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ABSTRACT

The transverse response of short bridges is often critical to their seismic performance. When
transverse displacements are large, damage to substructure columns may occur, often in the form of
plastic hinges, shear failures, or lap splice failures. A significant component of the transverse response is
due to the dynamic response of the embankment. Current design provisions (ATC-32 1996, Caltrans
1999) neglect this contribution entirely, and other researchers have only investigated linear models of
embankment contribution (Wilson and Tan 1990; Werner et al. 1993; Goel 1997). This report focuses
on the modeling of short bridges to improve estimates of column displacement demands. In particular,
improved approach-embankment models are developed based on seismic response data recorded at
two short bridges in California. The models are nonlinear and can be used in conjunction with software
programs such as DRAIN-2DX and DRAIN-3DX. One model explicitly considers the piles and
embankment soils, while a second, simpler, model considers only the embankment soils. Both models
are calibrated to the recorded California bridge data. The more complex model is used to generate
response data for representative lllinois bridges, and this data is used to calibrate the simpler model for
Illinois bridges.

Furthermore, when transverse demands are excessive, one mitigation technique is the use of
conventional elastomeric bearings to seismically isolate the superstructure. Nonlinear models for
Illinois Type I, 11 and 111 elastomeric bearings are developed. The effectiveness of the bearings for
reducing column displacement demands is addressed by analytical studies. These studies consider

potential effects of cold temperatures on bearing stiffness.



Procedures for modeling the embankment and pile contributions, as well as the elastomeric
bearings, are described. Current practice for modeling other bridge components is summarized. Finally,

an Appendix contains sample input files for use with DRAIN 3DX (Prakash and Powell 1993).
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Although saismicity in the New Madrid region is not given as much atention as
seigmicity in the West Coadt, the seismic threeat isred and significant. A reasonable goa
is that bridges used in the trangportation infrastructure must not collapse during an
earthquake. For typical short span bridges, the transverse responseis critical and the
column therefore must be capable of accommodating the impaosed displacement demand.
The displacement demand at bridge bents is dominated by the dynamic response of the
approach-embankment, which includes the foundation soil that supports the abutments a
each end of the bridge. This subject has been studied by many researchers recently
(Wilson and Tan 1990; Werner et d. 1993; Sweet and Morrill 1993; McCallen and
Romstad 1994; Price 1997; and Siddharthan et a. 1998); and severd
abutment/embankment models have been proposed. However, these models have severd
drawbacks, described in Chapter Two. An improved approach-embankment moded is
described to improve column displacement estimates in Chapter Three.

The column displacement demand often may be reduced by using elastomeric
bearings at the deck- substructure interface. Conventiona rubber bearings have been
widdy used in Midwestern bridges to accommodate temperature movement since the
1970s. These bearings may be useful for seismicdly isolating the deck, and thus may be
effective for reducing substructure demands during earthquakes. An anaytical modd for

these bearings is described in Chapter Four. The effectiveness of the bearings for



reducing column displacement demandsis addressed in anaytical studiesreported in

Chapter Six.

1.2 Object and Scope

@

@)
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This study has severd objectives.

To devel op an approach-embarkment model, to better predict the displacement
demand in bridge piers. This part of the study focuses on the transverse response
of short bridges, snce this often is criticd to pier columns. Due to the Sparseness
of recorded data, the approach-embankment mode is calibrated to data obtained
from two bridgesin Cdlifornia (Painter Street Overcrossing (PSO) and Meoland
Road Overpass (MRO)). Then asmpler version of the new modd isintroduced
and calibrated to anaytica results developed for Illinois bridges using the more
complex approach-embankment modd.

To develop andyticd models for the conventiond eastomeric bearings used
widdy in lllinois

To invedtigate anayticaly the effectiveness of these bearingsin reducing bridge

column displacement demand.

1.3 Organization

Thereisatotd of 7 chapters. Chapter Oneis an introduction. Chapter Two isa

literature review of exigting gpproacht embankment and abutment models devel oped by

severd investigators. Chapter Three describes the development of improved approach



embankment models. This chapter includes the mode development methodologies,
description of the models, verification of the models, and cdlibration of the modds.
Chapter Four reviews elastomeric bearing behavior and exising models. The
behavior and mechanica characteristics of € astomeric bearings is presented as
background materid, and analytica models for the three types of bearings normaly used
in lllinois are introduced. Chapter Five describes the modeling of other bridge
components according to current recommendations. These recommendations are used in
Chapter Six to investigate the effectiveness of eastomeric bearings for reducing column
displacement demands in representative Illinois bridges. This chapter describes the
bridges, ground motions, and andytical results concerning the effect of eastomeric

bearings on bridge response. Chapter Seven summarizes the work and principa findings.



CHAPTER 2

REVIEW OF APPROACH-EMBANKMENT AND ABUTMENT MODELS
2.1 Overview

The dynamic characterigtics of the foundation soil that supports the abutments at
each end of a bridge can have a sgnificant influence on the seismic response of short-
and medium-span highway bridges (Wilson and Tan 1990). There are severd issues
involving abutment/embankment modeling: (1) whether the modd includes the flexibility
of the soil embankments; (2) whether the soil |oad-deformation relations are modeled as
linear, equivaent linear, or nonlinear; (3) whether materid damping is modeled as
equivaent viscous or is accounted for directly in the nonlinear hysteretic response of the
materid; (4) whether the inertid mass of the soil isincluded; and, (5) whether the mode
takesinto account pile-soil interaction.

Current design provisions (Cdtrans 1999) and recommendation (ATC-32 1996)
neglect the embankment flexibility but provide guiddines for modeding the flexibility of
the abutment wingwalls. In generd, thisis not sufficient to capture the embankment
contribution to transverse response. The Catrans (1999) and ATC-32 (1996)
recommendation are described in this chapter aong with recent proposas for moddling
the embankments. The improved seismic design criteriarecommended for Cdifornia
bridges (ATC-32 1996) modd s the abutment wingwall stiffness but thereisno
recommendation on how to mode the approach embankment, which includesthe
foundation soil that supports the abutments at each end of the bridge.

The only known records of bridge response to strong ground motions are those

recorded at the Meloland Road Overpass (MRO) and Painter Street Overpass (PSO),



which were instrumented by Cdifornia Strong Motion Instrumentation Program

(CSMIP). Data from these bridges has been used in many relevant research studies
(Werner et al. 1987; Douglas et a. 1990; Wilson and Tan 1990; Sweet and Morrill 1993;
McCallen and Romstad 1994; Goel and Chopra 1997; and Price 1997). These bridges
experienced several earthquakes of varying magnitude. The contribution of
abutment/embankment system to the overall dynamic response of the bridge system has
been studied by many investigators (Wilson and Tan 1990; Werner et d. 1993; Sweet and
Morrill 1993; McCalen and Romstad 1994; Maroney et al. 1994; Godl 1997; Price 1997,
and Siddharthan et al. 1998). The differences between each model are summarized in
Table 2.1. These modding approaches are examined below starting from the smplest

linear modd, ending with a 3-D nonlinear model.

2.2 Detription of Instrumented Bridges

2.2.1 Mdoland Road Overpass (MRO)

MRO is a prestressed concrete box-girder bridge that is continuous over two
gpans of 104 ft. each. The superstructure is supported on monolithic abutments and a
sngle central column. Piles supporting the abutments and single column are timber,
having little embedment into the reinforced concrete pile caps. The Cdifornia Strong
Motion Instrumentation Program (CSMIP) insrumented the bridge with 26 channels of
strong-motion instrumentation (Porter 1983) on the superstructure, abutments, and free-
fidd, as shown in Figure 2.1. Accdlerations were recorded during the 1979 Imperia
Vadley earthquake having Richter Magnitude (M) = 6.4. No damage to the bridge was

observed.



2.2.2 Painter Street Overcrossing (PSO)

PSO is a continuous two span, post-tensioned, reinforced concrete box-girder
bridge near Rio Ddll, Cdifornia. It has unequal spans, of length 146 and 119 ft., with two
columns at the center bent. The deck is skewed 39 degrees. The east abutment is
monolithic; an expangon joint is present at the west abutment. The expansion joint hasa
shear key to prevent trandation in the skew direction. As shown in Figure 2.2, the bridge
was instrumented by CSMIP in 1977. Acceleration response was recorded in 6
earthquakes ranging in magnitude between 4 and 7, the largest being the April 1992 Cape

Mendocino earthquake having moment magnitude (My,) = 7.0.

2.3 Current Practice

Current design provisions (Caltrans 1999) and recommendation (ATC-32 1996)
suggest that the abutment wingwall stiffnessis calculated based on passive earth pressure
of 7.7 kd. Thewall is assumed to be effective up to 8 ft. depth. The effective width for
cantilever wdl islimited to 5 ft. One wingwal is assumed to be fully effective, whereas
another onewas only 1/3 as effective. The ultimate passive pressure is mobilized a 0.01-
0.025 times the wdl height. The pile stiffness of 40 kips/in per pileis used. These are the

recommendations which help designers in modeling of the abutments.

2.4 Proposed Models for the Approach- Embankment and Abutment

2.4.1 Linear Models
Wilson and Tan (1990a, 1990b) modeled the approach-embankment as a

trapezoi dal- shaped embankment cross section, as shown in Figure 2.3, based on alinear



eladtic plane-drain analysis. They derived a unit transverse stiffness, k;, by consdering
only shear deformations under a static load gpplied at the top of the abutment dice. The
abutment diceisdivided horizontdly into infinitesma layers. The shear deformetions
are integrated over the height of the embankment. In this approach, the transverse
diffnessis determined to be

2G

ke = m (2.1)

where G = shear modulus of soil

S = dope of embankment sides

H = embankment height

W = embankment width at the top

Wilson and Tan assumed the transverse stiffness can be obtained by multiplying
the unit transverse iffness by the length of the abutment wingwall. They gpplied this
method to andyze the Meloland Road Overpass (MRO). The finite d ement mode used
in the andydsis shown in Figure 2.4 (Wilson and Tan 1990b). In matching the time-
history displacement response, Wilson and Tan reported that the smplified mode was
accurate when equivaent viscous damping within the range of 25-45 percent was used on
the system. The results point out that the damping ratio of the embankment soil system is
very high and that the fundamenta symmetric transverse mode, having large amplitudes
at the abutments, is the dominant mode. No recommendation was given as to how much
damping should be used in the analysis of other bridges. This method does not include
inertid mass of the embankment or consder pile-soil interaction. No consderation is

given to the gtiffness of the abutment as a structura component.



Werner et a. (1987) studied the dynamic response of the MRO in the 1979
Imperia Vdley earthquake. Usng system identification (Katafygiotis 1991), the
investigators found that the vertica response a mid-gpan is dominated by vertica
deformation of the bridge deck, whereas the transverse mode is predominantly controlled
by support motions at the abutment. Werner et d. (1990) subsequently conducted full-
scade dynamic testing of the MRO, using a hydraulic ram connected to the bridge deck.
For the rdatively smal static force gpplied by the ram transverse to the bridge,
displacements were dominated by deck deformation. However, for the recorded response
to the Imperid Valey earthquake (PGA at the Site equa to 0.30 g.), the transverse
displacement response was dominated by embankment deformations, as shown in Figure
2.5. Thiswas attributed primarily to the nonlinear behavior of the bridge embankments
under the strong shaking intengities and duration of the Imperia Valey earthquake.

Werner (1993) proposed guidelines for modeling the dynamic properties of the
gpproach embankment. This modd is shown schematicaly in Figure 2.6. Inthe
transverse direction, the superstructure rests on a foundation spring that is supported on
the embankment. The embankment is modeled as a point mass supported on atransverse
embankment spring. All the springs are linear, and the transverse stiffness of the

embankment spring, Kye, is given as

4
= Gd
Kye = —"—H (2.2
i1+ 28]
The embankment mass, Mg, isgiven as
M, = r{w +4SH)Hd (2.3)

where each variable is as defined previoudy and



I s = mass dengty of the soil embankment

d = an effective length of the embankment taken as %4 of the totd length of the
bridge deck.

The transverse diffness given by Equation 2.2 is equivdent to Wilson and Tan's
unit transverse stiffness applied to alength of embankment equa to 2d/p, about one-gixth
of the total length of the bridge. The embankment massis equd to the volume of the
trgpezoidd embankment wedge with length equal to d/4 or about one-Sxteenth of the
total length of the bridge deck.

Werner recommended that this transverse stiffness be used in alinear modd in
conjunction with a moda damping ratio thet is afunction of the moda amplitudes of the
firg transverse and vertical mode shapes. He defined a soil structure interaction (SS))

parameter, g, for amode as

fha
q=—"— (2.4)
frp + Ty

where f p, = average of absolute transverse horizontal moda amplitudes a the abutment
f hp = maximum transverse horizonta moda amplitude aong the bridge deck
f hv = maximum verticad moda amplitude aong the bridge deck
The empirica correlation between the SSI parameter, g, and damping ratio, b isshownin
Figure 2.7 for the Meoland Road Overpass. It can be seen that the damping ratio
increases with increasing transverse displacement at the abutment. The response
computed using Werner’s model with recorded motions as input compares well with

observed bridge performance at MRO (Werner 1993).
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The drawback of Werner’s method isthat it is not generd. It is cdibrated to MRO
empiricaly and relies on rationd gpproximations which may or may not extrgpolate well
to other bridges. Even though the model accounts for both mass and stiffness of the
embankment, the nonlinear soil-structure interaction and energy disspation at the
abutment are “smeared” into an enhanced viscous damping applicable to the entire
system. Thus, longer bridges would be expected to be less influenced by hysteretic
damping at the abutment, but gppropriate damping values for such bridges are unknown.
Furthermore, it would be desirable to consider pile stiffness and Site soil properties,
which may differ from those a the MRO.

God (1997) used a system identification method to identify the MRO's period
and damping ratio as a function of time. He found that the transverse period of the bridge
depended mainly on the level of shaking. The period eongated and the effective viscous
damping increased asthe intengity of shaking increased. Goel observed that alarge
movement at the bridge abutment may increase the displacement demands on the centra
bent while for lower levels of shaking or for usud service conditions, the abutment
diffnessislarger, and thus transverse deformation of the bridge deck would dominate.
Thisfinding is consstent with the transverse mode shapes reported by Werner et dl.
(1990).

God defined the abutment flexibility parameter, AFP, as

Da

AFP= —A
D +Dp

(2.5)

where Dp = moda amplitude a the centrd pier including in-plane deformation of the

deck
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Da = modd amplitude at the centrd pier excluding in-plane deformation of the
deck
The empiricad correlation between AFP and system damping ratio is shownin
Figure 2.8. Thisrdationship isempirica and is based only on recorded MRO data. For
the preceding linear procedures, it is unclear how to extrapolate the result when andyzing

bridges with different configurations, or for different intensties of ground motion.

2.4.2 Equivdent-Linear Modd

Price (1997) studied the gpproach-embankment soil contribution to dynamic
response of short bridges including MRO and PSO, and proposed an equivaent-linear
bridge embankment modd. Thismodel takes into account the nonlinearity of soils, soil-
gructure interaction, 3-D response near the bridge abutment, and scattering of incident
seigmic energy in the vicinity of the embankment. The model was developed using basic
embankment and superstructure properties.

Price smodd of the PSO is shown schematicaly in Figure 2.9. The embankment
was originaly modded in 2-D but later modified to a more practicd 1-D equivaent-
linear shear beam modd . The bridge superstructure and piers are modeled using linear
eadic dements. The abutment backwall and wingwalls are consdered rigid, masdess,
and bonded to the top of the embankment. Only the gpproach embankment provides
flexibility at the bridge abutment. The embankment mode is assumed to represent
footing, pile cap, wingwal, and pile contributions to the transverse abutment stiffness.
The andyssis done in the frequency domain. The soil properties of the embankment are

modified after each iteration until compatibility between the maximum shear srains



computed within the embankment and the strains generated in the equivaent linear model
isachieved. Energy dissipation at the abutment is accounted for by increasing effective
viscous damping as afunction of the maximum shear drains.

The modd was able to predict the peak recorded response quantities such asthe
abutment reactions and the rdlative pier displacement accuratdly for various levels of
ground moations for the PSO. The most sengitive parameters were found to be the
modulus reduction curve and the shear wave velocity of the embankment soils. Although
the equivadent-linear model does not require such increase in damping with repect to
mode shapes asis required in the Werner modd (Werner 1993), the strain-energy
welghted sum method used to compute modal damping ratiosis difficult to use with

gandard finite e ement analys's programs.

2.4.3 3D-Nonlinear Modds

Sweet and Morrill (1993) and McCallen and Romstad (19944, 1994b) anayzed
the PSO using a detailed three-dimensiond modd of the bridge-soil system. In McCadlen
and Romgtad’s modd, the soil embankments were modeled with solid finite e ements and
the bridge superdtructure was modeled with shell and beam eements, as shown in Figure
2.10. Sail stress-gtrain behavior was modded usng a Ramberg-Osgood modd with
parameters sl ected to match Seed’ s modulus reduction and damping curves (Seed et d.
1984). The detailed nonlinear moddl represented the recorded time-history response of
the PSO well. Sweet and Morrill (1993) used a nonlinear finite e ement method to model
the “soil idand” which supports the bridge superdtructure and foundations. They

consdered nonlinear soil materid behavior, the opening and closing of gaps between
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foundation components and soil, and radiation damping. They recommended direct

modding of the soil with solid dementsin place of Smple soil sorings.

2.4.4 Other Approaches

Siddharthan et a. (1998) proposed alinear secant stiffness gpproach to represent
Sedt type abutments in seismic analyss through the use of trandationd soringsin the
longitudina and transverse directions, as shown in Figure 2.11. Figure 2.12 shows the
boundary forces and moments on the abutment. The linear secant stiffnessis derived by
estimating the force required to cause a given displacement, conddering nonlinear pile-
soil interaction, and active and passive soil conditions.

Siddharthan’s modd was cdlibrated to field test results for a pseudo-daticaly
loaded large scale abutment (Maroney et a. 1994). The comparison between computed
and measured transverse abutment stiffnessis shown in Figure 2.13. 1t is evident from
Figure 2.13 that close agreement between computed and measured transverse abutment
diffness was achieved. Neverthdess, in alinear secant stiffness representation of the
bridge-abutment- backfill, the assigned viscous damping is very influentid on the
transverse response of the bridge. Siddharthan made no recommendations as to how
much viscous damping should be used in conjunction with each spring or how the bridge
would respond under dynamic excitation. Siddharthan modeled the abutment, and not the

approach-embankment.
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2.5 Summary

Severd abutment and embankment models were described for usein dynamic
response andyss of a bridge. These models have shortcomings, described in Section 2.4.
A practica model is sought that congiders the nonlinear dynamic response of the
approach-embankment and pile-soil interaction, to address bridges having different span
lengths, supergtructure types, soils, piles, etc. Such amode is developed in Chapter

Three.



Table 2.1 Description of Proposed Abutment and Embankment Models.

