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1 Modeling Considerations
1.1 Introduction

1.2 Backfill Soil Stiffness

Backfill soil behind the abutments and the wingwalls provide considerable resistance to movement.  This resistance was approximated using linearly elastic springs.  The total stiffness of these springs were based on CalTrans Seismic Design Criteria (CalTrans, 2001) using the following expression;
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For two and three dimensional modeling the total stiffness Ksoil was divided equally among the elements modeling the abutments and wingwalls such that the total stiffness Ksoil remained constant.   
1.3 Lateral Stiffness of Piles

Piles supporting the abutments and piers also provide resistance to lateral movements.  This lateral stiffness was modeled approximately using linearly elastic springs.  The appropriate stiffness of these springs was evaluated using LPILE analyses and by the recommendations of ATC 49.

Figure 5.1: Lateral Pile Movement
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1.3.1 LPILE Analyses

Lateral pile stiffness was investigated using the LPILE Plus computer program.  All LPILE analyses were performed for a pile length of 40 feet.  Select H-pile sections were subjected to weak-axis bending for the following soil conditions; loose sand (k = 20 lb/in3, ( = 28º), medium sand (k = 60 lb/in3, ( = 32º), and dense sand (k = 125 lb/in3, ( = 35º).  The results for medium sand are presented in Table 1.1.  K0.25 and K1.0 are secant stiffness of the piles at 0.25 and 1.0 inches respectively.  Figure 1.5 illustrates these results graphically for an HP12x53 section.

Table 5.1: LPILE Results – Fixed Head, Weak Axis Bending, Medium Sand

[image: image4.emf]Axial Load = 140 kip

D (in)

HP14x117 HP14x102 HP14x89 HP14x73 HP12x84 HP12x74 HP12x63 HP12x53

0.00 0 0 0 0 0 0 0 0

0.25 18 17 16 14 13 12 11 10

0.50 30 28 26 24 22 20 18 17

0.75 41 38 35 32 29 27 25 23

1.00 50 46 43 38 35 32 30 27

K

(0.25 inch)

72 67 63 57 52 48 44 41

K

(1 inch)

50 46 43 38 35 32 30 27

P (kip)


Figure 5.2: LPILE Analysis - HP12x53
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1.3.2 Recommended LRFD guidelines (ATC49)

The lateral stiffness of piles was investigated using the method provided in Section 8 of the Recommended LRFD Guidelines for the Seismic Design of Highway Bridges (ATC, 2003).  Accordingly the lateral stiffness of a pile whose head is fixed against rotation is approximated by the following expression
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Where
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Using this method the lateral stiffnesses of selected H-Pile sections subjected to weak axis bending were computed for medium sand (f = 60 lb/in3).  Table 1.1 compares the results of the ATC 49 method and the LPILE modeling results.  

Table 5.2: Lateral Pile Stiffnesses - Fixed Head, Weak Axis Bending, Medium Sand
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1.3.3 Comparison of ATC 49 and LPILE Analyses

As shown in Table 1.1 the LPILE analysis and the more approximate ATC 49 method show excellent agreement up to a displacement of ¼ inch.  The LPILE analysis suggests that at a displacement of one inch the secant stiffness is reduced by 30 percent.  Given the excellent agreement of the two methods at small displacements the simpler ATC-49 method was selected for initial modeling.  Where initial models show displacements greater than 1-inch the springs were softened by 30%.  
2 Case Study - S.R. 23

The SR 23 Bridge is a continuous, composite prestressed concrete bulb tee beam bridge with integral abutments located in Portage Township, St Joseph County, Indiana.  The bridge has a total length of 202 feet consisting of two 101-foot spans and a skew angle of 11 degrees.  The prestressed girders rest on elastomeric bearings at the intermediate pier. The bridge was subjected to accelerations in the longitudinal (parallel to traffic flow) and transverse (perpendicular to traffic flow) directions as shown in Figure X.X. 

