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SUMMARY

Modern highway bridges in Illinois are often installed with economical elastomeric bearings that allow for
thermal movement of the superstructure, and steel fixed bearings and transverse retainers that prevent excessive
movement from service-level loadings. In the event of an earthquake, the bearing system has the potential to
provide a quasi-isolated response where failure of sacrificial elements and sliding of the bearings can cause a
period elongation and reduce or cap the force demands on the substructure. A computational model that has
been calibrated for the expected nonlinear behaviors is used to carry out a parametric study to evaluate quasi-
isolated bridge behavior. The study investigates different superstructure types, substructure types, substructure
heights, foundation types, and elastomeric bearing types. Overall, only a few bridge variants were noted to
unseat for design-level seismic input in the New Madrid Seismic Zone, indicating that most structures in Illinois
would not experience severe damage during their typical design life. However, Type II bearing systems, which
consist of an elastomeric bearing and a flat PTFE slider, would in some cases result in critical damage from
unseating at moderate and high seismic input. The sequence of damage for many bridge cases indicates yielding
of piers at low-level seismic input. This is caused by the high strength of the fixed bearing element, which
justifies further calibration of the quasi-isolation design approach. Finally, the type of ground motion, pier
height, and bearing type were noted to have significant influence on the global bridge response. Copyright ©
2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Seismic isolation is a well-accepted design philosophy for bridges in high seismic regions of the USA
[1, 2]. Although seismic isolation can provide a high level of structural performance, the design
complexity and higher cost of construction make this approach less attractive in regions of the
country such as Illinois where a potential for large earthquakes exists, but only at long recurrence
intervals. As a result, the concept of quasi-isolation for bridges has emerged as an innovative, yet
pragmatic, design philosophy that can be broadly applied. The basic notion of quasi-isolation is that
typical bridge bearing systems can be designed and detailed such that they act as fuses to limit the
forces transmitted from the superstructure to the substructure, while accommodating the concomitant
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displacements. A prime difference between classical isolation [3] and the system studied in this paper
is that quasi-isolation does not require a complex design process, yet can provide damage mitigation
for significant seismic events. This philosophy, which was initially developed by the Illinois
Department of Transportation (IDOT), is intended to provide a cost-effective bridge with an
earthquake-resisting system (ERS) [2] that limits damage for small seismic events and still prevents
span loss during a strong event in the New Madrid Seismic Zone (NMSZ). At the core of the IDOT
ERS is an extension of a common bridge design methodology employed in higher seismic regions
of the USA, where the substructure and superstructure should remain elastic while a specific fusing
mechanism is implemented at the interface between the two [4, 5]. The concept of the IDOT ERS
allows for the following three distinct levels of fusing and redundancy: Level 1—permitting damage
and failure of the bearing components to allow quasi-isolation, Level 2—providing sufficient seat
widths to permit the required sliding, and Level 3—permitting some damage to the substructure so
long as there is no span loss.

The research described in this paper is part of a broad program to calibrate and refine the IDOT ERS
for common highway bridges with simply supported abutment conditions and continuous spans. The
overall research program, discussed in detail in previous publications [6], has six primary
components: (i) conducting full-scale tests of typical bridge bearings used in Illinois; (ii) developing
numerical models of bridge bearings, validated against test results; (iii) exploring local response of
bearings not considered experimentally; (iv) developing numerical models of full bridge systems,
which capture all important aspects of behavior; (v) conducting parametric studies to explore system
level seismic response for a range of representative Illinois bridges; and (vi) developing
recommendations for seismic design of bridges using the quasi-isolation philosophy. This paper
focuses on the fifth component of the research program, by providing quantitative and qualitative
evaluation of the quasi-isolation system’s seismic response.

Many existing bridges in Illinois have the potential to achieve a response that would be considered
as quasi-isolation. For thermal expansion, these bridges use steel-reinforced elastomeric bearings,
which are either (1) IDOT Type I bearings that are placed directly on the concrete substructure
(vulcanized to only a top steel plate) or (2) IDOT Type II bearings, which consist of the following:
a bottom steel plate bolted to the substructure and vulcanized to the elastomeric component, a
middle plate that is vulcanized to the top of the elastomer and coated on top with
polytetrafluoroethylene (also known as PTFE or Teflon), and a top plate with a stainless steel mating
surface carrying the girder load directly onto the PTFE surface. Transverse serviceability movements
at the elastomeric bearings are limited by stiffened angle side retainers. Low-profile fixed steel
bearings are placed at one intermediate substructure with the intent to carry traffic braking loads and
prevent global service load movement of the structure. Preliminary design procedures in the IDOT
Bridge Manual [7] aim to proportion retainers and fixed bearings to have lateral capacities equal to
20% of the dead load at the bearing of interest, with the intent that these steel components will
exhibit nonlinear behaviors and fail at high seismic loads. The IDOT bridge design procedures are
intended primarily for typical bridges in seismic Zones 1, 2 and 3 as defined by the American
Association of State Highway and Transportation Officials (AASHTO). Bridges with complex
geometries and in locations of high seismic hazard (Zone 4) are encouraged to utilize more advanced
analysis and design techniques than prescribed in the IDOT Bridge Manual.

Recent work by Filipov et al. [8] developed nonlinear bearing and retainer element models that are
based on early experimental results from this project and are capable of simulating unique aspects of
the cyclic bearing component response (e.g., elastomer shear deformations, friction (stick—slip), and
nonlinear retainer failure). The nonlinear elements were implemented into a global prototype bridge
model used for static pushover analyses of the quasi-isolated system. That same prototype model is
the basis for the analyses described in this paper.

