concluded that column compressive strength is well sustained if the ductility demand is not greater than 2 and proper seismic details are used. The review also suggests that most of the design codes only quantify the damage of columns, but are not clear on other components such as bearings and joints. Further research on the damage measurement of these elements is needed. 

1 INTRODUCTION
Performance-based design (PBD) originated in New Zealand in the 1970s (Priestley 2000) and further evolved in the United States in the 1980s (Hamburger et al. 2004). It was incorporated into a number of bridge design codes in recent years (AASHTO 2013, CSA 2014, NZT 2014). PBD not only eliminates many unrealistic assumptions but also leads to a better risk control and management. Under PBD framework, the demands and capacities are based on probabilistic models (Mackie et al. 2005). With the application of PBD, probabilistic life-cycle cost analyses incorporating multiple hazards and continuous deterioration becomes possible 
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(Gidaris et al. 2016, Kameshwar et al. 2014, Wen, 2001)
. Therefore, PBD will facilitate decision makers and stakeholders to allocate funding based on more realistic data (Marsh et al. 2013). A flowchart of PBD process is shown in Figure 1. The design starts with the probabilistic hazard analysis and seismic analysis at multiple hazard levels. Then, member sizes and material properties are determined to satisfy the performance criteria. From the structural analysis, damages such as steel yielding, concrete spalling, bearing failure and the corresponding losses are estimated. Based on the structural performance and transportation demand, indirect losses caused by traffic delay and such can be predicted. For important and irregular bridges, project-specific performance design criteria may be necessary to optimize the usage of available resources. 
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         Figure 1: Performance-based design flowchart               Figure 2: Soil-structure interaction flowchart
2 LIMIT STATES
Many limit states for PBD has been proposed by researchers 
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(Billah et al. 2016, Lehman et al. 2004, Mackie et al. 2008)
. Three commonly used limit states are serviceability, damage control, and collapse prevention (Ghobarah 2001, Kowalsky 2000). Serviceability means no repair is needed. Damage control indicates that the damage is repairable. Collapse prevention implies that damage may not be repairable but collapse has to be avoided (Kowalsky 2000). Priestley et al. (1996) defined serviceability based on the concrete crack width and steel strains. It was suggested that concrete crack should remain small (1mm) so that remedial action is not required. Under serviceability state, reinforcing steel tensile strain should not exceed 0.015 and concrete compressive strain should not exceed 0.004. Repairable damage limit state was defined by Kowalsky (2000), who suggested that concrete strain of 0.018 can be conservatively assumed for columns with 1% lateral reinforcement which yields at 450 MPa. For reinforcing steel, Kowalsky (2000) suggested that reinforcement strain limit is 0.06, which is the rupture strain under cyclic loadings. 
Although material strains are the most direct indicators of structural damages, they are not readily available in the field and may be difficult to obtain. Therefore, researchers have been seeking other parameters to define global damages. Ghobarah (2001) proposed a series of damage states based on drifts. The proposed damage states and drift limits are no damage (drift<0.2%), repairable damage (drift<0.5%), irreparable damage (drift<1.5%), near collapse (drift<2.5%), and collapse (drift>2.5%). A ductility based damage state system was proposed by Hwang et al. (2001). The proposed damage states are no damage, slight damage, moderate damage, extensive damage and complete damage. A summary of column damage states and limits are listed in Table 1. 
In addition to damage states of columns, Mackie et al. (2008) suggested defining damage states of deck according to the deck concrete strains. Hedayati-Dezfuli and Alam (2015) discussed the damage states of elastomeric bearing in terms of shear strains. The damage states of slight, moderate, extensive and failure are reached when 100%, 150%, 200% and 250% of the shear strains are exceeded (Zhang & Huo 2009). However, the elastomeric bearing deformation capacity under seismic event is not defined in current bridge design codes such as Canadian Highway Bridge Code 2014 (CSA 2014) and LRFD Specifications (AASHTO 2014). In the two codes, only a 50% shear strain is specific for serviceability load to prevent rollover at the edges and delamination due to fatigue (AASHTO 2014). The design capacity under static loads may not be applied to seismic loads.