Dynamic Response of Soil Embankment
Research Study - Pile-Soil
Interaction
Material Material | Inertial Soil
Modeling | Damping Mass
Wilson and Tan (1990) Linear Equivalent None None
Viscous |-
Werner et al. (1993) Linear Equivalent | Considered | Considered
. Viscous
Sweet and Morrill (1993) Nonlinear | Hysteretic | Considered | Considered
McCallen and Romstad (1994)
Price (1997) Equivalent | Equivalent | Considered None
Linear Viscous
Siddharthan et al. (1998) None None None Considered
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Figure 2.1 Bridge Configuration and Strong Motion Instrumentation (Werner
et al 1990)

(CDMG instrumentation on north edge of bridge)

c)

Figure 2.2 Painter Street Overcrossing, Rio Dell, California a) Bridge Photo, South Side
of Bridge Shown; b) CDMG Instrumentation Array; c) Bridge Location (McCallen and
Romstad 1994b)




17

Figure 2.3 Embankment Configuration (Wilson and Tan 1990a)

| A

Figure 2.4 Finite Element Model Including Abutment Stiffness
(Wilson and Tan 1990b)

Figure 2.5 Transverse Mode Shape Components (Werner et al. 1990)




18

A y / mmuum = Trarsverse Motions
/_" Recorded at Base of Pier
x
Abutment Springs Central Pier Spring Embankment Spring
% .P
¥ 0
B . e

Figure 2.6 Finite Element Model of MRO (Wemer 1993)
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Figure 2.7 Recommended Modal Damping Ratios (Werner 1993)
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Figure 2.8 Variation of Damping with AFP (Goel 1997)

Embankment Datail of Embankment

Figure 2.9 Schematic View of Equivalent Linear Design Model of the Painter Street
Overcrossing with Embankment Detail (Price 1997)
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Figure 2.10 Detailed Model of the Painter Street Overcrossing Bridge System (McCallen
and Romstad 1994b)

{Plan View)

Finite Element
Representation

Figure 2.11 Representation of Deck-Abutment-Backwall Foundation
Interaction (Siddharthan et al. 1998)
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Figure 2.12 Boundary Forces and Moments on the Abutment
(Siddharthan et al. 1998)
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Figure 2.13 Comparison between Computed and Measured Transverse Abutment Stiffness:
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CHAPTER 3

DEVELOPMENT OF IMPROVED APPROACH-EMBANKMENT MODELS
3.1 Introduction

Several existing approach-embankment models and their shortcomings were
discussed in Chapter Two. Important considerations include the dynamic response of the soil
embankment and interaction between the piles and surrounding soils. The computed dynamic
response of the soil embankment depends on the modeling of materia properties
(linear/nonlinear), damping (equivaent viscous/hysteretic), inertia soil mass, and the degree
of nonlinearity. Some approach-embankment models (Wilson and Tan 1990, Price 1997) do
not consider pile-soil interaction at the abutment. Siddharthan’s model (1998) considers pile-
soil interaction but ignores the dynamic response of the approach-embankment. Since soil
damping in the vicinity of the abutment is more hysteretic in nature than it is linear viscous,
the linear approach-embankment models (Werner et a. 1993, Goel 1997) that use enhanced
viscous damping in alinear mode of the system do not accurately represent the soil damping
at the abutment. Moreover, these models are calibrated to the small data set of recorded
responses (Meloland Road Overpass (MRO) and Painter Street Overcrossing (PSO)) and may
lack generality for use with different bridge configurations, span lengths, and relative mass
distributions.

In this section, a practical nonlinear approach-embankment model is developed to
make more accurate predictions of pier transverse displacement demands for a broader class
of bridge configurations, span lengths, and mass distributions. This model incorporates the
nonlinear hysteretic properties of the soil and includes the dynamic response of the approach-
embankment and pile-soil interaction at the abutment. Two models are developed. The more
complex modd is cdibrated to recorded data, which is available for California bridges but

not Illinois bridges. A smpler mode is then developed, and is cdibrated both to the
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Cdifornia bridge data as well as to synthetic data generated for Illinois bridges using the

more complex model. This Chapter describes the development of these models.

3.2 Methodology

The approach-embankment model is termed the * soil-pile” mode. This mode
explicitly represents the dynamic response of the approach-embankment soil and pile-soil
interaction at the abutment. The model relies on standard engineering techniques to establish
model properties and is empirically cdibrated to the recorded response from MRO and PSO.
These techniques consider the embankment dimensions, basic soil properties such as unit
weight, plasticity index, and low-strain shear wave velocity of soil, and the properties of the
s0il below the abutment piles.

A smpler model termed the “ soil-dice” model aso is developed in this chapter. The
soil-dice modd explicitly models the dynamic response of the approach-embankment; soil-
pile interaction at the abutment is not considered explicitly, but is “smeared” into the
approach-embankment model properties. This model is calibrated to the recorded response at

MRO and PSO, and to analytically computed responses for typical Illinois bridges.

3.3 Modding of MRO and PSO

The MRO and PSO bridges are described in Chapter 2. Both bridges are typical short
bridges in Caifornia spanning over two- or four-lane highways. They were heavily
instrumented with strong motion accelerometers by the California Strong Motion
Instrumentation Program (CSMIP). MRO and PSO were shaken by a combined total of 7
earthquakes. The strongest of these was the 1992 Petrolia earthquake (magnitude 6.4), with
PGA = 0.54 g measured in the free-field near the bridge. Table 3.1 lists the recorded motions

used in modd cdibration.
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Both bridges were modeled using DRAIN-3DX (Prakash et al. 1993), a hon-linear
dynamic response analysis program. Three-dimensiond idedlizations of MRO and PSO are
shown in Figure 3.1 and 3.2 respectively. The models were subjected simultaneously to
ground motions having components in three orthogond directions: transverse, longitudina,

and vertical.

3.3.1 Modding o the Meloland Road Overpass

MRO is a symmetric prestressed concrete box-girder bridge, described in Chapter
Two. No damage to the bridge was observed after the 1979 earthquake. The reinforced
concrete box-girder and a single central column of the MRO were modeled as stick beams
using elastic beam-column elements. The elements were located along the centroidal axes of
the members. Mass was lumped at each node; alarge number of nodes was used to admit
higher modes into the response. The bridge dimensions were obtained from the drawings.
Section properties are summarized in Table 3.2. The stiffnesses of base pier springs at the
central pier reported by Douglas et d. (1990) are very smilar to the ones reported by
Maragakis et a. (1994) for MRO. A preliminary analysis showed that afixed pier could be
used in place of these stiffnesses with only a minor effect on bridge response; consequently

the pier was modeled as fixed.

3.3.2 Moddling of the Painter Street Overcrossing

PSO is an asymmetric bridge with 39 degrees skew as described in Chapter 2. The
east abutment is monoalithic but the west abutment has an expansion joint. The post-tensioned
reinforced concrete box-girder, bents, and piers were modeed as stick beams using elastic
beam-column elements. For the bent cap, rigid end offsets were assumed for the full depth of

the members; thus the stiffness of the bent cap increased by three orders of magnitude.



At the east abutment of PSO, the backwall connection to the pile cap is monalithic.
Thus, in addition to the approach-embankment model which is used at the east and west
abutments, a backwall spring is placed at the east abutment to modd the soil resistance to the
backwall. Goel and Chopra (1997) reported the “actua” capacity of the backwall to be about
5300 kN, determined from the recorded motions considering the dynamic equilibrium of the
road deck. If this capacity is mobilized at 2.5 percent of wall height ( 0.025 * 8 ft. * 12 in./ft.
=2.4in.) according to ATC-32's recommended idedlization, the spring constant for the
backwall is equal to 8.7x10% kN/m. ( 5300 kN. / (2.4 in.*0.0254 m./in.) ). Based on McCallen
and Romstad (1994), the global dynamic response of PSO is not sensitive to the pier
foundation stiffness, so each of the central columns was modeled as fixed at their bases.

Section properties are summarized in Table 3.3.

3.4 Soil-Pile Model

3.4.1 Mode Description

A generic approach-embankment cross-section and elevation are shown in Figure 3.3.
Figure 3.4 shows a schematic model. In this model, the height of the approach-embankment
is taken as the distance from the top of the pile cap at pier closest to the embankment, to the
center of the deck slab. The approach-embankment crest width is the actual width, at least
equa to the width of the roadway. A plain strain model of the embankment diceisused. The
diceisdivided into horizonta layers; only shearing deformations within each layer are
considered. The top layer extends from the top of the embankment to the bottom of the
abutment pile cap as shown in Figure 3.5. It is assumed that the soil between abutment
wingwalls moves dong with the abutment, and provides little or no additional resstance. The
resistance of the top layer is due to shearing deformations of soil only. Soil massin each

layer islumped at the middle of the layer. Shear springs connect each layer mass. These shear
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springs represent simple shear deformations in each layer. At each soil layer, non-linear p-y
springs connect the piles to the embankment soil. Below the original grade, only p-y springs
provide soil resistance to piles. From a parametric study on layer discretization, the number
of embankment soil layers has little effect on the computed bridge response for models
having four or more layers. Thus, aminimum of four layers of the embankment soil is
recommended. The p-y springs are determined, using conventional engineering approaches
leaving the only “unknown” to be the thickness of the dice (in the direction of the road
alignment). The dice thickness is determined empirically to match the recorded response of
PSO and MRO; the thickness of the wedge affects both the mass and stiffness of the
approach-embankment.

The schematic modd shown in Figure 3.5 was implemented. The figure illustrates
that arigid link is used to connect the top and bottom nodes of each layer. Shear springs are
placed between each layer connecting adjacent rigid links. Each layer massis lumped at the
center of the link. The abutment mass and the top layer soil mass are lumped at the center of
the top link. The pile congists of elements connecting at nodes. The section properties of the
pile are those of a single pile multiplied by the number of piles, assuming that the piles are
well spaced, and therefore have negligible interaction. P-y springs connect each pile node to
each layer soil mass. Conventional p-y analysis on the haf space of soil is used for pile nodes
below the original grade, to account for the flexibility of the soil below grade. Enough p-y
springs below grade (along the length of the pile) should be used so that the distance between
each spring is no more than the distance between the p-y springs above the origina grade.
Free-field ground motions were applied to the nodes shown as fixed in Figure 3.5. (The
ground motions measured at the ground surface were used at each location aong the pile

length.)
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Determination of the shear springs requires knowledge of the approach-embankment
dimengions, the low-strain shear modulus, and the modulus reduction curve. A simple shear
deformation is assumed for each layer of the embankment wedge as shown in Figure 3.6aand
3.6b. Iwan (1973) suggested the use of eastic spring with a Coulomb unit (a diding frictional
unit) for modeling the nonlinear hysteretic behavior of soil as shown in Figure 3.7aand 3.7b.
Taylor et a. (1978) later used these springsin pardlel as shown in Figure 38aand 3.8bin
one-dimensiona site response analysis. Multiple springs can be used to model a hyperbolic
stress-strain behavior for soil as shown in Figure 3.8b (Taylor et d. 1978).

Congder asoil layer in Figure 3.6b, in greater detail as shown in Figure 3.9a
where W = width of the section

Z = height of the section

L = thickness of the section

G = shear modulus of soil a grain g

d = shear displacement

The stiffnesses of the shear springs can be determined by the following procedure;

Step 1

Divide the abutment wedge into horizontal layers and determine the soil section dimensions
and soil properties. The soil properties needed are the low strain shear modulus, Gy, and the
modulus reduction curve. (G/Gy v.s. g The low strain shear modulus may be inferred from
field wave vel ocity measurements, or free vibration tests (Seed and Idriss 1970). The
modulus reduction curve can be obtained from studies on samples of the actua soil or may be
inferred from existing studies such as Sun and Seed (1988) and V ucetic and Dobry (1991).

Discrete points are chosen to represent the curve.
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Step 2
Determine the secant stiffness, K., and the corresponding displacement, d, for each layer

from
Kee =——— (3.1

d=o7 (32)

Determine the force-displacement relationship (F vs. d) from
F=Kgd (3.3)

The first three steps are shown schematically in Figure 3.9b.

Step 4
Determine the parameters for the elastoplastic element. Taylor et a. (1978) derived these
parameters from the relationship between shear modulus, G, and strain amplitude, g
Similarly, these parameters can be derived from the secant moduli at various displacements.
For an elastoplastic element as shown in Figure 3.7a.
where R =yidd force

K = loading and unloading stiffness

K« = effective secant element stiffness

D = displacement

Dy = yield displacement

Ker = K foo  D<D, (34)



29

R
Keff = D_y for D= Dy (35)
R DyK
Keff = B = T for D> Dy (3.6)
More generaly, for n elastoplastic dementsin parallel, sequenced in order of increasing
values of R, the effective stiffness is a summation over al elements:
3
Keff = alKJ for D£ DyJ (37)
J:
Kert =@ ota Kj for ~ D=Dy (38)
j=1 j=i
where D ;= the yield displacement of the " element
1 15t J
yij=1 j=i
where K ; = the secant stiffness when the i™ dement is a the point of dipping
Ketr g = Ky + Kot K,
Dy
I’<eff,2 = D K1+ K2""""'Kn
y2
D D
Keft i =D_y_lK1+D_y_2K2+'“+Ki+'“+Kn (310)
yi yi
or
{ Keff} =[A[{ K} (311)
Using K and d from step 2, {K} can be solved. The Coulomb resistances can be
found from

Ri = Dy K;

(3.12)



Finally, the soil massin each layer can be determined from
M=rV (CNK)
where r = unit weight of soil
V = section volume.
Likewise, several eastoplastic springs in paralel can be used to construct non-linear
p-y springs for the soil-pile interaction. In this study, four nonlinear springs were used for
each p-y soring. Site soil properties should be used to obtain the best estimate of the p-y

spring properties following established engineering methods (see Section 5.4).

3.4.2 Moded Veification

Shear prings in the soil-pile model are composed of arrays of elastoplastic elements
to represent the shape of the soil stress-strain curve. Verification that the modulus reduction
curve and materia damping ratio curve correlate well with the experimental data (Seed and

Idriss 1970, Sun et d. 1988, VVucetic and Dobry 1991) is provided in Appendix A.

3.4.3 Modd Cdibration

The soil-pile model was calibrated to the recorded response at MRO and PSO. Sail
properties were obtained from the construction drawings and a paper by Maragakis et al.
(1994). The DRAIN-3DX models are shownin Figures 3.1 and 3.2, as discussed earlier in
Section 3.3. The only unknown was the thickness of the approach-embankment to be
modeled. A total of 7 ground mations (Table 3.1) were applied to the model. The ranges of
approach-embankment thickness (L") which result in a“good” match between the recorded
and the computed bridge relative displacement response and absol ute accel eration are plotted

in Figure 3.10. The selection of L that resulted in a good match was determined by
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ingpection. Of interest were both the frequency in the high amplitude range and the peak
relative displacement of the central pier. Peak relative displacements were within 20 percent
of measured values for al earthquakes except the Imperial Valley 1979, and 1986 Cape
Mendocino earthquake. Price (1997) dso had difficulty matching the 1986 record athough
the relative peak displacement was so small (~ 0.5 cm.) asto be of little importance in
practical cases. The difficulty with matching response may be caused by: (1) differencesin
the normalized modulus reduction curve assumed versus the more accurate curve that could
be obtained from tests on the embankment soil; (2) the assumed low strain shear modulus of
the embankment soil; and (3) settlement of embankment fill below the abutment would affect
the embankment soil’ s low strain shear modulus. The computed response is sensitive to these
factors. Figures 3.11-3.24 show the comparison between the recorded and the computed
relative displacement and absol ute acceleration time-history at the top of the central pier for
all the pointsin Figure 3.10. It should be noted that there are also parameters other than PGA
which can be used to plot against L". PGA was used since it is a Simple parameter that
roughly indicates the level of ground motions. For a given PGA, an average between the
upper and lower bound L" may be used. Figure 3.10 shows a trend of consistent decrease in
L” with PGA. This suggests localization of plasticity with stronger earthquakes, causing the
embankment nearest the abutment to “decouple” from the remainder of the embankment as

the response intensity increases.

3.5 Soil-Slice Modd

3.5.1 Modedl Description

A smplified version of the soil-pile model was developed. The smplified “dice’
modél is calibrated to the MRO and PSO recorded response data and to synthetic data

generated using the soil-pile model for a dab-on-girder bridge more representative of Central
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U.S. congtruction. Because soil-pile interaction is not modeled explicitly, different values of

L" are required. The chief advantage of the model isthat it has fewer components and is
easier to implement than the previous model. A schematic representation of the model is
shown in Figure 3.25. The derivation of shear springs is the same as described in the previous

section, with only L” determined empirically.

3.5.2 Modd Cdibration

The soil-dlice model was cdibrated to the MRO and PSO using the same set of
ground motions that were used for the soil-pile model (Table 3.1). The comparison between
the calculated and the recorded responses is shown in Figures 3.26-3.39. The ranges of the
approach-embankment thickness (L") which give the closest match are shown in Figure 3.40.
A comparison of the plot of L™ vs. PGA for the soil-pile and soil-dice modesis shown in
Figure 3.41. The soil-slice model requires asmaller L than the soil-pile model to provide for

the flexibility introduced by the piles.

3.6 Use of Principa Component Analysis to Observe Indastic Mode Shape

Principa component analysis (PCA) is a statistically-based technique that is used to
generate mode shapes based on response data that best represent how the structure responds
in the given time. Unlike linear elastic multistory buildings where the first elastic mode shape
is usualy the dominant mode, the PCA mode shape for short bridges depends significantly
on the geometry and section properties of the bridge, and changes with the degree of
nonlinearity of the approach-embankment. PCA mode shapes are treated individually for
each case.

Using the PCA technique, the first PCA mode shapes of the soil-pile and soil-dice

models for each ground motion, using the best-fit L™ (the average between the upper and



lower limits) were plotted againgt the PCA mode shapes determined for the recorded
response data, ATC-32 abutment, and fixed abutment in Figures 3.42a - 3.42f for PSO
bridge, and Figure 3.43 for MRO bridge. In most cases, the PCA mode shapes from the soil-
pile modd are more similar to those obtained from the recorded data than those obtained
using the soil-dlice model. Considering the recorded response alone, deck deformation is
prominent in the low PGA cases. Asfor cases with high PGA, embankment response is more
prominent, with the deck deformation being relatively minor. In some cases, there is rotation
about the vertical axis. Deck deformation is less evident in the soil-pile mode than the soil-
dice mode, which may result from the added pile flexibility in the soil-pile modd. The

above observations coincide with the strain dependent characteristics of the modeled soil; the
soil is stiffer for lower PGA but softer with the larger strains occuring under higher PGA.
These results are consistent with the transverse mode shape components of MRO bridge by
Werner et a (1990), Figure 2.5, and suggest that the soil-pile and the soil-dlice models are

closer to measured response than the ATC-32 and fixed abutment models.

3.7 Determination of L" for Slab-on-Girder Bridges

3.7.1 Bridge Description

Several prominent differences exist between typical bridgesin the central U.S. and
those in California. Most bridges in the central U.S. consst of multiple-steel or concrete
girders supporting a concrete deck, unlike the concrete box-girders used in PSO and MRO
and in numerous other Cdlifornia bridges. A single concrete pier is often used in Cdifornia,
whereas multiple concrete columns with a crash wall are more popular in at least some
central U.S. states. Monalithic abutments are common in California, while seat-type
abutments are more commonly found in Illinois. In both States, 1 ft. diameter cast-in-drilled

hole (CIDH) piles are used. These are concrete piles encased in circular steel tube. These



newer lllinois bridges may have alonger embedment length of pile tip into the pile cap than

Cdifornia bridges (1-2 ft. vs. 2-3in.).