Section 2 of this paper briefly describes the prototype model, outlines the variations in the parametric
space considered in this study, and discusses calibration of the bearing models. In Section 3, the input
ground motion considerations are discussed, to give a basis for the incremental dynamic analyses
(IDAs) carried out for each of the bridges. Section 4 discusses damage limit states that can be
encountered in an earthquake and shows a sample dynamic analysis of a single bridge structure.
Section 5 provides an overall evaluation of the seismic performance for typical bridge systems in Illinois.
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2. OVERVIEW OF NONLINEAR MODELING FOR PARAMETRIC VARIATIONS

2.1. Basic bridge prototype

The base prototype bridge in Figure 1, is a three-span continuous steel I-girder superstructure on multi-
column (4) pier substructures (all proportioned in accordance with the IDOT Bridge Manual [7]). The
bridge deck allows for two lanes of traffic, and it is constructed with six W27x84 (AASHTO M270
Gr. 50) steel girders that act compositely with a 20.3cm (8in.)-thick concrete deck. All deck
elements (including the diaphragm elements) are modeled as linear with appropriate elastic stiffness.
The multi-column piers are 4.5 m (15 ft) tall and are modeled with beam—column elements with
hinges and fiber sections that capture material nonlinearities in the concrete and reinforcement. The
prototype system is modeled with a fixed base, representing a stiff, steadfast foundation on a rocky
substrate. The nonlinear behavior of the abutment backwalls is modeled with a 5cm (2in.) gap
simulating a thermal expansion cavity, and a hyperbolic material model is used to capture the
backfill behavior. For the typical three-span bridge configuration used in this parametric study, low-
profile fixed bearings are installed at the second pier (Pier 2), while Type I or Type II elastomeric
expansion bearings are used at the other pier and at the abutments. The base prototype bridge uses
Type I elastomeric bearings where sliding occurs at the elastomer-concrete interface. Stiffness and
mass proportional damping of 5% is used in the first longitudinal and transverse modes, and
additional damping occurs from hysteretic behavior of the nonlinear elements. Detailed information on
the global bridge model and the component formulations is contained in previous publications [6, 8].

2.2. Parametric variations

The parametric variations studied in this paper were based on the current bridge stock in Illinois as
defined in [9], as well as current trends of bridge design in Illinois, where elastomeric bearings are
now the preferred type of expansion bearing. At the time of the previous study, 75% of the bridges
had three spans with total lengths ranging from 33 to 82 m (110-270ft), and consisted of 86% steel
girders and 14% concrete girders with composite decks; 67% had multi-column piers, 32% had wall
piers, and heights ranged from 2.7 m (9 ft) to 14 m (46 ft). Site conditions ranged from Class B to E
soils, foundations consisted primarily of piles (86%), and 33% of bridges had elastomeric bearings [9].

The bridges investigated herein incorporate variations in superstructure type, substructure type,
substructure height, foundation type, and elastomeric bearing system, and provide a reasonable
representation of modern bridges in Illinois. On the other hand, bridges with simply supported
spans, steel rocker bearings, integral abutments, or curved superstructures are not considered in this
study. Bridge model variations are named with a series of letters and numbers to provide a
nomenclature for the parameters used in the study. The first two letters of the model name indicate
the superstructure type, (Ss, steel short; Sl, steel long; Cs, concrete short). The third letter and the
following two numbers designate the intermediate substructure type (C, column pier; W, wall pier)
and height in feet (15 ft (4.5 m) and 40ft (12.2m)). The next letter and number indicate the bearing
type used (T1, Type I IDOT bearing; T2, Type II IDOT bearing). The final letter indicates the
foundation boundary condition flexibility (F, fixed/rock; S, flexible foundation boundary condition).
The flexible boundary condition simulates a group pile foundation with a pile cap in soft soils. It
should be noted that foundation boundary condition is an independent variable from the ground
motion properties that are defined in Section 3.

LOW-PROFILE FIXED BEARINGS
15.2m (50ft) § 15.2m (50ft)

.~ 15.2m (50ft) . 5cm (2 in) ABUTMENT EXPANSION GAP
T COMPOSITE STEEL SUPERSTRUCTURE \

| -
T

T
MULTI—C()LUMN }: /4ED/ROCK TYPE
PIER FOUNDATIONS
TYPE I - ELASTOMERIC BEARINGS

(a) Plan (b) Elevation

12.8m (42ft)
4.6m(15ff

Figure 1. Base bridge prototype.
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With the provided definitions, the base prototype bridge can be denoted as SsC15TIF, whereas
SIW40T2S would indicate a bridge with a long steel superstructure, supported on 12.2 m (40 ft) wall
piers with flexible foundation boundary conditions and Type II IDOT bearings. Later in this paper,
the symbols ‘X’, ‘x’, and ‘# are used to designate all the variations of a particular parameter.
Bridge variations defined using this nomenclature result in 48 distinct bridges that are studied in this
research. Details on the various parameters used are shown in Table I, and two sample meshes of
the finite element bridge models created with OpenSees [10] are shown in Figure 2.

2.3. Calibration of the bi-directional sliding bearing elements

Bearing systems modeled with uncoupled, uniaxial elements are considered unreliable for multi-
directional seismic analysis. For example, friction pendulum isolators modeled with uncoupled
elements resulted in overestimation of forces and underestimation of system displacements, when
compared with bi-directional coupled models and experimental data [11, 12]. Although friction
pendulum bearings are not considered herein, the findings related to modeling are applicable to other
types of isolation systems, and therefore, an orthogonally coupled, zero-length, bi-directional model
(similar to that presented in [13]) was created for the modeling of friction stick—slip behaviors exhibited
by Type I and Type II IDOT bearings. The model, shown schematically in Figure 3(b), is capable of
capturing an initial static friction break-off force (Pgp), a kinetic friction force (Px), and a post-slip
friction break-off force (Psp). Different coefficients of friction are specified for each condition, and the
variable axial load on the bearing is used in the model formulation.

