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Abstract

In this study hybridsolation is proposed as an alternative to (full) seismic isolation
for minimizing bridgedamage in strong earthquakés.this techniqueisolators are only
used at the abutments, and monolithic or pinned connections remain at thBgitersl|
and hybrid isolation can be shown to reduce the demand on critical members such as
columns and foundations, but hybrid isolation also reduces superstructure displacements
and the corresponding size of abutment movement joints. A key factor, however, to the
success of hybrid isolation (where isolators are placed only at the abutments) is the ability
of the abutments to take high lateral loads without damaging the underlying piles.

This technique is applicable to a wide range of bridges including those ndaiesuita
for full isolation, such as a bridge with a continuous superstructuresthenolithic with
its piers. Hybridisolationmay be usedbr both new construction and retrofit work.

This research has focused on validating hybrid isolation as a vialieatilte to
(full) seismic isolation, gaining insight into the respon$éridges withhybrid isolation,
and quantifyinghe advantages and disadvantages of éipigroachFor this purpose, the
AASHTO Simplified Method for analyzing fully isolated bridge@SASHTO, 2010) was
modified to include vyielding substructures (as necessary), anealsdinentpile-
structure interactionOf note is a parallel study conducted on the stiffness and capacity of
piles in sloping ground, since many abutment piles are lddatsloping embankments
under the end spans of bridges. This numerical investigation used the Deep Foundation
System Analysis Program (DFSAP) and the results indidhtedffect of slope olateral
stiffnessand capacity ofong, laterally loaded pilecan be significantReduction factors

for pile stiffness were obtained, and utilized in tihgroved Simplified Methodor



studying the effect of embankment slope under the end spans on the response of hybrid
isolated bridges.

The methodology of hybridsolation was numerically validated by conducting
finite element analyses of a prototype bridgeing SAP2000for severaldifferent
configurationsof the bridge (1) bridge withconventional details and unrestrained girders
at the abutmeniq?2) fully isolated bridge and (3) hybrid isolated bridgevith/without
soil-abutmenipile-structure interactionThe numerical analyses not only validated the
advantages of hybrid isolation, but also its limitations by giving insight into the load
sharing mechanism ahé abutments. In addition, the numerical analyses illustrated the
accuracy and reliability of thenproved Simplified Method

To further validate the hybrid isolation methodology, a series of experiments on a
large-scale model of a hybrid isolated bridgene conducted using the NEES shake table
array in the Largécale Structures laboratory at the University of Nevada Reno. With a
scale factor o2/5", athreespan curved bridgenodelhad al2-ft wide superstructure
consistingof three steel girders andcancrete declslab,andwas 145 fd long with a
radius of 80 feet at the centerline. The model spanned four shake tables and was
subjected to scaled ground motions with increasing amplitudes from the 1994 Northridge
earthquakeTheresults showethat hyorid isolation (1) was effective at keeping the piers
elastic under the Design Earthquake, and essentially elastic at the Maximum Considered
Earthquake, (2) reduced tlseperstructure displacemeriity a factorbetween 3 and 4,
and (3)increasd the sheardrce(lateral loadYdemand on the abutments by a factor about

3, compared to full isolation. In addition, the experimental results showesdlors



il
were stiffer than assumed in design, with properties that were very dependent on shear
strain.
A 3D finite element model of thabovebridgewas developed, and analyses were
performedwith actual material propertie®©verall, good agreement was obtained with
the experimental results, but it was found that the conventional properties used for the

design @ lead rubber isolators (target properties) needed to be modified for the relatively

small strain range that is typical for hybrid isolatorss(®%6).
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Chapter 1 Background and Literature Review

1.1 Background

Highway bridges by their nature are susceptible to earthquake damage. They have
little redundancy, are strongly orthotropic wileak and strongirections forearthquake
loading, and often founded on poor soils at river and harbor crossitugt abutments
are supported on piled foundations in sloping groufigufe 1i 1). Their vulnerability is
well documented with a history of major damage and structural collapse in recent
earthquakeg¢Costa Rica, 1991; Northridge, 1994; Kobe, 1995; Koacelli, 1999:CBhi
1999; Nisqually, 2001; Niigat&en, 2004; Niigata, 2007; Wenchuan, 2008; Darfield,
2010; Chile, 2010). Recent damage to highway bridgesncreased awareness of the
importance of soipile-interaction in the seismic response of highway brid@as. effect
of slope on the lateral resistance of abutment piles is significant, especially for those piles
at the crest of the slopAn understanding of the sqiile interaction in sloping ground is
important for effective design and satisfactory setsparformance of highway bridges.

In addition, seismic isolation is known as an effective technology for the protection
of bridges and other structures from earthquake damage. The intent is to reduce the
seismic demand on a structure rather than incre@seapacity, thereby avoiding
structural collapse and reducing human casualties. This technology is suitable for both
new bridges and seismic retrofitting.Has beerwidely used in practice and performed

well in recent earthquakes.



1.1.1 Introduction to Seisme Isolation Design

Conventional seismic bridge design is intended to increase the capacity of a
capacity to resist earthquake dama8eismic isolation is aalternative approach that
rather than increasing capacity reduces the demand on a strucdeedupling it from
the effects of earthquake ground motiddncoupling is achieved by interposing
mechanical devices with very low horizontal stiffness between the superstructure (deck
and girders) and substructure (piers and abutments). These devicesledeseismic
isolation bearings or simply isolators. Thus, when an isolated bridge is subjected to an
earthquake, the deformation is concentrated in the isolators rather than the substructure
elements. This greatly reduces the seismic forces and disgat® transmitted from the
superstructure to the substructure.

Bridges are particularly suitable for isolation, and literature surveys indicate that
mor e t han 90% of the worl dos i sol at ed st
Applications include botmew construction and retrofit work (Buckle & Mayes, 1989).
Specifically, isolation is especially suitable for bridges that are located on stiff solil sites,
have relatively stiff substructures, and continuous superstructures witktyseat

abutments.

1.1.2 Introduction to Hybrid Isolation

In hybrid isolation,isolators are only used at the abutments, and monolithic or
pinned connectionare usedat the piersThe use of hybrid isolatiowasfirst proposed
for reducingbridge vulnerability by Buckle and Mayes (199), and later by Buckle and

Wei (2010) The technique is applicable to bridges with seat -Bipetments and



continuous spans. In these situations, the elastomeric bearing pads used at the abutments
to accommodate thermal and other movements may be réptacéesolation bearings

with mechanical energy dissipators. Significant hysteretic energy dissipation may be
possible with these devices, and reduced superstructure displacements and pier forces are
the direct result. Furthermore, impact of the supersiracagainst the abutment back

wall may be avoided. Since the piers are either pinned or monolithic with the
superstructure, the fundamental period of vibration is almost unchanged. But the stiffness
of the abutment isolators may be used to attract loadsy dvom the piers to the
abutments and the additional energy dissipatidroduced by these isolatotman be
sufficient to damp the spectrum significantly even in the short period range, giving useful

reductions in force and displacement.

1.1.3 Introduction to the Lateral Response of Piles in Sloping Ground

During strong shaking, longitudinal seismic loads push the abutment and pile
foundations back into the fill behind the back wall (level ground). In this direction,
abutmens and pile/pile groupare known tchave excessive capacityyt theseloadsalso
actin the reverse directioduring an earthquakee. away from the backfikknd towards
the sloping face under the end spdhss known that the lateral response mifes at the
crest of sloping ground isignificantly different from that at level ground and this
becomes an important consideration when the abutment backfill at the other end of the

bridge is not engaged during the reversal in loading (pounding is avoided) .



1.2 Literature Review Part 1: Seismiclsolation

1.2.1 Basic Principles of Seismic Isolation

Seismic isolation is malternativeprocedurefor the earthquakeesistant design of
bridges.The basic principles of seismic isolation are period shift and energy dissipation.
The lower stiffness of an isator (flexibility) shifts the fundamental period of a bridge
away from the peak (or negeak) of the design response spectrum to a more favorable
part of the spectrum and the force demand on an isolated bridge is reduced as a result.
The effect of isolatoflexibility on bridge response is illustratedHigure 11 2.

Although the flexibility of the isolators leads to reduced force demands, it also
increases the displacement response of the superstructure. As a consequence, most
isolation systems also ilutle an energy dissipation mechanism to a significantly increase
the level of damping in the bridge and control these displacements at acceptable levels
(Figureli 3).

Figureli 4 illustrates the effects of period shift and damping on seismic forces. The
solid and dashed curves represent the 5% anddz0ffped acceleration responsectpa
(AASHTO, 1999),respectively, for stiff soil conditions. The increased level of damping
due to the energy dissipated by the isolation system leads to a further reduction in seismic
forces. In this example, the result is a 60% reduction in the spactederation due to
period shiff and an additional 17% reduction due to an increase the damping ratio from 5%
to 30%. It is noted that the effect of damping on spectral acceleration diminishes with
increasing period and is not the prime reason for gddamping. Instead it is used to

limit the displacements which increase with the period dhifure1i 3).



However, the lateral flexibility of an isolator may alloletsuperstructure to move
unacceptably under service loads, such as wind or vehicle braking forces. Resistance to
these forces is important, and the dual requirement of rigidity for service loads and
flexibility for earthquake loads is accommodated in defg of ways.

Hence, a seismic isolator possesses the following four characteristics: first,
flexibility of the isolator will lengthen the period of vibration of the bridge to reduce
seismic forces in the substructure; second, energy dissipation liraitdighlacements
between the superstructure above the isolator and substructure below; third, adequate
rigidity is provided for service loads (e.g. wind and braking loads) while accommodating
environmental effects (e.g. thermal, creep, and other shortfiegt®f and fourth, a
seismic isolatorsra required tselfcenter (Buckle et al., 2006a).

Improved seismic performance of bridges is therefore possible for little or no extra
cost, and older, seismically deficient bridges may not need strengtheniegtédrin this

manner.

1.2.2 Application of Seismic Isolation to Bridges

The application of seismic isolation (seismic devices and design approaches) for
new bridges and retrofitting existing bridges has been used-wiattlfor about 40 years.
During this time, various isolation devices have been developed and implemented
including lead rubber bearings, highmping rubber bearings, and frictional bearings
with both spherical and flat plate sliders.

More than200 bridgeshave been designed or retrofitted in theited States using

isolation in the lastl0 years, and more than 1,000 bridges have used thiseffestive



technique for seismic protection around the world, including Japan, China, Taiwan,
Turkey, Italy, and New Zealand. Details sithteof-the-art sesmic isolation designs and

their applications to buildings and bridges have been widely reported by Buckle and
Mayes (1990b)Kawashimaet al. (1991), Kawashim&0037), Dolce (2001), Ou & Li

(2004), Buckle et al. (2006a), and Zhou et al. (2006). In addition, Lee et al. (2001)
summarized the observed performance of seismically isolated bridges in earthquakes in

Japan, New Zealand, Taiwan, Turkey, and the United States..

1.2.3 Seismic Isolation Deign Approaches

There are a number of different ways seismic isolation has been implemented
around the world. The suitability of a particular approach and the type of isolation device
depends on many factors, such as the span, structural type (monatihlie/supported),
abutment type (sedype/integral), end boundaries (restrained/free), seismicity of the
region, spectral shape, soil type, maintenance, and replacement of facilities. In this
section the following four isolation approaches are brieflgutised:

1 Full Isolation

1 Menshin Design

1 Partially Restrained Seismically Isolated Bridges

M Partial Isolation

1.2.3.1 Full Isolation
In Full Isolation, isolators are located at all supports (piers and abutments) to
separate the superstructure from the substructubetim the longitudinal and transverse

directions. I n buildings, t his t-isotatedii que



approach is widely accepted in the United States and worldwide (Buckle & Mayes, 1989,
1990b).

As noted previously, Full Isolatiois a very useful way to reduce the effect of an
earthquake on bridges and buildings and is widely accepted in earthquake engineering.
Full Isolation can reduce the force demand significantly due to both period shift and
hysteretic damping. However, theduction in force is accompanied by an increase in
displacement demand, which likely exceed the clearance between the deck and abutment
in standard bridges and results in pounding between the deck and abutments. If pounding
is to be avoided, the gap wilead to be increased and an exgian joint will be required
to accommodatehe movement and carry traffic across the gap. This joint can be a
significant cost item and a disadvantage of Full Isolation, which is discussed further in

Section 1.3.