Table 1: Damage states and limits

	Reference
	Damage States
	Limits

	Priestley et al. (1996) and Kowalsky (2000)
	Serviceability
	Rebar strain<0.015

	
	
	Concrete strain<0.004 

	
	Repairable  damage
	Rebar strain<0.06

	
	
	Concrete strain<0.018 

	Hwang et al. (2001)
	Slight damage
	First yield 

	
	Moderate damage
	Global yield (concrete strain equals to 0.004  )

	
	Extensive damage
	Concrete strain equals to 0.002

	
	Complete damage
	Maximum displacement capacity

	Ghobarah (2001)
	No damage 
	Drift < 0.2%

	
	Repairable damage 
	Drift < 0.5%

	
	Irreparable damage 
	Drift < 1.5%

	
	Near collapse 
	Drift < 2.5%

	
	Collapse 
	Drift > 2.5%


Under PBD framework, many design limits need to be checked by designers to ensure that bridges achieve intended performance. However, the challenge is that most of the design codes do not specify the performance criteria for components other than columns. More research is to be conducted in order to properly define the damage states of foundations, bearings and joints. 

3 DESIGN CRITERIA
In the Canadian Highway Bridge Design Code (CSA 2014), it is required a return period of 475 years for lower-level design and a return period of 2475 years for upper-level design for Major Route Bridges. At the lower design level, no steel yielding is allowed. At the upper design level, extensive damage is permitted. However, the steel strain shall not exceed 0.05 and the core concrete shall not crush. Following the publication of Canadian Highway Bridge Design Code 2014 (CSA 2014), the British Columbia Ministry of Transportation and Infrastructure published the Supplement to CHBDC S6-14 (BCMOT, 2016). The British Columbia Supplement uses the same level of expected services for Major Route Bridges. However, the strain limits for each damage level are revised to reflect local practices. At the lower-level hazard (475-year return period), the concrete compressive strain is limited to 0.006 and the steel strain is limited to 0.01. At the upper-level hazard (2475-year return period), the core concrete strain is limited to 80% ultimate strain and steel strain is limited to 0.05.

In the LRFD Specifications (AASHTO 2014) and the LRFD Guide Specifications for Seismic Design (AASHTO 2013), only a single level design based on 1000-year return period is required. When AASHTO (1981) first adopted the probabilistic method, the return period for the design was 500 years. It should be noted that although multiple level design is not mandatory in AASHTO (2014), lower return periods may be used for the serviceability design depending on owners (FHWA-NHI 2014).

The California Department of Transportation (Caltrans) uses both probabilistic and deterministic design spectra. The design spectrum is defined as the governing case of 1) a probabilistic spectrum with a return period of 975 years, 2) a deterministic spectrum of any fault near the bridge site with largest median response resulting from the maximum rupture, 3) a statewide minimum spectrum. Under the design earthquake load, the bridge shall not collapse, however, there may not be access for traffic, and significant damage is permitted.

The Oregon Department of Transportation (ODOT) uses two-level design (life safety and operational)  for new bridges and bridges in certain regions (e.g. on or West of US97) (ODOT 2016). For life safety level, 1000-year seismic loading with the force reduction factor for “other” bridges in AASHTO shall be used (e.g. R=3.0 for vertical reinforced concrete pile bents, R=5.0 for vertical steel pile bents). For operational design level, Cascadia Subduction Zone Earthquake seismic loading with the R factor for “essential” bridges shall be used (e.g. R=2.0 for vertical reinforced concrete pile bents, R=3.5 for vertical steel pile bents). Additionally, in Seismic Design Category D, ODOT requires concrete strain shall not exceed 90% of the ultimate concrete strain (εcu) at the 1000-year design level. Steel strain shall not exceed Reduced Ultimate Tensile Strain defined in LRFD Seismic Bridge Design (AASHTO 2013). 