Experimental results from this project [14, 15] were used to inform the behavior of the sliding
bearings, and sample model validation is shown in Figure 3. The Type I bearings were modeled
with a static initial coefficient of friction of pg;=0.60, a kinetic coefficient of friction of ux=0.45,
and a post-slip coefficient of static friction of usp=0.50. The Type II bearings were simulated with
usi=0.16 and pusp=pux =0.15. The stiffness of the elastomeric bearings is calculated as the effective
apparent shear modulus of the elastomer, approximated as 585kPa (85psi) on the basis of
experimental data for strain levels sufficient to induce slip on concrete, times the plan area of the
bearing divided by the total height of rubber (4,). Monotonic and cyclic tests of the Type I bearings
showed reliable and resilient behavior for large vertical bearing forces and large magnitudes of
bearing travel. Type II bearings also showed reliable sliding behavior; however, at large top plate
displacements, these bearings exhibit unstable behavior that requires increasingly larger forces to re-
center the bearing. This instability is believed to rapidly move the bearing into an unseated
configuration, where the model as shown in Figure 3(b) will become invalid. This response is
discouraged for quasi-isolation and is discussed in further detail in Section 4.1.

2.4. Calibration of the uni-directional retainer elements

The retainers placed in the transverse direction of each elastomeric bearing were shown to exhibit
roughly elasto-plastic behavior on the basis of experimental testing [14]. The failure mode consisted
of localized concrete crushing (primarily for larger anchor bolts) and subsequent bolt tensile—shear
failure. A nonlinear uni-axial model has been formulated [8] that utilizes an initial gap followed by
elasto-plastic response and a subsequent failure criterion at an ultimate displacement. Current design
specifications state that retainers should be installed at a gap of 3.2mm (0.125in.); however, the
experiments showed that an additional gap of 7.6 mm (0.3in.) should be assumed in analysis
because the oversized bolt hole in the retainer leaves additional space between the anchor bolt and
the edge of the retainer hole, and force is not developed upon instantaneous contact of the retainers.
A variation of the IDOT design equation [7] for strength of retainers was found to be satisfactory
for predicting the ultimate force capacity of the retainer element, with

Pret_expECTED = ©0.84pF, (1)

where Ay, is the nominal anchor bolt area, F), is the ultimate tensile strength, and (=1 for no strength
reduction. The model elastic and plastic stiffnesses were set to Eg =790 MPa (115 ksi) and Ep=57 MPa
(8 ksi), respectively, and the ratio of ultimate to yield strength Prpr gxprcren/Prer v = 1.80, were based
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Nonlinear bearing models

< Nonlinear \ Nonlinear wall piers
column

piers Nonlinear abutment backwalls

(a) Bridge CsS40T1F (b) Bridge SIWI5T1F

Linear grid deck model

Figure 2. Representative finite element meshes for two prototype bridges.
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Figure 3. Modeling of sliding bearing elements.

on average values from the experimental data. Coupon testing of anchor bolts used in the experiments
revealed ultimate material strength of F,, =530 MPa (77 ksi). The model was based on all available data,
and pushover analyses showed good correlation with the experimental data, as is shown in Figures 4(a)
and (b). For the parametric analyses described in this paper, nominal capacities and material properties
were used throughout (e.g., F,,=415 MPa (60 ksi) for anchor bolts).

2.5. Calibration of the bi-directional fixed bearing elements

Low-profile steel bearings, shown in Figure 5, are installed at one of the intermediate substructures to
prevent global movements of the bridge deck due to service-level loads. These bearings are normally
placed on a 3.2 mm (0.125 in.) elastomeric neoprene leveling pad and are attached to the substructure
using anchor bolts. Both the anchor bolts and the steel pintles are designed using the same equations to
provide a capacity equal to 20% of the dead load at the bearing; however, because the pintles are
typically limited to a minimum diameter of 32 mm (1.251n.), the anchor bolts are expected to be the
critical component that will fail for most bridge configurations.

The nonlinear elasto-plastic deformation of the pintles and anchor bolts, and the friction between the
bearing components and substructure, are expected to be an important consideration for the fixed
bearing model. A new bi-directional element has been created to simulate the elasto-plastic yielding
and fracture of steel components, and can be coupled with the friction element shown in Section 2.3

Copyright © 2013 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2013; 42:1375-1394
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Figure 5. Elevation views of low-profile fixed bearings investigated in this research.

of this paper, to capture all important bearing behaviors. A schematic of the model in Figure 6(a) shows
a peak-oriented model based on Ibarra et al. [16] with variable pinching that follows a predefined
elasto-plastic envelope, and is capable of fracturing at a predefined displacement.

The model was verified with the existing experimental data from previous research [17-19] as well
as recent testing at the University of Illinois. Figure 6(b) shows the computational model verified
against experimental data from the ongoing research, and a further study was performed to
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N ¥ based on
Reloading based on initial i ! initial
stiffness or maximum ! ,I | stiffness
pinching \/, i
1
P R N sy ~
Displacement
Element

failure \

Pure peak force/displacement
based reloading approach
with no pinching

Continue plastic deformation

(a) Schematic representation of cyclic behavior of

model

Figure 6. Force—displacement behavior of fixed bearing element model.
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determine the influence of the fixed bearings on the bridge system [20]. Constant friction
(1s1= tsp= g =0.30) with the model shown in Section 2.3 was coupled with the fixed bearing
model, and the anchor bolt capacity was calculated on the basis of the standard design equation for
bolts in shear:

Prixep_expEcTED = 0.6 * 0.8A,Fy 2

This equation uses the factor 0.8 to account for the reduction of anchor bolt area at a threaded
section where a nominal diameter (Ay) is used, and the factor of 0.6 is based on the von Mises
failure criterion and relates tension and shear strengths, assuming that a pure shear failure occurs in
the critical components. The proposed nonlinear model with capacity per Equation (2) with ¢ =1
and F,=415MPa (60 ksi) provides a reasonable behavior estimate for the low-profile fixed bearings.
A detailed description of the model is available [6], and the formulation can be easily adapted to
simulate additional experimental data of other similar fixed bearing components.