1.2.3.2 MenshinDesign

Full Isolation has long been advocated as a new technology to reduce the seismic
response of structures and has been applied to bridges widely in Japan (Buckle, 1990;
Kawashima et al ., 1991; Kawashi ma, viZ001) .
and soft soil conditions, sufficient Igthening of the natural periotb achieve a
significant reduction in spectral acceleration is difficult to do without incurring extremely
large deck displacements Menshin Design was therefore developed intdegudaress
these problems. Menshin Design (Kawashima et al., 1991, 1992; Sugita & Mahin, 1994)
takes advantage of the energy dissipation capability of isolation bearings and their ability

to redistribute lateral forces, instead of elongating the nater&g Additionally, it is



common to restrain the transverse displacements of the isolators so that the deform only
in the longitudinal direction.

The basic principles of the Menshin Design are as follows:

1) The seismic response of a bridge deck is redumethe energy dissipation
capability of the isolators, and the lateral seismic force is distributed to as many
substructures as possible by appropriate selection of the isolator stiffness.

2) The natural period of the bridge is not intentionally lengthenetdnéeds to be

selected to avoid the peak of the response spectrum.

1.2.3.3 Partially Restrained Seismically Isolated (PRSI) Bridges

Partially restrained seismically isolated (PRSI) brid¢€sai, 2008) have been
proposed for use in Taiwan. In this system, boittsesf the superstructure are restrained
from transverse movement and the superstructure is (1) fully isolated at each pier, and (2)
longitudinally isolated at the abutments. The difference between the PRSI and Menshin
Design is that the isolators at theensi are totally restrained in the latter, while they are
restrained to deform within an allowable range in the transverse direction in the former.

The seismic performance of PRSI bridges in the longitudinal direction is the same
as bridges with full isolan. Their performance in the transverse direction has been
investigated by Tsai (2008). Pier shear forces were reduced, accompanied by increases in
abutment shear forces amgliperstructure bending momentdence, the transverse
capacities of the abutmerdad bridge girders need to be calculated before implementing

the technology in bridges.



The BaiHo Bridge was one of the first practical applications of PRSI technology in
Taiwan. Theseismic performancef this bridge under thé&siaYi earthquakewas

investigated by Lee et al. (2001) and found to meet expectations.

1.2.3.4 Partial Isolation

Partial isolation (Hu, 2008) is a design wherein the isolation devices are installed at
the piers to separate the superstructure from the piers, while the connections at the
alutments remain fixed or integral.

Numerical evaluation of performance of partial isolation has been conducted by Hu
(2008). Performance was found to be similar to full isolation with regard to reduced force
and displacement demands on the piers, bubtilisoccurred when the stiffness of piers
was larger than the stiffness of abutments. In other words, partial isolation was not
effective in bridges with low pier stiffness (relative to the abutments). But compared to
full isolation, partial isolation limis the superstructure displacements due to the large
abutment stiffness, but results in excessive ductility demand on the abutments. Hence, the
capacities of the abutments need to be studied for practical applichti@udition,
partial isolation may be costeffective way to reduce the demands on the piers for
seismic retrofit applications where the abutment connections are integral, making full

isolation impractical.

1.3 Hybrid Isolation - An Alternative to Full Seismic Isolation

As noted in Section 1.28.one of the significant disadvantages of full isolation is

the occurrence of large displacements that accompany the reduction in forces when the
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fundamental period is lengthened. In a bridge this displacement must be accommodated
at the abutment seat amdlarge road joint may be necessary to not only allow this
movement to occur but also carry heavy wheel loads onto and off the bridge.

As proposed in this dissertation, it is the objective of hybrid isolation to reduce the
superstructure displacement dareduce the cost of the road joint) but also has the same
performance as full isolation with regard to the piers i.e. elastic, or essentially, elastic
behavior.

As noted in Section 1.1.2, hybrid isolationais approach wherisolators are only
used at th abutments, and monolithic or pinned connections remain at the Piess.
technique is applicable to a wide range of bridges including those not suitable for full
isolation, such as bridges with continuous superstructures that are monolithic with their
piers. The technique involves the placement of large biaxial, hysteretic isolators at the
abutments, thereby attracting load away from the piers and, at the same time, reducing
the superstructure displacements. Because these dissipators must also aloal ther
expansion to occur at the abutments, the most suitable device appears to be an
elastomeric isolation bearing with a large lead core.

For hybrid isolated bridges, pier shear forces may be sufficiently reduced to keep
the piers elastic and displacementmay be reduced significantly, to an order of
magnitude that is similar to the thermal movements in the superstructure. These
reductions can be significant and can materially improve the capacity/demand ratio for
critical members that might otherwise neéeisgthening in a bridge retrofit project.

In summary, the advantages of this technique are the following:
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1) Reduced demand on piers, which will be particularly useful in retrofit situations
where the strengthening of piers and/or their foundations (singlenudti-
column) is difficult and expensive.

2) Elimination of backwall pounding and uncertainties in response due to high
Impact accelerations.

3) Reduction of superstructure displacements and the possibility of smaller
movement joints at the abutments.

4) No joint or bearing is introduced into the structure that is not required for
another reason (thermal movements and the like), and there is no change in the
degree of redundancy of the structure.

5) Technique is applicable to both retrofit and new construction work.

6) Force reductions are not dependent on period shift and are therefore insensitive
to variations in shape of design spectrum.

However, to implement this technique, the abutments must have the capacity to
resist the forces attracted from the piers and theme lme considerably higher than in
conventional designit is known that the capacity and stiffness of an abutment when
pushed into backfill is substantial but in the opposite direction (away from the abutment)
it can be significantly less. Reliance mustrntbe placed on the piles under the abutment
and the abutments at the opposite end of the bridge to help resist these loads. Load
sharing between the two abutment baaMls and the underlying piles is not well
understood at this time, partly because theites are in sloping ground when pulled
away from the back fill and few studies have been conducted on the stiffness and

capacity of piles in this situation.
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1.4 Literature Review Part 2: Bridge Abutments in Sloping Ground

1.4.1 Earthquake Damage to Bridg&butments in Sloping Ground

In the 1991 Costa Rica Earthquakéght major highws and railway bridges
crossing rivers collapsed due to liquefaction and lateral spreading (Shea 1991). For
example,Figure 11 5 shows he Rio Viscaya Bridge, a threspan prestressed concrete
bridgethat collapsed due tdatment and pile damage duddteral spreading.

According to Buckle (1994), wting the 1994 Northridge earthquake ihos
Angeles, California, seven highway bridges suffered partial collapse and another 170
bridges suffered damaganging from minor cracking to the slumping of abutment fills.
For example,Figure 1i 6 shows pounding damage at an abutment of the Sailata
River Bridge during thé&lorthridgeearthquake

The 1995 Kobe Earthquake in Japan caused destructive damage to bridge structures,
again becauseidespread liquefactioaccurredalong the coast or on mamade islands.
Cooper and Buckle (1995) summarize typical damadech includes shear and flexural
failures in nonductile concrete columns, flexural and buckling failures in steel columns,
unseated girders due to bearifgjlures, and gross foundation movements due to
liquefaction. In addition, pounding between spans occuiaad approach fills behind
abutment walls settled. Chund.996) alsogives detailed descriptios of the above
damageo bridges.For exampleFigure1i 7 shows the near collapse of the approach span
of the Shukugawa Bridge due to lateral movement of the pier toward the center of the

channel.
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During the 1999 ChChi Earthquake in Taiwan, highway damage was widespread
throughout Taichung and Nantou counties due to fault rupturing, which collapsed or
crippled bridges. Damage was also caused by landslides, abutmenvdibd&ilure,
slope failures, and liquefaction. Bde et al. (2000) presents brief descriptions of damage
to ten bridges. For examplEjgure 1i 8 shows the failure of the bagakall of the south
abutment of the Ming su Bridge (Route 3), leading to the unseating of adjacent spans.

During the 2007Niigataken Chuetstoki earthquakedamage to bridges was not
considered serious overall. However, substantial damage did occur to the Toyota Bridge
due to the large movementtbe abutment caused by soil failufaqure1i 9).

In the 2008 Wenchuan Earthquake, maighway bridges were severelgmaged
or completely collapsed. Details sévere damage to 39 bridges are described by Zhuang
et al. (2012), and damage to 14 bridges is describedehyet al.(2011). For example
Figure 11 10 shows cracks irthe abutment backwall and the abutment pile of the
Mengzigou Bridge due to lateral spreading on the abutment Figewre 1i 11 shows
damage to the Guxigou Bridge digepounding between the deck and the abutment.

During the 2010 Darfield earthquakaridges in the Canterbury area suffered little
damagein general. However as reported @yeenand Cubrinovski (2010) significant
damage was suffed by the Bridge Streetrifige The abutmentof this bridgemoved
slightly toward the channelue to the lateral spreading behind and under the abutment t,
resulting in the pounding of the deck and rotation of the abutrfRé@nire1i 12).

During the 2010 Chile Earthquake, Bray and Fr@st() reported thasignificant
bridge damage appeared to be associated with lateral spreading or strong shaking. The

most sizable failures were near river £smgs along the coaswhere several bridge
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spans became unseated (e.g., in Tubul and Concepci@) due to both lateral spreading and
strong shaking. Significant liquefaction and lateral spreading was observed in
Concepadn and along the coast, which adwdysimpacted the performance of bridges.

For exampleFigure 1i 13 shows column shear failure in the northeast approach to the
Juan Pablo Il Bridgdue to lateraspreading.

Investigations into earthquake damage of highway bridges during recent
earthquakes show that primarily, bridge damage is not only due to the inertial forces in
the superstructure, but also to soil failure, which can cause unseating and dtructura
collapse. This is especially evident in bridges supportegoon soils at river and harbor
crossings Damage mechanismiclude instability of the backfil, damage to the
abutment backwaliue to the transient inertial loads deck pounding; lateral sgading
behind and under thebutments due to the loss of soil strengédmd damage to
substructures due tbereduction odoss of passive soil resistance adjacent to the slopes.

All of thesemechanismsire exacerbated by tipeesence of liquefiable dsi

1.4.2 Response of Laterally Loaded Piles in Sloping Ground

Methodsof analysis of laterally loaded p#ien level ground have been thoroughly
summarized by Juirnarongrit (2002) and Nimityongskul (201@dditionally,
Nimityongskul (2010) has compiled summay of research on lateral responses ofile
nearaslope or at the crest afslope.Severakesearcherbavetried to develop a reliable
methodology to predict the lateral force capadfypiles near, or in, sloping ground
Based onthe passive wedge nael, Reese L. C. (2006) estimated the approximate

ultimate soil resistance of a pile at the crest of a slope in clay to be the strength in level
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ground scaled by the factor 1/(1+tBwrwhereq is the slope angleHe also suggested
modifications for the ulthate soil pressure of traditionalypcurves for sand to account

for sloping ground. Mirzoyan (2007) developed an expression to account for the slope
effect on the ultimate lateral capacity of the piles in sand, based on the volume of the
passive soil wedg Stewart (1999) proposed a reduction factor, given by charts, to
account for the slope effect on the lateral capacity of the piles in clay, based on upper
bound plasticity theoryHowever, tiesemethod giveonly the ultimate lateral resistance

of pilesat the crest of, or near,slope, anddo not permit the prediction of the lateral
load-displacemenhistory.

Terashi et al. (1991), Mezazign and Levacher (1998), Gerogiadis and Gerogiadis,
(2010), andNimityongskul(2010) define a reduction coefficient, which is applied to the
p-y curves determined for piles in level ground to give modifigdqurves for piles in
sloping ground.. However, the reduction coefficients are just for a particular slope or a
selection oklope angles and certain soil profiles. In addition, it is not possible to directly
develop the loadlisplacement relationship by applying the reduction coefficient to the
pile response determined for level ground.

The results from this work reveal thatraduction in pile capacity should be
considered for the piles in sloping ground, and that this reduction is especially significant
for the piles at the crest of a sloptowever, the available research results are not always
comparable due to the variat® and uncertainties in the soil properties used by each
researcher. In addition, there is lack of systematic field testing to improve the knowledge
database about pile/pile groups in sloping ground. In lieu of field data a systematic

numerical investigabin of piles and pile groups in sloping ground is necessary to
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improve the understanding of the effect of slope on the lateral response of piles in sloping

ground.

1.5 Objectives

The overall objective of this research is to determine the effectiveness ad hybr
isolation at reducing seismic demands on the piers and, at the same time, reducing
superstructure displacements, and preventing damage to the piles under the abutments.
To satisfy the above overall objectjvie followingstepswere undertaken

1 Charactrization of the slope effects on the lateral stiffness of the piles in

sloping ground for inclusion in simplified and rigorous methods of analysis

1 Development of a Simplified Method for the analysis of a bridge with hybrid

isolation including soibbutmeninteraction.

91 Validation the hybrid isolation approach using rigorous response history

analysis.

