Seismic Vulnerability of Bridges Susceptible to Spatially Distributed Soil Liquefaction Hazards
Authors:
Bayram Aygün, Rice University, Houston, TX, ba2@rice.edu
Leonardo Dueñas-Osorio, Rice University, Houston, TX, leonardo.duenas-osorio@rice.edu
Jamie E. Padgett, Rice University, Houston, TX, Jamie.Padgett@rice.edu
Reginald DesRoches, Georgia Institute of Technology, Atlanta, GA, reginald.desroches@ce.gatech.edu
ABSTRACT: 
Among the multiple highway structures such as box culverts, chambers, retaining walls and bridges, the latter are among the most critical components of modern transportation networks. Although these networks provide the foundation for vibrant economies, a lack of understanding persists about the role that individual bridges play in network performance when subjected to unforeseen natural hazards. This paper concentrates on bridge-soil system analyses and probabilistically investigates the complex behavior of multi-span continuous steel bridges (MSCS) typical of the central-eastern U.S. (CEUS) when exposed to earthquake-induced soil liquefaction. MSCS bridges are among the most vulnerable bridge classes owing to their bearing and abutment inability to accommodate excessive demands. Due to the large mass and relatively small bearing stiffnesses at the abutments, this bridge type experiences the largest deck displacements of all bridge types common to central-eastern U.S. Sophisticated bridge models developed in OpenSees -the computational platform of the Pacific Earthquake Engineering Research Center (PEER)- are coupled with liquefiable soil models. To account for the effects of soil-pile interaction on bridge response, nonlinear P-y springs sensitive to excess pore water pressure are embedded in the models. Uncertainties in bridge response propagating from soil liquefaction to structural performance of bridge systems are synthesized as parametric fragility functions. The developed fragility curves for complete damage show considerable amplifications on vulnerability of rocker bearings and piles. Moreover, depending on the soil profile, liquefaction decreases the fragility of bridge columns.   These vulnerability assessments result in more accurate regional prioritization and maintenance programs that are useful to U.S. departments of transportation and related infrastructure agencies.
Introduction
Uncertainty treatment is a central component in structural design and response evaluation methods. For the structural response evaluation of a simple reinforced concrete frame building or a complex transportation network, a probabilistic approach is necessary for the analyst to explicitly account for uncertainties of system design and operation parameters. However, it is peculiar that many bridge vulnerability analyses in the literature have been conducted without any significant consideration of uncertainty characterization of the substructure. A detailed statistical description of the underlying soil and the bridge piles is necessary for adequate uncertainty treatment in bridge systems.
Previous studies either focused on the superstructure neglecting the soil underlying it or they concentrated on the substructure representing the complex superstructure in a simplistic way. Boulanger et al. (1999) studied the seismic soil-pile-structure interaction via dynamic P-y analysis where they represented the superstructure as a lumped mass. Zhang et al. (2004) investigated the behavior of a 330 meter long, 9-span composite structure with four precast, prestressed concrete I-girders and cast-in-place concrete slabs underlain by liquefiable soil in a probabilistic framework where they neglected friction effects between soil and piles and gapping between soil and piles near the ground surface for the sake of simplicity. Nielson (2005) did a comprehensive fragility analysis on the bridge inventory of CEUS where the bridge foundations were modeled as simplified springs. Dueñas-Osorio and DesRoches (2006) investigated multi-span simply supported bridges typical of CEUS incorporating more elaborate soil parameters but the soil stratigraphy was prescribed and no statistical characterization on soil domain was done. Mackie and Stojadinovic (2006) conducted fragility analyses on multi-span California highway bridges where the foundations of the bridges were either fixed or modeled as springs. Shin et al. (2007) attempted to express probabilistic bridge responses in liquefiable soils using liquefaction multipliers. Elgamal and his colleagues (Zhang et al. 2008 and Elgamal et al. 2008) created a deterministic nonlinear computational model of the structure-foundation-soil system for the Middle Channel Humboldt Bay Bridge using OpenSees to demonstrate the effects of soil liquefaction on bridge components. The computational time for their analysis was roughly 18 hours owing to the fact that they modeled the foundation soil as elasto-plastic continuum.  Lastly, Kwon at al. (2008) developed liquefaction sensitive fragility curves for the Meloland Road Overcrossing where they assumed concentrated damage solely at the bottom of the central pier.
The work presented here makes the following contributions to the aforementioned previous research. First, it introduces a sophisticated 3-D bridge model where critical components like steel bearings (fixed and rocker), abutments, impact elements, concrete bents, columns and piles are explicitly modeled, and couples this model with a 2-D soil model to create a computationally efficient hybrid bridge-soil-foundation system that accounts for soil liquefaction. Second, it uses a probabilistic model for the soil and bridge substructure representing coastal areas, as opposed to predefining a soil profile that limits the predictive scope of the numerical model. And third, it captures uncertainties in bridge response propagating from substructure and superstructure random parameters, and synthesizes results as component-level fragility curves where multiple bridge failure modes are considered. Performance limit states are explicitly considered for bearings, abutment soil in passive and active action, columns, pile foundations, potential unseating at the abutments, and pounding on the abutment backwalls.