3.7.2 Cdibration of Smple Slice Modd for Sab-on-Girder Bridges

A representative slab-on-girder bridge (Figure 3.44) was provided by the lllinois
Department of Trangportation (IDOT). The bridge was used in model cdibration to estimate
embankment thickness (L") for soil-slice model. Because no records of response of such
bridges to strong ground motions are available, response was smulated using the more
complex soil-pile model. The synthetic response was used to calibrate L™ for the soil-dlice
model. Two different foundation conditions were assumed. The first case (IL-1)
corresponded to Route 743 bridge in Scott County, IL. The IL-1 bridge was founded on 6 H-
piles (HP310 x 79) with 0.9 m. concrete encasement at pile tip. Embankment soils and the
foundation soils are mostly silty clay with undrained shear strength ranging from 25 to 90
kPa. The second case (IL-2) corresponded to Route 310 bridge in Madison County, IL. The
IL-2 abutment was founded on 13 CIDH piles ( 0.3 m. in diameter), drilled into fine sands
having friction angle ranging from 34 to 43 degrees. The analytica model of this bridge is
shown in Figure 3.45 for two cases that were chosen. Both IL-1 and IL-2 were subjected to
the same suite of 7 ground motions, recorded at the MRO and PSO sites. The soil-pile moddl
with recommended L~ as shown in Figure 3.10 was used as a basaline model. Ranges of L~
for the soil-dice model for IL-1 and IL-2 that result in the best match to the baseline model
are shown in Figure 3.46; peak relative displacements were within 20 percent. The time
history results for each point in Figure 3.46 are shown in Figure 3.47 - 3.60 for IL-1, and
Figure 3.61 - 3.74 for IL-2. Ranges of approach embankment thickness (L") determined for
the soil-dice modd for California bridges and the representative Illinois bridges (Figure 3.40

vs. Figure 3.46) are compared in Figure 3.75. The mgjor difference isin the high PGA ranges
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where L” for the Illinois bridges is higher than L" for the California bridges. This indicates
that pile-soil interaction is more important in Cdifornia bridges and is compensated for by a
decrease in L” for the soil-dice modd. The Illinois bridges were modeled with fixed pile-cap
connections because of the longer pile tip embedment into the pile cap, thus alarger L” was
necessary to capture this stiffness using a soil-dice model.

To establish the importance of modeling the dynamic response of the approach
embankment for Illinois bridges, comparisons were made among bridges with different
abutment models as shown in Figure 3.76 and 3.77. In Figure 3.76, the relative displacement
time-histories at the pier for IL-2 are compared for models using (a) soil-dice modd, (b)
ATC-32 abutment model, and (c) fixed abutment, for the 1992 Cape Mendocino/Petrolia
(Main Event), having PGA ~ 0.54 g. Figure 3.77 shows the same bridge subjected to 1986
Cape Mendocino (Main Event) having PGA ~ 0.16 g. It is evident that the fixed abutment
modd highly underestimates pier displacement demand especidly in the larger 1992
earthquake. The ATC-32 abutment model also underestimates pier displacement demand in
the 1992 earthquake but gives reasonable results for the pier displacement demand in the
smaller 1986 earthquake. Thus, to estimate deck displacement responsg, it is important to
model the approach-embankment for short bridges, especially for larger earthquakes. For
longer bridges or for bridges with expansion joints within the span, the dynamic response of
the approach-embankment will have diminished importance. Such bridges are outside the
scope of the present study, and require further study.

The comparisons of PCA mode shape for IL-2 bridge subjected to 1992 Main Event
(see Figure 3.76) and 1986 Main Event (see Figure 3.77) are shown in Figures 3.78-3.79.
Again, the PCA mode shape from an ATC-32 abutment is closer to the PCA mode shape
from the soil-dice model for “low” level of shakings (1986 Main Event), but quite different

for “high” level of shakings (1992 Main Event). This is because unlike the nonlinear springs



used in the soil-dice modd, ATC-32 adopts linear springs that are unable to capture the
stiffness degrading characteristics of the approach-embankment soil at larger strains. It
should be noted that the in-plane deck deformation is significant in this bridge because of
much lower in-plane deck stiffness compared with MRO and PSO. The deck deformation is
more pronounced when stiffer abutments are used (ATC-32), while the more flexible

approach-embankment models result in less deck deformations, but larger relative pier drifts.

3.8 Summary

This chapter presented the soil-pile approach-embankment model and asmplified
version known as a soil-dice model. In the soil-pile model, both dynamic response of the
approach-embankment and pile-soil interaction at the abutment are taken into account, while
only the dynamic response of the approach-embankment is considered in a soil-dice modd.

Both models were calibrated to the recorded response from Meloland Road Overpass
(MRO) and Painter Street Overcrossing (PSO). The ranges of approach-embankment
thickness (L") to be used in both models were suggested based on comparisons with
empirical data. In general, the models are capable of producing a*“good” match between the
recorded and the computed bridge relative displacement response and absol ute accel eration.
The capability of the mode is limited to the accuracy of: (1) the assumed low strain shear
modulus of the embankment soil; and (2) the assumed normalized modulus reduction curve
as opposed to the more accurate curve which can be obtained from tests on the embankment
0il. Recommended values of L™ decrease with PGA, apparently due to localization of
damage (inelasticity) within the embankment. The results from these calibrations were used
as a base-line model to determine approximate ranges of approach-embankment thickness

(L") for use with representative slab-on-girder bridges modeled with the soil-slice model.
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Table 3.1 List of Recorded Motions at MRO and PSO to be Used in Model Calibration.

Bridge Earthquake Date Mag. (M) PGA (g.)
MRO | Imperial Valley 10/15/79 6.4 0.30
PSO | Cape Mendocino (Main Event) 11/21/86 5.1 0.16
PSO | Cape Mendocino (Afiershock) 11/21/86 5.1 5 LR
PSO | Cape Mendocino 07/31/87 5.5 0.09
PSO | Cape Mendocino/Petrolia 04/25/92 6.4 0.54
(Main Event)
PSO | Cape Mendocino/Petrolia 04/26/92 6.2 0.52
(Aftershock #1)
PSO | Cape Mendocino/Petrolia 04/26/92 6.4 0.20
(Aftershock #2)
Table 3.2 Section Properties of MRO.
Agrosemn?) | Tirne(m®) | Iuu(m®) J(m®)
Slab 4.346 35.89 1.94 5.29
Column 1.824 0.2648 0.2648 (0.5296
Table 3.3 Section Properties of PSO.
= Apos(M?) | Ligong(m®) | Lueai(m”) J(m*)
sSlab 7.90 156.0 3.3 10.1
Column 1.92 0.15 0.15 0.59
Bent 2.91 0.72 0.68 1.06

" Salveson 1991,
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Figure 3.6a) Approach Embankment Wedge
3.6b) Shear Deformation in Each Soil Layer
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Figure 3.9a) Dimension of a Layer of an Approach Embankment
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Figure 3.9b) Schematic View of the First Three Steps to Generate the Shear Springs
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along with the Ratio Between the Calculated and the Recorded Peak Relative Displacement at Pier.
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Figure 3.20 1986 Main Event on PSO (L= 12 m.), Soil-Pile Model
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Figure 3.24 1987 Main Event on PSO (L= 16 m.), Soil-Pile Model
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Figure 3.60 1987 Main Event on IL-1, L= 13 m. (Soil-Slice Model), L= 16 m. (Soil-Pile Model)
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Figure 3.61 1992 Main Event on IL-2, L= 2 m. (Soil-Slice Model), L= 2 m. (Soil-Pile Model)
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Figure 3.62 1992 Main Event on IL-2, L= 3 m. (Soil-Slice Model), L= 3 m. (Soil-Pile Model)
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Figure 3.63 1992 Aftershock #1 on IL-2, L= 2 m. (Soil-Slice Model), L= 2 m. (Soil-Pile Model)
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Figure 3.64 1992 Aftershock #1 on IL-2, L= 3 m. (Soil-Slice Model), L= 3 m. (Scil-Pile Model)
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Figure 3.65 1979 Imperial Valley Earthquake on IL-2, L= 2 m. (Soil-Shee Model), L= 2 m. (Soil-Pile Model)
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Figure 3.67 1992 Aftershock #2 on IL-2, L= 3 m. (Soil-Slice Model), L= 5 m. (Soil-Pile Model)
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Figure 3.68 1992 Aftershock #2 on IL-2, L= 7 m. (Soil-Slice Model), L= 9 m. (Soil-Pile Model)



Soil-Pile
Soil-Shice ------

=
o

1
o
=

I
y
o

1
s
=

=

1
i
i

| 1 1
o3
SRR

(*8) uoNEIA@EIOY AN[OSqY

ol
o

10

=

Time (sec.)

Soil-Pile
Soil-Slice ------

I

-I.||
= o
._.”.-..|
L
-
= ===
IIIIII =
=,
[ i
——
-l-.
e
= II.IIIuh..f
-}

| I T | L1
- B I
oS SO Q <

("wo) uawaoedsug 2anRRY

o
"

10

=

Time (sec.)

Figure 3.69 1986 Main Event on IL-2, L= 4 m. (Soil-Slice Model), L= 7 m. (Soil-File Model)
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Figure 3.70 1986 Main Event on IL-2, L= 9 m.
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Figure 3.71 1986 Aftershock on IL-2, L= 5 m. (Soil-Slice Model), L= 8 m. (Soil-Pile Model)
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Figure 3.72 1986 Aftershock on IL-2, L= 11 m. (Soil-Slice Model), L= 14 m. (Soil-Pile Model)
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Figure 3.73 1987 Main Event on -2, L= 6 m. (Soil-Slice Model), L= 9 m. (Soil-Pile Model)
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Figure 3.74 1987 Main Event on IL-2, L= 13 m. (Soil-Slice Model), L= 16 m. (Soil-Pile Model)
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CHAPTER 4

REVIEW OF ELASTOMERIC BEARING BEHAVIOR AND MODELING
4.1 Overview

Since the 1960s, e astomeric bearings have been used in structures such as bridges to
accommodate thermally-induced displacement and rotation. The advantages of elastomeric
bearings include low cogt and low maintenance. Behavior of the e astomeric bearings is sengtive
to the composition of the dastomers. Elastomers are nonlinear incompressble materias and
may be naturd or synthetic. They are flexible in shear but lessflexible in uniaxia compression
when used in thin layers sandwiched between siff plates. Horizontd flexibility causes a period
lengthening which can decrease the acce eration response in an earthquake, relative to casesin
which fixed bearings are used. Since the 1980s, elastomeric bearings have been used in
gructures for seismic isolation.

Energy disspation through hysteretic rubber deformation response dso may decrease
accel eration and displacement response in earthquakes. A lead core may be used to provide
wind and braking res stance together with increased hysteretic energy dissipation through
yielding of the lead core during seismic actions. In addition to an overview on e asomeric
bearings, this chapter dso describes the development of nonlinear models for three types of
elastomeric bearings commonly used in lllinois to accommodate thermally-induced movement.
These modds are used in Chapter 6 to investigate bearing effectiveness for reducing column

displacement demands during earthquakes.
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4.2 Generd Characteristics

The mechanicd behavior of dastomeric bearingsis highly dependent on the materid
properties of the elastomer. Most elastomeric bearings are made of either naturad rubber (NR)
or synthetic rubber such as chloroprene (CR). The stress-strain behavior of both rubbersis
highly nonlinear and istime, temperature, and frequency dependent. CR and NR tiffen at low
temperatures. CR is more susceptible to low temperature stiffening than NR. The low
temperature effect is discussed further in Section 4.3. NR is more susceptible to ozone cracking
dthough thisis usudly controlled by adding an anti-ozonant chemicd to the elastomer
compound. Both NR and CR tiffen under dynamic loads. (Roeder and Stanton, 1983)

During manufacture, araw rubber goes through a vulcanization process, which involves
adding a cross-linking agent such as sulfur and gpplying heat and pressure. Fillers such as
carbon black, processing oils, antioxidants and antiozonants are frequently added to the
elastomer to aid the manufacturing process, to modify the hardness and adjust the stiffness, or to
inhibit ozone cracking. High damping rubber may be created by adding a high percentage of
carbon; Kelly (1991) reported 31 percent carbon filler in high damping Bridgestone test
bearings.

Stanton and Roeder (1982) discussed severd potential modes of failure as follows:

(2) fatigue or endurance limits of the rubber; (2) internd rupture and tension cracking of the
rubber; (3) reinforcement rupture or yield due to tensle stress; (4) delamination of reinforcement
or bond failure; (5) serviceability failure due to excessve creep of the bearing; and, (6) buckling

or ingability of bearing.
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These modes of failure are consdered in the design of the bearings, particularly fatigue
and tension cracking of the rubber. Fatigue cracks under compression are initiated at tensile
stress concentrations at the edges of the bond interface between rubber and reinforcement. The
tensle stress concentrations are normaly caused by ozone cracking. For both causes,
performance isimproved when a protective rubber edge cover is provided. Vulcanization
improves the bond between the sted reinforcement plates and rubber layers, and this can

prevent delamination.

4.3 Mechanicd Characterigtics

Elastomeric bearings have been used in alarge number of experimentd programs since
the 1960s. Recent reports include those by Kely et d. (1987), Kelly (1991), and Kdly, and
Quiroz (1992), who determined the mechanica characteristics of bearings used for base
isolation. They reported that the bearings are siff at smal shear strains. For intermediate strain
levels (15-200 percent shear strain), the bearing secant stiffnessis lower than a small srains. At
larger shear dtrains, the secant stiffness increases, due to strain-induced crysdlization. This
behavior can be beneficid in seiamic isolation, because the high siffness a low Strains provides
diffness for service conditions, while the reduced stiffness of the bearing at larger srains
developed in seismic response causes a period lengthening in the structure. However, sSnce
physical gaps of specific Szes are provided around the isolated structure, some control over
displacement responseis helpful. The strain-induced crystdlization at large strains ensures some
degree of displacement control, though at the risk of increased strength demands in the structure

above the isolation layer.



Elastomer stiffness increases a low temperatures. Thisincrease in stiffness may occur
during North American winter temperatures and can influence the effectiveness of the bearings
as saismic isolators. Murray and Detenber (1961) conducted experiments to study the low
temperature servicesbility of eastomer products for Du Pont. They reported that the first order
trangtion, neoprene crystdlization causng alarge increase in giffness, isacompletely reversble
phenomenon and the rate of crystalization depends on temperature (Figure 4.1). Figure 4.1 dso
shows the dependency of the crystdlization rate on the type of neoprene. The crystdlization rate
is retarded when the State of cure is more advanced and when compounding ingredients such as
sulfur are used.

The second order trangtion temperature (glass trangtion temperature) is the
temperature that turns the elastomer into a glasdike condition. This temperature is independent
of the degree of crystdlization. Figure 4.2 shows the variation in stiffness as a function of
temperature for one sample of neoprene. For this sample, the stiffnessincreases by afactor of
10 when temperature was reduced below the second order transition temperature. Eyre and
Stevenson (1991) also studied the low temperature behavior of eastomers. They tested sheet
samples of dastomer layers taken from eastomeric bearing units. They found that the increasein
stiffness depends not only on temperature but so on the duration of exposure to cold
temperature and the formulation of the rubber. Thefirg trangtion temperature was around -10
to -15 F. Theincrease in gtiffness depended on the length of exposure to alow temperature.

After gpproximately
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-40 F, the rubber reached the second order trangition (glass trangition) temperature and became
brittle. The increase in tiffness of different rubber compounds with respect to temperatureis
shownin Figure 4.3.

Seasond temperature cycling effects on low temperature stiffening was investigated by
Eyre and Stevenson (1991). A test specimen was subjected to temperature cycling between
+25 C and -25 C. The “winter” period was represented by reducing the temperature to -25 C
within 1 hour; shear modulus tests were then performed until 20 hours €lgpsed under the same
temperature. The bearing was then exposed to a“summer” period, represented by raising the
temperature to +25 C within 1 hour and held at that value for 1 hour. Winter- Summer cycles
were repested Sx times, results are shown in Figure 4.4. In generd, the stiffness increases with
exposure time. Subsequent winters caused asmilar increase in stiffness, grester than the
increase during the first winter. However, alack of cumulative effect after the first winter
suggests that a maximum gtiffnessincrease can be reached after a sngle winter period.

In 1994, the Highway Innovative Technology Evauation Center (HITEC) in
collaboration with the Cdifornia Department of Transportation (CALTRANS) and Federd
Highway Adminigration (FHWA) developed an evauation program for seismic isolation and
energy disspating devices. Severd mgor bearing manufacturers participated in the program.
Full scae dynamic tests were performed; results are summarized in Table 4.1.

Kdly (1996) studied the effect of age on seismic isolation bearings obtained from the
Foothill Communities Law and Justice Center in San Bernardino County, CA. After ten years of
use in the building, bearings were removed and tested. The bearings showed a 15 percent

decrease in shear stiffnesses and virtualy identica compression stiffnesses to values obtained for



the same bearings prior to origina ingtdlations. Prior to Kelly’'s study in 1996 where there was
no published data on the tests of aged rubber bearings, Martin (1991) commented that there
should not be much difference due to aging between seismic and non-saismic isolation bearings.
Thisis because the materids and manufacturing processes are basicdly the same. The only
magor difference is the performance requirements; the seismic isolation bearings are designed to

withstand larger earthquake-induced deformations.

4.4 DIS L ead-Rubber |solators

A commonly-used isolation bearing is manufactured by Dynamic Isolation Systems, Inc.
(DI1S). Inthe DIS lead-rubber bearing, alead coreis located at the center of the bearing. The
yield stressin shear of the lead coreisvery low (~ 1.5kg.)
(Kelly et a. 1986); the core is intended to yield during an earthquake but remain eastic under
sarvice loading. The force-displacement relationship of the bearing may be represented by a
bilinear hysteretic modd as shown in Figure 4.5. (Dynamic Isolation Systems 1993) It is Sated
in FEMA 274 (1996) that the characterigtic trength, Qq, isrelated to the area of the lead plug,

A,, and the shear yield stress of lead, sy According to FEMA, Qq iswritten as

Q, = ApSYL 4.0

The post-yidd gtiffness, Ky, is higher than the shear stiffness of the bearing without the lead core

snce the lead core helps resist the force after it reachesyield.
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AG f

Fr L

=T 4.2
RS (42)

where A, = bonded rubber area

at, = total rubber thickness

G = shear modulus of rubber (typicaly the secant modulus computed at 50
percent shear dtrain)

f. = afactor larger than 1, typicaly = 1.15
For typical bearings, the post-yield stiffnessis gpproximately increased by 15 percent above the
bearings without lead. The dadtic diffness, K, ranges between 6.5-10 times the post-yidd
diffness, K4 depending on the lead core. The equivaent viscous damping, b, can be
approximated as

b= _ (4.3)

20K o Dy
where Wp, = the total area under the hysteresis loops
K e = the effective stiffness as shown in Figure 4.5
Dy = the maximum displacement as shown in Figure 4.5
The equivdent viscous damping above is based on modeling the bearing as an dagtic and linear
viscous dement. It is derived from assuming asingle degree of freedom is subjected to

snusoidal displacement cycles.

4.5 Siding Bearing
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Kdly and Chalhoub (1990) carried out an experiment to investigate a combined diding
bearing, and rubber bearing isolation system. The diding bearing condsted of alayer of teflonin
contact with agtainless sted plate, as shown in Figure 4.6. The teflon layer was 1/25 inch thick,
and the stainless sted was 1/32 inch thick. Their areas were 10x7 and 10.5x7.5 inches square,
repectively. The diding bearings only alowed movement at the teflon-stedl interface; the rubber
bearings did not provide adiding surface. Thus, the structure is supported on the isolation
system, which conssts of didersin pardld with the rubber bearings.

The investigators found a reduction in relative displacement under earthquake
excitations when the diding bearings were used, attributed to energy disspation provided mostly
by friction on the teflon diding surfaces. The rubber bearings provided additiond stiffness, both
prior to and during diding. The coefficient of friction of the teflonstainless stedl interface can
vary from 5-17 percent. Kelly and Chalhoub (1990) found the coefficient of friction increases

with diding velocity but decreases with increasing norma pressure.