3. EARTHQUAKE SIMULATION FOR PARAMETRIC STUDY

The bridges in this parametric study are subjected to response history analyses with different ground
motions to assess the impact of several important parameters: the characteristics of the seismic
hazard, the intensity of earthquake excitation, and the different directions of shaking.

3.1. Seismic hazard quantification

On the basis of studies of the NMSZ, researchers have developed various synthetic records that model
different soil characteristics in the Mississippi embayment [21]. From these ground motions, two sets
of 10 synthetic records model a 7% in 75-year exceedence probability (1000-year recurrence event) for
southern Illinois for locations with rock (Cape Girardeau, MO—CG records, 10 m soil column) and soil
(Paducah, KY-Pa records, 120 m soil column) site conditions. The current research does not include the
effects of vertical acceleration because recent research [22] indicates that horizontal-to-vertical component
(H/V) spectral ratios for the region are relatively high with values between 2 and 4 in the low-frequency
range (frequency < 5 Hz). Furthermore, because the project is aimed at bridges in southern Illinois, a
region roughly 200 x 400km (125 x 250 miles) located north of the New Madrid fault zone, and
because vertical accelerations attenuate quickly from the source, they are expected to have little effect
for most structures in the area. Initial studies of the quasi-isolated systems have also indicated that
sliding forces, which may be influenced by vertical accelerations, are typically much smaller and of less
significance than the yield capacities of retainers, fixed bearings, and backwalls.

3.2. Scaling of ground motions

The parametric suite contains bridges with elastic first-mode natural periods varying from 0.2 to over
1's, and effective periods increase greatly as nonlinearities occur during analysis; thus, ground motions
were normalized on the basis of a technique used by Somerville e al. [23], which uses a least-squares
approach to normalize ground motions to a specific target spectrum. The methodology was used to fit
the synthetic ground motions to a 1000-year recurrence design spectrum for Cairo, Illinois, from
AASHTO [24]. The CG rock records are normalized to the design spectrum for Soil Class B, and
the Pa soil records are normalized to the design spectrum for Soil Class D at the location.

Figure 7 shows the ground motion spectra normalized to the respective design spectra, and these
ground motions constitute the baseline hazard used in this research. The ground motions as shown
are defined to be at a scale factor (SF) of 1.0 and are linearly scaled up and down to provide relative
estimates of structural performance for different hazard levels. Cairo, Illinois, has one of the highest
hazards for the state and a reasonably high hazard for the NMSZ. Other locations in the region
would typically have lower hazards, so as an example the design spectrum hazard in Carbondale,
Illinois can be approximated by scaling the baseline ground motions with a factor of 0.5. The
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Figure 7. Spectral acceleration of synthetic ground motion records normalized to the Cairo, Illinois, design spectra.

current research used six distinct SFs (0.5, 0.75, 1.0 =design, 1.25, 1.5, and 1.75) that encompassed
different hazard levels to create a coarse IDA [25]. The spectral acceleration of actual earthquake
events increases logarithmically for higher magnitude hazards, so the linear scaling used herein does
not correspond directly to particular higher hazard levels. However, the maximum considered
earthquake (MCE) hazard (2% in 50-year exceedence probability) for the Cairo location can be
approximated to be between the 1.5 and 1.75 linearly scaled ground motion levels.

3.3. Directionality effects

Current design provisions [5] recommend that when carrying out calculations in one of the bridge
orthogonal directions, in addition to applying the full demand in the direction of interest, 30% of the
absolute value of the demand in the perpendicular direction should also be added to account for the
directional uncertainty of earthquake motion. Recent research [26] used nonlinear MDOF analyses of
symmetric multi-span highway bridges within a stochastic framework to show that the incidence angle
is typically negligible in the bridge response. Another work [27], however, has shown that there may be
significant variance caused by the incidence angle. Only uni-directional ground motions are available
for the region, and the current research focused primarily on the orthogonal application of the ground
shaking. Sample studies were carried out with non-orthogonal (45° incident angle) excitation, for the
SsC15T2S, SIW15T1F, and CsC40T1S bridge variations, and the findings are discussed in Section 5.2.2.

4. DYNAMIC ANALYSES OF QUASI-ISOLATED SYSTEMS

Dynamic analyses were performed for each bridge configuration with all 20 ground motions scaled
independently. Force and displacement data were recorded for each nonlinear component of the bridge
at every time step of the ground motion. To allow for concise synthesis of the overall bridge response,
individual component responses were aggregated where appropriate. For example, at every substructure,
all bearing forces were summed and represented against an average of the bearings’ displacements. The
bridge SsC15T2S was chosen to show a sample dynamic analysis because this bridge experiences several
interesting nonlinearities and also results in a sequence of damage that is discouraged for quasi-isolation.

4.1. Limit states encountered in dynamic analyses of bridges

A list of limit states that can be expected for a typical bridge in both the longitudinal and transverse
directions is shown in Table II, and these limit states will hereafter be referred to using the acronyms
shown. Limit states can be observed from hysteretic force—displacement response of the various
elements, as will be shown in Figures 8 and 11. Unseating of the bearing elements can occur if the
bearings slide off of the piers or abutments. This is not explicitly modeled, and therefore, these limit
states were determined on the basis of the maximum acceptable displacements. Type I bearings were
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Table II. Typical limit states observed in bridge prototypes.