1 Verification of the accuracy and reliability of the Simplified Method.

1 Comparison of the seismic response of conventional, fully isolated and hybrid

isolatedbridges.

1.6 Scope

To investigate the seismic response of highway bridges with hybrid isolation, a
series of numerical models were analyzed using the finite element program, SAP2000,

and a series of shake table experiments of a -segke curved bridge modelere
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conducted in the University of Nevada, Reno (UNR) laboratory. In addition, the effect of
slope on the capacity and stiffness of abutment piles in sloping ground was analyzed by
using theStrain Wedge Modeland theDeep Foundation System Analysis Piag
(DFSAP), The organization of this dissertation is as follows:

Chapterl briefly introduces seismic isolation design, hybrid isolation and effect of
slope on the lateral response of piles. It also includes a literature review of seismic
isolation, desig approaches and applications, earthquake damage to bridge abutments in
sloping ground, and research work on the response of laterally loaded piles in sloping
ground.

Chapter 2 summarizes th&implified Method of analysifor seismically isolated
bridges @& recommended ithe AASHTO Guide Specifications for Seismic Isolation
Design (AASHTO, 2010 Then, modificatiors for yielding pies and so#abutment
structure interactionare described in detail. An improved Simplified Method
incorporating the above mdutiations is proposedn addition, a design example af
threespan steel girdebridge with hybrid isolationis analyzed using the improved
Simplified Method The analytical results clearly verify the benefits of the hybrid
isolation.

Chapter 3 presentsa numerical investigation of laterally loaded piles in sloping
ground using the Deep Foundation System Analysis Program (DFSAP). This work
confirmsthe effect of slope othe reduction of lateral stiffnesand load capacity of a
long pile in sloping grounds significant The effect of slope on the response of a hybrid

isolated bridge is studied by analyzimgn example ofsuch abridge and explicitly
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including the slope of the ground below the end spans, ukexgmproved Simplified
Method.

Chapter 4 validates the seismic performance of bridges witybrid isolation by
analyzing aseries of finite element models afstraight hybrid isolatedbridge using
SAP2000Finite element modeling of different bridge configuratians described in this
chapter,ncluding aconventional bridge with freabutmers, a fully isolated bridgeand
a hybrid isolated bridgevith/without soitabutment interactiariThe numerical analyses
not only validate the advantages of hybrid isolation, but also improve the understanding
of the load sharing mechanism at the abutments. This is particularly helpful when
comprehending the limitations of the hybrid isolation. Inigald, comparisons of the
results from the finite element method and the Simplified Method illustrated the accuracy
and reliability of the improved Simplified Method.

Chapter 5 describes experimentaflidation of hybrid isolationby conducting
shake tableexperiments om 2/5 scale model of a thrkspan curved bridgeith hybrid
isolationin the Large Scale Structures Laboratoryh&tUNR. Specimen design, hybrid
isolation design, experimental test -st and analysis of experimental results are
describedin this chapter. In addition, comparisons with the experimental results of
conventional bridges and fully isolated bridges (conducted by others) are given, which
clearly demonstrate the advantages of hybrid isolation.

Chapter 6 presents the results of nenical analyses of a 3D finite element model
of the experimentalbridge model using SAP2000 Validation of the numerical model
against the experimental results is descrilfeciual material propertieare usedin the

mode| and he average of the achievadceleratios of the four shake tableareused as
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the inputmotion in the finite element anals The analyses for the bridge model with
design (target) properties and modified properties of isolators are computed.

Chapter 7 presents conclusions and recommendations for future work.
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Figure 1i 6 Santa Clara River Bridge Pounding Damage inthe 1994 Northridge
Earthquake (Buckle, 1994)

Figure 1i 7 Near Collapse of the Approach Span of the Shukugawa Bridge due to Lateral
Moment of the Pier toward the Center of the Channel (Chung, 1996)



Figure 1i 8 Abutment Damage of MingTsu Bridge inthe 1999 ChiChi Earthquake
(Buckle et al., 2000)
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Figure 1i 10 Abutment Backwall and Pile Damage of Mengzigou Bridge irthe 2008
Wenchuan Earthquake (Zhuang et al., 2012)
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Figure 1i 11 Abutment Pounding Damage of Guxigou Bridge inthe 2008 Wenchuan
Earthquake (Zhuang et al., 2012)



Figure 1i 12 Abutment Rotation of Bridge Street Bridge due to L ateral Spreading in the
2010 [Carfield Earthquake (Green and Cubrinovski, 2010)

(b)

Figure 1i 13 Column Shear Failure of theJuan Pablo Il Bridge Northeast Approach due to
Lateral Spreading in the 2010 Chile Earthquake(Bray and Frost, 2010)
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Chapter 2 Simplified Method of SeismicAnalysis of Highway Bridges

with Hybrid Isolation

2.1 Introduction

Seismic isolation is an innovative design approach to minimize the effects of
earthquakes on buildings and bridges. Tesignintent is to minimize the seismic
demand on a structurather than increasts capacityto preventstructural collapse and
human casualtiesAs discussed in Chapter 1, there are several different approaches to
seismic isolation design and some of them are widelg use¢he seismic protection of
bridges. This Chapter focuses on a new ap
Buckle et al. (1990a, 2010). Validation of this approach will be presented in subsequent
Chapters.

As recommended in the AASHTO Guide Spgmations for Seismic Isolation
Design (AASHTO, 2010),he Simplified Methodof analysis may be used for initial
design and the optimization of various design parameters of seismically isolated bridges.
In this chapter it is modified for application to b isolated bridges and includes
yielding piers (if necessary), and salbutmemntpile-structure interaction. These
modifications are described in this Chapter and a design example is given of a highway

bridge with hybrid isolation.
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2.2 Objectives

The basic gategy of the hybrid isolation technique in continuous bridges is to
retain the advantages of #full) seismic isolation while addressing some of the
shortcomings, such as large superstructure displacenidmobject of this chapter is to
develop a simie method for analyzing hybrid bridges and to demonstrate its application

to a 3span, continuous, steel plageder and slab bridge with selyppe abutments

2.3 Spring Model for Hybrid Isolated Bridges

In hybrid isolation, large lateral loads are delibeha attracted to the abutments
and it is important to include the s@butmeritpile interaction in the model. This is done
using a combination of linear and nonlinear springs for the basic components as shown in
Figure2-1 for a 2span bridge.

. Because of the gap elements, the stiffness and capacityabliémenis different
in the two directions of loading: C or T, where C = compression, towards the backfill,
and T = tension, away from the backfill. In this situatiehance must be placed on the
abutment at theother end of the bridge to help resi&ingitudind loads Details of
modeling the soibbutmentpile interaction, including the effect of the sloping ground
under the end spans, are described in Chapter 3.

If the nonlinearity of the isolators may be represented by a bilinear-force
displacement curve, thean effective stiffness may be defined for a given displacement.
Likewise an effective stiffness may be developed for the pier and soil that includes

yielding (if necessary) based on pier and soil displacements. Since these displacements
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are not known athie beginning of the analysis, an iterative solution is adopted starting
with an initial estimate of these unknown quantities. In a similar manner, equivalent
viscous damping is used to represent the hysteretic damping inherent in the isolators, soll
abutmat interaction, soipile interaction, and yielding piers. This process is described

for the basic Simplified Method on the following section.

2.4 Assumptions in the Simplified Method (AASHTO)

All of the typical systems usetb isolated bridgesodayhave norihear properties
in order to benearr i g i d &seisnucrloads bum soften for earthquake loads. To avoid
having to useexplicit nonlinear methods of analysis, equivalent linear springs and
viscous damers are usedto represent the nonlinearopertiesof the isolators in the
Simplified Method.But since these equivalent properties are displacedeg@ndentan
iterative approach is required to obtain a solution. This approaetssknown as the
0Direct DMsphade ment

The basic assumptions tiie Simplified Method (AASHTO, 2010, Buckle et al,
2006a) are as follows:

1) Superstructure acts as a riglthphragm compared to the flexibility of isolators.

2) Isolated bridge may be modeled as an equivalent sadegeceof-freedom.

3) Displacement responspectrum for the bridge site is linearly proportional to

the period.
4) Piers remain elastic (see Appendix A for the case with yielding piers).
5) Nonlinear properties of isolators may be represented by bilinear hysteretic

loops.
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6) Hysteretic energy dissipation malye represented by equivalent viscous
damping, and the design response spectrum may be scaled for different viscous

danping ratios by damping factors.

2.5 Analysis Procedure

The method involves iteration since many key properties of an isolated bridge
system(effective stiffness (kx), equi val ent ¢)dandpffecivg pericat i o (
(Texr)) depend on the displacement of the superstructure, which is unknown at the
beginning of analysis. The procedure is showrrigure 2-2 and the various steps are
described as following:

Step 1. Estimatea v al ue for t he supebasetd oruant ur e
assumed effective periodegd = 0. 5 sec, a oetnenb (Appdraix).i ng di
Step 2. Calculate the effective stiffness and equivalent viscous damping ratio
corresponding to DOG6 dlavors, abuameris, emdipgieBdtaiswic t ur e
these calculations are given in the sections indicated belbwtn#ent isolator stiffness

and dampingKise, biso (Section 2.6.1);

Abutment soil stiffness and dampingslt, bavut (Section 2.6.2);

Abutment piles stiffness and dampingsi& byie (Section 2.6.3).

Pier stiffness and damping il andbpier (Sectin 2.7)

Step 3. Calculate the effective stiffness {, equivalent viscous damping ratio

(Perr) and effective period ) for the hybrid isolated bridge system.
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Step 4. Calculate the superstructure displacement D based on the response
spectr um, and compar e wi Stép 5Dtherwisé gosStepad c | 0 s «
using D6 = D.

Step 5. Calculate the total base shear in bridge and lateral load distribution to

substructees.

2.6 Equivalent Properties of IsolatorAbutment

2.6.1 Bilinear Isolator Properties

The mechanical characterization of a bilinear isolator may be represented by the
following parameters: characteristic strengthy)(@lastic (unloading) stiffness (Kand
postelastic stiffness (i), as defined in Figure-3.

The linearized properties of a bilinear isolator for use in an equivalent linear
method, are the effective stiffnesgdand equivalent viscous damping rabig,

As noted previouslyhe effective stiffnesdepends on the isolator displacement,
Diso, and may beobtainedfrom an idealized bilineaforce-displacement relationship

(Figure2-3), as follows:

(Eq.2-1)

where Dy = yield displacement of the isolator
The equivalent viscous damping rai®found by equating the energy dissipated in
each cycle of motion ad hysteretic dace (with bilinear propertiesp that dissipatedy

an equivalent viscous dashpmr cycle This is achieved by setting the area under force
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displacement loop dfigure2-4(b), which represents the energy dissipated due to viscous
damping, equal to the area enclosedh®ghysteresis loop dfigure2-4(a). It can then be
shown that:

b = hysteretic energy dissipatéd EpDC_ area of hgeses loop
¢ ZpKeDriax 2 IdKeDriax

(Eq.2-2)

It follows from Eq. 2-2 that the equivalent viscous damping ratfis of the

isolator system is given by:

b e O ' Diso ¢ Dy
iso :\|
|'2Qd (D - Dy)/(pKisoD?so)’ Diso >D y

(5]

(Eq.2-3)

2.6.2 Soil-Abutment Backwallinteraction

To simplify the process of developing the foxtisplacement curve for the
abutments, an elastiperfectly plastic model was used. This model is based on the
recommendations in the Caltrans Seismic Design Criteria (SDC),20fi2h in turn ae
based orresults from largescale abutment testing withvaall height of 5.5 feet at the
University of California, Davis (Maroney, 1995), and the University of Californis,
Angles Stewart 2007).

As shown inFigure 2-5, the model uses two parameters: effective elastic stiffness
(Keig) and passive capacity ff, where

kip/in h
w
ft 5.5ft

Ke.a =50 (ft,kip) (Eq.2-4)
and

h :
P =wWh(5.0ksf}—— (ft k Eq.2-5
= WHE.OKS—= ( ft kip (Eq.2:5
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where w and h are theidth and the height of the bagkall, respectively.
Once the abutment displacement exceeds the yield displacemeg), (the

effectivestiffness is given by

Kabut: o (Y >Yyield) (Eq2'6)

— It
where Y, = K“

abut
and the equivalent viscous damping ratim,() to represent backfill yielding,
according toq. 2-2), is given by:

. _‘-e- 0 1Y¢Yyield (E 27)
abut :'Qa(Y' Yyield)/(zlo Igbuth) , Y >ﬁe|d g.