4.6 lllinois Bearings

Elastomeric bearings have been widdy used in Illinois bridges snce the 1970s. The
elastomeric bearing assemblies used in Illinois consst of three types (see Figure 4.7), each able
to accommodate different degrees of thermal expansion. The bearings were not designed for
seigmic isolation, though they may be suitable for this purpose. Type | bearing is a conventiona
stedl-laminated e astomeric pad in which al movement is taken by rubber distortion. Type |l has
ateflon diding surface that providesinitid dippage shortly after the bearing isingdled. This

alowsthe bearingsto be ingtdled at any time of the year, regardless of temperature.
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Temperature induced movements cause the bridge to center itsdf over the bearings, and once
centered, no additiond dip isintended. Type Il bearings are used for spans longer than about
45 m. The Type Il assembly isthe same asfor Type 1, but a shear restrictor pin is added to
prevent overstress in the rubber in shear. For this bearing assembly, any further movement is
accommodated by dip on the teflon surface after the shear restrictor pin locks up against the
elastomer.

Unlike the lead in alead-rubber bearing commonly used in base isolation, the yield
srength of a shear restrictor pinin Type 1l bearingsis very high. Wieser (1980) reported a
tendleyield stress of 210 ks for the AlSI 4340 quenched and tempered low dloy stedl used for
restrictor pins. Assuming a coefficient of friction of 7 percent and a Type Il bearing sze of
12in. x 18in., the vertical bearing pressure would need to be 15 ks to induce enough force to
yidd the shear redtrictor pin. It is evident that the shear redtrictor pins are unlikely to yied in an
earthquake event. Itsintended role is to limit the shear strain in rubber and force additional
displacement to occur a the teflon diding surfece.

Jacobsen (1977) tested the three types of dastomeric bearings used in Illinois. He found
that the coefficient of friction at the teflon diding surface decreases with increasing pressure, and
it ranges between 7 to 20 percent. These compare well with the range of 5 to 17 percent
reported later by Kedly and Chahoub (1990). Figure 4.8 shows that the coefficient of friction

increases after severd thousand cycles, observed in repetitive tests of the Type Il bearings.

4.6.1 Modding of Type | Bearings
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Type | bearings are comprised of only stedl-reinforced e astomer layers. An
approximate bilinear curve (Figure 4.9) was used to mode the nonlinear response of steel-
reinforced eastomeric bearings based on test results reported by Kelly and Quiroz (1992). The
curveisfit to goproximatdy match the initid stiffness of the bearing and its energy dissipation
characterigics. Such a curve may be implemented in Ssmple nonlinear andys's programs that use
bilinear dements. Iteration is required to determine the force a which “yidding” occurs. A post
yield stiffness of about 50 percent of the initid stiffness was a reasonable approximation to the
Kdly and Quiroz test results over arange of shear strains up to 200 percent.

Inthismodd, it is assumed that the shear stresses are uniform over the width of the

bearing. Assuming Smple shear deformation in the dastomer layers,

_GA

Ki==
17 at,

(4.4)

where G = low gtrain shear modulus of rubber

A, = total rubber area

at, = tota rubber thickness, summed over the individua layer thicknesses

The iterative nonlinear modd in Figure 4.9 is adjusted asfollows: (1) theyield force, F, is
assumed; (2) the post-yidding giffness, K, is assumed to be one-hdf of theinitid diffness Kj;
(3) the nonlinear analysisis performed; (4) the vaue of yield force, Fy, isrevised, is taken as
one-haf the maximum force, Fax, developed in the previous andyss. This processis repeated
until K, converges.

This cdibration is intended to give a good match for initid stiffness and agood result for

peak displacement response, since peak displacement response is usualy governed by just a
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few high amplitude cydes. It isfor these high amplitude cydes that the energy disspated by the
bearing is gpproximately matched; intermediate responses will be poorly estimated because
softening may not be captured for these cycles. The models are based upon tests of low shape
factor bearings under vertical pressures of less than 1000 psi and a maximum grain less than

200 percent. Elastomeric bearings used in many bridge applications meet the above limitations.

4.6.2 Modding of Type |l Bearings

A Type Il bearing conssts of stedl-reinforced elastomer layers together with ateflon
diding surface. The bearing system can be modeled using a Coulomb unit connected in series
with aType| rubber bearing, modeled as shown in Figure 4.10. The force in rubber, Frax, IS
limited to the frictional force required to cause diding on the teflon surface. Gravity load usudly
is assumed congtant, representing an assumption that vertica acceleration can be neglected. If
the maximum force in rubber, Fn.x, isbelow the frictiond force, the bearing works like a Typel

bearing.

4.6.3 Modding of Type Il Bearings

A Typelll bearing differsfrom a Type Il bearing in that it has asted dloy pin inserted
in the bearing. This pin will not yidd in the event of an earthquake if the dip force is less than the
yidld force of the pin. To modd the bearing-pin contact that occurs when bearing deformations
are large enough, tenson and compression gap e ements are connected in serieswith a tiff pin.
The rubber unit is connected in parale with the gap and pin. The rubber, pin, and gep are then

connected to the dider in series. This can be seen schematicdly in Figure 4.11. In this type of
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Table 4.1 HITEC Results for Temperature Effects on Bearings.

Bearing Manufacturer Increase in Shear Stiffness, as percent of
Initial Stiffness
Dynamic Isolation Systems 23 %
-15 F (-26 C) for 2 days
Skellerup 56 %
-20 F (-29 C) for 2 days
Tekton 88 %
-20 F (-29 C) for 2 days
Scougal =3000 %
-40 F (-40 C) for 4 days

* Bearings were stored in a cold chamber for the time specified. Then they were removed and
tested under reversed cyclic sinusoidal loading at 0.5 Hz. No more than 75 minutes elapsed
between removal and the start of testing; each test lasted about 5 minutes.
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CHAPTER S
MODELING OF BRIDGE COMPONENTS

5.1 Introduction

Elastomeric bearings such as the three types commonly used in Illinois to accommodate
therma movement may reduce bridge damage during earthquakes. Anayticad models for these
bearings were presented in Chapter Four; these models are used in Chapter Six to investigate
the effectiveness of these bearings for reducing column displacement demands in earthquakes.
Chapter Three discussed the modeling of gpproach-embankments, Chapter Four discussed the
modeling of the bearings, and this chapter presents conventiona modeling guidelines for other
bridge components.

Short- and medium-span bridges in Illinois often are composed of a concrete deck on
multiple-steel-girders, with multiple-column piers supported on pile foundations. In past
earthquakes, older reinforced concrete pier columns have been shown to be one of the most
vulnerable bridge components. Concrete columns designed prior to the 1970s are likely to have
low confinement, which may lead to aloss of flexura capacity or shear falureif digplacement
demands are large. The analytica study of Chapter Six focuses on the transverse response of
concrete pier columns. For bridges with little or no skew, atwo-dimensiond bridge modd is
adequate for the purpose of identifying performance improvements that may result from the use
of elastomeric bearings.

This chapter describes the modeling of a bridge representative of central U.S. dab-on-
girder congtruction. Bridgesin the centrd U.S. often have a concrete deck supported on

multiple- steel-girders, in turn supported on multiple-column piers, founded on pilesas shown in
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Figure 5.1. For bridges with little or no skew, atwo-dimengond bridge modd is consdered to
be adequate. The bridge deck was modeled as a stick beam element. Transverse resistance
from the piers and pile foundations at piers were modded using bilinear sorings in the horizonta
plane of the bridge. The properties of these springs were determined by separate anadyses of the

piers and pile foundations.

5.2 Modding of Bridge Deck

A bridge deck which is a concrete dab on multiple-steel-girdersis modeled as a stick
beam. Deck massis lumped at the nodes which are distributed along the bridge. Enough nodes
must be provided between supports to admit higher modes, should they be sgnificant. Different
recommendations have been given for modeling of the moment of inertia of the deck, ranging
from a non-composite cracked dab to afully composite gross section dab, as described below

and shown in Figure 5.2.

1. Fully-Composite (Upperbound). Fully composite action between concrete dab and stedl
girdersis assumed. Thisisthe upper bound value of deck moment of inertia. Thisis caculated
as the sum of the gross moment of inertia of the dab and the moment of inertia of the sted

sections.

2. ATC-32 Recommendation. Thisis caculated as the sum of 75 percent of the gross moment

of inertiaof the dab and 75 percent of the moment of inertiaof the sted section.
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3. Shear Lag in Girders. The gross moment of inertia of a concrete dab is used. However,
only hdf the area of the sted girdersis used in caculating moment of inertia of the composte
steel-concrete section. (Foutch et d. 1997). The reduction in stedl areais intended to account
for shear lag effectsin the stedl girders. These effects would be expected to be greater in section

with deep, dender webs and for longer spans.

4. Uncracked Sab, Non-Composite. Only the gross moment of inertia of concrete dab is

considered.

5. Cracked Sab, Non-Composite (Lowerbound). Only the cracked moment of inertia of

concrete dab is considered.

The numerica vauesfor the bridge deck moment of inertiaare 6.89, 5.16, 5.22, 3.55,
1.21 m* respectively for the above assumptions. A prliminary analysis showed the overdll
response of the bridge is not very sengtive to variation in the deck moment of inertia over these

ranges. Rather, it is the approach-embankment flexibility that has the most significant influence.

5.3 Modding of Bridge Bents

5.3.1 Nonlinear Static Push-Over Andyds

Transverse res stance from the pier-columns are goproximated by bilinear springs. The
gorings are attached to the deck nodes in the horizontal plane of the bridge at deck level. One

approach isto perform anonlinear datic push-over andyss as shown in Figure 5.3 to determine
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|oad- deflection rdaionship for usein DRAIN-2DX modd. Rigid end offsetsin the cap beam
were used, assumed equa to one hundred percent of the physical column-cap joint dimensions.
Fifty percent of gross moment of inertiawas used in columns, while one hundred percent of
gross moment of inertiawas used in the bent cap. The plastic hinge beam-column dement of
DRAIN-2DX (Element 02) is used in the nonlinear satic push-over andyss, and the computed
force-displacement response is then gpproximated by a bilinear modd (pier spring). In the
andyses of the entire bridge system, a control spring is added in series with the pier spring; both
the control spring and the pier spring utilize the Imple connection dement of DRAIN-2DX
(Element 04). The purpose of the added spring isto modd the load-deformation relationship as
tri-linear. This represents a cgp in the strain hardening obtained from the bilinear spring in the

bridge system.

5.3.2 Digplacement Capacity

This displacement capacity is compared with the displacement demands computed in
Chapter Six. The method proposed by Pujol (1997) is adopted for caculating the yield and
ultimate displacement capacity of reinforced concrete columns. The data that Pujol considered
included both ductile and non-ductile columns.

According to Pujal, the yield displacement (Dy) is composed of displacement due to
flexure (Drewre), Shear deformation (Dyer), and reinforcement dip (Dyip):

Dy = Dflexure + Dshear + Dslip (5.1)
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Pujol’ s derivation was based on the displacement of a cantilever column. However, the
displacement equations can be derived for other boundary conditions such as the one shown in
Figure 5.4. In this case, the column isfixed at the bottom but free to trandate a the top without

any rotations. For this condition, the displacement equations are as follows.

(5-d°,; )

N

D fiexure :foT"'fyT (5.2
fo=fy(5- d)(¢) 63
D = - (54)
sh - .
ear 5GcAg

where L = the column length (in.), d = the effective depth of the section (in.), f , = the curvature
a yidd (rad/in.), V, = thelaterd load &t yield (Ibs.), G; = the concrete shear modulus (psi.)

(approximately equd to Y oung's modulus/2.4), and Aq = the gross area of the cross section

(irf.).

e, +&.|d+dlip

Dsip = 2d)— H (5.5)

dip= 8o fy (5.6)
8m

where e, = the longitudina reinforcement yield strain, e;' = the unit strain corresponding to the
compressive strength of the concrete, h = the total depth of the section (in.), d, = the bar
diameter (in.), f,’ = theyidld stress of the longitudina reinforcement (ps.), and my, = a bond

stress of 15CF ¢ in psi units.
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The ultimate displacement or the drift cgpacity of the column suggested by Pujol (1997)

is
ia
P < 1A
ey, g . 1d
Chimit |o, = & U £minj (5.7)
i &Vs i 4
f,d
V, = Aly (5.8)
S
€ N U—
V, =28 +———u) f.h,d (5.9)
¢ g 2000A; 4 ¢
Vo £V, =V, +Vg (5.10)

and q;imir = the drift capacity of the column (percent), Vs and V. are estimated using Equations
5.8 and 5.9, a/d = the column aspect ratio, where a = the shear span and d has been previoudy
defined, A, = the area of transverse sted! (ir?.), f, = the yield stress of transverse stedl (psi.), S=
the spacing between transverse sted (in.), N = the axid load in the column (Ibs)), f¢' = the

compressive strength of concrete (psi.), and by, = the width of the section (in.).

5.4 Modding of Bridge Pier Foundation

The pier foundation dtiffnessis represented by atrandationd spring. Nonlinear p-y
andysis was performed, usng COM624 computer program (Sullivan et a. 1980) as shownin
Figure 5.5. Site-gpecific soil properties such as effective unit weight, undrained shear strength,

and the angle of internd friction are entered into the program. P-y curves are generated in the
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program, based on the following p-y criteria depending on the soil type: soft clay (Matlock
1970); <tiff clay below the water table (Reese et d. 1975); tiff clay above the water surface
(Reese and Welch 1975); sand (Reese et d. 1974); and uniform criteriafor clay (Sullivan et dl.

1977).

5.5 Modding of Bridge Abutment

In the next chapter, the approach embankment model developed in Chapter 3 will be
compared with the ATC-32 recommendation for abutment modding. Inthe ATC-32
recommendation, the abutment wingwall stiffness can be ca culated based on a passve earth
pressure of 7.7 ksf. Thewall is assumed to be effective up to the depth of 8 feet. The effective
width for acantilever wal islimited to 5 feet. One wingwall is assumed to be fully effective and
another isonly 1/3 effective. The ultimate passive pressure is mobilized at 0.01 timesthe wall

height. An assumed pile stiffness of 40 kips/in per pileis used.
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CHAPTER 6
EFFECTIVENESS OF ELASTOMERIC BEARING FOR REDUCING ILLINOIS
BRIDGE COLUMN DISPLACEMENT DEMANDS
6.1 Introduction

The potentid for earthquakes in the Mid-American region has received attention only
recently. Thisislargely due to the absence of strong shaking in the twentieth century. Historical
accounts, however, indicate the strongest earthquakes to ever occur in North America occurred
in the New Madrid areain 1811-1812. The New Madrid seismic areaiis at the southern tip of
lllinois, and lllinoisis one of Sx gatesin the immediate New Madrid Seismic Zone. Many
exiding bridgesin Illinois may have deficiencies because most were not explicitly designed for
seigmic motions. Many of these bridges dready employ elastomeric bearings for
accommodating temperature-induced movements.

The transverse response of bridge column bents often is critical to the seismic
performance of the bridge. Collapse may occur if the displacement demand at the bents
exceeds the displacement capacity. In many cases, column displacement demands can be
reduced if the superstructure responseisisolated by using elastomeric bearings. In this chapter,
the effectiveness of dastomeric bearing for reducing column displacement demandsis
investigated for adab-on-girder bridge representative of [llinois congruction, usng the bearing
models and bridge modd described in Chapters Four and Five. The bridge model was analyzed
under various ground motions having varied intengties. Transverse displacement response
histories were compared for the bridge moded with and without elastomeric bearings. Results

obtained using the soil-dlice approach-embankment modd of Chapter Three are compared with
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those obtained using the ATC-32 recommendation for aoutment modeing for fully-isolated

bridges.

6.2 Bridge Description

A single bridge considered to be representative of 1llinois bridge congtruction was
modded. The bridge is afour-gpan concrete dab deck supported on sted girders, extending
240 m. between abutments as shown in Figure 6.1a. The bridge was assumed to be located in
Knox County, Marion County, and Massac County, about 470, 180, and 50 km., respectively,
from the New Madrid Seismic Zone, as shown in Figure 6.1b. The bridge has multiple column
bents supported on a crash wall, and the crash wal is monalithicaly integrated with the pile cap.
The bridge is symmetric and has no skew.

Elastomeric and sted bearings are widdly used in bridges in the mid- Americaregion. In
the “as-built” bridge modd, € astomeric bearings are located beneath the stedl girders at
Abutment 1, Pier 2, Pier 4, and Abutment 5. Sted rocker bearings with pintles are used at Pier
3, regtricting movement in both transverse and longituding directions. This configuration, in
which rocker or bolster bearings are placed at the centrd pier to restrain the longitudina
movement of the superstructure, istypical. At other locations, elastomeric bearings are used to
accommodate temperature-induced movement. These sted bearings are tiff and will transmit

large forces between the deck and substructure in strong shaking unless and until they fall.
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6.3 Ground Motions

A summary of the ground motions used in the andysesis shown in Table 6.1. The
recorded ground motions were chosen to match, approximately, the smooth design spectrum
corresponding to the 1997 NEHRP provisions for 2 percent probability of exceedancein 50
years. The ground motions were chosen consdering pesk ground acceleration (PGA),
characteristic period (Tg), and epicentra distance. The NEHRP design spectrafor dl three Stes
are shown in Figure 6.2. The chosen earthquake records were scaled uniformly so that the
gpectra ordinates (Sd, Psv, Psa) approximately matched the design spectrum in the period
range between 0.6 and 0.9 seconds. This period range is the upper and lower bound of the
bridge period under the dl fixed and as-built cases, at different seasond temperatures. The
scaed records were used for dl analyses, including the fully-isolated bridge cases. Scdling of the
earthquake is shown in Figure 6.3-6.10. The original and scaed accelerograms are shown in
Figure 6.11 and 6.12 respectively. The ground motions used are varied in intensity according to
distance from the New Madrid Seismic Zone according to the NEHRP (1997) maps, and are
consdered to be adequate to investigate the effectiveness of elastomeric bearing for reducing

bridge column displacement demands.

6.4 Andyticd Moddl

As mentioned previoudy, this research focused primarily on the transverse response of
the bridge. The bridge was modeled using DRAIN-2DX with plastic hinge beam-column

elements to represent the deck and girder system as shown in Figure 6.13 for the “as-built”
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case and Figure 6.14 for the “fixed bearing” case. Bilinear force-displacement relationships
were used in the horizonta plane of the bridge to

represent the transverse resistance provided by the abutments, piers, and pile foundations as
described in Chapter 5. Because of lack of skew and lack of curvature, atwo-dimensond
mode was considered to be adequate for this bridge. The properties of each bilinear spring
were determined by separate analyses as described in Chapter 5. Thus, they could be
represented by smple nonlinear dementsin the two-dimensona model, located at the
superstructure level. The bridge was excited by ground motion in the transverse direction. The
gravity load was not consdered explicitly in the dynamic andyds, but it was consdered
explicitly when determining the pier and pile springs as described in Chapter 5. The andlyss did
not consder the possibility of sted bearing failures due to reversed cydlic loading. Test results
for stedl bridge bearings subjected to reversed cyclic loading are described in areport by
Mander et a (1996).

The anadyss were conducted in three parts. The first focused on the effectiveness of
elastomeric bearings for reducing displacement demands in the bridge piers. The second part
focused on the effects of |ow-temperatures on the effectiveness of the dastomeric bearings for
isolating the superdtructure. In the third part, results using the ATC- 32 recommendation for
modeling abutments are compared with those obtained with the gpproach-embankment model

(soil-dice) for isolated Illinois bridges.