Acceptable for quasi-isolation Acceptable as Level 3 fusing for quasi-isolation
EA—elastomeric bearings slide at abutment P1—Pier 1 yields
EP—elastomeric bearings slide at Pier 1 P2—Pier 2 yields
RA—retainer failure at abutment
RP—retainer failure at Pier 1 Discouraged for quasi-isolation
Fb—fixed (low-profile) bearing anchorage failure UA—unseating of bearing at abutment
Bw—backwall yielding UP—unseating of bearing at pier

experimentally shown to be reliable when subjected to large slip travel with a gravity-induced average
compression stress within the range of 1.38 to 5.52 MPa (200 to 800 psi) [15] , and the model defined
in Section 2.3 was considered to be valid as long as there was sufficient contact between the bearing
and the concrete substructure. Pier caps and abutment seats were considered to be dimensioned on the
basis of the IDOT Bridge Manual [7] equation, which takes into account the width of the
superstructure, length between expansion joints, height of the piers, and the 1 s period design spectral
acceleration for the bridge. Type I bearing unseating was assumed when any part of the elastomer
base extended beyond the edge of the pier cap. Type II bearings were tested to displacements large
enough so that the top plate was not in full contact with the bottom plate. Highly nonlinear and unstable
behaviors were observed for these bearings when the contact area decreased, so unseating was assumed
to occur when the contact distance became less than 7.5 cm (3 in.). For example, Type II 7-b bearings,
used at the abutments of steel short (Ss) structures, are assumed to begin unseating at a longitudinal
displacement of 10.5cm (4 in.). Unseating of the bearings can cause extensive damage to the
superstructure, substructure, and diaphragm elements, or lead to a local or global collapse of the girders.
Also, after unseating occurs, the validity of the computational models becomes questionable and the
system is considered to have reached a critical limit state. However, this type of unseating for Type II
bearings is not considered unacceptable on the basis of current IDOT ERS philosophy because it does
not necessarily lead to a loss of span.

Although a nonlinear model was used to simulate the behavior of the flexible foundation boundary
condition, no significant nonlinearity was encountered in the foundation elements, and limit states were
not encountered for the foundation systems. Because robust steel H-pile foundations were used both at
the abutments and at the piers, other types of foundations used in Illinois may experience more
nonlinear behavior under similar seismic excitation. In the future, base shear data from this study can
be used to determine if other foundation systems may be applicable for carrying quasi-isolated bridges.

When subjecting a bridge to transverse excitation, the limit states of bearings sliding and retainers
failing are technically considered as independent events; however, by inspection of the results, it
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Figure 8. Longitudinal behavior of the SsSC15T2S bridge subjected to pure longitudinal excitation.
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was noted that the retainers had a much larger influence on global behavior than did the bearings. The
retainer capacity was the primary factor controlling the force transferred between superstructure and
substructure, and until the retainers had failed, the system movement and relative bearing
displacements remained essentially zero. Therefore, when considering limit states for transverse
analyses, only the retainer failure limit states (RA and RP) are used hereafter, indicating simultaneous
occurrence of the elastomeric bearing sliding limit states (EA and EP).

4.2. Longitudinal dynamic behavior of bridge type SsC15T2S

The longitudinal force—displacement hysteretic behaviors of the bearings, backwalls, and piers of the
SsC15T2S bridge are shown in Figure 8. The bridge was subjected to pure longitudinal ground
shaking from one of the Pa ground motions with SFs of 0.5 and 1.5. The relative pier displacement
was calculated by taking the top of the pier displacement and subtracting the foundation shear
deformation and the base rotation times the pier height, thereby giving a force—displacement
behavior that is comparable for different foundations and pier heights. In Figure 8, the maximum
recorded forces and relative displacements are shown with Xs and squares, respectively. Relative
displacements of the bearings indicate the magnitude of movement at the sliding interface (i.e., the
displacement when the bearing lateral force is unloaded).

Figure 8 shows the occurrence of several interesting nonlinear behaviors for the typical longitudinal
analyses. The ground motion applied at SF=0.5 results in only elastic deformation of the column
piers, and there is minor elastic contact with the backwalls. However, when the motion is applied
with SF=1.5, column Pier 2 experiences yielding, the backwall is engaged and experiences
nonlinear deformation, and the bearings slide much more, subsequently unseating at Abutment 2
(where the UA limit state is indicated by the vertical dash—dot lines).

Results similar to those presented earlier are available for all components for each individual ground
motion analysis. To capture the bridge behavior for the entire suite of ground motions and for varying
earthquake intensity, the maximum longitudinal force and displacement quantities are plotted against the
earthquake SF, resulting in IDA curves for the bridge response. Figure 9 shows these IDA plots, where
a circle is used to show the average response to the suite of 10 Pa ground motions applied at a certain
SF, and horizontal bars are used to indicate the range of plus/minus one standard deviation for the data
set. The squares and Xs, indicating the maximum displacements and forces specific to the analyses
carried out with the Pa 03 ground motion (at SF=1.5 and 0.5), are also shown on Figure 9. Note that
the base shear shown indicates the total force placed on the foundation elements during the analysis.

The IDA curves in Figure 9 also show the incremental behavior for the SsSC15T2S bridge, subjected
to non-orthogonal shaking at a 45° incident angle. It can be seen that the non-orthogonal analysis
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Figure 9. Maximum absolute longitudinal response of the SsC15T2S bridge for incremental hazard.
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causes the fixed bearing components at Pier 2 to fracture at SF=1.0 and slide, whereas the pure
longitudinal case causes only minor nonlinear behavior. For the non-orthogonal shaking, the
coupled longitudinal and transverse forces exceed the bearing capacity, whereas in the pure
longitudinal case, Pier 2 experienced yielding before the fixed bearings fracture, as can be observed
from the third column of base shear plots shown in Figure 9. Finally, these IDA plots show that,
with the exception of the Pier 2 fixed bearing displacements, all other force and displacement
responses are greater for the pure longitudinal excitation. The non-orthogonal shaking case also
shows similar results when compared with pure transverse excitation in Section 4.3. Similar results
were noted from the SIW15T1F and CsC40T1S bridges, and it was concluded that non-orthogonal
shaking was overall not as critical as shaking in a single orthogonal direction.