As recommended in the Caltrans SDC (2010), the ultimate displacement of an

abutment, depends on soil type, and may be taken as:

_€0.0ch  (cohesionless so)
e : 0.1Ch (cohesive soil

(Eq.2-8)
When including this behavior in the Simplified Method, the abutment being
pushed into the fill (compression end oé thridge) is assigned the above stiffness, while

the other end, which is pulling away from the fill (tension ergassigned zero abutment

stiffness.

2.6.3 Soil-Abutment Pile Interaction in Level Ground
Soilpile interaction under seismic loads is highly noeér, and can greatly
influence the seismic response of a bridge. The bilineardisgdacement curve of a pile

head reflectshe nonlinear properties of the pile and soil below the head, and th@lsoil
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interface nonlinearity. The backbone curve o$ ttalationship, for a pile in level ground,

Is shown inFigure2-6, Key parameters atbe elastic stiffnessk and the pstyield

el, pile?

stiffness of thepile, K These quantities are given by:

y, pile *

Ket,pie = — (Eq.2-9)
Yy
K, e = Ao Hy (Eq.2-10)
Yoo Yy
in which:
H, =  pile yield force
Yy =  vyield displacement of pile
H, = pile ultimate force
Yo = ultimate displacement of pile

It follows from Figure 26 that
(1) the pseudegyield force of the piles, g, is given by:
Qpile = Hy _Ky, pileYy (qu-ll)

(2) the effective stiffness of pilesk which is dependent on pile head

pile ?

displacement, vy, is given by:

_\éKeI,piIe ' y¢ yy

K e =
P! :’Qpne/ Y+ K e Y >Yy

(Eq.2-12)

and (3) the equivalent viscous dampin@ug) for the piles, due to plastic hinge

formation and soil ylding, according t&q. 2-2, is given by:
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b =¢ 0 yey,

‘ Eq.2-13
e :’Qpne(Dpile 'yy)/(prileyz) Y JYV ( ! )

A common approach foboridge engineersnocelling piles in level ground is to
represent the complexity of the soil profile, the type and arrangemehe pfles, and
nonlinear behaviorof the soil, by equivalent,linear, lateral, pilehead springs with
stiffness coefficientas recommended by Buckle et al. (2006b). This equivalent linear
approach is applicable for piles up to about 2 feet in diameter.

Pile-head lateral stiffnessfor a pile in a single soil layer is developed from the
Beamon-ElasticFoundation theory with a lime subgrade modulus.. The solution is
related to the coefficient of modulus of subgrade reaction (f) and the flexural stiffness of
the pile (Rly). Recommendations for f are given by Buckle et al. (B)@6 Figures 612
and 613, for sand and clay, respaely. Design ches are also given by Buckle at
(20060) in Figures 68 to 611 For example, the lateral stiffness of piles with pinned
heads (i.e., zero bending moment) can be read directly from Buckle et.alb) Zif\ére

6-11, or calculated by

E |
K,  =04127" (Eq.2-14)

el, pile — -I-3

where:

—
]

characteristic length

_ Eolo %
=)

Unlike the pile itself (Blp), soil behavior can be highly inelastic and +lioear.

Hence, thecoefficient of modulus of subgrade reaction {§) the most significant
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parameter for developing the piead lateral stiffnessdowever, tlis coefficientis an
empirical quantity thatvaries with a number of other parameters, such as deflection,
depth, e diameter pile shape, pile materiagndtype of loading. The recommended
value forf is computed froma linear E profile relative to the givemateral load level.,
which corresponds tone-third to onehalf of the ultimate lateral load (correspondinga
safety factor ofwo tothree ) or the given level deflection (1ehfor 1 foot diameter pile
(Lam et, al1991)).

Lam and Martin (1986) found thah linear subgrade approachusing the
recommended coefficient f for sanggelds reasonableesultsup to 1.0 ich of pile-head
deflection forevery 1 foat of pile diameter Based ora sensitivity study by Lam and
Martin (1986), typical pile head deflection for most highway bridges mhgeom 0. 020
to O0.50. Hence, t he r e csomabee fordse éhstractumlf f i ci e
analysis ohighwaybridgeswith limited ranges of pile head deflection

In this study, an equivalent linear model for characterizingsk@linteraction is
also presented. The backbone curves for bilinear and equivialesat models for piles in

level ground are shown Figure2-6 andFigure2-7, respectively.

2.6.4 Soil-Abutment Pile Interaction in Sloping Ground

Many highway bridges have abutment pile foundations in sloping ground due to the
presence of embankments under the end spans. During an earthquake, in one half cycle of
loading longitudinal hettia loadspush the abutment and pile foundations asfathe
backfill, which is into level ground, But in the next half cycle these forces reverse

direction, i.e. theyull the abutment away from the back &hd towards sloping ground
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(Figure 2-8). The stiffness of thabutmentis markedly different in these twdirections
not only because the back fill is engaged in one case and not the othasoltaicause
the piles have reduced stiffness when being pudadirdthe slope

Consequently asymmetric constitutive models for nonlinear and linear springs are
necessary to model slope effects on pile lateral stiffness as shomigure 2-9 and
Figure 2-10. A separate analysis to develop the loaformation relationship of a
laterdly loaded pile foundation in sloping ground is described in the Chapter 3, using the
computer program DFSAP and the Strain Wedge Model.

To implement this behavidn the Simplified Method, the end of the bridge that is
being pushed into the backf{tompgession side) is assignéateral stiffness for a pile in
level ground, and the othend,that is being pulled away from the badlkfiension side),

is assignedtiffness for a pile in sloping ground.

2.6.5 AbutmentBridge Deck Impact

Abutmentbridge deck impct is modeled by gapspring that isesngagd whenthe
bridge deckpound the backwall and the superstructure jotibses. It opens without
resistance when the loads reverfBe compression gagpring has veryarge stiffness
generally 10 to 100 timethe stiffness of the stiffest adjacent spring in the numerical
analysis. Itgnitial openingis usually taken to be the clear opening of the expansion joint.

The property of the gap spring is showrkigure2-11.

2.6.6 Soil-AbutmentStructure Interaction
As noted above, to incorporate sabbutmentstructure interaction in the Simplified

Method, the practice is to assign only the pile foundation stiffness at the tension end, and
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the combined abutment backfill and pile foundation stiffness at compressihninen
addition to the gap stiffness once the gap has closed. Details for modeling for soil

abutmentstructure interaction are shownHfigure2-12 andFigure2-13.

At the tension end, the substructure effective stiffness; iK given by:

— KpiIe,TKisql
Kei1 = P Ko (Eq.2-15
where:
Kpier = effective stiffness of saipile interaction in sloping ground
Kisox = isolator effective stiffness at substructure 1

At the compression end, when the gap is not closed, the substructure effective

stiffness, ki is given by:

— (KabULC+ K piIeC)K iso N

Keit n = Koot K e Koy (Eq.2-16)
where:
Kabutc = effective stiffness of seihbutment backfill interaction
Kpiec = effective stiffness of saipile interaction in level ground
Kison = isolator effective stiffness at substture N

When the gap is closed, the isolator is deactivated and the gap stiffness is engaged.
So the equivalent stiffness of the isolators in parallel with the gap as shadviguire

2-14, where Kso+gapiS given by:

— l:0 +(Kgap -|Kd)(DiSQ N - gelp

iso+gap D

(Eq.2-17)

iso, N

in which, Ris the isolator shear force at displacemegt, and is calculated by:



39

F=Q K, & (Eq.2-18)
where
Kgap = gap element stiffness (assuming infinite value)
ORjap = gap opening or expansion joint length
DisoN = isolator displacement at substructure N

and the substructure effective stiffseBes N IS given by:

(Kabut,C + K pilg () K ise gap
K + K K

Keit n = (Eq.2-19)

abut,C pile C isa gap

2.7 Equivalent Properties of Yielding Piers

Although it is not directly addressed in most seismic design specifications, the
concept of Performane®ased Design (PBD) forms the basis of earthquake engineering.
Table2-1 summarizes a commonly used set of performance objectives that represents the
foundation of PBD. Under large earthquakes, damage in the pier plastic hinge zone is
acceptable, but the structure is required to deform in a dependable, predictatikebéand
manner. During small earthquakes, the bridge is expected to remain essentially elastic,
undamaged and serviceable.

The significant benefit of hybrid isolation design is that it keeps the piers elastic
without having to accommodate large superstmactiisplacements. But this reduction in
pier shear force is accompanied by an increase in force demand at the abutments.
Whenever the seismic hazard is unusually high, the corresponding force at abutments
may be unacceptably large. In these cases therdoenag alternative but to accept yield

in the piers. Although this is not a preferred situation, pier yield is permitted by the
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AASHTO Guide Specification for Seismic Isolation Design (AASHTO, 2010), provided
the response modification factors for the cohsnare limited to onéalf of those for a
conventional bridge (Art 6, AASHTO 2010).

Hence, the Simplified Method is modified below to allow for the possibility of
yielding piers.The nonlinearbehaviorof a pier with a plastic hinge is assumed to be
bilinear (Figure 2-1), from which the effective stiffness (Kier) and equivalent viscous

damping ratio §,er) may be found in the same manner as for bilinear isolators.

2.7.1 MomentCurvature Analysis

The lateral load and displacement capacitiesordge piers are calculated by
momentc u r v at o) aealygisNbased on expected material properties. In mement
curvature analysis, moments are calculated corresponding to a rangepaded
curvatures for a cross section with the applied axial load, based on the principles of strain
compatibility and equilibrium of forces.

In this study, the XTRACT program was used for this analysis. Three material
models for reinforced concrete sect were used in the section analysida nder 6 s
unconfined concrete model for the concrete
the core concrete, and a parabolic strain hardening model for the longitudinal steel
reinforcement.

Results fromhie monent curvature analysgive the behavior of the column cress
section for increasing moment as series ofdata points that can be plotted as a
curvilinear function. It is convenient to bilinearize this curve with a primary and

secondary slope, which are afen to pass through the moment and curvature
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corresponding to first yield of the reinforcement, and the moment and curvature
corresponding to ultimate conditions. The second slope is then adjusted to balance the
area under the actual curve and that urttter equivalent bilinear representation, as

shown inFigure2-15.

2.7.2 Idealized Bilinear ForceDisplacement Curve

Once the design of the pier is completéjliaear force-displacementurveof the pier
can bedeveloped (a pushover curve) utilizing tlmomentcurvature results from
XTRAC. Columndisplacement capacitig calculated for both the fixeflee case and

fixed-fixed case. SeEigure2-16 for details of the fixedree case (cantilever pier).

D, =P % (Eq.2-20)
in which
_F YLZ
D, 3 (Eq.2-21)
D, m,(L E,/2) (Eq.2-22)
q,=L, F (Eq.2-23)
F,o=( E -F (Eq.2-24)
where:
D, = ultimate displacement
D, = effective yield displacement
L = distance from the point eshaximum moment to the point of

contraflexure

for single curvature, k& column height
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for double curvature, E onehalf column of height

F, = effective yield curvature
F, = ultimate curvature
q, = plastic rotation
L, = length of the plastic hinge
= 0.008.+ 0.15,d, 20.30,d, i ksi
fe =  steelyield stress
d = longitudinal bar diameter

For the seismic isolation, single curvature behavior of the piers is assumed. Hence
the effective yield force, i and ultimate force, J correspond to the effective yield
moment, M, and ultimate moment, Mdivided by the full pier height (L), respectiy.

Then the bilinear forcdisplacement characteristics can be represented by the

elastic stiffnesKe p, and pstyield stiffness of theiers Ky, as follows::

Kep =[F)—i —3?_28“ (Eq.2-25)
K, = [F) __FVJ: (Eq. 2-26)
where:
E =  elastic modulus of column
lex =  effective cracked moment of inertia of column

M

— - y

“f EF

y
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From which the peudeyield force ofpier, Q, may be calculated from::
Q. =F, K, J (Eq.2-27)

It follows that the equivalent linear properties of the pier for use in the Simplified Method

are
(1) the stiffness of the pieKfier), at displacement pPas follows

&K, ,(D,¢ D)
Koo =i ~7 P Eq.2-28
=1, 1D, 4K, (D, > P (F6-229

and (2) the equivalent viscous dampin@) for the pier due to plastic hinge

formation, given byeq. 2-2 as follows:

Per ~12Q, (D, - D)/ (pK D3 D, >, q.