6.4.1 Displacement Demands in Conventiona Bridges
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Two scenarios were chosen for this study. The firgt scenario is cdled the “as-built”
bridge. The as-built bridge has Type 11l eastomeric bearings a Abutment 1 and Abutment 5,
Type |l dastomeric bearings a Pier 2 and Pier 4, and stedl rocker bearings with pintles a the
centra pier (Fier 3). The second scenario or the “fixed bearing” bridge has rocker bearings at
al abutments and piers, allowing no transverse movement at the deck support locations. It is
impractica to have fixed bearing at al supports. However, the fixed bearing bridgeisused asa
base line model used for comparison to the as-built bridge in the first scenario. The anayticd
modd of the bridge for the first and second scenariosis shown in Figures 6.13 and 6.14
respectively. The derivation of each spring is discussed earlier in Chapter Five.

In determining the drift capacity of apier column to compare with andyticaly
determined drift demands, the yield displacement and the ultimate drift capacity were estimated
based on the method proposed by Pujol (1997), as described in Chapter 5. Two cases of
column confinement were considered. One was the modern (ductile) details, conssting of #5
spird @ 3.3 inches gpacing. Another one was the older (non-ductile) detalls, congsting of #4
oird @ 12 inches. Table 6.2 summarizes the estimated column drift capacities. It should be
noted that length of Igp splices a the column to foundation connection may be criticd, especidly
for Illinois bridges. Based on the bar cover, bar lap separation, and bar spacing, the as-built
bridge was consdered to have adequate column lap splices according to Lin (1996).

Elastic mode shapes of the bridge mode are shown in Figures 6.15 and 6.16. Since the
embankment mass at the abutment is large, dastic mode shapes having large amplitude at the

abutment will dso have high effective modd mass. Computed force-displacement response at
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al abutments and piersis shown in Figures 6.17-6.24 for the as-built bridge and in Figures
6.25-6.32 for the fixed bearing bridge. Results are summarized in Table 6.3 and 6.4.

For the as-huilt bridge, it is evident that diding istaking place a the TFE-gainless stedl
interface when the force reaches the diding force. Correspondingly at Abutment 1, the dip
begins when the rubber undergoes 16 percent shear drain, while a Pier 2, the maximum
deformation in rubber does not exceed 19 percent shear strain. Both are lower than the 50
percent shear strain used in design of eastomeric bearings for service-leve temperature induced
deformations. Also, the maximum forcein the stedl pinisabout 10 kN. Thisis about 4 percent
of theyidld force, estimated to be 244 kN. The maximum drift a& Pier 2 is about 2.49 percent
(20.7 cm) for Massac County, soil type D. Columns a Pier 3 (Centra Pier) with sted bearings
as0 undergo large indlagtic deformation. The maximum drift a Pier 3 for Massac County, soil
type D is about 2.26 percent (9.7 cm). This drift demand isless than the ultimate drift capacity
for columns with ductile details (3.56 percent or 15.3 cm) but greater than that of the non-
ductile columns (1.22 percent or 5.2 cm). The force tranamitted to substructuresis limited to the
diding force where bearing Type Il or 111 is used. Energy is disspated through friction at the
diding surface as well as through deformation of the elastomer. At the pier with sted bearings,
energy isdisspated through cyclic deformation of the columns.

For the fixed bearing bridge, dl piers experienced large inelastic deformation in
moderate to strong ground moations. Thisis different from the as-built bridge where only Pier 3
was subject to large deformation. Maximum column drift demands of 2.44 percent (10.5 cm) at
Pier 2, and 2.47 percent (10.6 cm) at Pier 3 exceeded the estimated yield displacement and

would have caused falure if the column had older, non-ductile details.
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6.4.2 Effectiveness of Elasomeric Bearing at Reducing Column Displacement Demands at

Norma and Low Temperatures

This section evauates the effectiveness of €astomeric bearings when used to fully isolate
the supergtructure. Type | bearings were modeled at al superstructure supports; other elements
were identical to those used in the analyses reported in Section 6.4.1. Figure 6.33 showsthe
modd with ATC-32 recommendation for abutment stiffness and Figure 6.34 shows the model
using the soil-dlice gpproach-embankment. Eight cases were chosen as shown in Table 6.5.
Type | bearings were used throughout since the stiffness increase of the bearing due to low
temperature effect can be sgnificant and this would be masked if the diders of Typell and 11
bearings were also modeed. The bridge was assumed to be located in Massac County, 1llinais,
with soil type B. In each of the eight cases, there were differences in the support conditions
between the bent cap and the stedl girders, temperature, and the abutment modeling. The
increase in shear stiffness of rubber with temperature can vary greetly from lessthan 2to a
factor greater than 30, as discussed in Chapter Four. For the purpose of thisanadysis, afour
timesincrease in rubber shear stiffness was chosen for the “cold” temperature.

Peak displacement responses (envel ope values of each component) are plotted in
Figure 6.35 for ATC-32 recommendation (Cases 1-4) and Figure 6.36 for the approach
embankment model (Cases 5-8). Table 6.6 summarizes the peak digplacement from Fgures
6.35-6.36. It is evident in both models that cold temperature causes an increase in pier drift
demand (Case 3 vs. 4 and Case 7 vs. 8). By comparing Case 2 vs. 4 and Case 6 vs. 8, itis
seen that the dastomeric bearing under cold temperature may cause column drift demands to be

amilar to the case with al fixed bearings. Replacement of fixed sted bearing with eastomeric
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bearings at the centrd pier can reduce the drift demand at the centrd pier to less than the drift
capacity (Case 1 vs. 3and Case 5 vs. 7). If the elastomeric bearings are used at dl supports,

adequate stiffness should be provided to resst service loadings such as wind or braking force.

6.4.3 Response Comparison between ATC-32 Recommendation for Abutment Modding vs.

Improved Approach- Embankment (Soil-Slice) Modd

Although the ATC- 32 abutment modd and the soil-dice modd show similar trends as
far aslow-temperature effect is concerned, the andysis results are different. To illusirate the
modd difference quditativdy, the “indagtic’ mode shapes obtained from principa component
andysis (PCA) are described here. Cases 3 and 7 from Table 6.5 were chosen, for which Type
| bearings are used between the bent cap and the Sted girdersat dl piers and abutments, with
the only difference being the modeling of the abutment. The models for each case were
subjected to “low” and “high” leved of shakings, given by 1.4 * (norhntn.v2(CH 1)) and 0.75 *
(ch85l1e0.010) (Table 6.1), having PGA approximately 0.1 g and 0.5 g respectively. The
comparisons of PCA mode shapes for “low” and “high” level of shakings are shown in Figures
6.37 and 6.38 respectively. The PCA mode shapes from the ATC-32 and soil-dice modds are
amog identical for low PGA shaking, but are quite different for high PGA shaking; the soil-dice

modd has larger mode shape amplitude at the abutments.

6.5 Summary
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This chapter hasillugtrated that the € astomeric bearings normaly used in Illinois can
hel p reduce the bridge column displacement demands. Type Il and Type Il bearings which
utilize the teflon diding surface are able to limit the force to bridge substructure to the diding
force. Additiondly, the bearing stiffness at cold temperature is critical and must be evauated
especidly in the older columns which may have inadequate displacement capacity because of

low levd of confinement.
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Table 6.1 Description of Earthquakes Used in the Analysis.

Location Distance i:l'f:m Soil Profile Identifier Earthquake Scale
NMSZ Type Factor
Knox County 470 km. Type B norhntn.v2(CH 1) Northridge’94 1.4
Knox County 470 km. Type D | norhntn.v2(CH 3) Northridge'94 2.3
Knox County 470 km. Type E | norhntn.v2(CH 3) Northridge94 34
Marion County 180 km. Type B ch&5lleo.100 Central Chile’85 0.42
Marion County 180 km. Type D ch85lleo.100 Central Chile’85 0.7
Marion County 180 km. Type E iv4Qelen.180 Imperial Valley’40 | 1.15
Massac County 50 km. Type B ch851le0.010 Central Chile’85 0.75
mh’.[assac County 50 km. Type D ch85llen.010 Central Chile’85 1.15
NMSZ = The New Madrid Seismic Zone
Table 6.2 Drift Capacity of Pier Column.
Yield Drift Ultimate Drift
Modern (Ductile) Details | 3.2 cm (0.74 %) | 15.3 cm (3.56 %)
(#5 Spiral @ 3.3 inches)
Older (Non-Ductile) Details | 3.2 cm (0.74 %) 5.2ecm(1.22 %)
(#4 Spiral @ 12 inches)
Table 6.3 Maximum Relative Displacement for the “As-Built” Bridge.
Case Bearing at Abut 1 | Bearing at Pier 2 Central Pier
(cm) (cm) (em)
Knox County (Soil Type B) 2.5 14 1.0
Knox County (Soil Type D) 5.2 2.8 2.6
Knox County (Soil Type E) 6.3 4.8 4.4
Marion County (Soil Type B) 4.3 1.5 2.l
Marion County (Soil Type D) 6.9 5.9 6.6
Marion County (Soil Type E) 11.3 7.4 55
Massac County (Soil Type B) 16.0 7.7 79
Massac County (Soil Type D) 20.0 10.7 9.7

" Maximum pier displacement exceeds estimated drift capacity for “non-ductile” column.

Pier drift is calculated based on pier height of 4.3 m.
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Table 6.4 Maximum Relative Displacement for the “Fixed Bearing™ Bridge.

Case Abut 1 Pier 2 Central Pier
(cm) (cm) (cm)
Knox County (Soil Type B) 0.2 1.1 1.3
Knox County (Soil Type D) 0.4 3.0 3.5
Knox County (Soil Type E) 0.6 4.6 54
Marion County (Soil Type B) 0.3 2.0 2.2
Marion County (Soil Type D) 0.6 4.1 4.6
Marion County (Soil Type E) 1.1 54 15
Massac County (Soil Type B) 0.9 6.1 6.7
Massac County (Soil Type D) 3.0 10.5° 10.6

" Maximum pier displacement exceeds estimated drift capacity for “non-ductile” column.

Table 6.5 Case Study of Low Temperature Effect on Bearings. G

Case # Abut1 | Pier2 | Pier3 | Pierd | Abut5 | Temp. | Abutment/
Embankment
1 1 [ F I I WARM ATC-32
As-Built
2 F F F F F WARM ATC-32
All-Fixed
3 (warm) 1 1 I 1 I WARM | ATC-32
All Elastomeric
4 (cold) I I I I I COLD ATC-32
All Elastomeric
5 | I F [ 1 WARM | Soil-Slice
As-Built Model
6 F F F F F WARM | Soil-Slice
All-Fixed Model
7 (warm) 1 | 1 I | WARM | Soil-Slice
All Elastomeric Model
8 (cold) | | 1 I | COLD Soil-Slice
All Elastomeric Model

T F = Steel bearings are used between the bent cap and the steel girders.
I = Type I bearings are used between the bent cap and the steel girders.

WARM = No increase in rubber stiffness.

COLD = Four times increase in shear stiffness of the rubber.
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Table 6.6 Summary of Peak Displacement Response in All Eight Cases (Table 6.5)

Case # Abut1 | Pier2 | Pier3 | Pierd | Abut5 | Temp. | Abutment/
(em) | (em) | (em) | (em) | (em) Embankment
1 4.8 7.1 B3 7.1 4.8 WARM ATC-32
As-Built
2 1.7 4.9 10.0 49 1.7 WARM ATC-32
All-Fixed
3 (warm) 6.7 7.8 10.5 7.8 6.7 | WARM | ATC-32
All Elastomeric
4 (cold) 3.7 5.8 99 58 3.7 COLD ATC-32
All Elastomeric
5 8.7 7.7 6.8 7.7 8.7 WARM | Soil-Slice
As-Built Model
6 8.5 6.7 7.9 6.7 5.5 WARM | Soil-Slice
All-Fixed Model
7 (warm) 7.6 8.0 9.0 8.0 76 | WARM | Soil-Slice
All Elastomeric Model
g (cold) 53 6.4 7.8 6.4 5.3 COLD Soil-Slice

All Elastomeric

Model
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CHAPTER 7

SUMMARY

7.1 Overview

The transverse response of short bridgesis often critical because displacement

demands may exceed substructure column displacement capacities. This study focused on

modding of the approach-embankment to predict pier displacement demands in short

bridges subjected to seismic excitations, and the reduction of these demands using

conventiond eastomeric bearings to isolate the superstructure. The following results

were obtained:

D

2

3

The column displacement demand is dominated by the dynamic response of the
approach-embankment. An improved approach embankment mode (a soil-pile
model) was developed; this incorporates nonlinear hysteretic properties of the ol
and accounts for the dynamic response of the approach-embankment and pile-soil
interaction at the abutment.

A smplified verson of the gpproach embankment mode (a soil-dice modd) was
introduced and cdlibrated to two California bridges and a representative dab-on-
girder bridge. The smplified modd is capable of giving agood match between
the recorded and the computed bridge displacement response, but the first PCA
mode shapes of the two modd s differ somewhat (Figures 3.42-3.43).

Iterative nonlinear bearing moddsfor Illinois Typel, 11, and 111 dastomeric
bearings were developed for use in nonlinear dynamic response anadlysis. These
models were used to investigate the effectiveness of astomeric bearings for

reducing column displacement demands in lllinois bridges, in conjunction with
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various abutment and embankment models. These bearings were found to reduce
column displacement demands at warm ambient temperatures. Their effectiveness
isreduced at cold temperatures, but low temperature stiffening characteristics
vary widdy, and experimenta data are needed to quantify this behavior for

Specific cases.

7.2 Development of Approach-Embankment Moddls

An approach-embankment modd (a soil-pile model) was developed to explicitly
mode the dynamic response of the approach-embankment and pile-soil interaction &t the
abutment. The embankment soil is modeled as nonlinear and the strain-dependent
characterigtics of the soil are implemented based on normalized modulus reduction
curves (Sun et a. 1988). Materia damping is accounted for directly in the hysteretic
response of the materid modd. The inertid mass of the embankment soil isincluded.

The modd requires information on the embankment dimensions, basic soil
properties such as unit weight, plagticity index, and low-strain shear wave velocity of
soil, and the properties of the soil below the abutment piles. Below the abutment, the
interaction between the piles and soil ismodeled by nonlinear p-y springs, determined
using conventiona engineering approaches.

The thickness of the embankment dice is the only unknown in this formulation,
and is determined empiricaly to match the recorded response of the Painter Street
Overcrossing and the Meloland Road Overpass bridges. The length of approach
embankment to be modeled was found from calibration studies to depend on the intensity

of earthquake shaking. The first PCA mode shapes obtained with this modd correlated
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well to those obtained from recorded response data. Displacement estimates obtained
with thismodd &t the centrd pier were within 20 percent of recorded valuesin 5 of the 7

cases studied.

7.3 A Smplified Verson of the Approach-Embankment Modd

A amplified modd (a soil-dice modd) was developed to modd the dynamic
response of the approach-embankment but without explicitly modding soil-pile
interaction at the abutment. It is calibrated to the recorded response at the MRO and PSO
bridges, and to anayticaly determined responses computed using the soil- pile model for
dab-on-girder bridgestypicd of 1llinois and possibly other central U.S. states. Despite its
smplicity, the computed bridge response based on a soil-dice modd closdy matches the
recorded bridge response. The recommended thickness of the approach-embankment
wedge is generdly less than that for the soil-pile modd. The reduced thickness resultsin

lower diffness, compensating for the lack of pile flexibility present in the soil-pile modd.

7.4 Deveopment of the Bearing Moddls

A nonlinear iterative mode for elastomeric bearings was devel oped based on
observation of test results from Kelly and Quiroz (1992). The hysteretic curve of the
bearingsis gpproximated by a bilinear force-displacement reationship. Iterations are
required to gpproximately account for energy disspation at large amplitude excursons.

Typell and Type I11 lllinois bridge bearings are modeled using a combination of
nonlinear springs. These modds can be implemented using nonlinear dynamic response

andysdis programs such as DRAIN-2DX and DRAIN-3DX (Prakash et a. 1993).
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7.5 Effectiveness of Elasomeric Bearings for Reducing Illinois Bridge Column

Displacement Demand

The elastomeric bearing models were used to investigate the effectiveness of the
bearings for reducing pier displacements. Severd scenarios with different bearing types
were studied. Typel, Typell and Type I11 1llinois bridge bearings were found to reduce
column displacement demands relative to bridges employing bearings that fully restrain
transverse movement. Theincrease in bearing stiffness at low temperatures was found to
have asgnificant effect on bridge response and column displacement demands. Stiffness
increases with low temperatures depend highly on the formulation of the elastomeric

bearing.

7.6 Recommendations for Future Research

Approach-embankment models for use in seismic analyss of short bridges were
cdibrated againg the recorded data from instrumented Cdifornia bridges and
extrgpolated to Illinois bridges. This was necessary because there is no such recorded
datafor dab-on-girder bridges. Sab-on-girder bridges that are representative of 1llinois
bridge construction should be instrumented so that the gpproach embankment models
proposed herein can be confirmed or refined in the future.

Bearing stiffnessincreases with reductions in temperature. The stiffness increase
is highly dependent on the elastomer formulation. No data on gtiffnessincreaseis

avallable for conventiona eastomeric bearings commonly used in the central U.S. Low



temperature tests of these bearings should be encouraged to dlow their use for isolation

to be evauated using accurate information.
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APPENDIX A

MODULUS REDUCTION AND DAMPING CURVE FROM THE MODEL

Shear sorings in the soil-pile model of Section 3.4.1, derived based on the Iwan
(1973) modd, are evaduated in this Appendix. To do so, alayer of soil is subject to
snusoidd force with varying amplitude. After one complete cycle, the maximum shear
modulusis calculated and the equivaent viscous damping is computed. Three types of
soil with varying plasticity indices are used. The maximum shear modulus a 10" percent
shear gtrain (Go) is kept constant at 76800 kPa.

The equivaent viscous damping (z) is computed from

z= A
2
Zmeaxgmax

as shown in Figure A1 where
AL = areaenclosed by the hysteresis loop
Omax = Maximum sheer drain

Gmax = maximum secant shear modulus a Strain gmax

/]
4 LaifliVa Strain (0)

>

Figure Al. Stress-Strain Relationship for Damping Caculation.

(A-1)
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The results are summarized in Table Al.

Table Al. Three Types of Soil with Varying Pladticity Indices.

Case Padticity Index Omax (%0) Gmax/Go z(%)
Cl a 5-10 6.2 101 0.09 29
Clb 5-10 8.2 10 0.35 19
Clc 5-10 2.6°10° 0.57 11
Cl d 5-10 40 10° 0.90 2
C3 a 20-40 6.9 10 0.20 22
C3b 20-40 9.6" 10 0.56 11
C3c 20-40 6.2° 10° 0.92 15
C5 a >80 9.8 10" 0.33 16
C5 b >80 1.0" 101 0.71 5
C5 c >80 1.0° 10 0.92 1

The hysteresis loops of the first four cases are shown in Figure A2.