The IDA plots are useful in determining the overall system behavior and the sequence of damage as
different limit states occur in different analyses. For instance, in Figure 9, one can see that the base shear
at the abutments corresponds to backwall interaction that begins to appear at SF=0.5, but the forces are
lower than those shown in Figure 8 because compacted backfill absorbs a large part of the seismic
demand. The base shear for Pier 2 is limited to roughly 1.2 MN (270kips) as a result of the yielding
of the column pier at that substructure. The sequence of damage for the SSC15T2S bridge subjected to
Pa ground motions is shown in Figures 10(a) and (c). The bridge experiences yielding of Pier 2 before
the design-level earthquake and also bearing unseating at the abutment for SF=1.25. Both of these
limit states are discouraged for a properly quasi-isolated system. A preferred longitudinal sequence of
damage for the quasi-isolated system would begin with ‘inexpensive’ limit states (bearings sliding,
EA, and EP) for small earthquakes, followed by relatively easily repaired limit states (Fb and Bw) for
design-level earthquakes, and finally would permit damage to substructure elements (P1 and P2) so
long as there is no unseating of the bearings. For the IDOT ERS, an underlying preference is that
there is no unseating and only modest substructure yielding for SFs of 1.0 or less. Figure 10(b) shows
a schematic of a sample acceptable sequence of damage, which is also plotted with square markers in
part (c) of that figure. Note that the sequence of damage does not need to follow any particular pattern
of damage, as long as limit states do not enter the dark shading indicated in Figure 10(c). As an
example, bridge variation SIC40T1F follows an acceptable longitudinal sequence of damage.

4.3. Transverse dynamic behavior of bridge type SsCI15T2S

Figure 11 shows hysteretic behavior of the retainers, bearings, and foundations of the SsC15T2S
bridge when subjected to pure transverse excitation from one of the Pa ground motions with SFs of
0.5 and 1.5. From the force—displacement plots, it can be seen that the bearings begin to slide
primarily after the retainers have failed, and one can also observe some nonlinear behavior in the
foundations for the higher earthquake loads. In Figure 12, the maximum absolute values of the
transverse response quantities are again transferred onto IDA curves that show the mean and
standard deviation for the SsCI15T2S bridge considering pure transverse and non-orthogonal
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Figure 10. Sequence of damage representation for incremental longitudinal hazard.
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Figure 11. Transverse dynamic behavior of the SsSC15T2S bridge subjected to pure transverse excitation.

excitation. The base shears again indicate the total force placed on the foundation components during
the analysis. At the abutments, the base shears correspond well to the maximum retainer and bearing
sliding forces recorded earlier, whereas the base shears at the piers tend to increase even after
bearings and retainers fail. This is because the mass of the piers can cause additional seismic force
for higher levels of ground acceleration. The abutment retainers and low-profile fixed bearings fail
and permit sliding at a SF of 0.75, and the Pier 1 retainers fuse last at SF=1.25. After the fuse
components have failed, the displacements begin to increase significantly, resulting in abutment and
pier bearings unseating at SF=1.25 and SF=1.5, respectively. The pure transverse excitation again
results in much larger base shears and displacements than the non-orthogonal excitation.
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Figure 12. Maximum absolute transverse response of the SsSC15T2S bridge for incremental hazard.
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The transverse sequence of damage for the SsSC15T2S structure, as shown in Figure 13, follows an
acceptable level of fusing with the exception of the unseating behavior at seismic input levels that are
higher than the typical design. An acceptable sequence of damage for the system permits retainer
damage (RA and RP) and fixed bearing damage (Fb), as well as column pier yielding (P1 and P2)
for larger than design-level earthquakes. An acceptable damage sequence is shown in Figure 13(b)
and is plotted with squares in part (c) of the same figure. The CsW40T1F bridge also has an
acceptable sequence of damage, as shown in Figure 13(c).

5. RESULTS OF PARAMETRIC STUDY

Results from the entire parametric space, similar to those presented in Section 4, were compared based
on the observed sequence of damage, peak displacements, and normalized abutment and pier base
shears. The displacements are reported on the basis of the maximum relative displacement of
bearings at a single support location, and base shears are normalized with reference to the initial
(prior to the seismic analysis) vertical forces at the substructure foundations. Numerical results
discussed herein correspond to the performance of the bridge at the design-level earthquake
(SF=1.0), unless otherwise noted.