2.8 Seismic Response of Hybrid Isolated Bridge by Simplified Method

The piers and abutments are considered as the substructure elements in these

simple models. A singldegreeofi freedom model for the complete bridge is developed,

as shown irFigure2-17.
The effective stiffness & for the complete bridge with N substructures is given by:
N
Keff = a Keff, i (Eq 2_30)
1

and the equivalent viscous damping for the complete éwidiy N substructures is

givenby:
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N
a Fj Dj befr,j
bef'f = N +Qastic (qu_sl)
a Fj DJ
1
where b, = elastic viscous damping ratio

0.05 for concrete structures

The effective period &, of a singe-degreeof-freedom system with mass W/g, and

stiffness kg, at displacement D, is given by:

T = Zp«/W/(gKeff) (Eq.2-32

where W = weight of thecompletebridge
The displacement D, of sifgdegreeof-freedom system with effective periodsxT

and effectiveaisdieempyi ng ratio b

e T

T gz SDl il Teff2 Ts

i 4p° B,

D=} S, T (Eq.2-33

’:: gz S eff Teﬁ <TS

| 4p° B
inwhich S, = £S; Ss= RS
where
R = site factor for longperiod range of the design response spectrum
S = horizontal response spectral decation coefficient at 1.0 sec

period o rock (Site Class B)

Fs = site factor forshortperiod range of the design response spectrum
S = horizontal response spectral decation coefficient at 0.2 sec period

onrock (Site Class B)
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Ts = corner period at which spectrum changes from being independent of
period to being inversely proportional to period
BL = numerical coefficient raked to the déctive damping of the isolated
system in longperiod range of the design response spectrum
= ( &/0.05f3
Bs = numerical coefficient related to thefedtive damping of the isolated
systemin shortperiod range of the design responsecspum
=  ( &/0.05§°
The total lateral force in the systemeatisplacement D is given by:
F=K_D (Eq.2-34)
This force is the total base shear for the bridgeluding pier shear force,
abutments and piles lateral loads

The force in any substructure is given by:
Foun = KD su (Eq.2-39
The force inall theisolatoss on a given substructuiegiven by:
Fiso = KiseDiso (Eq.2-36)
Individual isolator force may be found by dividindrso, by the number of isolators
on the same substructu(é all isolators have identical properties); in proportionto
their individual stiffnesses

It is noted that these two forces should be same since both the ig@ptelement

and substructure 6seed the same shear forec
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2.9 Design Example of a Straight Bridge bySimplified Method

In this section, the above methodology is applied to the analysigloéaspan
continuous, steel plategirder supestructure with single column piers and sbgue
abutments The threespan straight bridge has span lengths of 10§ ##2.5 feet, and
105 feet, and a total superstructure weight of 1,656.63 kips. Each pier is a sifglgh 60
diameter reinforced concrete column, 230 inches high, fixed at the base and pinned at the
top. Basic geometry is shown kigure 2-18. Fully isolated, and hybrid configurations
are shown irFigure2-18.

In the fully isolated bridge, isolators were used at each support, whereas in the
hybrid case isolators were used only at abutmeantd, the connections over the piers
were pinned as in theonventional bridge.

For a full understanding of the seismic performance of highway bridges with
hybrid isolation, a series of configurationgas analyzed bythe improved Simplified
Methodas shown iMable2-2.

The effect of so#lbutmentstructure interaction on bridge response was not
investigated for the fullysolated case due to negligible abutment pile displacements. For
the hybrid isolated configuration, impgaoetween the abutment and deck was considered
under the Maximum Considered Earthquake (MC6). comparison,hie lateral stiffness
of each abutmentvas taken to bel.0x10 k/in when soilabutment interaction was

ignored



a7

The seismic respong# the fully isolated anchybrid isolated bridge, with/without
considering soibbutment interaction amiscussed in Sections 2.9.2 and 2.9.3, for both

the Design Earthquake (DE) and Maximum Considered Earthquake (MCE) .

2.9.1 Design Example Parameters

2.9.1.1 Design Responsgpectrum

The bridge is located on a rock site in Zone 3 and the y@@0design response
spectrumis defined by PGA = 0.479,s& 1.14g and §= 0.41g, based on AASHTO
national ground motion mapdrom Tables 3.4.23 and 3.4.2.2 in the Guide
Specificaion for LRFD Seismic Bridge (AASHTO, 2009)e site coefficients arepfa=
1.0, R = 1.0 and = 1.0. The corresponding acceleration response spectrum for the
Design Earthquakes shown inFigure 2-19. The Maximum Considered Earthquake

(MCE) is 1.5 times the Design Earthquake (DE).

2.9.1.2 Bilinear Properties of the Piers

All the piers are single, 6iich diameter reinforced concrete columns. The
longitudinal steel ratiosi 1%, and transverse steel ratio is 1%. The column section used
20 #11 longitudinal rebars confined #§ spiral reinforcement pitched @tinches

The specifiedconcretecompressive strength is 5k8i. The steel reinforcemerns
ASTM A706 grade steel withyield strength 068 ksi for #1llongitudinal ebarand#8
spiral reinforcement. Material properties are showhahle2-3.

The momenturvature analysis for the column under constant axial load (824 kips)
using the progranXTRAC is shown inFigure 2-20., The corresponding bilinear force

displacementurve for the 66nch column calculated frotte equations in Section 2.3.4
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Is shown inFigure 2-21. The effective yield displacement is 2.28 inches, and ultimate
dispacement is 15.70 inches. The elastic stiffnegg &d the posyield stiffness K are

101.00 k/in and 2.18 k/in respectively.

2.9.1.3 SoilAbutmentStructure Interaction in Level Ground

First, soitabutment backwall interaction is investigated. The abutmeskwa! is
8 feet high and 39.5 feet wide and the backfill soil is medium dense sand. Based on the
SDC (2010) equations, the elastic stiffness of the abutment is 2872.7 k/in, the ultimate
capacity is 2298.18 kips and ultimate displacement is 4.8 inchedoddhdisplacement
curve is shown ifrigure2-22.

Second, soipile group interaction is represented by a linear model for level ground.
Soil damping and group effects are ignorétence, he stiffness of the piles is
determined by multiplying the stiffness of a single pile by the total number of pilbs at
abutment.

Each abutment is supported by seven, 40 foot longnd2nominal diameter steel
pipe piles with spacing of 5.83 feet in medium dense sand with a friction angle of 34
degrees. The steel pipe piles are filled with concrete with compressavgth of 4 ksi.
The pipe is Grade 50 steel with a yield stress of 50 ksi. The water table is assumed to be
at the surface.

According to the soil properties, (medium dense saiion angle of 34 degrees,
below the water table), the coefficient of maduof subgrade reaction, f is 12 IB/inom
Figure 2-23 (Figure 612, Buckle et al., 2006b). The bending stiffness of a single pile,

Eplp is 1.18x10° Ib-in® including the concrete fill. The characteristic length, T is 62.86
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inches. The free head stiffness of a single pilge, K 19.435 k/in and the lateral stiffness
of thepile group,Kpyg, is calculated as 136.045 k/in.

Based on the momewurvature analysis of aingle steel pipe pile filled with
concrete, the ultimate moment is 26 .kAccording to the equivalent cantilever method,
the equivalent cantilever length; E 1.8T = 113.14 inches, and the ultimate lateral load,

Py is 28.21 kips. The ultimate load thfe pile group is therefore 197.47 kips.

2.9.1.4 LRB Properties and Design

The mechanical characteristicg @nd Ky of the LRB isolators were obtained from
preliminary analyses of the isolated bridges using the Simplified Method, which
primarily involved the detenination of the properties of the isolators themselves. The
design of the circular lead rubber bearings is not discussed herbystpp details can
be found in the GSID Design Examples (Buckle et al., 2011). Two designs are
summarized below, one fdné hybrid case and the other for the full isolation case.

(1) Isolator Design for Hybrid Isolation Case

The shear forceeflection relationship for all bearings was assumed to be bilinear.
Values for the characteristic strengthyY@nd postelasticstiffness (k) summed over all
the isolators were §= 0.154W = 255.24 kips, andqk 67.5 k/in. Isolator properties at
each abutment (total for three isolators), and the weights carried at each substructure, are
given inTable2-4.

It will be noted that the yield point is relatively high (about 15% of the structure
weight), which means that for small earthquakes, these devices will not yield but remain

elastic. Howevetthis yield level was chosen to control response during moderate
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major earthquakes. Behavior for small events should be checked separately but it is not
anticipated that the design will be governed by, or seriously affected by, the requirements
for thiscase.

Three isolators were located at each abutment and designed for a combination of
dead and live load as well as thermal and seismic movements. To satisfy these
requirements and to reduce the demand on the columns to less than yield (i.e. elastic
perfoomance), the following bearing sizes were chosen:

Plan dimensions (Circular):D = 22 inches

Overall height: H =5.45 inches

Diameter of lead core: d. = 6.875 inches

(2) Isolator Design for Fullsolation Case

For comparative purposes, a fulgolated bridge was designed and analyzed as
described below. Values for the pseudeld point (Q) and postelastic stiffness (K
summed over all the isolators werg © 0.09W = 152.4 kips, and k= 70.02 k/in.
Isolator properties at each abutment (téba three isolators), and the weights carried at
each substructure, are givenTiable2-5.

In this case isolators were provided at each abutment and at eactotpieof(12
isolators) and designed for a combination of dead and live load, as well as thermal and
seismic movements. To reduce the demand on the columns to less than yield (i.e. same
performance requirement as for the hybrid case), the following besirieg were chosen:

Abutments:

Plan dimensions (Circular):D = 14 inches

Overall height: H = 9.52 inches
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Diameter of lead core: d. = 3.5 inches

Piers

Plan dimensions (Circular):D = 17 inches
Overall height: H = 4.375 inches
Diameter of lead @re: d. = 4 inches

A summary of isolators for hybrid and full isolation cases is giveraiole2-6.

2.9.2 Design Example Results and Comparisons of Hybrid Isolation and Full
Isolation

The Simplified Method was executed using an Excel spreadsheet following the steps
given in Sections 2.3 to 2.9he results of the analyses by the Simplified Method for
fully isolated and hybrid isolated bridges are giveifable 2-7. For the responséistory
analygs given in these tablesthe Sylmar 360°record from the 1994 Northridge
earthquake was chosen and scaled by 0.475 such that Vladu& of the scaled record
was 0.41g. Comparison of the acceleration spectrum for this scaled record (F&Yre 2
and the design speam indicated that adjustments should be made for a fair evaluation
of the results from the Simplified Method against response history analyses. This
adjustment was done based on the predominant period of each case: 0.7 sec to 0.9 sec for
the hybrid caseand 1.5 sec to 2 sec for the full isolation case. As showrigire 2-24,
it turned out that no modification was necessary for hybrid isolation case, but foll the fu
isolation case, the design spectrum was amplified by 1.4 to match the response spectrum

of the 0.475*SYL360 record.
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As noted above, the sizes of the isolators and their lead cores were chosen to keep
the columns elastic in both the hybrid and fullyladed casesrigure2-21 indicates that
effectiveyield occurs aR.28 inchesand therefore the maximum displacement at the top
of the column must be less than 2.3fam elastic behaviorTable 2-7 shows that this
target was satisfied for both the isolatmthfigurations at the Design Earthquddg was
exceeded during Maximum Considered Earthqudlable 2-8 extracts key data from
Table2-7 for the Design Earthquak®r bothconfigurations.

It is clearly seenn Table 2-8 that hybrid isolation not only keeps the columns
el ast iyrbutaleo reducep the superstructure displacements by 68% for the Design
Earthquake, compad to full isolation. This means that the likelihood of abutment
pounding is much less and, depending on the clearance provided for thermal effects, may
not occur at all. However the abutment shear forces increased by a factor of about 2.7 and
the abutmenstructures need to be evaluated for this increase in demand.

It is expected that many abutments have sufficient capacity by engaging the fill
behind the back wall when the load is towards the abutment. However capacity and
stiffness in the opposite dirgen (away from the abutment) is substantially less and
reliance must be placed on the abutment at the opposite end of the bridge to help resist
these loads. The importance of this load sharing mechanism between the two abutments

is discussed in followingection.
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2.9.3 Effect of SoitAbutment Interaction on Seismic Response of Highway Bridges
with Hybrid Isolation

The effect of the reduction in pile stiffness due to sloping ground on the seismic
response of highway bridges is discussed in Chapter 3. In thispkxasiope effects
were taken into account using equivalent linear stiffness of pile groups in level ground (as
explained in Chapter 3). As shown irable 2-2, soilabutment interaction and gap
closure was investigated in this examplable 2-9 and Table 2-10 compare the results
from the Simplified Method for the three cases for the DE and M@&d respectively.