Figure 6.1: SR 23 Analysis Cases
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2.1 Longitudinal Displacement

Longitudinal displacements are resisted primarily by the abutments and to a much lesser extent by the intermediate pier.  For purposes of preliminary modeling the intermediate pier was assumed to be rigid relative to the stiffness of the elastomeric bearing.  Each bearing pad was assumed to have a lateral stiffness of 15 kip/in yielding a total stiffness of 300 kip/in.
2.1.1 Single Degree of Freedom

If the entire structure is assumed to be rigid when compared to the stiffness of the foundation, then the longitudinal response of the bridge may be approximated as a single degree of freedom system (Figure 1.6).  The period of vibration of the bridge may then be estimated by approximating two quantities: the total mass M of the bridge and the total stiffness K provided by the foundation elements.

Figure 6.2: Single Degree of Freedom Approximation for Longitudinal Response
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Estimating the total mass involves a simply calculation of the total weight of the structure.  The total mass of the structure, including the abutments, wingwalls, and concrete railings, was estimated to be 13.8 kip-sec2/in.  Detailed calculations are included in Appendix A.

The total stiffness opposing translation of the bridge in the longitudinal direction consists of three components; lateral pile stiffness, backfill stiffness, and intermediate pier stiffness.  These three components were estimated using the methods described previously.  It is important to note that the pile stiffnesses and intermediate pier stiffnesses act regardless of the sense of the longitudinal motion.  However, the backfill stiffness is only engaged if the sense of the motion produces a compressive force in the backfill.  In other words, only one abutment contributes to the total stiffness at any given time.  Accordingly, the total stiffness of system was estimated to be 6800 kip/in.  A detailed calculation is included in Appendix A.

Given the total mass and stiffness of the single degree of freedom system the corresponding period of vibration T may be found, approximately, by the relation
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Accordingly, the estimated period of vibration of the SR 23 Bridge in the longitudinal direction is computed to be 0.28 seconds.  The design displacement spectrum shown in Figure 1.3 correlates this period to a displacement of approximately 0.7 inch.

Figure 6.3
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2.1.2 Two Dimensional Model

Because the superstructure is continuous and forms a moment-resisting connection with the abutments, the entire structure may be approximated in two-dimensions as a portal frame (Figure X.X).  This two dimensional model allows for additional flexibility due to bending of the bridge deck.  The idealized cross-sections shown in Figure 1.7 were used to compute the properties of the frame elements.  

Figure 6.4: Two-Dimensional Frame Approximation for Longitudinal Response
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Figure 6.5: Idealized Cross-Sections
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Backfill stiffness, lateral pile stiffness, and elastomeric bearing stiffness were modeled as elastic springs.  The pile stiffnesses were applied at the base of the abutments.  The elastomeric bearing pad stiffnesses were applied at the pier location.  The total stiffness contributed by one abutment was divided evenly among the nodes representing both abutments.  This approximation was used in lieu of more sophisticated compression-only elements.

A modal analysis performed using SAP2000 yielded the mode shapes and corresponding periods shown in Figure X.X. As in the single degree of freedom approximation, the dominant period of vibration was computed as 0.3 seconds.  The total response was estimated using the response spectrum of Figure X.X.  Modal responses were combined using the Square-Root-Sum-of-Squares Method (SRSS).  The resulting estimated displacements are presented in Figure X.X.  

Figure 6.6: SR23 Two-dimensional Approximation - Mode Shapes
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Figure 6.7:
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2.1.3 Three Dimensional Model

The skew angle of the bridge is not taken into account in the single degree of freedom model or in the two dimensional frame model.  In order to determine the effect of the skew angle a full three dimensional model was constructed using SAP2000.  Shell elements were used to represent the deck, abutments, and wingwalls.  The girders were modeled as frame elements which are connected to the deck using massless rigid links. 

Figure 6.8: Three Dimensional Shell Element Approximation for Longitudinal Response
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The 3-dimensional SAP2000 model used to determine the mode shapes is shown in Figure 1.7.  Figures 1.8 presents a plan view of the first three vibration modes as determined by SAP2000.  The first mode (T = 0.35 sec) is primarily a transverse response and will be discussed in the following sections.  Here we will only note that the bridge tends to translate along the skew angle.  The second and third modes (T = 0.32 and 0.27 seconds respectively) are primarily longitudinal responses but include smaller transverse components due to the skew angle of the bridge.  The second and third modes differ in the type of movement the abutment experiences.  In the second mode the abutment experiences a combination of longitudinal translation and bending.  In the third mode the abutment more clearly dominated by longitudinal translation.