The South Carolina Department of Transportation (SCDOT 2008) requires two-level designs based on 462-year and 975-year return periods. The bridge importance is classified into three types from I to III, where I stands for the most important bridges and III stands for the least important bridges. Type I bridges are located on the interstate system or along certain roads. For type I bridges, under 462-year seismic load, the damage shall be limited to minimal damage. Under 975-year seismic loading, the damage should be limited to repairable. The SCDOT defined specific drift and displacement limit for different damage levels. For example, under 462-year seismic loading, the displacement limit for type I bridges at interior bent with fixed bearing is 0.075H inches (the unit of H is in feet). Under 975-year earthquake event, this limit is 0.3H inches (the unit of H is in feet). Along with the displacement criteria, the SCDOT also provides maximum ductility factors that can be used. For single-column type I bridges, the ductility factor at 462-year and 975-year events are 2.0 and 3.0 respectively. 

The New York State Department of Transportation (NYSDOT 2015) only requires a two-level design for Critical Bridges. Critical Bridges are defined as bridges on the critical route without readily accessible detour. These bridges shall be functional under seismic load with 1000-year return period and life safety should be protected under seismic load with 2500 years return period. In the case of essential bridges, only a single-level design is required. Essential bridges shall experience repairable damage under seismic load with 1000-year return period. A similar practice is also adopted by Washington State Department of Transportation (WSDOT 2016). A summary of design criteria from different specifications is presented in Table 2.

Table 2: Design criteria for standard highway bridges 
	Reference
	Hazard Level
	Performance Requirements

	LRFD Specifications (2014)
	1000-year seismic load
	Life safety

	Eurocode (1998)
	475-year seismic load
	Life safety

	Chinese Guidelines (2008)
	1000 to 2000-year seismic load
	Life safety

	
	75 to 100-year seismic load
	No damage

	Canadian Highway Bridge Design Code (2014)
	2475-year seismic load
	Extensive damage 

	
	475-year seismic load
	Minimal damage 

	Japanese Design Specifications for Highway Bridges (2012)
	Large scale subduction-type earthquakes (deterministic )
	Life safety

	
	Major near-field shallow earthquakes (deterministic )
	Life safety

	
	Frequent earthquake (deterministic )
	No damage

	California DOT (2013)
	975-year seismic load
	Life safety

	
	Deterministic spectrum of any fault near the bridge site
	

	
	Statewide minimum spectrum
	

	Oregon DOT (2016)
	1000-year seismic load
	Life safety

	
	Cascadia Subduction Zone Earthquake seismic load
	Remain operational 

	South Carolina DOT (2008)
	975-year seismic load
	Life safety

	
	462-year seismic load
	Repairable damage

	New York DOT (2015),
Washington DOT (2016)
	1000-year seismic load
	Life safety


4 SOIL STRUCTURE INTERACTION
The study on soil-structure interaction (SSI) started in late 19th century and developed rapidly in the late 20th century due to the demands in nuclear power and offshore industries (Kausel 2010). In the past, seismic design mainly focused on the response of columns. However, in the events of Kobe and Christchurch earthquake, many structures were demolished because of the foundation level damages (Millen et al. 2014). Traditionally, soil-structure interaction (SSI) was regarded as one factor that benefits  structural seismic response. Therefore, some design codes suggest neglecting soil-structure interaction in order to generate a more conservative design. This is based on three assumptions (Mylonakis et al., 2000): (1) spectra acceleration decreases with increase in the period; (2) ductility factor is constant; (3) damping from the soil is correctly estimated. However, it was proved that the increase in fundamental periods due to SSI does not necessarily lead to a mitigated structural response (Mylonakis et al., 2000). The SSI from deformable soil increases ductility demand significantly, which leads seismic design to a wrong direction. In the study by Jeremić et al. (2004), it was concluded that SSI can have both beneficial and detrimental effects depending on the characteristics of the earthquake. Therefore, SSI should be evaluated on a case by case basis. The methods of considering SSI in pile foundations and the abutment-backfill system can be found in many literatures 
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(Aviles et al. 2003, Boulanger et al. 1999, Shamsabadi et al. 2007, Spyrakos 1992)
. 