Seismic Hazard In Coastal South Carolina
One of the most destructive seismic events in the history of the United States occurred near Charleston, SC in 1886. Although the intraplate tectonics of the Charleston Seismic Zone (CSZ) are still a subject of research, it is well acknowledged that CSZ is capable of generating earthquakes which can affect significantly larger areas relative to earthquakes of similar magnitude in the western United States. 
The seismic hazard and soil deposits of the SC region are used to generate analytical fragility curves for bridges using non-linear time history analyses.  However, a large number of ground motions are needed to reliably convert bridge response simulation results into approximate analytical fragility models.  Unfortunately few actual accelerograms exist for SC and other regions of the CEUS area. Hence, forty-eight synthetic accelerograms created by Wen and Wu (2001) specifically for three cities in the CEUS (Carbondale, IL, St. Louis, MO, and Memphis. TN) are used in this study under the assumption that these excitations may represent intraplate earthquakes expected in South Carolina. Since these ground motions are developed for the bedrock motion, they require propagation through adequate soil profile. The peak ground acceleration (PGA) values of the selected synthetic accelerograms range between 0.0642g – 0.6681g. 
Soil, Foundation and Bridge Inventory For South Carolina and Modeling Of The Bridge-Soil-Foundation System
Fifty blueprints of existing bridges in SC counties like Dorchester, Berkeley, Charleston and Orangeburg are analyzed. The collected soil profile data is classified using the Unified Soil Classification System and average SPT blow counts yielding five soil profiles typical of SC. One of these profiles is chosen in the present study (Figure 1-a). Moreover, three deep foundation pile configurations were also typified enabling a holistic view of the substructure inventory. These foundation configurations are: (1) 12.2 m long square-section concrete piles -0.46 m × 0.46 m- at the abutments and bents (chosen for this study), (2) 9.14 m long timber piles at the abutments with a tip diameter of  20.32 cm and a butt end diameter of 30.5cm, and 12.2 m long timber piles at the bents with a tip diameter of  17.8 cm and butt end diameter of 30.5cm, and (3) 9.14 m long timber piles at the abutments with a tip diameter of  20.32 cm and a butt end diameter of 30.5cm, along with 12.2 m long square-section concrete piles -0.46 m × 0.46 m- at the bents.
A detailed inventory analysis of CEUS bridges by Nielson (2005) identified multi-span continuous steel (MSCS) bridges as one of the most frequent classes representing 13.2% of the entire inventory.  This bridge type is selected in the present study. Note that the most frequent bridge class in CEUS corresponds to multi-span simply supported concrete girder bridges (MSSS Concrete) which make up 18.9 % of the bridge inventory.
The bridge under consideration is a three span continuous steel bridge. The geometrical and structural element configuration can be seen in Figure 2. The seat-type bridge abutment is modeled with rigid elements (Figure 3-a), whereas bearing and impact elements are modeled via nonlinear springs and contact elements with a gap. The bridge columns and piles are created in OpenSees making use of fiber sections. Rayleigh damping of 2% is used in the first four dominant modes of the soil-foundation-bridge system. Radiation damping which can be significant if the foundation material is soft relative to the stiffness of the structure is also included in the model.