A response spectrum analysis was performed using the design displacement spectrum shown in Figure 1.3.  The square-root-sum-squares or SRSS method was used to combine the modal displacements.  Accordingly, the maximum longitudinal translation at the abutments was computed to be approximately 0.5 inch.  The three dimensional model also suggests an out-of-plane deflection of the deck of approximately 1 inch in response to longitudinal acceleration.
Figure 6.9: SR23 3-Dimensional Approximation - Modes of Vibration (Plan)
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2.2 Transverse Displacement

Transverse displacements are resisted by several mechanisms; the lateral stiffness of the foundation piles, the elastomeric bearings at the intermediate pier, and passive pressures behind the wingwalls.  Any frictional forces between the abutment and the backfill soil were ignored.  The stiffness of these mechanisms was estimated using the methods discussed previously.  Again, the elastomeric bearings were assumed to have a lateral stiffness of 15 kip/in each resulting in a total stiffness of 300 kip/in at the pier.
2.2.1 Single Degree of Freedom

Similar to the longitudinal response, if the bridge structure is assumed to be rigid then the transverse response of the bridge may be approximated by a single degree of freedom system (Figure 1.12).  

Figure 6.10: Single Degree of Freedom Approximation - Transverse Displacement

[image: image21.emf]K

soil

K

soil

K

piles

K

piles

K

bearings

K

eq

M


The stiffness provided to resist transverse displacements is assumed to be provided by three mechanisms; lateral stiffness of the foundation piles, lateral stiffness of the elastomeric bearings, and passive pressures at the wingwalls.  These stiffnesses were computed using the methods described previously.  Movements in the transverse direction are resisted by the foundation piles through bending about the strong axis.  Thus, the method of ATC 49 is applied using the moment of inertia about the strong axis of the piles.
The period of vibration T was estimated using equation 1.6 to be 0.34 seconds.  Applying the displacement Spectrum of Figure X.X suggests a displacement of approximately 1 inch.  
2.2.2 Two Dimensional Model

Two dimensional models of the SR 23 Bridge were constructed using two approaches; first, assumed mode shapes were used to estimate the bridge response and, second, an eigenvector analysis was performed using SAP2000.  The idealized cross-section used to compute section properties is presented in Figure X.X.

Figure 6.11: Idealized Cross-Section for Transverse Response
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Figure 6.12: Two-Dimensional Approximation for Transverse Response
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2.2.2.1 Assumed Mode Shapes

The transverse vibration of the bridge was assumed to consist of two vibration modes.  The first mode was assumed to be rigid body translation of the entire structure corresponding to the single degree of freedom approximation discussed in the previous section.  The second mode of the bridge was assumed to be bending of the entire structure without translation at the supports.  Because the amount of rotational restraint provided by abutments is unknown, the second mode shape is more difficult to estimate.  Mode shapes for beams under various support conditions may be estimated using the following expressions derived by Biggs (Biggs 1964?);
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For preliminary modeling purposes the bridge was modeled as simply supported.  This is conservative as the foundation piles and the backfill soil will obviously provide some rotational restraint.  For this simple method the bending of the bridge deck is negligible compared to the rigid body translation of the entire structure.  Therefore this approximate method gives the same results as the single degree of freedom approximation.  However, for longer span bridges the bending of the bridge deck should have a greater effect.
2.2.2.2 Eigenvalue Analysis

Additionally, an eigenvalue analysis was performed using SAP2000 to obtain a “better” approximation of the mode shapes and corresponding periods of vibration.  The resulting mode shapes and their corresponding periods are presented in Figure X.X.  Applying the response spectrum of Figure X.X and combining modal displacements using the SRSS method results in a 0.7 inch displacement at the abutments and a 0.8 inch displacement at midspan (Figure X.X).