As shown inTable2-9, under the Design Earthquake no pounding is expected, and
hence the results from HI_2 and HI_3 are same. The superstruisipiszdment and pier
shear force are increased by about 16.6% in HI_2 and HI_3, while the total base shear is
close, compared to HI_1. This is because-abiltment interaction causes stiffness
redistribution while it does not influence the effective seffs of the whole bridge
system significantly. In other words, the piers attract more force, and the abutment on the
tension side has less shear but a larger displacement deswngared to HI_1.
Moreover, it is obvious the abutment backfill takes a laygeion of the load from the
superstructure and the piles have negligible displacement, due to the large stiffness of
backfill on the compression side. It is seen that the pile foundations bear the entire load
passed through the isolators and have largplatement on the tension side. This
demand may exceed the displacement capacity, especially, where the piles are in sloping
ground. The displacement of the piles on the tension side is 1.167 in, which is about 18
times the displacement of 0.065 in on tleempression side. Hence, the pile

displacement/force on the tension side is a critical design parameter.
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Table 2-10 shows the comparison for the MCE level. The samoaclusion is
reached as for the DE level that sailutment interaction increases superstructure
displacement and pier sheagmparing HI_1 and HI_2. The displacement of the pile
foundations on the tension side is 1.368 in, which is 18 times the disgatef 0.076
in on the compression side. However the difference in pier shear in HI_1 and HI_2 is
small, because the piers have small pasid stiffness after yielding in the MCE. In the
HI_3 case, the impact between deck and backwall occurs whereagapsaumed to be
2.5 in. Comparing HI_2 and HI_3, gap closure reduces the superstructure displacement
by 12% and pile displacement by 5% on the tension side, while it increases the force and
displacement of the abutment on the compression side by a ¢dc3dd. However, the
displacement of 0.234 in is still less than the backfill yield displacement of 0.8 in, that is,
the abutment has reserve capacity on the compression side. But if pounding is avoided,
the displacement of the abutment is only 0.076 in.

Table 2-11 compares the pile force on the tension side against the pile ultimate
capacity for the full isolation and hybrid isolation case 3 (HI_3) under the DE and MCE
The pile force is 36% and 49% of the ultimate load in full isolation for the DE and MCE
respectively. But for hybrid isolation the pile force is up to 80% and 89% of the ultimate
load for the DE and MCE respectively. The comparison shows the pile folessithan
the ultimate capacity for both the full and hybrid isolation cases under both the DE and
MCE levels. But the pile force in hybrid isolation is about twice that of full isolation, and

close to the ultimate capacity.
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2.10 Summary of Hybrid Isolation Design

The chapter has presentedl improved Simplified Methodhat includes yielding
substructures and s@butmenpile-structure interaction. The analysis procedure and
modeling of the isolators, yielding substructures, andamitment interaction have been
described. A design example has been given of a-Hpae, steel girder bridge with
hybrid isolation using thenproved Simplified MethodThe seismic performance of the
bridge verifies the benefits of hybrid isolation.

According to the analysis results, both hybrid isolation and full isolation were
effective at keeping the piers elastic under the design earthquake, However hybrid
isolation reduced the superstructure displacements by a factor about 3 for both the DE
and MCE respectively, compared to full isolation. On the other hand, the abutment shear
forceswere increased in hybrid isolation by a factor about 2e @butments must
thereforebe able to transfer forces from the superstructure to the foundation that are
considerably higher timain conventional designrHenceload sharing between the two
abutmats needs to be studied to understand the limitations of the technique.
Soilabutmentpile-bridge interaction was therefore introduced in timproved
Simplified Method Prior to impact, soiibutment interaction shifts forces to the piers
due to stiffnessedistribution but it does not influence the total base shear of the whole
bridge system significantly. Superstructure displacements also increase.. After impact,
gap closureeduceshe superstructure displacemewtsile increasing the total base shear.

It also increass the forces and displacemestof the abutmentdramatically on the

compression side. However the abutment backfills have sufficient capacity to bear the
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loads. The piles have small displacements on the cssjn side, but are much larger

on the tension side. These displacements may exceed the capacity of the piles in sloping
ground. This topic is discussed in Chapter 3, where it is shown that the capacity and
stiffness ofpiles in sloping groundis substanally lessthan in level ground. Sloping
ground is found under the end spans of most bridges and affects the properties of the

abutment piles accordingly.
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Table 2-1 Design Earthquakes and Seismic Performance ObjectivéBICHRP Project, 2001)

Performance Objective

Probability of Exceedance For Design . ,
Earthquake Ground Motions Life safety Operational
Maximum Considered Earthquake (MCE) | Service g'g?:'ctgg Immediate
3% PE in 75 years or 1.5Median P
Deterministic Damage | Significant Minimal
Service | Immediate Immediate
Expected Earthquake (EE)
50% PE in 75 years o o

Damage Minimal Minimal to None

Table 2-2 Analytical Cases of Hybrid Isolation by Simplified Method

Analytical Case Soil-Abutmentinteraction Gap Closure
HI_1 No No
HI_2 Yes No
HI_3 Yes Yes




Table 2-3 Material Stress-Strain Properties Used in XTRACT Analysis

Material Properties
fc' (ksi) 5.5
° 0.002
Unconfined Concrete Elc
G, 0.004
QS 0.006
f'ec (ksi) 7.217
° 0.0051
Confined Concrete e _
feu (ks|) 5.72
G, 0.0152
f, (ksi) 68
Es (ksi) 29000
Q 0.0023
#11 Steel Bars o
Gy 0.0125
fsu (KSi) 95
Gl 0.11
. (ksi 60
#8 Steel Spirals v (ks
Q 0.0021

Table 2-4 Overall | solator Properties for Hybrid Isolation (All Three Isolators)

Substructure Waub (Kips) Qq (Kips) Kg (k/in)
Abutment 1 164.89 127.62 33.75
Pier 2 663.43 / /
Pier 3 663.43 / /
Abutment 4 164.89 127.62 33.75

Totals 1656.63 255.24 67.50

58
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Table 2-5 Overall | solator Properties for Full Isolation (All Three Isolators)

Substructure Wb (Kips) Qq (kips) Kq (K/in)
Abut 1 164.89 33 6.72
Pier 2 663.43 43.2 28.29
Pier 3 663.43 43.2 28.29
Abut 4 164.89 33 6.72
Totals 1656.63 152.40 70.02
Table 2-6 Summary of LRB Design
Hybrid Isolation Full Isolation
Parameters Abutment Abutment Pier
Isolator Isolator Isolator
Total Height, H (in) 5.450 9.520 4.375
Bonded Diameter, B (in) 21 13 16
No. of Layers, n 11 22 8
Total Rubber Thickness, Tr (in) 2.75 5.50 2.00
Lead Core Diameter, din) 6.875 3.500 4.000
Bonded Area, A(in?) 309.24 123.110 | 188.500
Elastic Stiffness of Rubber, Kk/in) 11.25 2.24 9.43
Characteristic Strength,@kips) 42.54 11.00 14.40




Table 2-7 Comparison of Results for Full isolation and Hybrid Isolation by SM

DE (0.475*Syl360)| MCE (0.7125*Syl360)
Full Hybrid Full Hybrid
Isolation i Isolation | Isolation | Isolation
Parameters
S1(0) 0.41 0.41 0.62 0.62
Ou(kips) Abut 33 127.65 33 127.65
Pier 43.2 / 43.2 /
_ Abut 6.72 33.75 6.72 33.75
Ka(K/in) -
Pier 28.29 / 28.29 /
QJ/W, % 9.2% 15.4% 9.2% 15.4%
Basic Response
Disp. of Superstructurén), D 5.68 1.79 9.53 2.88
Disp. of Isolator at Abut (in), B.. 5.68 1.79 9.53 2.88
Disp. of Isolator at Pier (in), B, 4.10 / 6.66 /
Disp. of Pier (in), 1.58 1.79 2.87 2.88
Ductility Rati o, 0.69 0.79 1.26 1.26
Force Distribution (kips)
Abut 1 71.17 188.03 97.01 224.95
Pier 2 159.27 { 180.79 231.56 231.59
Pier 3 159.27 | 180.79 231.56 231.59
Abut 4 71.17 188.03 97.01 224.95
Total Base Shear (kips) 460.88 | 737.64 657.14 913.08
Base Shear/Weight, % 27.82%  44.53% | 39.67% 55.12%

Table 2-8 Comparison of Behavior for Full isolation and Hybrid Isolation

) ) ) Change
Full Isolation | Hybrid Isolation ,
Hybrid/Full
Superstructur®isplacement (in) 5.68 1.79 0.32
ColumnDisplacement (in)
, 1.58 1.79 1.14
( g2.28in)
Column Shear (K) 159.27 180.79 1.14
AbutmentShear (k) 71.17 189.04 2.66




Table 2-9 Summary of Results for Hybrid Isolation Cases under DE by SM

DE (0.475*SyI360)

HI 1 HI 2 HI 3
Parameters
S1(9) 0.41 0.41 0.41
Qua (kips) Abut 127.65 127.65 127.65
Kq(K/in) Abut 33.75 33.75 33.75
QJW, % 15.4% 15.4% 15.4%
Basic Response
Period(sec) T 0.689 0.725 0.725
Disp. of Superstructur@n), D 1.790 2.088 2.088
) . Abut 1 1.790 0.921 0.921
Disp. of Isolators(in), Diso
Abut 4 1.790 2.023 2.023
Abut 1 0.000 1.167 1.167
Disp. of Substructures (in),sR Pier 2 1.790 2.088 2.088
P- 'S Pier 3 1.790 2.088 2.088
Abut 4 0.000 0.065 0.065
Force Distribution (kips)
Abut 1 188.03 158.71 158.71
Isolators
Abut 4 188.03 195.89 195.89
Abut 1 / 0.00 0.00
Gap
Abut 4 / 0.00 0.00
. Abut 1 / 158.71 158.71
Piles
Abut 4 / 8.86 8.86
) Abut 1 / 0.00 0.00
Backfill
Abut 4 / 187.04 187.04
Pier 2 180.79 210.89 210.89
Pier 3 180.79 210.89 210.89
Total 737.64 776.38 776.38
Difference % 0.0% 5.3% 5.3%




Table 2-10 Summary of Results for Hybrid Isolation Cases under MCE by SM
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MCE (0.7125*SyI360)

HI 1 HI 2 HI 3
Parameters
Si1(9) 0.62 0.62 0.62
Qua (kips) Abut 127.65 127.65 127.65
Kq(K/in) Abut 33.75 33.75 33.75
QJW, % 15.4% 15.4% 15.4%
Basic Response
Period(sec) T 0.786 0.831 0.631
Disp. of Superstructurén), D 2.884 3.100 2.734
2.884 1.732 1.439
Disp. of Isolators(in), Diso Abut 1
Abut 4 2.884 3.024 2.500
Abut 1 0.000 1.368 1.295
i 2.884 3.100 2.734
Disp. of Substructures (in),s[? P!er 2
Pier 3 2.884 3.100 2.734
Abut 4 0.000 0.076 0.234
Force Distribution (kips)
Abut 1 224.95 186.08 176.18
Isolatois
Abut 4 224.95 229.67 212.00
Abut 1 / / /
Gap
Abut 4 / / 492.00
. Abut 1 / 188.08 176.18
Piles
Abut 4 / 10.38 31.83
/ 0.00 0.00
Backfil Abut 1
Abut 4 / 219.28 672.17
Pier 2 231.59 232.07 231.27
Pier 3 231.59 232.07 231.27
Total 913.08 881.89 1342.72
Difference % 0.0% -3.4% 47.1%
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Table 2-11 Comparison of Piles Force on the Tension Side against Ultimate Capacity

Ultimate Load = 197.4 kips

Earthquake Level Tension Side Fl HI_3

Pile Force Demand (kips)| 71.17 158.71

DE
Pile Force Demand
/Ultimate Load 0.36 0.80
Pile Force Demand (kips)| 97.01 176.18
MCE

Pile Force Demand

/Ultimate Load 0.49 0.89
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Chapter 3 Abutment Pile Foundations Capacity in Sloping Ground

3.1 Background

As discussed in Chapter lighway bridges by their nature are susceptible to
earthquake damagend oftensupported by pile foundations at both thpiers and
abutments. Bcent damage of highway bridges lamfirmed their vulnerability and
highlighted the importance of sqiile interaction intheir seismic response (Costa Rica
1991; Kobe 1995Chi-Chi 1999 Wenchuar2008; Chile 201Q Karantzikis& Spyrakos,
2000;Crouse etl.; 2006, Barbos& Silva, 2007).

During an earthquake, reversing seismic loads in the superstructure push the
abutment and backwall into the backfill in one direction and pull it away from the
backfill in the other direction. Teh stiffness of the abutmeptile-soil system varies in
each of these directions for two reasons: first the backfill is only effective in the push
direction, and second, the pile stiffness is less in the pull direction than the push.