OpenSees soil models are also used to develop a realistic soil-structure interaction model. The “Pressure Dependent Multi-Yield (PDMY)” elasto-plastic material model, created by Yang et al. (2003), is used to model sandy soils. To simulate undrained and saturated soil conditions the PDMY material is embedded into a Fluid Solid Porous Material (FSPM) to approximate the response of saturated sandy soils under undrained condition. The “Pressure Independent Multi-Yield (PIMY)” is used to model clayey soils. The input soil parameters (relative density, saturated mass density, angle of friction and cohesion) of the identified typical soil profiles adopted in this study rely on recommendations for usual soil conditions (Table 1).

	Soil Properties
	Loose Sand
	Medium Sand
	Medium-dense
	Dense Sand
	Soft Clay
	Medium Clay
	Stiff Clay

	 Dr (%)
	15  - 35
	35  - 65 
	65  - 85 
	85  - 100 
	--------
	--------
	--------

	 ρsat (ton/m3)
	1.7
	1.9
	2.0
	2.1
	1.3
	1.5
	1.8

	 Φ(°)
	29
	33
	37
	40
	--------
	--------
	--------

	c (kPa)
	--------
	--------
	--------
	--------
	18
	37
	75


Table 1: Reference Soil Parameter Values (Yang et al. 2005)
To establish soil-structure interaction lateral soil springs are used as shown in Figure 3-b. The resistance of these springs representing the soil strata is given in units of force per unit length at multiple points along the pile (0.61 m apart from each other), and is adaptive to the temporal pore pressure change in the soil elements connected to it enabling an adequate simulation of soil failure and liquefaction phenomena. The strength parameters of these interface springs are based on API (1993) sand and Matlock (1970) clay relationships. The p-y springs in the liquefiable soil layers are modeled using pyLiq1 material in OpenSees (Boulanger et al. 1999). Because this material is currently compatible with 2-D four-noded finite soil elements only (“FourNodeQuad”), 2-D soil shear columns are defined along the centerline of the 3-D bridge deck. To transfer the soil-pile interaction forces from the central soil column-pile system to the adjacent bridge piles, rigid transverse beams are used (Figure 2-b).

The eigenvalue analysis of the soil-structure model yields 5 dominant modes within the first 14 natural modes whose mass participation factors add up to roughly 80% of the bridge mass. The first dominant mode is a longitudinal mode where the bridge vibrates in phase with the soil (T3 = 0.4623 s) whereas the second dominant mode is a longitudinal mode with the bridge oscillating out of phase with the soil (T5 = 0.4025 s). The third, fourth and fifth dominant modes are vertical (with the deck spans vibrating out of phase), transverse, and vertical (with the deck spans vibrating in phase), respectively.
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Figure 1: (a) Representative Soil Profile for SC (b) Finite Element Model for THE Bridge-Soil-Foundation System 
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Figure 2: (a) Representative MSCS Bridge for SC (Nielson and DesRoches, 2007)
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(a) Seat-Type Abutment Modeling Details

(b) 2-D Bridge-Soil-Foundation Model

Figure 3: (a) Seat-Type Abutment Modeling (b) Characteristics and Behavior of nonlinear P-y springS (Boulanger et al. 1999) 
Dynamic Response Of Bridge-Soil-Foundation Models Under Scenario Earthquake Hazard
Andrus and his colleagues developed a synthetic accelerogram with a peak acceleration of 0.3g and duration of approximately Td = 40s for rock outcrop specific to Charleston, SC (Andrus et al. 2006).  This realistic ground motion record is used to get insights about the effects of soil liquefaction on structural and soil component response quantities. To compare the bridge component responses with and without liquefaction an additional dynamic analysis is conducted where the soil columns and p-y springs are modeled with stiff clay properties. 