Figure 6.13: Two-Dimensional Approximation for Transverse Response – Mode Shapes
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Figure 6.14
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2.2.3 Three Dimensional Model

The three dimensional model constructed for investigating longitudinal response was used to examine the transverse response (Figure X.X).  The only modification was the orientation of the ground excitation.  Hence the mode shapes are the same as presented in Figure X.X.  Applying the response spectrum of Figure X.X in the transverse direction and combining the modal displacements using the SRSS method results in a displacement of 0.9 inches at the abutment and 1.0 inches at midspan.

2.3 Summary

In summary, the response of the SR 23 Bridge was examined in both the longitudinal and transverse directions.  One, two, and three-dimesional models were developed which all yielded consistent results.  Table X.X summarizes these results.  The results from this bridge appear to indicate that the single degree of freedom system is adequate to estimate response in both the longitudinal and transverse directions.  However, for longer span bridges this may not be the case.

Table 6.1
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Table 6.2
[image: image31.emf]Transverse Response

Dominant

Period

(s) Abutment Pier

Single Degree of Freedom 0.34 1.0 1.0

Two-Dimensional Model

Assumed Mode Shapes 0.34 1.0 1.0

Eigenvalue Analysis 0.29 0.7 0.8

Three-Dimensional Model 0.32 0.9 1.0

Displacement

(in)


3 Parametric Study
Modeling of the SR23 Bridge seems to suggest that the single degree of freedom approximation is adequate for estimating the response of integral abutment bridges in both the longitudinal and transverse directions.  A parametric study was performed to test the limits of that assumption and to understand behavior at longer lengths.  The cross section of the bridge was kept constant while the length was varied up to a total length of 1000 feet.  An additional pier was added every 100 ft to remain consistent with the SR23 Bridge.  The parametric study ignored shear keys at the pier which would engage at approximately 2 inches displacement.    

3.1 Longitudinal Response

The variation of longitudinal response with bridge length was initially examined using the single degree of freedom model.  The mass was assumed to increase proportionally to length and the stiffness of an additional set of elastomeric bearings was added for every additional 100 ft of length.  The results are presented in Table X.X.  

Table 7.1: Variation of Longitudinal Response with Total Bridge Length – SDOF
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202 13.81 6805 0.28 0.7

400 27.35 7405 0.38 1.3

600 41.02 8005 0.45 1.8

800 54.69 8605 0.50 2.3

1000 68.37 9205 0.54 2.6


The variation of the two dimensional model with length was also investigated.  The results of a series of SAP2000 analyses are presented in Table X.X.  The one and two dimensional approximations are compared in Figure X.X.  For all lengths between 200 and 1000 feet the one dimensional approximation results in a higher displacement.  The single degree of freedom model assumes that the structure is rigid and results in higher displacements.    

Table 7.2: Variation of Longitudinal Response with Total Bridge Length - Two Dimensional
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Table 7.3: Comparison of One and Two Dimensional Approximations of Longitudinal Response
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3.2 Transverse Response

The variation of transverse response with length was investigated in the same manner as the longitudinal response.  Table X.X presents the results of the single degree of freedom approximation.  Two dimensional models were models were constructed under two assumptions: (a) the abutments provided no rotational restraint to movements in the transverse direction (simply supported) and (b) the abutments remained fixed against rotation (fixed).  The results are presented in Table X.X and graphically in Figure X.X.

Table 7.4: Variation of Transverse Response with Total Bridge Length – SDOF
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Table 7.5: Variation of Transverse Response with Total Bridge Length - Two Dimensional
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Figure 7.1: Comparison of One and Two Dimensional Approximations of  Transverse Response
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3.3 Summary

The parametric study suggests that the single degree of freedom response for longitudinal response is conservative for total lengths up to 1000 feet.  However, for transverse displacements the single degree of freedom approximation does not conservatively predict response.  The two dimensional models predicted larger displacements at the mid-length and lower at the abutments when compared to the SDOF response.

The displacements calculated in the parametric study are not unreasonable.  
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