Soil structure interaction is one of the key components in performance-based seismic design 
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(Finn et al. 2002, Priestley 2000, Shamsabadi et al. 2007)
. A thorough review of soil-structure interaction can be found in NEHRP (2012) and Turner (2006). Detailed procedures of incorporating SSI in PBD have been presented by a number of researchers 
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(Mekki et al. 2014, Roberts et al. 2010a, Stewart et al. 2004, Zhang et al. 2016)
. The flowchart of incorporating soil-structure analysis into response spectral analysis is shown in Figure 2. One of the common practices of incorporating SSI to seismic design is using p-y curves (Boulanger et al. 1999, Zhang et al. 2016), where p stands for lateral soil pressure per unit length of the pile and y stands for the lateral deflection of the pile. Special attention is needed for bridges constructed on liquefiable soil. Soil liquefaction can lead to significant damages to foundations which may lead to failure of the bridge (Maheshwari et al. 2011, Tang et al. 2010). Some guidance is provided by Caltrans (2013) on liquefiable soil-structure interaction analysis. Liquefied soil springs should be used for the liquefiable layer and no spring should be used above the liquefied soil layer if the liquefied soil is near the ground surface. Caltrans (2013) also suggested that non-liquefied soil springs should be used for shear design.
Similar to using p-y curves, the vertical soil friction may be modeled using t-z curves, where t stands for vertical friction and z stands for vertical displacement. The vertical soil end bearing resistance may be modeled using q-z curves, where q stands for bearing resistance and z stands for vertical displacement.  It should be pointed out that the commonly used axial ultimate capacities of the deep foundation are usually based on the assumption that significant settlement occurs. It is preferable to design the foundation for tolerable settlements at different limit states based on PBD methodology (Roberts et al. 2010b). For example, GangaRao et al. (1981) concluded that an average settlement of 1.6 inches of deep foundation did not require costly maintenance and repair. This was based on the evaluation of 280 concrete and steel bridges. Therefore, this settlement may be used to predict geotechnical resistance under repairable damage states. 

5 DISCUSSION
As various types of design criteria are used in different jurisdictions, it is not straightforward to determine whether these criteria are consistent. In this section, a typical bridge column is analyzed using pushover analysis and the design criteria from Canadian and U.S. jurisdictions are compared. The pushover analysis was performed using SeismoStruct (SeismoSoft 2010). The column is fixed at the base and unrestrained at the top. Lateral displacement load is applied at the top of the column. The parameters of the column are presented in Table 3. Pushover results are shown in Figure 3. Various design limits from jurisdictions are marked on the curve for comparison. It should be noted that this is not an exhaustive comparison of design codes but a rather general comparison of conservatism. There are many other variables in the design codes that cannot be directly compared in this study. When plotting the criteria from CSA (2014) and BCMOT (2016), the material strains specified in the codes were used. For Caltrans (2013), SCDOT (2008), ODOT (2016) and AASHTO (2014), limits defined by ductility factors were used. 

Table 3: Column Parameters
	Concrete strength, MPa
	35
	Rebar yielding strength, MPa
	400

	Column height, m
	6
	Plastic hinge length, m
	0.722

	Column diameter, m
	1
	Transverse rebar spacing, mm
	75

	Longitudinal rebar diameter, mm
	25
	Axial load, kN
	1374

	No. of longitudinal rebar
	24
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Figure 3: Pushover results
From Figure 3 (Label 1), it is clear that the first yielding limit defined by CSA (2014) is very conservative in comparison with other codes at 475 years return period. This may become a challenge for bridges in high seismic zones. Label 2 represents the damage states at 1000 years return period defined by AASHTO (2014). The same damage state is used by SCDOT (2008) and ODOT (2016) but for a lower return period, which is 500 years. Label 3 is the damage state defined by BCMOT (2016) at 475 years return period. At 475 to 500 years return period, the design criteria from BCMOT (2016), SCDOT (2008) and ODOT (2016) are generally consistent (label 2 and 3), where the damage state is only beyond elastic limit slightly. The structure is still in essentially elastic state and no strength reduction is observed. Label 4 and label 6 represent the concrete damage limit at 475 years return period from CSA (2014) and BCMOT (2016). In this example, these two strain values are not governing the lower level design. 