Case Cl_a Case Cl_b

/7 *
=11 —-30
-0.8 a g.& -0.2 a 0.2
Strain (%) Strain (%)

20

Shear stress (kPa)
o

Shear =tress (kPa)
o

Case Cl_c Case C1_d

20

-20 -3
=L a 0.1 -0.025 0 0.025

Strain (%) Strain (%)

Figure A2. Hysteresis Loop of the First Four Cases

Shear stress (kPa)
o

Shear stress (kFPa)
o

The modulus reduction curves and the damping ratio in each case are plotted on

top of the curve from Sun's report (Sun et d. 1988) as shown in Figure A3 and A4.
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The cdculated G/Gpax Versus strain and damping versus strain are aso
plotted againgt Vucetic and Dobry curves (Vucetic and Dobry 1991) as shown in

Figures A5 and A6.
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Sun et d. 1988 reported that plasticity index is the most dominant and cons stent

factor on the form of the normaized modulus reduction relationships for cohesive soils. It



is evident that the higher the pladticity indices, the dower the rate of modulus reduction
with increasing shear stain. The mode is able to represent the modulus reduction curves
reasonably well over the range of shear strain. For damping characteristics of cohesive
soils, the caculated damping ratio aso fell within the range as indicated by Seed and

Idriss (1970) aswell as Vucetic and Dobry (1991).



APPENDIX B
EXAMPLE FILES
The following files are presented as examples.

B.1 Three-Dimensond Modding of PSO in DRAIN-3DX usng a Sail-Pile Modd

B.2 Three-Dimendond Modding of MRO in DRAIN-3DX usng a Soil-Sice Modd

B.3 Three-Dimensona Modding of IL-1 in DRAIN-3DX usng a Soil-Slice Model

B.4 Matlab Routine Used to Determine Parameters for the Elastoplastic Elements

(Shear Springs in Chapter 3)

B.5 Nonlinear Push-Over Anayss of Multiple Pier-Columns usng DRAIN-2DX

(Figure 5.3

B.6 Two-Dimendond Modding of a Representative lllinois Bridoein

DRAIN-2DX (Figure 6.13)




B.1 Three-Dimensond Modding of PSO in DRAIN-3DX usng a Soil-Pile Modd
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|
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IUNITS L m F kn

* STARTXX P- DELTA
PSO 0111

| CONSI DER P- DELTA EFFECT

* NODECOORDS

C 1000 0.0 0.0
C 2000 44.5 0.0
L 1000 2000 100
C 3000 80. 8 0.0
C 2700 76.3 0.0
L 2000 2700 100
C 2001 40. 86 4.5
C 2002 40. 86 4.5
C 2003 40. 86 4.5
C 4008 40. 86 4.5
C 2005 48. 14 -4.5
C 2006 48. 14 -4.5
C 2007 48. 14 -4.5
C 2008 48. 14 -4.5
C 9000 0.0 1.0
C 3011 80.8 0.0
C 2009 40. 86 4.5
C 2010 40. 86 4.5
C 2011 40. 86 4.5
C 2012 48. 14 -4.5
C 2013 48. 14 -4.5
C 2014 48. 14 -4.5
I'reference nodes

C 9990 0.0 1.0
C 9991 1.0 0.0
C 9992 80. 8 1.0
C 9993 81.8 0.0
Iwest abutnent- y direction

C 7005 0.0 0.0
C 7010 0.0 0. 0000
C 7011 0.0 0. 0000
C 7020 0.0 0. 0000
C 7021 0.0 0. 0000
C 7025 0.0 0. 0000
C 7026 0.0 0. 0000
C 7030 0.0 0. 0000
C 7031 0.0 0. 0000
C 7035 0.0 0. 0000
C 7036 0.0 0. 0000
C 7040 0.0 0. 0000
C 7041 0.0 0. 0000
C 7045 0.0 0. 0000
C 7046 0.0 0. 0000
C 7050 0.0 0. 0000
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- 8.
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- 8.
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- 8.
- 8.
- 8.
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40
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O000000

I west

O0000000000000

I east

O0000000000000000000000

I east

O000000000

7051
7060
7061
7070
7071
7080
7081
abut ment
7111
7121
7125
7126
7131
7135
7136
7141
7145
7146
7151
7161
7171
7181
abut ment
8005
8010
8011
8020
8021
8025
8026
8030
8031
8035
8036
8040
8041
8045
8046
8050
8051
8060
8061
8070
8071
8080
8081
abut ment
8111
8121
8125
8126
8131
8135
8136
8141
8145
8146

80.
80.
80.
80.
80.
80.
80.
80.
80.
80.
80.

80.
80.
80.
80.
80.
80.
80.
80.
80.
80.

rec

OO0 00000000000X0000000

rec

CO0OO0O0OO0OO0OO0O0DO0DO0OTOOODODODODODODODOOOODODODODODODODDODODOOOODDO0OTOOODODODOODOODODDODOOOOODOTOOOOOOO

. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

on

. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

on

. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

on

. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

-9.
. 435
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-13.
-13.
- 14.
- 14.

-11
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935

-3.56

-4

. 435
. 310
-5.
- 6.
-7.
-7.
-7.
- 8.
- 8.
. 685
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-13.
- 14.
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935
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435
185
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-1.78
-3.56
-3.56
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-4.
-5.
. 310
- 6.
- 6.
-7.
-7.
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-7.
- 8.
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-9.
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-14.
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-4.
- 5.
- 5.
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-7.
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-7.
- 8.
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C 8151 80. 800 0. 0000
C 8161 80. 800 0. 0000
C 8171 80. 800 0. 0000
C 8181 80. 800 0. 0000
|

* RESTRAI NTS

S 001100 1000

S 001100 3000

S 111111 3011

S 111111 2009

S 111111 2010

S 111111 2011

S 111111 2012

S 111111 2013

S 111111 2014

S 111111 2001

S 111111 2005

I reference nodes

S 111111 9990

S 111111 9991

S 111111 9992

S 111111 9993

I west abut nent

S 001001 7005

S 001001 7010 7080
Iwest abutnent - y direction

S 101111 7011 7041
S 101111 7025 7026
S 101111 7035 7036
S 101111 7045

S 111111 7046

S 111111 7051 7081
Ilwest abutnment - x direction

S 011111 7111 7141
S 011111 7125 7126
S 011111 7135 7136
S 011111 7145

S 111111 7146

S 111111 7151 7181
I east abut nent

S 001001 8005

S 001001 8010 8080
least abutnent - y direction

S 101111 8011 8041
S 101111 8025 8026
S 101111 8035 8036
S 101111 8045

S 111111 8046

S 111111 8051 8081
l east abutnment - x direction
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S 011111 8125 8126
S 011111 8135 8136
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|
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* MASSES
| SLAB MASS
| ALL MASS |'S CONSI DERED
S 111 2110.0 1000
S 111 2110.0 3000
S 111 923.0 1100 2700 100
| EMBANKMENT SO L MASS | N EACH LAYER
S 110 7.69e+002 7005
S 010 1.10e+003 7021
S 010 1.44e+003 7031
S 010 1.77e+003 7041
S 100 1.10e+003 7121
S 100 1.44e+003 7131
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S 110 7.69e+002 8005
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S 010 1.44e+003 8031
S 010 1.77e+003 8041
S 100 1.10e+003 8121
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S 100 1.77e+003 8141
| CENTRAL PIER MASS
S 111 110.0 2002 2003 1
S 111 110.0 2006 2007 1
S 111 55.0 4008
S 111 55.0 2008
S 111 474.0 2001
S 111 474.0 2005
* EL EMENTGROUP
|
! --PD- --beta---- -
17 1 0 0. 000970 SLAB

I CONTROL | NFORMATI ON

! 5 10 15 20 25 30
1 1 1 0

I MATERI AL PROPERTI ES

1 2. 62E7 1. 14E7
I CROSS SECTI ON PROPERTI ES
1 10.1 3.3
I STI FFNESS FACTORS
1 4.0 4.0
I ELEMENT GENERATI ON COMMANDS
1 1000 1100
17 2600 2700
18 2700 3000
* ELEMENT GROUP
|
! --PD- --beta----
17 1 0 0. 000970

I CONTROL | NFORMATI ON

! 5 10 15 20 25 30
1 1 1 0

I MATERI AL PROPERTI ES

1 2. 62E7 1. 14E7
I' CROSS SECTI ON PROPERTI ES
1 1060.0 720.0

35 40 45

156.0 7.9

2.0
100 9000
100 9000
300 9000
BENT

35 40 45

680. 0 2.91

50

N

50

55

.81

O

55

60

[@Ne]

60

2.

9.81 1.0
65 70
98

0 0
0 0
0 0
65 70
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I STI FFNESS FACTORS

1 4.0 4.0 2.0
| ELEMENT GENERATI ON COMVANDS
1 2008 2000 9000 1 1 0 O
2 2000 4008 9000 1 1 0 0
* ELENENTGROUP
|
! --PD- --beta---- -
17 1 1 0. 000970 Pl ER

I CONTRCL | NFORMATI ON

! 5 10 15 20 25 30 35 40 45 50 55 60 65
1 1 1 1

I MATERI AL PROPERTI ES
1 2. 62E7 1. 14E7

I' CROSS SECTI ON PROPERTI ES

1 0.59 0.15 0.15 1.92 1.92 1.92
I STI FFNESS FACTORS
1 4.0 4.0 2.0
I RIGI D END ZONES
1 0.0 0.0 -0. 865
I ELEMENT GENERATI ON COMVANDS
1 2001 2002 1 2000 1 1 0 0
2 2002 2003 1 2000 1 1 0 0
3 2003 4008 1 2000 1 1 0 0
4 2005 2006 1 2000 1 1 0 0
5 2006 2007 1 2000 1 1 0 0
6 2007 2008 1 2000 1 1 0 0
* ELEMENT GROUP
I (restrain the nodes for fixed base pier)
! --PD- --beta---- -
4 1 0 0. 000970 BASE Pl ER SPRI NGS

I CONTROL | NFORMATI ON

! 5 10 15 20 25 30 35 40 45 50 55 60 65
2 3

I PROPERTY TYPES

I' ELASTI C SPRI NG
1 6. 0E5 1E- 06 1. O00OE7 1. O00OE7
2 2.5E5 1E- 06 1. 000E7 1. O00OE7

I DI RECTI ON TYPES

P
oo
e
e

I 5 10 15 20 25 30 35 40 45 50 55 60 65
1 0.777 0. 629 0.000  -0.629 0.777 0.0
2 0.629  -0.777 0. 000 0.777 0.629 0.0
3 0. 000 0.000  -1.000 1. 000 0.000 0.0
| ELEMENT GENERATI ON COMVANDS
1 2001 2011 2 1 1
2 2001 2010 2 2 1
3 2001 2009 1 3 1
4 2005 2014 2 1 1
5 2005 2013 2 2 1
6 2005 2012 1 3 1
* ELEMENTGROUP
|
! --PD- --beta---- -
4 1 0 0. 000970 BACKWALL SPRI NGS

I CONTRCL | NFORMATI ON
! 5 10 15 20 25 30 35 40 45 50 55 60 65
1 1
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I PROPERTY TYPES
I ELASTI C SPRI NG
1 8. 80E4 1E- 06 1. O0OE7
I DI RECTI ON TYPES
! 5 10 15 20 25 30 35

1 0.777 0. 629 0. 000
| ELEMENT GENERATI ON COVMANDS
1 3000 3011
* EL EMENT GROUP
|
! --PD- --beta----
4 1 0 0. 000000

I CONTRCL | NFORMATI ON

! 5 10 15 20 25 30 35
40 2

I PROPERTY TYPES

I' I NELASTI C SPRI NG

. 22e+005
. 72e+004

. 00e- 006
. 00e- 006

. 70e+002
. 54e+002

1 1.78e+005 1.00e-006 2. 75e+001

2 1.27e+005 1. 00e-006 5.65e+001

3 9.67e+004 1.00e-006 1.12e+002

4 5.27e+004 1.00e-006 1.98e+002

5 1.18e+004 1. 00e-006 4. 03e+002

6 2.56e+005 1.00e-006 3.94e+001

7 1.83e+005 1.00e-006 8.11e+001

8 1.39e+005 1.00e-006 1.61e+002

9 7.56e+004 1.00e-006 2.84e+002
10 1.69e+004 1. 00e-006 5.79e+002
11 3. 34e+005 1. 00e-006 5. 14e+001
12 2.38e+005 1. 00e-006 1.06e+002
13 1. 81e+005 1. 00e-006 2. 10e+002
14 9. 86e+004 1. 00e-006 3. 71e+002
15 2.21e+004 1. 00e-006 7.55e+002
16 4.12e+005 1. 00e-006 6.33e+001
17 2.93e+005 1. 00e-006 1.30e+002
18 2. 23e+005 1. 00e-006 2.59e+002
19 1. 22e+005 1. 00e-006 4.57e+002
20 2.72e+004 1.00e-006 9. 31e+002
21 1.78e+005 1.00e-006 2.22e+001
22 1.27e+005 1. 00e-006 4.58e+001
23 9.67e+004 1.00e-006 9.10e+001
24 5.27e+004 1.00e-006 1.60e+002
25 1.18e+004 1.00e-006 3.27e+002
26 2.56e+005 1.00e-006 3.19e+001
27 1.83e+005 1.00e-006 6.57e+001
28 1.39e+005 1. 00e-006 1.31e+002
29 7.56e+004 1.00e-006 2. 30e+002
30 1.69e+004 1.00e-006 4.69e+002
31 3. 34e+005 1.00e-006 4. 16e+001
32 2.38e+005 1.00e-006 8.56e+001
33 1.81e+005 1.00e-006 1.70e+002
34 9.86e+004 1.00e-006 3.00e+002
35 2. 21e+004 1.00e-006 6.11e+002
36 4.12e+005 1. 00e-006 5.13e+001
37 2.93e+005 1.00e-006 1.06e+002
38 2.23e+005 1. 00e-006 2. 10e+002

1 1 3
2 1 7

NWONPFPOOOOWRORAEARNPFPOWWRORMANORARNPFPONWNREFRPOUONRPEFPOWRARRRLON
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1. O0OE7

40 45
-0.629

EMBANKMENT SO LS

40 45

. 75e+001
. 65e+001
.12e+002
. 98e+002
. 03e+002
. 94e+001
.11e+001
. 61e+002
. 84e+002
. 79e+002
. 14e+001
. 06e+002
. 10e+002
. 71e+002
. 55e+002
. 33e+001
. 30e+002
. 59e+002
. 57e+002
. 31e+002
. 22e+001
. 58e+001
. 10e+001
. 60e+002
. 27e+002
. 19e+001
. 57e+001
. 31e+002
. 30e+002
. 69e+002
. 16e+001
. 56e+001
. 70e+002
. 00e+002
. 11e+002
. 13e+001
. 06e+002
. 10e+002
. 70e+002
. 54e+002

50

50

1.0

55

1

60

0.777 0.0

OO0 0000000000000 0000000000000000000000000

55

.01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
.01

60
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I DI RECTI ON TYPES
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! 5 10 15 20 25 30 35 40
1 0.0 1.0 0.0
2 1.0 0.0 0.0
I ELEMENT GENERATI ON COMVANDS
1 7010 7011 1
2 7010 7011 2
3 7010 7011 3
4 7010 7011 4
5 7010 7011 5
6 7025 7026 6
7 7025 7026 7
8 7025 7026 8
9 7025 7026 9
10 7025 7026 10
11 7035 7036 11
12 7035 7036 12
13 7035 7036 13
14 7035 7036 14
15 7035 7036 15
16 7045 7046 16
17 7045 7046 17
18 7045 7046 18
19 7045 7046 19
20 7045 7046 20
21 7010 7111 21
22 7010 7111 22
23 7010 7111 23
24 7010 7111 24
25 7010 7111 25
26 7125 7126 26
27 7125 7126 27
28 7125 7126 28
29 7125 7126 29
30 7125 7126 30
31 7135 7136 31
32 7135 7136 32
33 7135 7136 33
34 7135 7136 34
35 7135 7136 35
36 7145 7146 36
37 7145 7146 37
38 7145 7146 38
39 7145 7146 39
40 7145 7146 40
41 8010 8011 1
42 8010 8011 2
43 8010 8011 3
44 8010 8011 4
45 8010 8011 5
46 8025 8026 6
47 8025 8026 7
48 8025 8026 8
49 8025 8026 9
50 8025 8026 10
51 8035 8036 11
52 8035 8036 12

45

PR RPRRRRRRPRPREPENNNNNNNNNNNNNNNNMNNMNNNNNNNNRRRRRRRRRPRRPRPRRPRPEPREPRERRERRERRRR

50
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53 8035
54 8035
55 8035
56 8045
57 8045
58 8045
59 8045
60 8045
61 8010
62 8010
63 8010
64 8010
65 8010
66 8125
67 8125
68 8125
69 8125
70 8125
71 8135
72 8135
73 8135
74 8135
75 8135
76 8145
77 8145
78 8145
79 8145
80 8145

* EL EMENTGROUP

I P-Y SPRI NGS

I | GNORE P- DELTA
4 1 0

|
16 2

| PROPERTY TYPE
1 1524,
2 140.
3 92.
4 53.

|
5 1524,
6 140.
7 92.
8 53.

|
9 2666.
10 245,
11 158.
12 92.

|
13 2666.
14 245,
15 158.
16 92.

| DI RECTI ON TYPES

I 5 10 15
1 0.0

8036
8036
8036
8046
8046
8046
8046
8046
8111
8111
8111
8111
8111
8126
8126
8126
8126
8126
8136
8136
8136
8136
8136
8146
8146
8146
8146
8146

BETA = ---
0. 000000
| NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF

ELASTI C UNLOADI NG

20

1E-6
1E-6
1E-6
1E-6

24.

6.
10.
16.

N 0100 ©

(0]
N OOl

43.
12.
18.
28.

NN OO

35.

14.
22.

0 ~NNDN

30 35
0.0

214

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

40

NNNNNNNPNNDNNONNNNNNMNNNNDNNNNNRPRRPRRPRERERE

RPRRPRRRPRRRRRPRRRRPRPEPRPRPREPREPRPRRRRRRRRERRER

P-Y SPRI NGS
PROPERTY TYPES)

24.

6.
10.
16.

N 01 00 ©

(0]
N OOl

43.
12.
18.
28.

NN OO

35.

14.
22.