5.1. Comparison of bridge systems in parametric study

5.1.1. Effect of elastomeric bearings (Type I vs. Type II). Type II bearings typically result in a slight
reduction (12%) of Pier 1 base shears, slight reduction (13%) of transverse abutment base shears, and
significantly higher displacements (29% longitudinal and 58% transverse). Data for the design-level
earthquake (SF=1) that were used to make these comparisons between bridges with Type I and
Type II bearings are shown in Table III. Because of the large amount of data for the various bridge
cases, full results are not tabulated here but can be found in [6]. Due to the higher displacement, as
well as the different unseating criteria used for Type II bearings, those systems tended to unseat at
much lower hazard levels than bridges with Type I bearings. When subjected to the Pa longitudinal
excitation, all bridges with tall substructures and Type II bearings (XxX40T2X) (12 out of 24 Type
II configurations) unseated at hazard levels at or lower than the design-level earthquake (SF=1.0),
and almost all bridges with Type II bearings had unseated for SF=1.75 for both the CG and Pa
ground motions. In the transverse direction, similar behavior was observed for the bridges with Type
II bearings, with 15 out of 24 Type II cases unseating before SF=1 for the Pa motions, and all 24
bridges unseating by SF=1.75 for both Pa and CG motions.
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Figure 13. Sequence of damage representation for incremental transverse hazard.
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Type I bearing systems on the other hand performed much better, with no unseating recorded for
longitudinal excitation. For transverse excitation with Pa ground motions, seven out of 24 bridges
unseated at SF=1.5, and an additional eight bridge variants unseated at SF=1.75. Of these cases,
bridges with flexible foundation boundary conditions typically unseated at lower SFs. No transverse
unseating was recorded for Type I bearing systems for the CG ground motions, so these bridges are
only considered vulnerable for high seismic hazards. Figure 14 shows comparisons of bridge
systems, and it indicates that bridges with Type II bearings are more susceptible to unseating
damage than similar bridges with Type I bearings. Type II bearings have a lower coefficient of
friction and therefore provide less resistance to sliding, and they also have a more restrictive
unseating definition, as noted earlier on the basis of experimental results. Unseating should be
avoided because it can cause damage in superstructure and diaphragm elements and can potentially
lead to local or global collapse.

5.1.2. Effect of substructure type (multi-column pier vs. wall pier) and substructure height (4.5 m (15 ft)
vs. 12.2m (40ft)). For longitudinal analyses, most wall and multi-column pier bridges followed a
sequence of damage where Pier 2 was damaged at low earthquake SFs (0.5 or 0.75). Most tall structure
variants (XxX40) and short pier structures with Type I bearings of Sl and Cs variants (SIX15T1 and
CsX15T1) experienced yielding in both the isolated and non-isolated piers, Piers 1 and 2, respectively,
before the design-level earthquake. For the remaining short substructure bridge variants, Pier 1 was
isolated and protected from damage up to the design-level earthquake, but above the design level,
Pier 1 yielded in all except XxC15T2 variants.

For transverse excitation, short multi-column pier substructures (XxC15) and all wall substructures
(XxWH##) were typically strong enough that the fixed bearings and Pier 1 retainers failed, thereby
allowing for effective quasi-isolation. One exception was the steel long bridges (S1) where some pier
yielding was noted to occur before the design-level earthquake for the short column pier variants.
When subjected to transverse excitation, most tall multi-column pier substructures (XxC40) yielded
before reaching the design-level earthquake, and the Pier 1 retainers and low-profile fixed bearings
remained essentially elastic even at high levels of seismic excitation.

Bridges with tall pier substructures, on average, experienced maximum deformations that were 74%
and 24% larger than their short pier equivalents for longitudinal and transverse excitations,
respectively. These higher displacements often resulted in unseating failures, as was noted in Section
5.1.1. The tall pier substructures experienced lower normalized base shears than short pier bridges
by 39% for longitudinal and 30% for transverse excitation. The difference in base shears can be
attributed to the fact that the base shears were capped by the lateral yield capacity of the
substructures, which were lower for the taller piers. Backwall forces, however, increased by 12% for
the taller bridge variations. In comparison with column pier bridges, the normalized base shears at
wall piers were 20% higher in the longitudinal and 18% higher in the transverse directions, which
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Figure 14. General trends of system damage for some typical bridge cases.
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can again be attributed to the yield capacity of the different systems. The abutment force and
displacement response did not vary significantly between column and wall pier systems, and the
longitudinal pier response was also similar for the two systems. In the transverse direction, however,
wall piers are much stiffer than column piers and experienced 177% higher pier bearing
displacements and roughly 20% higher normalized pier base shears.

5.1.3. Effect of superstructure type (steel short/steel long/concrete short). As is discussed in Section 5.1.2,
the steel long (S1) superstructures often experienced pier yielding earlier than the other superstructures.
This can be attributed to the higher axial load at the substructures, as well as the higher fuse capacities,
which are designed as a factor of the dead load. System displacements increased with superstructure
length, and the steel short (Ss) superstructure generally had slightly higher normalized base shears. This
is primarily because the substructure mass was higher when compared with the superstructure. There
were slight differences in displacement between the three cases, as the bridges differ in structural
period. However, the systems performed about equivalently in terms of unseating, so the seat width
equations effectively incorporate superstructure length.

5.1.4. Effect of foundation stiffness (fixed vs. flexible boundary condition). Bridge cases with flexible
foundation conditions experienced generally small differences in bearing displacement and normalized
base shear when compared with the fixed foundation variations. Because the flexible foundations could
accommodate some displacement, their presence at times altered the sequence of damage such that
piers and fixed bearings experienced lower forces and were thereby damaged at higher SFs of
excitation, or were not damaged at all. Because of the higher displacement demands, flexible
variations were somewhat more prone to unseating, typically reaching the UA or UP limit state at a
SF of about 0.25 lower that what was observed for fixed foundation cases (i.e., unseating at SF=1.5
vs. SF=1.75).

5.2. Other observations on bridge performance

5.2.1. Effect of ground motion type (CG motions vs. Pa motions). Results for all 48 bridge variants
subjected to Pa ground motions were compared with results from the CG ground motions at the
design-level earthquake hazard. Under longitudinal excitation, Pa ground motions resulted in 81%
higher bearing displacements, 4% lower intermediate substructure base shears, and 20% higher
abutment backwall forces than the CG counterparts. For transverse excitation, the Pa motions
resulted in 116% higher bearing displacements and 18% higher base shears at the intermediate
substructures, and the abutment base shears remained equivalent because they were limited by the
retainer and bearing sliding force capacity for both types of excitation. The increase in base shear and
displacements was more significant in structures with longer periods (i.e., SI vs. Ss superstructure, tall
vs. short substructure, and flexible vs. fixed base) that were more susceptible to lower frequency
excitation. By general observation of damage patterns in the entire parametric space, it was noted that
the Pa and CG motions produce approximately the same sequence of damage, but the Pa motions
normally result in limit states being reached at lower SFs of excitation than with the CG motions. For
example, in the transverse direction, 31% more bridges experienced unseating when subjected to the Pa
than the CG motions.