Label 5 represents the damage limit at 1000 years return period in SCDOT (2008) and ODOT (2016).  Label 7 represents the damage limit at 975 years return period in Caltrans (2013). In this example, Caltrans (2013) is less conservative than the other two DOTs. Label 8 and Label 9 mark the concrete damage stated defined by BCMOT (2016) and CSA (2014)  at 2475 years return period. These two values are related to the concrete core crushing strain. Label 10 defines the steel strain at 2475 years return period by BCMOT (2016) and CSA (2014). A comparison of these design criteria in terms of column drift ratios is presented in Table 4.

Table 4: Code comparison in terms of column drifts ratios

	Sequence
	Code
	Drift

	1
	CHBDC, Rebar, 475 years
	0.50%

	2
	ODOT & SCDOT, Ductility, 500 years
	1.42%

	2
	LRFD Specifications, Ductility, 1000 years
	1.42%

	3
	BC MOT, Rebar, 475 years
	1.60%

	4
	CHBDC, Concrete, 475 years
	1.87%

	5
	ODOT & SCDOT, Ductility, 1000 years
	2.13%

	6
	BC MOT, Concrete, 475 years
	2.63%

	7
	Caltrans, Ductility, 975 years
	2.83%

	8
	BC MOT, Concrete, 2475 years
	3.35%

	9
	CHBDC, Concrete, 2475 years
	4.07%

	10
	CHBDC & BC MOT, Rebar, 2475 years
	5.74%
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            Figure 4a: Dead load & lateral displacement              
Figure 4b: Re-center the column
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 Figure 5: Axial compression resistance
It is critical that columns have adequate axial load capacity to carry traffic loads in order to provide serviceability after earthquakes. Research on column residual capacity can be found in Mackie & Stojadinovic (2004), Terzic & Stojadinovic (2015) Warn & Unal (2014). An investigation of the residual axial load capacity of earthquake damaged columns is performed using the column presented in Table 3. In the analysis, the column is pushed to a specific displacement and re-centered. Then a vertical displacement is applied to top of the column to determine the axial load resistance. The assumption is that after earthquakes the columns do not have residual displacement or are re-centered before traffic is allowed to be resumed. The process of the analysis is presented in Figure 4a to Figure 4c. The findings may not apply to columns with large residual displacement. Many researchers suggested to post-tension columns to provide re-centering force, which can reduce column residual displacement (Dawood et al. 2011, Zhang & Alam 2015).
Figure 5 presents the column compressive resistance before and after earthquake damages. Before applying any lateral load, the column resistance is 38,255 kN. After applying a lateral displacement corresponding to less or equal to 2 times ductility, the resistance is only reduced slightly to 37,600 kN. However, when the displacement is beyond 3 times ductility, the resistance is reduced to 30,000 kN, and the failure becomes brittle. From this single column case study, it can be seen that using a ductility factor of 2 is adequate for serviceability state. A ductility factor of 3 or beyond may only be used for life safety level design since significant stiffness, resistance and ductility reduction in axial direction is expected. This observation is consistent with the code requirements mentioned earlier. 

6 CONCLUSIONS
PBD is a promising and sophisticated design methodology. Many design codes have adopted PBD as a major design methodology. The core elements of PBD include probabilistic seismic hazard analysis, selecting design earthquake levels and performance target, and structural analysis incorporating soil-structure interactions. 

It is realized that the damage states of columns are well defined in many publications. However, the damage states of other structural components and non-structural components are not explicitly defined. To properly estimate the repair cost and repair time, large amount of regional data has to be made available. This would need more cooperation between researchers and engineers. In terms of PBD criteria, the Canadian Highway Bridge Design Code (CSA 2014) is found to be the most stringent code among all the reviewed design codes. At 475 to 500 years return period, the design criteria from BCMOT (2016), SCDOT (2008) and ODOT (2016) are generally consistent. 
This study contains a cantilever column analysis and concludes that reduction in column vertical stiffness, resistance and ductility can be expected due to damage induced by lateral loads when ductility demand is greater than 3. Further investigation in the relation between column damage and axial load capacity is needed. 
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