0 ~NNDN

-1.0

50

oocoo oooo

oo

cooo

.01
.01
01
01

PR R

01
01
01
01

PR R R

01
01
01
01

e

01
01
.01
01

N

55 60
0.0 0.0
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0.0
35

2 1.0 0.0
! 5 10 15 20 25
| ELEMENT GENERATI ON COMVANDS west
I west abutnent-y

1 7020 7021

2 7020 7021

3 7020 7021

4 7020 7021

5 7030 7031

6 7030 7031

7 7030 7031

8 7030 7031

9 7040 7041

10 7040 7041
11 7040 7041
12 7040 7041
13 7050 7051
14 7050 7051
15 7050 7051
16 7050 7051
17 7060 7061
18 7060 7061
19 7060 7061
20 7060 7061
21 7070 7071
22 7070 7071
23 7070 7071
24 7070 7071
25 7080 7081
26 7080 7081
27 7080 7081
28 7080 7081
I west abutnment-x
29 7020 7121
30 7020 7121
31 7020 7121
32 7020 7121
33 7030 7131
34 7030 7131
35 7030 7131
36 7030 7131
37 7040 7141
38 7040 7141
39 7040 7141
40 7040 7141
41 7050 7151
42 7050 7151
43 7050 7151
44 7050 7151
45 7060 7161
46 7060 7161
47 7060 7161
48 7060 7161
49 7070 7171
50 7070 7171
51 7070 7171
52 7070 7171

215

0.
40 4
abut ment -

0
5
y

PR RRRPRRPRRRRPRRPRRPRPRPREPRREPREPRRERRRRRRRRERERER

NNNNDNNNNONNNNNNDNNDNNDNNNNNDNDN

, X

1.0 0.0
50 55 60 65
east abutnent-y, x
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53 7080
54 7080
55 7080
56 7080
| east abutnent
57 8020
58 8020
59 8020
60 8020
61 8030
62 8030
63 8030
64 8030
65 8040
66 8040
67 8040
68 8040
69 8050
70 8050
71 8050
72 8050
73 8060
74 8060
75 8060
76 8060
77 8070
78 8070
79 8070
80 8070
81 8080
82 8080
83 8080
84 8080
| east abutnent-x
85 8020
86 8020
87 8020
88 8020
89 8030
90 8030
91 8030
92 8030
93 8040
94 8040
95 8040
96 8040
97 8050
98 8050
99 8050
100 8050
101 8060
102 8060
103 8060
104 8060
105 8070
106 8070
107 8070

y

7181
7181
7181
7181

8021
8021
8021
8021
8031
8031
8031
8031
8041
8041
8041
8041
8051
8051
8051
8051
8061
8061
8061
8061
8071
8071
8071
8071
8081
8081
8081
8081

8121
8121
8121
8121
8131
8131
8131
8131
8141
8141
8141
8141
8151
8151
8151
8151
8161
8161
8161
8161
8171
8171
8171
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108 8070 8171 16 2 1
109 8080 8181 13 2 1
110 8080 8181 14 2 1
111 8080 8181 15 2 1
112 8080 8181 16 2 1
* ELEMENTGROUP
|
! --PD- --beta---- -
17 1 0 0. 000970 RIG D LI NK
I CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35 40 45 50
1 1 1 0
| MATERI AL PROPERTI ES
1 2. 60E7 1.13E7
I CROSS SECTI ON PROPERTI ES
1 264.0 132.0 132.0 1.6E4
I STI FFNESS FACTORS
1 4.0 4.0 2.0
| ELEMENT GENERATI ON COMVANDS
I west abutnment - vy
1 7005 1000 9990 1
2 7010 7005 9990 1
3 7021 7011 9990 1
4 7025 7021 9990 1
5 7031 7026 9990 1
6 7035 7031 9990 1
7 7041 7036 9990 1
8 7045 7041 9990 1
I west abutnment - x
9 7121 7111 9991 1
10 7125 7121 9991 1
11 7131 7126 9991 1
12 7135 7131 9991 1
13 7141 7136 9991 1
14 7145 7141 9991 1
I east abutnment - vy
15 8005 3000 9992 1
16 8010 8005 9992 1
17 8021 8011 9992 1
18 8025 8021 9992 1
19 8031 8026 9992 1
20 8035 8031 9992 1
21 8041 8036 9992 1
22 8045 8041 9992 1
| east abutnment - x
23 8121 8111 9993 1
24 8125 8121 9993 1
25 8131 8126 9993 1
26 8135 8131 9993 1
27 8141 8136 9993 1
28 8145 8141 9993 1
* ELEMENTGROUP
I
! --PD- --beta---- -
17 1 1 0. 000970 Pl LES
I CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35 40 45 50

55
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1 1 1 0
I MATERI AL PROPERTI ES
1 2. 60E7 1.13E7
I CROSS SECTI ON PROPERTI ES
1 2. 64E-2 1.32E-2 1.32E-2 0. 163E1
I STl FFNESS FACTORS
1 4.0 4.0 2.0
| ELEMENT GENERATI ON COMVANDS
I west abut nent

1 7020 7010 9990 1 1 0 0 0
2 7030 7020 9990 1 1 0 0 0
3 7040 7030 9990 1 1 0 0 0
4 7050 7040 9990 1 1 0 0 0
5 7060 7050 9990 1 1 0 0 0
6 7070 7060 9990 1 1 0 0 0
7 7080 7070 9990 1 1 0 0 0

| east abutnent
8 8020 8010 9992 1 1 0 0 0
9 8030 8020 9992 1 1 0 0 0
10 8040 8030 9992 1 1 0 0 0
11 8050 8040 9992 1 1 0 0 0
12 8060 8050 9992 1 1 0 0 0
13 8070 8060 9992 1 1 0 0 0
14 8080 8070 9992 1 1 0 0 0

*RESULTS

I NODE DATA

NSD 001 4008

NSA 001 4008

NSA 001 9000

* ACCNREC

LONG | 92. acn (8f10.0) "1.00*1 ong’

I CONTROL | NFORMATI ON

3000 8 0 2 1.00 0.02 0.00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* ACCNREC

VERT v92. acn (8f10.0) "1.00*vert
I CONTROL | NFORMATI ON
3000 8 0 2 1.00 0. 02 0.00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* ACCNREC

TRAN t92. acn (8f10.0) "1.00*trans

I CONTROL | NFORMATI ON

3000 8 0 2 1.00 0. 02 0.00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* MODE

I PRI NT MODE SHAPES, PRINT TO .QUT FILE

6 0 1 0

* PARAMETERS

I DEFI NE ALPHA AND BETA
VS 1.146000 1.0

I PRINT TO .QOUT

oD 0 0 0 0 1 0 0. 99999

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
' TURN OFF OPTI ONS TO CORRECT VELOCI TY AND ACCELERATI ON

DC 1 0 0 0

I TI ME STEP PARAMETERS

DT 0.01 0.02 0.01



DA 0.01

* ACCN

! 99999 =
60.0 99999 2

0.5

max. # of steps

I GROUND ACCELERATI ON RECORD

1 LONG 0.01
3 VERT 0.01
2 TRAN 0.01
! 5 10 15 20
*STOP

1.0
1.0
1.0
25 30 35

219
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45

2
GROUND ACC ANAL

50 55 60 65
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B.2 Three-Dimensond Modding of MRO in DRAIN-3DX using a Soil-Slice Model

!
!
I ALL UNITS IN kN
!

CHATDANAI W SSAWAPAI SAL
ANALYSI S OF MELOLAND ROAD OVERPASS using a soil-slice nodel

m Sec.

! 5 10 15 20 25 30

TUNITS L m F kn

* STARTXX P- DELTA
nr o 0111

I CONSI DER P- DELTA EFFECT

* NODECOORDS

c 9000 15.0 0.0

Cc 9001 0.0 1.0

Cc 1000 0.0 0.0

C 1001 0.0 0.0

C 1002 0.0 0.0

C 1003 0.0 0.0

C 1004 0.0 0.0

C 1005 0.0 0.0

C 2000 31.7 0.0

L 1000 2000 100

Cc 3000 63. 4 0.0

Cc 3001 63. 4 0.0

C 3002 63.4 0.0

C 3003 63.4 0.0

C 3004 63.4 0.0

C 3005 63.4 0.0

L 2000 3000 100

C 2010 31.7 0.0

c 2020 31.7 0.0

Cc 2030 31.7 0.0

C 2040 31.7 0.0

C 2050 31.7 0.0

C 2060 31.7 0.0

C 2070 31.7 0.0

C 2071 31.7 0.0

C 2072 31.7 0.0

C 2073 31.7 0.0

* RESTRAI NTS

S 101100 1000

S 101111 1001

S 101111 1002

S 101111 1003

S 101111 1004

S 111111 1005

S 101100 3000

S 101111 3001

S 101111 3002

S 101111 3003

S 101111 3004

S 111111 3005

S 111111 2070

S 111111 2071

S 111111 2072

S 111111 2073

35 40

1
o
w
O
o

COO0O0O0000o
coococoooo

Coo0o00o0o
cocooooco

-1.969
-2.989
-4.009
-5.029
-6.049
-7.069
-7.255
-7.255
-7.255
-7.255

DRAI'N 3DX | NPUT FI LE

45 50

MELOLAND

55

60

65
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* SLAVI NG
S 010000 1000 1001
S 010000 3000 3001
* MASSES
| SLAB MASS
| ALL MASS |'S CONSI DERED
S 111 773.0 1000 9.81 1.0
S 111 773.0 3000
S 111 358.0 1100 2900 100
| CENTRAL Pl ER MASS
S 111 44.0 2010 2050 10
S 111 30.0 2060
S 111 266.0 2070
| EMBANKMENT SO L MASS | N EACH LAYER
S 010 6.26e+002 1001
S 010 8.77e+002 1002
S 010 1.13e+003 1003
S 010 1.38e+003 1004
S 010 6.26e+002 3001
S 010 8.77e+002 3002
S 010 1.13e+003 3003
S 010 1.38e+003 3004
* EL EMENTGROUP
|
! --PD- --beta---- -
17 1 1 0. 000970 COLUWN

I CONTROL | NFORMATI ON

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
1 1 1 1

I MATERI AL PROPERTI ES
1 2. 7T4E7 1. 19E7

I' CROSS SECTI ON PROPERTI ES
1 0. 52960 0. 1324 0. 1324 1. 8240 1. 8240 1. 8240

I STI FFNESS FACTORS

1 4.0 4.0 2.0

| RIG D END ZONES
1 0.0 0.0 -0.949

| ELEMENT GENERATI ON COMMANDS
1 2070 2060 9000 1 1 0 0 0
2 2060 2050 9000 1 1 0 0 0
3 2050 2040 9000 1 1 0 0 0
4 2040 2030 9000 1 1 0 0 0
5 2030 2020 9000 1 1 0 0 0
6 2020 2010 9000 1 1 0 0 0
7 2010 2000 9000 1 1 0 0 0

* ELEMENTGROUP

|

! --PD- --beta---- -
17 1 0 0. 000970 SLAB

I CONTROL | NFORMATI ON

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
1 1 1 1

I MATERI AL PROPERTI ES
1 2. 74E7 1. 19E7

I CROSS SECTI ON PROPERTI ES

I USE 0.75*Igross , Full J , 5/6*Agross for shear
1 5.288 1. 4586 26.916 4. 346 2.716 2.716



I STI FFNESS FACTORS

1 4.0 4.0 2.0
| RIG D END ZONES
1 0.9145 0.0 0.0
| ELEMENT GENERATI ON COVMANDS
1 1000 1100 100
9 1800 1900 100
10 1900 2000 100
11 2000 2100 100
12 2100 2200 100
20 2900 3000 100
* EL EMENTGROUP
|
! --PD- --beta----
4 1 0 0. 000970
| CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35
3 3
| PROPERTY TYPES
| ELASTI C SPRI NG
1 7.30E5 1. 0E-6 1. OE7
2  6.57E5 1. 0E-6 1. OE7
3  5.56E6 1. 0E-6 1. OE7
| DI RECTI ON TYPES
! 5 10 15 20 25 30 35
1 0.0 0.0 1.0
2 0.0 1.0 0.0
3 1.0 0.0 0.0
| ELEMENT GENERATI ON COVMANDS
1 2071 2070
2 2070 2072
3 2070 2073
* EL EMENT GROUP
|
! --PD- --beta----
4 1 0 0. 000000
| CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35
20 1
| PROPERTY TYPES
I | NELASTI C SPRI NG
1 2.98e+005 1.00e-006 5.43e+001
2 2.02e+005 1.00e-006 1.84e+002
3 6.14e+004 1.00e-006 1.12e+002
4 2.82e+004 1.00e-006 2.57e+002
5 1.79e+004 1.00e-006 8.50e+002
6 4.17e+005 1.00e-006 7.60e+001
7 2.82e+005 1.00e-006 2.58e+002
8 8.60e+004 1.00e-006 1.57e+002
9 3.94e+004 1.00e-006 3.60e+002
10 2.51e+004 1.00e-006 1.19e+003
11 5.36e+005 1.00e-006 9.78e+001
12 3.63e+005 1.00e-006 3.31e+002
13 1.11e+005 1.00e-006 2.02e+002
14 5.07e+004 1.00e- 006 4.63e+002
15 3.23e+004 1.00e- 006 1.53e+003
16 6.55e+005 1.00e- 006 1.20e+002
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17 4. 44e+005 1. 00e-006
18 1. 35e+005 1. 00e-006
19 6.20e+004 1. 00e-006

4. 05e+002
2.47e+002
5. 65e+002
1.87e+003

30

20 3.94e+004 1.00e-006

I DI RECTI ON TYPES

! 5 10 15 20 25
1 0.0 1.0

I ELEMENT GENERATI ON COMVANDS
1 1002 1001
2 1002 1001
3 1002 1001
4 1002 1001
5 1002 1001
6 1003 1002
7 1003 1002
8 1003 1002
9 1003 1002
10 1003 1002
11 1004 1003
12 1004 1003
13 1004 1003
14 1004 1003
15 1004 1003
16 1005 1004
17 1005 1004
18 1005 1004
19 1005 1004
20 1005 1004
21 3002 3001
22 3002 3001
23 3002 3001
24 3002 3001
25 3002 3001
26 3003 3002
27 3003 3002
28 3003 3002
29 3003 3002
30 3003 3002
31 3004 3003
32 3004 3003
33 3004 3003
34 3004 3003
35 3004 3003
36 3005 3004
37 3005 3004
38 3005 3004
39 3005 3004
40 3005 3004

*RESULTS

I GET DI SPLACEMENT PROFI LE

NSA 001 1000

NSV 001 1000

NSD 001 1000

NSA 001 2000

NSV 001 2000

NSD 001 2000

NSD 001 2070

0.

35
0

R ON B

. 05e+002
. 47e+002
. 65e+002
. 87e+003

40 45
-1.0
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NSA 001 2070
* ACCNREC

EQL4 quakel4. acn (f10.2,f10.3)

I CONTROL | NFORMATI ON

1001 1 1 2 1.00
! 5 10 15 20 25 30 35 40
* ACCNREC

EQL5 guakel5. acn (f10.2,f10.3)

I CONTROL | NFORMATI ON

1001 1 1 2 1.00
! 5 10 15 20 25 30 35 40
* ACCNREC

EQ24 quake24. acn (f10.2,f10.3)

I CONTROL | NFORMATI ON

1001 1 1 2 1.00
! 5 10 15 20 25 30 35 40
* MODE
' PRINT MODE SHAPES, PRINT TO .QUT FILE

8 0 1 0
* PARAMETERS
I DEFI NE ALPHA AND BETA
VS 1. 146000 1.0
' PRINT TO . QUT
D) 0 0. 0 0. 1

! 5 10 15 20 25 30 35 40

45

45

45

45

"1.00*vert'

50 55 60 65 70

"1.00*1 ong'

50 55 60 65 70

"1.00*trans'

50 55 60 65 70

0 0. 99999
50 55 60 65 70

' TURN OFF OPTI ONS TO CORRECT VELOCI TY AND ACCELERATI ON

DC 1 0 0 0
I TI ME STEP PARAMETERS

DT 0.01 0.02 0.01
DA 0.01 0.5

* ACCN

! 99999 = nmmx.# of steps

60.0 99999 1 0. 02

I GROUND ACCELERATI ON RECORD

1 EQL5 0.01 1.0

2 EQ24 0.01 1.0

3 EQL4 0.01 1.0

! 5 10 15 20 25 30 35 40
*

STOP

45

2 2.0
GROUND ACC ANAL

50 55 60 65 70



B.3 Three-Dimensona Modding of IL-1 in DRAIN-3DX usng a Soil-Slice Model
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!
!
I ALL UNITS IN kN
!

CHATDANAI W SSAWAPAI SAL
ANALYSIS OF IL-1 using a soil-slice nodel

m Sec.

! 5 10 15 20 25 30

TUNITS L m F kn

* STARTXX P- DELTA
i1l 0111

I CONSI DER P- DELTA EFFECT

* NODECOORDS

c 9001 0.0 1.0

Cc 9002 0.0 2.0

Cc 9003 80.0 2.0

C 1000 0.0 0.0

C 1001 0.0 0.0

C 1002 0.0 0.0

C 1003 0.0 0.0

C 1004 0.0 0.0

C 1005 0.0 0.0

I

Cc 401 2.6 0.0

Cc 409 23.4 0.0

L 401 409 1

C 410 26.0 0.0

C 510 26.0 0.0

C 411 28.8 0.0

C 419 51.2 0.0

L 411 419 1

c 420 54.0 0.0

Cc 520 54.0 0.0

C 421 56. 6 0.0

C 429 77.4 0.0

L 421 429 1

C 3000 80.0 0.0

C 3001 80.0 0.0

C 3002 80.0 0.0

C 3003 80.0 0.0

c 3004 80.0 0.0

Cc 3005 80.0 0.0

* RESTRAI NTS

S 101100 1000

S 101111 1001

S 101111 1002

S 101111 1003

S 101111 1004

S 111111 1005

I

S 101100 3000

S 101111 3001

S 101111 3002

S 101111 3003

S 101111 3004

S 111111 3005

I

35
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s 111111 510
s 111111 520
|
s 111111 9001
S 111111 9002
S 111111 9003
* SLAVI NG
S 010000 1000 1001
S 010000 3000 3001
* MASSES
| ABUTMENT ADD 1000 kN., PIER NODE ADD 400 kN
| SLAB MASS
I ALL MASS |'S CONSI DERED
S 111 1267.0 1000
S 111 1267.0 3000
S 111 667.0 410
S 111 667.0 420
S 111 267.0 401 409 1
S 111 267.0 411 419 1
S 111 267.0 421 429 1
| EMBANKMENT SO L MASS | N EACH LAYER
S 010 5.28e+002 1001
S 010 7.92e+002 1002
S 010 1.06e+003 1003
S 010 1.32e+003 1004
S 010 5.28e+002 3001
S 010 7.92e+002 3002
S 010 1.06e+003 3003
S 010 1.32e+003 3004
* EL EMENTGROUP
|
! --PD- --beta---- -
17 1 0 0. 000970 SLAB
| CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35 40 45 50 55
1 1 1 0
| MATERI AL PROPERTI ES
1 2. 00E8 7. 70E7
| CROSS SECTI ON PROPERTI ES
1 0.5 0.12 4.3 0.5 0.4
| STI FFNESS FACTORS
1 4.0 4.0 2.0
| RIG D END ZONES

ELEMENT GENERATI ON COMVANDS

1 1000 401 9001 1 1
2 401 402 1 9001 1 1
29 428 429 1 9001 1 1
30 429 3000 9001 1 1
* EL EMENTGROUP
|
! --PD- --beta---- -
4 1 0 0. 000970 PI ER SPRI NG
| CONTROL | NFORMATI ON
! 5 10 15 20 25 30 35 40 45 50 55
1 1

I PROPERTY TYPES

60

[eNeNeNe)

60

9.81 1.0

65 70

0 0
0 0
0 0
0 0
65 70



I ELASTI C SPRI NG
1 1. 50E5 0.03
I DI RECTI ON TYPES

1300.0

! 5 10 15 20 25 30 35
1 0.0 1.0 0.0
I ELEMENT GENERATI ON COMVANDS
1 410 510
2 420 520
* ELEMENT GROUP
!
! --PD- --Dbeta----
4 1 0 0. 000000
I CONTRCL | NFORMATI ON
! 5 10 15 20 25 30 35
20 1
I PROPERTY TYPES
I' I NELASTI C SPRI NG
1 1.86e+005 1.00e-006 3.72e+001
2 1.26e+005 1. 00e-006 1.26e+002
3 3.84e+004 1. 00e-006 7.68e+001
4 1.76e+004 1.00e-006 1.76e+002
5 1.12e+004 1. 00e-006 5. 82e+002
6 2.79e+005 1. 00e-006 5.58e+001
7 1.89e+005 1.00e-006 1.89e+002
8 5.76e+004 1.00e-006 1.15e+002
9 2.64e+004 1.00e-006 2. 64e+002
10 1.68e+004 1. 00e-006 8. 74e+002
11 3. 72e+005 1. 00e-006 7. 44e+001
12 2.52e+005 1. 00e-006 2.52e+002
13 7.68e+004 1.00e-006 1.54e+002
14 3.52e+004 1. 00e-006 3.52e+002
15 2. 24e+004 1. 00e-006 1.16e+003
16 4.65e+005 1. 00e-006 9. 30e+001
17 3. 15e+005 1. 00e-006 3. 15e+002
18 9. 60e+004 1.00e-006 1.92e+002
19 4.40e+004 1. 00e-006 4. 40e+002
20 2.80e+004 1.00e-006 1.46e+003
I DI RECTI ON TYPES
! 5 10 15 20 25 30 35
1 0.0 1.0 0.0
I ELEMENT GENERATI ON COMVANDS
1 1002 1001
2 1002 1001
3 1002 1001
4 1002 1001
5 1002 1001
6 1003 1002
7 1003 1002
8 1003 1002
9 1003 1002
10 1003 1002
11 1004 1003
12 1004 1003
13 1004 1003
14 1004 1003
15 1004 1003
16 1005 1004