The analyses results indicate that all of the saturated sand layers liquefy as a result of the cyclic loading caused by the earthquake. The pore pressure generation time-history and the degradation of soil springs for the saturated sand layer at the 1st bent are shown in Figure 4-a and 4-b. Liquefaction provides a means of natural base isolation decreasing the demands on the columns by almost 50% compared to the non-liquefiable foundation soil case (Figure 4-c). Second bent piles undergo significant lateral displacements near the liquefiable soil layers (Figure 4-d) whereas left abutment piles don’t make significant displacements partly because of the relatively limited thickness of the liquefiable soil layer at the abutments and partly because the model doesn’t capture lateral spreading effects which might have severe consequences for the abutments. Moreover, expansion bearings undergo significantly larger deformations (~80 mm) under soil liquefaction whereas fixed bearings at the bents don’t seem to get affected during longitudinal excitation of the bridge with or without liquefaction. The gap (~ 7.62 cm) between the abutment and deck closes when liquefaction is considered which might cause pounding damage at the abutment backwall.
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Figure 4: (a) Pore Pressure Time History in saturated sand (b) Soil Stiffness Degradation in saturated sand (c) Comparative COlumn ResponseS (d) Comparative Pile ResponseS
Analytical Bridge Component Fragilities: Probabilistic Approach

Fragility curves capture the conditional probability of a structure to exceed a predefined performance level given a hazard intensity level. In this study, fragility curves are developed using structural response data from a non-linear time history approach. First, a bridge-soil-foundation model (BSF model) is developed where the structural and geotechnical parameters like concrete and steel strengths, bearing friction coefficients, damping ratio, gap between deck and abutment, ultimate strength of the p-y springs, cohesion and friction angle values of the foundation soil are all treated as random variables with specific probability distributions (Nielson, 2005; Shin 2006; Zhang 2006). Forty-eight ground motions are applied to an equal number of BSF models, which are assembled following a Latin Hypercube Sampling technique.  This method ensures that all bridges are nominally identical, but statistically different from the main bridge system model. After each transient analysis, the peak responses of key bridge components are recorded and a probabilistic seismic demand model (PSDM) is developed, which relates the ground motion intensity measure IM (e.g. peak ground acceleration) to the peak responses. Finally, under the assumption that both demand (D) and capacity (C) models follow a lognormal distribution (Cornell et al., 2002; Song and Ellingwood, 1999) the fragilities can be calculated via Eq. (1):
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where Sd is the median for the seismic demand as a function of intensity measure, Sc is the median capacity for the pre-defined performance level, βd|IM is the conditional logarithmic dispersion of the demand, βc is the logarithmic dispersion of the limit state, and Φ[•] is the standard Gaussian cumulative distribution function. Multiple bridge failure modes such as bearing failure, abutment soil failure, column failure, pile foundation failure, unseating, and pounding at the abutments are considered in this study. The quantitative and qualitative limit states for the bridge and foundation components are adopted from Nielson (2005) and Ledezma (2007). Overall, four damage states –slight, moderate, extensive and complete damage states- are defined for the majority of the bridge components. The relationship between the damage states and bridge functionality can be expressed as a function of time via functionality curves (Padgett and DesRoches, 2007). The comparative component fragility curves showing the liquefaction effects are depicted in Figure 7 and the medians and dispersions for the fragility curves are shown in Table 2.

Based on the analysis of results, the following observations can be made: (1) Liquefaction increases the fragility of the expansion bearings by almost 30% for a PGA of 0.4g. (2) Bent piles generally become more fragile due to the large, liquefaction-induced lateral soil deformations but after a certain PGA level is crossed (0.6g for 1st bent piles) the case without liquefaction renders the 1st bent piles more fragile. This change in the fragility trend could be resulting from the increasing predominance of the inertial soil-structure-interaction (SSI) –caused by inertial forces transmitted directly from the superstructure to the flexible soil- over the kinematic SSI – resulting from the inability of the foundation to match the free field motion- causing excessive displacements concentrated near the ground surface resulting in pile damage near the ground level. Abutment piles are less fragile than bent piles because of the relatively limited thickness of the liquefiable soil layer at the abutments and because the model doesn’t capture lateral spreading effects which might have severe consequences for the abutments. (3) In some cases liquefaction decreases the demands on the columns. Specifically, soil stiffness degradation decreases the fragility of the 1st bent columns by 82% (PGA = 0.4g) whereas it increases 2nd bent column vulnerabilities. This discrepancy may be originating from the different soil profiles associated with the different bent piles. 2nd bent pile caps (hence columns) attract larger moments when the liquefiable soil layer overlain by stiff clay makes large deformations under cyclic loading. On the contrary, 1st bent pile caps (hence columns) attract relatively smaller moments when displacements at the liquefiable soil layer are accommodated by the soft clay overlying the liquefiable soil. (4) The results show that expansion bearing failure, pile foundation failure and pounding are more likely to occur than column failure which is the most widely used failure mode to describe bridge damage mechanisms. In light of these findings, the entire bridge-soil-foundation system which is more fragile than any one of its components is expected to have increased fragility when soil liquefaction is considered.