5.2.2. Non-orthogonal (45° incident angle) application of ground motions. Non-orthogonal seismic
excitation was found to be equal or less critical compared with uni-directional ground motion
application for the quasi-isolated system studied in this paper. The SsC15T2S, SIW15T1F, and
CsC40T1S bridge variations were studied with uni-directional and non-orthogonal excitation, and it
was determined that the mean bridge response was less for non-orthogonal ground motion
application. As can be observed from Figures 9 and 12, the non-orthogonal excitation can often alter
the sequence of damage (that is, cause bearing failure or pier yielding) before it would occur in one
of the orthogonal directions, but the peak displacements and base shears would still be recorded for
cases where pure orthogonal excitation is applied. This behavior occurs because the bridge tested
with non-orthogonal excitation takes advantage of multiple lateral systems, including the side
retainers and strong axis of the pier substructures for the transverse force component, and the
abutment backwall for the longitudinal force component.
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5.2.3. Performance of bridge systems within the New Madrid Seismic Zone. It is important to note
that the ground motions used in this study were initially normalized to design spectra for Cairo,
Illinois, which is nearly the highest hazard for Illinois and the NMSZ in general. This level of
hazard was chosen as the baseline for this study to establish an upper bound on response for Illinois
bridges. Bridges with quasi-isolation systems farther away from the NMSZ and with lower hazard
levels are expected to experience significantly less damage than those shown in this study. The
parametric variations used in this study provide a representative sample of modern bridges in Illinois
that employ elastomeric bearings and simply supported abutment conditions. The chosen pier
heights, span lengths, foundation stiffnesses, and ground motions provide a reasonable selection of
common bridge cases in the NMSZ, and it is reasonable to apply the results and recommendations
presented herein to similar structures.

The results from this research are generally consistent with other studies on bridges in the NMSZ.
When studying fragilities of wall pier bridges in Illinois, Bignell and LaFave [28] found that overall,
bridge systems in the region are expected to experience only moderate damage for the MCE-level
hazard, which is similar to the conclusions herein. Similarly, they noted that pier properties were
important in the general bridge response, but in contrast to the study presented in this paper, they
found that bearings (steel roller, low-profile fixed, and elastomeric in some cases) had little influence
on the bridge fragility. A study of multi-span simply supported bridges by Nielson and DesRoches
[29] showed that for the MCE-level hazard, significant vulnerabilities exist at the piers, at the
abutments, and in the unseating of girders. The study found that longitudinal and transverse
displacement demands were of the same order, whereas the IDA results shown herein indicate that
for continuous bridges, transverse deformations tend to be much greater than longitudinal, especially
at higher degrees of excitation. The difference in deformation demand can be attributed to the
bearings used in the previous research, where steel dowels at the intermediate substructures did not
fuse and permit sliding as is intended for quasi-isolated systems.

6. CONCLUSIONS

This research investigated the seismic performance of typical bridge configurations currently used in the
state of Illinois. The analyzed bridges featured different superstructures, substructures, foundation
stiffnesses, and types of elastomeric bearings. The structures were selected as a representative sample
of bridges in southern Illinois, and performance observations can be generalized to similar systems in
the region. Bridge response was studied using nonlinear numerical models where transient seismic
analyses were carried out for incremental hazard levels. The parametric analyses point to the following
conclusions:

e From the current parametric study, only a few bridge variants were noted to unseat for design-
level earthquakes, indicating that most structures in Illinois would not experience severe damage
during their typical design life. Because a high hazard level was used as a baseline to scale the
ground motions, unseating and span loss are not likely for regions with moderate seismic hazard.

* Bridges with Type I IDOT bearings were shown to be more prone to unseating, as the area of the
bearing surface often proved to be insufficient given the magnitude of the displacement demand.
Unseating of the bearings is an unstable and unpredictable behavior leading to large displace-
ments, potential damage to deck and diaphragm elements, and possible local or global collapse.
Tall structures with Type II bearings experienced longitudinal unseating before design-level earth-
quakes, and nearly all bridges with Type II bearings experienced both transverse and longitudinal
unseating for MCE-level hazards.

* Bridges with Type I bearings showed reliable behavior in preventing system collapse. No unseating
was noted for longitudinal excitation of these bridges, and unseating of the bearings in the transverse
direction was only observed at MCE-level hazard for ground motions scaled on the basis of a design
spectrum for Soil Class D ground motions.

* The sequence of damage of most bridge structures indicates some yielding of the piers with fixed
bearings for small earthquakes and potential unseating of some bridges for large seismic events,
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which are both discouraged for quasi-isolation. Calibration of fuse component capacities and revision
of seat width equations can improve the sequence of damage for many bridge systems.

 Displacements in the longitudinal direction are generally much lower than in the transverse direc-
tion because of the influence of the backwall elements. For design-level earthquakes, transverse
bearing displacements were roughly 36% higher than the longitudinal, and the transverse displa-
cements increased faster as the intensity of the earthquake increased. This difference arises
because after the retainers and fixed bearings have failed, there is no active restraint of the system
in the transverse direction.

e Bridge displacement response was noted to be significantly larger for systems with tall pier
substructures and Type II bearings.

e Ground motions simulating soil site conditions and scaled on the basis of a design spectrum for
Soil Class D typically resulted in larger force and displacement demands than rock ground
motions, which were scaled on the basis of a design spectrum for Soil Class B, of similar intensity.
The soil ground motions also resulted in more limit states being reached at lower hazard levels.
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