This first phenomenorsiwell known, but the second is not so well understood, and
is the subject of the research described in this chapter. In the push direction the pile is
also pushed into soil that has a level surface (bridge approach), but in the pull direction
the pile ispulled towards the slope that is found under most bridges between the
abutment seat and the river or road beldugyre 3i 1). The stiffness and capacity of
piles in sbping ground is therefore of importance.

It is noted that abutment piles in bridges with expansion bearings are not engaged

in the pull direction and their properties in sloping ground are of little interest. The
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phenomenon just described occurs in bridga$ integral abutments and those with
fixed bearings or large isolation bearings at the abutments, as in the case of hybrid
isolation.

Work conducted to date on piles in sloping ground inclield tests (Bhushan,
1979; Gabr & Borden, 1990;Mirzoyan 2007; Nimityongskul, 2010)scale model tests
(Poulos, 1976Boufia & Bouguerra, 1995Mezazigh& Levacher, 1998Chae, 2004),
numerical models (Brow& Shie,1991;Terashi, 1991Chen& Martin, 2001;Gerogiadis
& Gerogiadis, 2010) and rieematical models (Rdos, 1976;Gabr & Borden, 1990;
Mezazign& Levacher, 1998Stewart, 1999Mirzoyan 2007 Nimityongskul, 2010have
beendoneto access the lateral respomgeiles near the slope or at the crestloé slope.

The results fronthis body of workshow a reduction in pile lateral load for pils in

sloping ground an@specially for pils at the crest othe slope.But these efforts have

been limited to studying the effect of edge distance to the crest of the slope and then only
for one or two slope angle$n addition, there s lack of systematic field testing
improve the knowledge of thale/pile graup behaviorin sloping ground.

In hybrid isolation, a large portion of the seismic loads are deliberately attracted to
the abutments and the salbutment ingraction should be included in the seismic
analysis and design approadh.is expected that many abutments can prouide
requiredcapacity by engaging the fill behind the back wall when theslaagtowards
the abutment. However abutment capacity aifthess in the opposite direction (away
from the abutmentare substantially less andepend on the sloping groundence, a

comprehensive analytical analysissirigle long pile subjected to lateral load at the crest
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of sloping groundis investigated inthis chapter using the computer program, Deep
Foundation System Analysis Program (DFSAP).

The outcome of this work is a reduction factor for elastic stiffness of pile
foundations in level ground to obtain properties in sloping gro@xisting stiffness

charts of pile foundations in level ground are used for this purpose.

3.2 Overview of Strain Wedge Model (DFSAP)

The Deep Foundation System Analysis Progr&@R3AP is based on the Strain
Wedge Model (SWM), andprovides direct assessment of theaddisplacement
relationship of asingle short,intermediate, or long pilegr a pile group with or without
cap by theLoad and Resistance Factor DesigRFD) procedure

The Strain Wedge Model (SWM) utilizes the geometry (horizontally and vertically)
of the threedimensional passive wedge of soil developing in front of the pilgure 3i 2)
or pile group as it is loaded laterally. The interference of overlapping shear zones
betweerthe piles in the group is considerdeigure 3i 3). The Strain Wedge Model has
the capability of analyzing a laterally loaded shaft/pile in different types of saiftgl(
clay, C-Gi s andrbck) with different pile head boundary conditions such as-ffresd,
fixed-head, zero head rotation and zero head deflectieiguie 3i4). Moreover,
nonlinear materi al behavior of pile is acc
is assigned for stressdrain relationship of concrete, and linearly elapgcfectly plastic
model is employed fostressstrain relationship of steel. Adainally, the sloping ground
surface may be considered in the program and definitions for positive and negative slopes

are given inFigure3i 5.
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Due to the different dilure mechanism between a short rigid pile and a long
flexible pile, analysis procedures different for short, intermediate and longiles.
Eventually, the short rigid pile will fail by rotation, while long flexible pile will fail by
bending (developing plastic hinge)Definitions of the short, intermediate and long piles

are shown irFigure3i 6.

3.3 Validation of DFSAP to Predict the Capacity of Pile in Sloping Ground

The validation of DFSAP to predict the behavior of laterally loaded short,
intermediate and long piles and pile groups in different soil deposits for level ground, has
been demonstrated by comparisons with other computer programs, scale model tests and
full-scale field testsAshour et al 1998, 2002a, 2002b, 20@&hour & Norris, 2000,

2003 2009. Validation of DFSAP for piles in sloping ground is made in this chapter
using results from two published fidtale field tests. The different studies are caega
against field test results with LPILE by Mirzoyan (2007) in sand at the Salt Lake City
International Airport Site, and with Plaxis 3D FoundationNiynityongskul (2010) in
cohesive soil at th€altrans test site atr@gonState University. Observedlifferences
between the numerical results and experimental data are believed to be due to errors of
soil properties between field conditions and computer modetingityongskul (2010)
proposed that possible factors that affect the soil properties, dgpéetidne upper soil

layers are seasonal water table, evaporation of surface moisture, and changes in stress
history due to mobilization of construction equipment and excavation. Especially, the
excavation of the slope significantly affected the soil prtgs and consequently affects

the lateral pile response particularly for pile at the crest of slope ground. As noted by
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others (Duncan, 1994; Dustin, 2006grogiadis& Gerogiadis, 201,0Nimityongskul
2010), soil within 6D to 10D (D = pile diameter) bel the ground surface is most
important with regard to the lateral response of pile to lateral load. Hence, some
modifications of the upper soil profile were made by Mirzoyan (2007) and
Nimityongskul(2010) in their numerical simulations of the two puldidHull-scale field
tests. Likewise some modification of the upper soil profiles is made in the DFSAP.

In addition, numerical analysis of these two field tests was performed using Plaxis

3D for comparison with the analytical results from DFSAP.

3.3.1 Salt LakeCity International Airport Site Test

Full-scale lateral loading tests on single driven steel pipe piles in sand (Mirzoyan,

2007) were conducted at a site near the Salt Lake International Airport to observe the
effects of sloping ground (slope angle = 3@hd pile location from slope crest on the
lateral response of piles.

The steel pipe pile had a length of 44 feet, an outer diameter of 12.75 inches, a wall
thickness of 0.375 inches, and an average yield strength of 58.7 ksi. The upper 8 feet
backfill waswashed concrete sand with frictionang® ( = 4 0 A, unit wei ght
The water table was- b feet below the ground surface. The applied lateral load point was
approximately 19.5 inches above the ground surface.

To match the field test for pile ilevel ground, the upper sand was modeled as silt
with friction angle of 5 4 . BoAqf thealaydr werdn e c o F
manipulated in the LPILE program (Mirzoyan, 2007). The same soil profile was used in

DFSAP as in LPILE, except that tfgction angle for the first two upper layers soil was
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changed to 527 which achieves a better match with the field tests for both level and
sloping ground. The soil properties used in DFSAP is showialie 3-1.

The comparison of lateral loatisplacementt pile head is showed Figure 3i 7.
Good agreement is shown for both tsigort and long pile data with DFSAP giving
slightly better results than LPILE. Another way to look at the data is define a loadyratio,
at a particular lateral displacement, D, as follows:

_ Load required at displacement D, in sigpgrounc (Eq.3-1)
Load required at displacement D, in legeund '

Then for the Salt Lake City Tests, at D= 3 inchges; 0.77, 0.77, and 0.86, for the

Field Tests, DFSAP and LPILE respectively.

3.3.2 Caltrans Test &e at Oregon State University

A series of fullscale lateral loading tests on iseldtdriven steel pipe piles in
cohesive soils were carried out at Oregon State University (Nimityongskul, 2010) to
assess the behavior of laterally loaded piles in thefiedstand near the edge of a slope
condi t i on s This dlopewag ®nstheEl By)excavation after the piles had been
driven and tests conducted in level ground.

The piles had a length of 30 feet, an outer diameter of 12.75 inches, wall thickness
of 0.375 inches, and an average yield strength of 74.7 ksi. The test piles weneta@ve
depth of 26 feet. The upper 10 feet soil was stiff to very stiff clay with upper baund S
2400 psf, and average S 1600 psf. The water table was 7 feet below the ground surface.
The applied lateral load point was approximately 3 feet aboverdhmd surface.

Firstly, the upper bound value of the upper cohesive soil and elastic pile properties

were used iranalyses bylaxis 3D Foundation prografor both cases of level ground
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and sloping groundThen, a factor of 0.45 and 0.6 was applied to aimédd shear
strength (§ and soil modulus (§) of the upper soil layer to account fewil disturbance
due to mobilization of constation equipment and excavation by Nimityongskul (2010).
To give better agreemeriietween DFSAP and tHeeld tests, a maifled S, = 2000 psf
was assignedto the upper 4 dda soil for level ground Also, to account for soil
disturbance during slope excavat@modified § = 900psf wasassignedo the upper 4
fed soil for sloping ground.The idealized soil profiles of level ground and sloping
ground in DFSAP is shown ifable3-2 andTable3-3.

Comparisonof the results from the numerical models and field tests data are

shown inFigure3i 8.

3.3.3 Comparisons of DFSAP and Plaxis 3Dylield Tests

Also numerical modeling of the above two field test was carried out by Plaxis 3D
for additional verification of DFSAP analysis of piles in sloping grouldstic piles and
nonlinear soil modelNlohr-Coulomb Soil Modél were considered in Ptes 3D, while
nonlinear pile and nonlinear soil properties were considered in DFSAP.

Based on the soil and pile properties in the first field test conducted by Mirzoyan,
2007, at a site near the Salt Lake City International Airport, the material propmtrties
piles and soil layers in Plaxis 3D are shownTable 3-4 and Table 3-5. Analysis that
modeled the top layer as cohesionless sand with a friction angléfadm@oth Plaxis
3D and DFSAP significantly underpredicted the strength of the pile in level ground,
which is consistent with the observation from LPILE analysisMiyzoyan (2007).

Analytical results from Plaxis 3D, DFSAP and LPILE are compared against the field test
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data in level ground ifrigure 3 9. To match the field test resultdiet above analyses
were then repeated using friction angles inupper sand layer of 54.4°and 521 Plaxis

3D and DFSAP respectively. These angles wéresen to match field test data in level
ground and then applied to the sloping ground case. Results are compaigrde3i 10
where it is shown that the numerical dats tend to overpredict pile capacity in level
ground andPlaxis 3D underpredicted the lateral load by about 25%; DFSAP program
gives a good prediction of lateral loadsloping ground.

In the second fulkcalelateral loading tests at tl@altrans tessite at Oregon State
University by Nimityongskul (2010), numerical analysis of the laterally loaded piles in
clay was conducted by Plaxis 3D. The same soil properties and pile properties are used in
this study by Plaxis 3D, as shown irable 3-6 and Table 3-7. Figure 3ill is a
comparison of the Plaxis 3D results obtained in this study with Plaxis 3D results by
Nimityongskul, 2010. Good agreement is demonstrated.

Analytical results for piles in level ground and slope ground computed by
Nimityongskul, 2010, are referred to compare with DFSAP resililte above Plaxis 3D
results byNimityongskul, 2010are compared against DFSAP results and field test data
in Figure 3i 12. Both models are in good agreement with the field data for level ground
but over predict the capacity of piles in sloping ground, based on soil properties for level
(undisturbed) ground. Buas noted in Section 3.3.2, the slope at the test site was
constructed by excavation and to account for the soil disturbance in the upper layers,
factors of 0.45 and 0.6 were applied to the undrained shear strepgamdSoil modulus
(Eso) in Plaxis 3D,and 0.45 to the undrained shear strengthi(SODFSAP in the upper 4

fed of soil. With these adjustments to the soil properties, better agreement is obtained
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between the numerical models and the field test data for the sloping ground case, as

shown inFigure3i 8

3.4 Laterally Loaded Long Pile in Sloping Ground by DFSAP

Based on the above validations of DFSAP against field tests data and Plaxis 3D
modeling, it is concludk that the DFSAP provides reasonable prediction of laterally
loaded pilesoil responses for piles in sloping ground. A parametric study of the effect of
slope on the capacity and lateral stiffness of laterally loaded piles is therefore investigated
using CFSAP program as described in this section.

Since lighway bridgesare typically supported by long driven piles, less than 2 feet
in diameter, the response of a single laterally loaded long pile is investigated in slopes of

varying degrees.

3.4.1 DFSAP Modeling ofPiles in Sloping Ground

A model used in DFSAP for a piupported abutment is shown kigure 3i 13,
l.e., pushing the pile/pile group against the backfill is tibaie response of pile/pile
group in level groundRigure 3i 13 a)); while pulling the pile/pile groupway from the
backfill is considered as response of pile/pile grau sloping groundKigure 3i 13 b)).
In a few field tests, a gap was observed for both cohesive (&aBorden, 1990
Nimityongskul, 2010) and cohesionless soils (G&mMBorden, 1990; Dustin, 2006;
Mirzoyan 2007).1t suggested that only considering the passive wedge of the soil in front

of the pile is accurate.
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A appropriate pile at the crest of slogegure 3i 13 b)) is therefore modeled as
continuous slope in front of and behind the pile but only a passive wedge of the soil down

slope of this pile is consideraa DFSAP.