PRARP WORWRNNONRRUORNREW
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1300.0 0.01 1
40 45 50 55 60
1.0 0.0 0
1 1 1
1 1 1
EMBANKMENT SO LS

40 45 50 55 60

. 72e+001 0.01 1
. 26e+002 0.01 1
. 68e+001 0.01 1
. 76e+002 0.01 1
. 82e+002 0.01 1
. 58e+001 0.01 1
. 89e+002 0.01 1
. 15e+002 0.01 1
. 64e+002 0.01 1
. 74e+002 0.01 1
. 44e+001 0.01 1
. 52e+002 0.01 1
. 54e+002 0.01 1
. 52e+002 0.01 1
. 16e+003 0.01 1
. 30e+001 0.01 1
. 15e+002 0.01 1
. 92e+002 0.01 1
. 40e+002 0.01 1
. 46e+003 0.01 1
40 45 50 55 60
-1.0 0.0 0.0

1 1 1

2 1 1

3 1 1

4 1 1

5 1 1

6 1 1

7 1 1

8 1 1

9 1 1

10 1 1

11 1 1

12 1 1

13 1 1

14 1 1

15 1 1

16 1 1
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17 1005 1004 17 1 1
18 1005 1004 18 1 1
19 1005 1004 19 1 1
20 1005 1004 20 1 1
21 3002 3001 1 1 1
22 3002 3001 2 1 1
23 3002 3001 3 1 1
24 3002 3001 4 1 1
25 3002 3001 5 1 1
26 3003 3002 6 1 1
27 3003 3002 7 1 1
28 3003 3002 8 1 1
29 3003 3002 9 1 1
30 3003 3002 10 1 1
31 3004 3003 11 1 1
32 3004 3003 12 1 1
33 3004 3003 13 1 1
34 3004 3003 14 1 1
35 3004 3003 15 1 1
36 3005 3004 16 1 1
37 3005 3004 17 1 1
38 3005 3004 18 1 1
39 3005 3004 19 1 1
40 3005 3004 20 1 1

*RESULTS

I NODE DATA

NSD 001 410

NSA 001 410

NSA 001 9001

* ACCNREC

LONG | 92. acn (8f10.0) "1.00*1 ong’

I CONTROL | NFORMATI ON

3000 8 0 2 1.00 0. 02 0. 00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* ACCNREC

VERT v92. acn (8f10.0) "1.00*vert
I CONTROL | NFORMATI ON
3000 8 0 2 1.00 0. 02 0.00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* ACCNREC

TRAN t92. acn (8f10.0) "1.00*trans

I CONTROL | NFORMATI ON

3000 8 0 2 1.00 0. 02 0.00

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* MODE

I PRI NT MODE SHAPES, PRINT TO .QUT FILE

6 0 1 0

* PARAMETERS

I DEFI NE ALPHA AND BETA
VS 1.146000 1.0

I PRINT TO .QOUT

oD 0 0 0 0 1 0 0. 99999

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
' TURN OFF OPTI ONS TO CORRECT VELOCI TY AND ACCELERATI ON

DC 1 0 0 0

I TI ME STEP PARAMETERS

DT 0.01 0.02 0.01



DA 0.01
* ACCN

0.5

! 99999 = max.# of steps

60.0 99999 2

I GROUND ACCELERATI ON RECORD

1 LONG 0.01
3 VERT 0.01
2 TRAN 0.01
! 5 10 15 20
*STOP

1.0
1.0
1.0
25 30 35

40

45

2
GROUND ACC ANAL

50 55 60 65

2.
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B.4 Matlab Routine Used to Determine Parameters for the Elastoplastic Elements

(Shear Springs in Chapter 3)

% Mfile

% i wan nodel

% enbanknent wedge is divided into 4 |ayers (MRO

% When appr oach- enbanknent thickness (L") changes, both nmass and
% stiffness of approach-enbanknent changes too.

del ete i wan_d. out

diary iwan_d. out

cl ear

% enbanknent dinmension (all units are in kN, m)

unit_weight = 18.8; %N m3

l ength = 2.0; %approach-enbankment thickness (L")

w(1,1)= 18.25; dz(1,1) 1.825; %width and depth of each |ayer

W 2,1)= 25.55; dz(2,1) = 1.825;
W 3,1)= 32.85; dz(3,1) = 1.825;
W4, 1)= 40.15; dz(4,1) = 1.825;

% find mass of each | ayer

m1l,1) = unit_weight*w(1,1)*dz(1,1)*!|ength;
m2,1) = unit_weight*w(2,1)*dz(2,1)*!| ength;
m3,1) = unit_weight*w(3,1)*dz(3,1)*| ength;
m4,1) = unit_weight*w(4,1)*dz(4,1)*|ength;

enbk_mass = m

% soi |l properties
gmax = 76800; % ow strain shear nodul us

% modul us reduction
strain = [0.01;0.05;0.1;0.5;2.6]/100;
gfrac = [.79;.48;.31;.11;.04];
G = gmax*gfrac; % is a 5x1 matrix
for j = 1:4
for i = 1:5
KE(i,j) = (Wj,1)*Iength/dz(j,1))*G i, 1);
UMKE is a 5x4 matrix

y(i,j) =dz(j,1)*strain(i,1); % is an 5x4 matrix

end
end
KE; %secant stiffness
y; i spl acenent
for p=1:4

A=[11111
y(1,p)/y(2,p) 1111

y(1,p)/y(3,p) y(2,p)/y(3,p) 111

y(1,p)/y(4,p) y(2,p)/y(4,p) y(3,p)/y(4,p) 11

y(1,p)/y(5 p) y(2,p)/y(5 p) y(3,p)/y(5 p) y(4,p)/y(5p) 1];

% A is a 5x5 matrix (5 elastoplastic elenents are used to represent
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% each shear spring)

KEFF = KE(:, p); WKEFF is a 5x1 matrix
KK = A\ KEFF; KK is a 5x1 matrix
Ky(:,p) = KK
yy = y(:,p); %y is a 5x1 matrix
for m= 1:5
RR(m 1) = KK(m1)*yy(m1l); R is an 5x1 matrix
end

Ry(:,p) = RR
end

Ky %nitial stiffness of elastoplastic elenents
Ry %ield force of elastoplastic elenents

diary off
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B.5 Nonlinear Push-Over Anayss of Multiple Pier-Columns usng DRAIN-2DX

(Figure 5.3)

CHATDANAI W SSAWAPAI SAL. DRAI'N 2DX | NPUT FI LE
NONLI NEAR PUSH- OVER ANALYSI S OF MJULTI PLE PI ER- COLUMNS
ALL UNITS IN kN, m sec.

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70

TUNFTS L mF kn [ nserted by DrainPro]--Pre-processing of DRAIN- 2DX
* STARTXX
Pl ER_2 0111 Pl ER_GEOVETRY
I CONSI DER P- DELTA EFFECT
* NODECOORDS
C 0001 0.0 0.0
C 0011 0.0 6. 365
C 0005 10. 24 0.0
C 0015 10. 24 6. 365
I GENERATE NODES ALONG HORI ZONTAL AXES
L 0001 0005 1 3 2.56
L 0011 0015 1 3 2.56
* RESTRAI NTS
I FI XED ALL BASE NODES.
S 111 0001 0005 1
* MASSES
I ONLY X MASS | S CONSI DERED
S 100 1500.0 0011 0015 1 9.81 1.0
* ELEMENT GROUP
I DEFI NE Pl ER ( CONSI DER P- DELTA FOR STATI C ANALYSI S ONLY)
! --beta---- -
2 1 1 0. 000162 Pl ER SECTI ONS
I' I NPUT SPECI FI C TO ELEMENT TYPE 2
1 1 1
I STI FFNESS TYPES (USE | AS 0.50*1g)
! | -col
1 25.222E6 0. 03 0. 4536 0.00819 4.0 4.0 2.0
| RIGI D END ZONE TYPES
1 0.0 0.0 1. 440 -0. 6250
I YI ELD SURFACE TYPES
1 3 587.0 587.0 11532.0 2400.0 1.8 0.403 1.8 0.403
I ELEMENT CGENERATI ON COMVANDS
1 0001 0011 1 1 1 1 1
2 0002 0012 1 1 1 1 1
3 0003 0013 1 1 1 1 1
4 0004 0014 1 1 1 1 1
5 0005 0015 1 1 1 1 1
* ELEMENT GROUP
I NEGLECT P-DELTA EFFECT | N BENT
! --beta---- -
2 1 0 0. 000162 BENT
I I NPUT SPECI FI C TO ELEMENT TYPE 2
1 1 1
I STI FFNESS TYPES ( use | as 1.00*1g )
! | - bent

1 25.222E6 0. 03 1.075 0.1400 4.0 4.0 2.0
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I RRG D END ZONE TYPES

1 0. 380 -0. 380 0.0 0.0
I YI ELD SURFACE TYPES

1 1 1321.0 1321.0
I ELEMENT GENERATI ON COMVANDS

1 0011 0012 1 1 1 1 1
2 0012 0013 1 1 1 1 1
3 0013 0014 1 1 1 1 1
4 0014 0015 1 1 1 1 1

*RESULTS

I GET DI SPLACEMENT PROFI LE

NSD 011 0011

I PRINT OUT ELEMENT DATA

E 011

* NODALOAD

' TRANSVERSE LOAD APPLI ED AT BENT

TRAN TRANSVERSE LOAD
S 1.0 0.0 0.0 0011
* PARAMETERS

I' DO NOT SAVE STRUCTURE STATE AT END OF ANALYSI S FOR FUTURE USE
I' DO NOT SAVE EACH STEP FOR . RXX AND . QUT
05 0 0 0 0 0
* MODE
I PRINT MODE SHAPES, PRINT TO .QUT FILE
1 0 1 0
* GRAV
I GRAVITY LOAD AT NODE W TH MASS
I 9.81 0.0 -1.0
* PARAMETERS
I' DO NOT SAVE STRUCTURE STATE AT END OF ANALYSI S FOR FUTURE USE
I' SAVE EACH STEP FOR . RXX AND . OUT

oS 0 1 1 0 500
*STAT NONLI NEAR PUSH- OVER
N TRAN 1.0

I DI SPLACEMENT CONTROL (UNIT IN M)

I' NCREMENT OF 0.1 cm UNTIL 7.0 cm

! --increm- -
D 0015 1 0. 001 0.070
*STOP
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B.6 Two-Dimendond Modding of a Representative lllinois Bridoein

DRAIN-2DX (Figure 6.13)

I CHATDANAI W SSAWAPAI SAL. DRAIN 2DX | NPUT FI LE

I Analysis of a representative Illinois bridge (original)
I (4 SPANS BRI DGE)-- ATC-32 abutnment nodeling

I ALL UNITS IN kN, m sec.

|

! 5 10 15 20 25 30 35 40 45 50 55 60 65
TUNITS L mF kn [ nserted by DrainPro]

3001 121. 84
3002 121. 84
4001 187. 34
4002 187. 34
4003 187. 34
4004 187. 34
5001 243. 68
5002 243. 68
5003 243. 68
5004 243. 68
5005 243. 68
5006 243. 68

* STARTXX I | GNORE P- DELTA EFFECT
knox1 0101 knox county bridge

* NODECOORDS

C 1000 0.0 0.0

C 2000 56. 34 0.0

L 1000 2000 100 9 0.0

C 3000 121. 84 0.0

L 2000 3000 100 9 0.0

C 4000 187. 34 0.0

L 3000 4000 100 9 0.0

C 5000 243.68 0.0

L 4000 5000 100 9 0.0

C 1001 0.0 0.0

C 1002 0.0 0.0

C 1003 0.0 0.1

C 1004 0.0 0.1

C 1005 0.0 0.1

C 1006 0.0 0.1

C 2001 56. 34 0.0

C 2002 56. 34 0.0

C 2003 56. 34 0.0

C 2004 56. 34 0.0

C 0.0

C 0.0

C 0.0

C 0.0

C 0.0

C 0.0

C 0.0

C 0.0

C 0.1

C 0.1

C 0.1

C 0.1

*RESTRAI NTS

S 100 1000

S 111 1006

S 111 2004

S 111 3002

S 111 4004

S 111 5006

*SLAVI NG

S 111 1004 1002
S 111 5004 5002

! 5 10 15 20 25 30 35 40 45 50 55 60 65



*MASSES ! al pha .0
I SLAB MASS
S 010 303.5 1000
S 010 607.0 1100 1900
S 010 656. 5 2000
S 010 706.0 2100 2900
S 010 1150. 4 3000
S 010 706.0 3100 3900
S 010 656. 5 4000
S 010 607.0 4100 4900
S 010 303.5 5000
I ABUTMENT MASS
S 010 547.0 1004
S 010 547.0 5004
I BENT MASS & Pl ER ( ABOVE)
S 010 444. 4 2002
S 010 444. 4 4002
I CRASH WALL & FOOTI NG & PI ER ( BELOW
S 010 1781.0 2003
S 010 1781.0 4003
* ELEMENT GROUP
I SLI DER
'l GNORE P-DELTA BETA = 0.0
4 1 0 0.0
I I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF PROPERTY TYPES)
2
I PROPERTY TYPE
1 5E06 1E- 06 150
2 5E06 1E- 06 455
! 5 10 15 25 30 35
I ELEMENT GENERATI ON COMVANDS
1 1000 1001
2 2000 2001
3 4000 4001
4 5000 5001
* ELEMENT GROUP
I ELASTOMER
'l GNORE P-DELTA BETA = ---
4 1 0 0. 001486
I I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF PROPERTY TYPES)
2
I PROPERTY TYPE
1 24800 0.50 75
2 47355 0.50 227.5
! 5 10 15 25 30 35
I ELEMENT GENERATI ON COMVANDS
1 1001 1002
2 2001 2002
3 4001 4002
4 5001 5002
* ELEMENT GROUP
I gap el enent
'l GNORE P- DELTA BETA = 0.0
9 1 0 0.0

2

P NN

P NN

100

100

100

100

SLI DER

150

455

45

RUBBER

75

227.5

45

GAP
I I NPUT SPECI FI C TO ELEMENT TYPE 9 (# OF PROPERTY TYPES)

©Coooooooo

© ©

©

.81

81
81
81
81
81
81
81

.81

81

.81

.81
.81

70

70

e e
coooooooo

=e
oo

=



I PROPERTY TYPE, 1=COWP, 2=TEN
1 -2 0. 5E-3 1E-3
2 2 0. 5E-3 1E-3

! 5 10 15 20 25 30

I ELEMENT GENERATI ON COMVANDS

1 1001 1003
2 1001 1003
3 5001 5003
4 5001 5003
* ELEMENT GROUP
I PIN
I'l GNORE P-DELTA BETA = ---
4 1 0 0.001486
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5E06
5E06
35 40

NEFEDNP

I I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF

1

I PROPERTY TYPE , | NELASTI C UNLOADI NG

1 7. 8E6 1E- 06
! 5 10 15 20 25 30
I ELEMENT GENERATI ON COMVANDS

1 1003 1004
2 5003 5004
* ELEMENT GROUP

I ABUTMENT WALL
'l GNORE P-DELTA
4 1 0

BETA = ---
0.001486

1220
35 40
1
1

' I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF

1

I PROPERTY TYPE , ELASTI C UNLOADI NG

1 7.5E4 1E-6
! 5 10 15 20 25 30
I ELEMENT GENERATI ON COVMANDS

1 1004 1005
2 5004 5005

* ELEMENT GROUP

' PIER

'l GNORE P-DELTA BETA = ---
4 1 0 0. 001486

1824
35 40
1
1

I' I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF

1

I' PROPERTY TYPE , | NELASTI C UNLOADI NG

1 1. 73E5 3. 18E-2
! 5 10 15 20 25 30
I ELEMENT GENERATI ON COMVANDS

1 2002 2003
2 3000 3001
3 4002 4003
* ELEMENT GROUP
I PILES
I'l GNORE P-DELTA BETA = ---
4 1 0 0. 001486

1384
35 40
1
1
1

I I NPUT SPECI FI C TO ELEMENT TYPE 4 (# OF

1020

2

I PROPERTY TYPE , ELASTI C UNLOADI NG
1 2. 72E5 0. 263
2 9. 73E5 0.161

! 5 10 15 20 25 30

1836
35 40

45

-6.5E-3
-6.5E-3

-6.5E-3

PI' N

PROPERTY TYPES)

1220
45

50

55

0.01
55

ABUTMENT WALL

PROPERTY TYPES)

1824
45

Pl ER

PROPERTY TYPES)

1384
45

Pl LES

PROPERTY TYPES)

1020
1836
45

50

50

50

0.01
55

0.01
55

0.01
0.01
55

5E06
5E06
60

2
60

2
60

2
60

2
2
60

P

70

70

70

70

70

0.01
0.01
75

75

75

75

75
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I ELEMENT GENERATI ON COMVANDS

1 1004 1005 1
2 2003 2004 2
3 3001 3002 2
4 4003 4004 2
5 5004 5005 1
* ELEMENT GROUP
I DEFI NE SLAB
'l GNORE P-DELTA BETA = ---
2 1 0 0. 001486 SLAB ELEMENT
I' I NPUT SPECI FI C TO ELEMENT TYPE 2
1 0 1
I STI FFNESS TYPES
1 2. 0E8 0.03 0. 553 5.16 4.0 4.0 2.0
I RIG D END ZONE TYPES
I YI ELD SURFACE TYPES
1 1 313804 313804
I ELEMENT GENERATI ON COMVANDS
1 1000 1100 100 1 1 1
40 4900 5000 100 1 1 1
*RESULTS
I GET DI SPLACEMENT PROFI LE
NSD 001 1000 1004 4

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
I GET ELEMENT DATA

E 001 1 1
* ACCNREC
EQ chilel. acn (8f10.0) "1.15*chi |l el
I CONTROL | NFORMATI ON
5816 8 0 2 1.15 0. 02 0. 00
! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
* PARAMETERS

I DEFI NE ALPHA AND BETA TO ACHI EVE 5% DAMPI NG FOR CERTAI N MODES

VS 0. 696339 1.0

' PRINT TO . QUT

O D) 0 0. 0 0. 1 0 0. 9999
! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
I' TURN OFF OPTI ONS TO CORRECT VELOCI TY AND ACCELERATI ON

DC 1 0 0 0

I TI ME STEP PARAMETERS

DT 0.01 0. 02 0. 005

DA 0.01 0.5 2 2.0

* MODE

I PRINT MODE SHAPES, PRINT TO .OUT FILE , PRINT MODAL DAMPI NG RATI OS
14 0 1 0

* ACCN GROUND ACC ANAL

! 99999 = max.# of steps

60.0 99999 2

I GROUND ACCELERATI ON RECORD

2 EQ 0.01 1.0

! 5 10 15 20 25 30 35 40 45 50 55 60 65 70
*STOP

.01

75

75

75
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