	
	Slight
	Moderate
	Extensive
	Complete

	
	w/ liq.
	w/o liq.
	w/ liq.
	w/o liq.
	w/ liq.
	w/o liq.
	w/ liq.
	w/o liq.

	
	med (g)
	ξ
	med (g)
	ξ
	med (g)
	ξ
	med (g)
	ξ
	med (g)
	ξ
	med (g)
	ξ
	med (g)
	ξ
	med (g)

	ξ

	Abut-act.
	0.16
	0.70
	0.14
	0.62
	0.38
	0.79
	0.31
	0.70
	0.61
	0.77
	0.47
	0.68
	3.152
	0.54
	2.08
	0.47

	Exp. bearing
	0.24
	0.79
	0.24
	0.79
	0.57
	0.77
	0.62
	0.76
	0.72
	0.79
	0.79
	0.79
	0.94
	0.82
	1.07
	0.83

	1st Bent Column
	0.78
	0.69
	0.46
	0.68
	1.11
	0.66
	0.64
	0.65
	1.60
	0.71
	0.92
	0.70
	2.12
	0.72
	1.22
	0.70

	2nd Bent Column
	0.34
	0.44
	0.46
	0.69
	0.42
	0.42
	0.65
	0.65
	0.53
	0.46
	0.93
	0.71
	0.63
	0.46
	1.23
	0.71

	Left Abut. Piles
	
	
	
	
	0.44
	0.60
	0.35
	0.50
	
	
	
	
	0.64
	0.60
	0.49
	0.50

	1st Bent Piles
	
	
	
	
	0.48
	0.57
	0.49
	0.47
	
	
	
	
	0.65
	0.57
	0.64
	0.47

	pounding
	
	
	
	
	
	
	
	
	
	
	
	
	0.69
	0.75
	0.62
	0.64

	unseating
	
	
	
	
	
	
	
	
	
	
	
	
	1.0
	0.56
	1.18
	0.52


Table 2: Medians (med) and dispersions (ξ) for bridge component fragilities at four damage states
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Figure 7: Liquefaction effects on Bridge response and component fragilities

Summary and Conclusions

A sophisticated 3D/2D nonlinear finite element model was created for a bridge-soil-foundation model (BSF model). The goal of the model was to assist with the creation of fragility curves for typical multi-span continuous steel bridges in SC, accounting for both soil-pile interaction and soil liquefaction. Realistic nonlinear constitutive models are used for structural and soil materials. The soil-pile interaction is discretized via dynamic p-y springs whose behavior is adaptive to the temporal pore pressure change in the soil elements. Forty-eight simulations were run to account for the uncertainty of structural, geotechnical and ground motion parameters. 

The results of the study indicate that column demands may be decreased through the formation of a liquefaction zone which leads to an isolation effect of the upper part of the soil layer from the shear excitation. On the other hand, pile foundation and expansion bearing demands are expected to increase justifying the use of multiple bridge failure modes for capturing various damage mechanisms which will have an effect on the overall bridge-soil-foundation system fragility. 
Future research still needs to address multiple challenges.  For example, it needs to capture the adverse effects of lateral spreading sloped ground, the residual functionality of bridge systems after hazard occurrence through vertical interface springs (t-z, Q-z) to account for liquefaction-induced vertical settlement, and the generation of synthetic ground motions specific to South Carolina in order to ensure a consistency in the hazard-response methodology.  Also, the analysis of road networks with bridge-foundation systems as infrastructure nodes needs initial exploration for determining adequate bridge ranking in maintenance programs.
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