3.4.2 Parametrc Study on Effect of Slope on Lateré&lapacityfor Single Long Pile

Generally, the lateral capacity of the pile in the transverse direction is enough and
usually, there is no slope in transverse direction, hence, lateral load in longitudinal
direction is onsidered.The pile head connection for a typical bridge with dgpé
abutment could be treated as a pinned connection, since the abutment seat may rotate.
The freehead condition is applied. For convenience in analysis, axial stiffness of the
piles wasassumed to be independent of the lateral stiffness. So lateral load in
longitudinal direction is considered in, and axial load at the pile is ignored. The following
assumptions are made in this parameter study:

(1) Freehead condition

(2) The ground behinthe pile is flat

(3) The pile is at the crest of the slop

(4) Abutment seat is not embedded in ground and its effect may be ignored

(5) Liquefaction may be ignored

The properties of a single, steel, pipe pile located in a soil layer of infinite depth
and at the crest of a slope, are studied for varying soil properties, pile geomedry,
slope angled. Figure 3i 14 shows pile location and principal dimensions. Soils a
characterized byrittion angle,i (28°, 33 and 40 for loos, medium, and dense sands

respectively, and undrained shear strength (&0, 1500, and 2200 psf for soft, medium,
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and stiff clays resgctively), and keep other parameters constaater, pile behavior is
studied for varying geometry and boundary conditions for different soil types and slope
angles. Soil properties are summarizedaible3-8 and pile properties iffable3-9.

As noted in Sec 3.3.1, i useful to use a load ratig, to describe trends in
behavior. But inhis case the definition ikq. 3-1, is modified to express ultimate load
ratios rather than load ratios at displacement, D. It will be g8egran ultimate load ratio,

YL, is a simple and effectiveay to illustrate the effect of slope on pile behavior because
it describes the reduction in capacity of a pile at the crest of a slope compared to the same

pile in level ground. It is defined as follows

(ultimate load,,,
_ i p (Eq.3-2)
(ultimate loag,,,,

YL

where (ultimate load)pe is the ultimate lateral load dhe pile atthe crest ofthe

slope, and (ultimate loag), is the ultimate lateral loaof thepile inthelevel ground.

3.4.2.1 Slope Angles
For this pareneter study, slope angles were varied from 0°(i.e. level ground) to the
maximum stable slope angle or 60°in clays in increment of 5? For sand, the maximum
slope angles are 25; 307 and 35°%or loose, medium dense and dense sand respectively.
Figure 3i 15 shows the ultimate load ratio plotted against slope angle fohéad
long piles in sands and clays. From this figuhe, teductiorin ultimate loadof the piles

is about 30%and $% ata slope angle of 25ih sandsand60°in clays respectively.
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3.4.2.2 Soil Type

Figure 3i 16 and Figure 3i 17 both show the reduction in capacity is almost
independent of soil type, sand or clay. It is true however, that piles in sand are more
sensitive to slope effects than those in clay, their ultimate capacity decreasing at a

consistently faster rate with sle@ngle than those in clay.

3.4.2.3 e/D Ratio

Pile head distance (e) above the ground surface is a significant parameter for
determiningslope effects ohe ultimate load ratiof the long piles. To study the effect
of pile head distance above the ground surfagea series of analyses were conducted
for a freehead pile, keping the same total pile length §65 fed) and same diameter
(D = 2 fed), while varyingthe e/D ratio at fredead casé&om O to 6.

Ultimate load ratios are again used to show the emibe of the e/D ratio on slope
effects, as shown iRigure 3i 18 to Figure 3i 26 for all soil types.For all soil types, the
larger e/D ratio, thdessreductionin ultimate load raticas theslope anglencreasesAt
large e/D ratio,the effect of slope on the ultimate load ratio is very small particularly for

slopes less than 2@ sand and 50in clay.

3.5 Results and Discussions

Based on the comparisons of resultem field tess and analytical modes,
discrepancy exists due to the difference of soil properties between field conditions and
computer modeling. According to analysis tde effects on response of long pikgt

the crests of sloping grounds, conclusions can be summarized as following:
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1) Slope effect on response of ilat crest of slope is more significant with
steeper slope.

2) The reduction of ultimate load pfles isobvious, about 30% andb% for long
pile at slope angkof 25°in sandand 60°in clayrespectively. So reduction of
ultimate capacity of pilein sloping ground should be considered in pile design.

3) For sand, the reduction rate is greater with highereskpgle, while smaller
reduction rate with higher slope angle for clay

4) Slope effect on ultimate load ratio of mlat crest of slope is almost not
influenced by soil type at mild slope (from 0 to 25 degrees). The influence of
slope on ultimate load ratio of pdén sand is larger than in clay with steeper
slope.

5) Pile head boundargoes notaffect slope effect on theltimate load ratio of
piles at the crest of slope much.

6) Slope effectis smaller with larger e/D ratio of long psleand insignificant
reduction of ultimate load for mild slope. And larger pile head distance above
ground, the slope effect could be ignoegdhe larger slope range.

7) At small slope range, the effects of e/D ratio on ultimate load ratio of long
pilesdue to slope change are not dominated by soil types.

8) With larger e/D ratio, the reduction of ultimate load ratio is almost same for
sands, whilghe reduction of ultimate load ratadueto the slope angle change
is more insensitive for pitein stiffer clay.

There are few differences of ultimate load ratio in the parametric stealy.

examplelinear interpolation of ultimate moment of pikeadgted, while the relationship
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of moment and latet force is not linear. Howevahe increment of moment is smathe

small differences are acceptable.

3.6 Reduction Factor of Pile Stiffness for Bridge Engineer Practice

A common approach fdiridge engineers men considering sepile interactionis
to represent the complexity of the soil profile, the type and arrangemdre ifes, and
nonlinear soil behavior by equivalent, lateral, ffiklad springs with stiffness coefficients
given by chartge.g. Buckle et al., 2006b). Tere is a great deal of informatiar this
typein the literaturebut only forpiles in level grounpthere is very little datéor pilesin
sloping ground

Accordingly it is proposed to generate modification factor to be used withrgxisti
charts for piles in level ground to account for the effects of slope, using the analytical

methods presented in Section 3.4.

3.6.1 Analytical Model of Pile in Sloping GroundJsing Equivalent Piles in Level
Ground

To develop modification factors for piles itoping ground, an analytical model of
an equivalent pile in level ground is developédg(re 3i 27). Based on analysis of
laterally loaded single long pile locatedthe crest of slopes with increasing gradients
and in level ground with increasing loadccentricities by DFSAP,hé equivalent
relationship of slope angle anderatio is found by equivalent eccentrically loaded piles
in level ground yielding the same stiffness as those in sloping ground. The detailed

procedure ofheequivalent approach ghown inFigure3i 28.
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3.6.1.1 Step 1. Developing Bilinear Loadisplacement Curve

To characterize the properties of behavior of laterally loaded pdijal lateral
load-pile head displacement curve for gila level groundwasreplaced by tinear load
displacement curveThe procedure to develop the bilinear lahsplacement curve is

shown in theFigure3i 29, and elastic stiffness die) is focused onni thisstudy

3.6.1.2 Step 2. Reduction Factor of Lateral Stiffnesslaing Laterally Loaded Piles in
Sloping Ground or With Load Eccentricity
Typically, lateral load vs pile head deflection curve is accepted by evaluating the
slope effect. To simplify the procesd considering slope effect on the response of
laterally loaded long piles at the crest of slope, reduction factor of elastic stiffness was
adopted to consider slope effect on the response of long laterally loaded piles at the crest
of sloping ground aneéffect of equivalent load eccentricity (e) on piles in level ground.

The definitions are as following:

_ (Elastic Stiffneskg,,. d y _ (Elastic Stiffnesg, ,
(Elastic Stiffnesg, ., <P (Elastic Stiffnesk,

Yics (Eq.3-3)

vel

where (Elastic Stiffnesgpe is the lateral stiffness of seilile system at crest of
slope, (Elastic Stiffnesg) is the lateral stiffness of sqilile system at level ground with
e/D ratio, and (Elastic Stiffness)level is the lateral stiffness ofpsleilsystem in level
ground €/D = 0).

According to the definition of reduction factor, repeatiagep 2to get bilinear
curve for piles in level ground with e/D ratio and piles at the crest of different sloping
ground, reduction factors with slope angle or e/D ratio for sand andactagbtained

based on DFSAP analysiBigure3i 30 andFigure3i 31).
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3.6.1.3 Step 3. Relationship between Slope Angle and e/D Ratio

For investigating the effects of pile diameter on the reduction factor of lateral
stiffness with e/D ratio, e/D rativasused to express the equivalent load eccentricity (e).
Based on the reduction factor laferal stiffness by DFSAP analyskgure 3i 32 shows
the effect of pile diameter on reduction factor of lateral stiffness with e/D ratio is
insignificant. The way to access the equivalent load eccentf@)ity that pilesin sloping
ground and pile with load eccentricity in level ground yield the same reduction factor of

lateral stiffness at pile hea#igure3i 33).

3.6.2 Lateral Stiffness Based o Beam m Elastic Foundation (BEF for Laterally
LoadedLong Pileswith Load Eccentricity
Based on the Beam on Elastic Foundation (BEF) characterization that considers
pile as a beam of flexural stiffnessy(f} supported by a series of discrete springs of
stiffness, modulus of subgrade reacti?), the governing ordinary deferential equation

for the laterally load piles is:

£ (L D+E) (Eq.3-4)

-
For a typical laterally loaded pile shownHhigure 3i 34, the closed form solutions

by using characteristic length (T) for combined applied lateral loads and applied moments

are as following:

ﬂmﬁ+qwﬁ
EPIP Eplp

Deflection, y = (Eq.3-5)

AHT?  BMT

EPIP EPIP

Slope, s= (Eq.3-6)
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Bending moment, M = A H, T+ B M, (Eq.3-7)
Shear force, \# A»HH% (Eq.3-8)
H, B M
Soil reaction, p = A +—P2 (Eq.3-9)
T T
where:
T = characteristic length
= (Celeys
f
f = coefficient of modulus of subgrade reaction
Ho = applied lateral force at z=0
Mo = applied momentatz =0

Ay1 A51 Am1 AV1 Ap

nondimensional coefficients relaig to an applied
lateral force H for deflection, slope, bending moment,

shear and soil reaction, respectively

By, Bs, Bm, By, Bp nondimensional coefficients relating to an applied
moment M for deflection, slope, bending moment, shear
and soil reaction, respectively

For typical bridge conditiomnvhere the ratio oembeddedength of the pile to the
characteristic length ¢&/T) is greater than 4, the infinitely long pile solution would yield
sufficient accuracy (within 10 percent of the actual finite length solution). Therefore, the
infinitely long pile solutiorwasadopted by Lam and Martin (198@).tabulation of non

dimensional A and B coefficients for various combinations @ahtl My were presented

for clay and sand of linear subgrade modulug. (E
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In addition, singldayer pilehead stiffness design chameredeveloped by Lanet
al. (1991) with subgrade modulus increasing linearly with depth, from zero at ground
surface where pile head located for both sands and claydglure 3i 35). Given the
coefficient of modulus of subgrade reaction (f), and the flexural stiffness of the gig (E
stiffness matrix can be read directly from the chamsFigure 3i 36 to Figure 3i 39
(Figure 68 to Figure €11, Buckle et al., 2006bpesign charfor piles with pinned head

(i.e., zero bending momeng given in Figure 4.1 (Buckle at al.200@) or calculate by
Epl p
Kel, pile = 041? (Eq 3'10)

The coefficient of modulus of subgrade reaction (f) is not an intrinsic soil property.
The recommendations for f are represented in Figues @&nd 613 (Buckleet al, 2006)
for sand and clay, respectively.

For freehead condition, theedlection at pile head for laterally loaded pile with
load eccentricity (e)Higure 3i40(a)) can be derived from pile head deflection under
lateral load at the grounsurface based on solutions of the BHEHg(re 3i 40(b) and

cantilever deflectionKigure3i 40(c)).
Yo=Y ™M (Eq.3-11)
Y. =Y, tetan(s) (Eq.3-12
For small slope, s = tan(s), hence, then
Y=Y, 9 (Eq.3-13
According to the beam on elastic foundation approach,

AHT B MT

Pile deflection at ground surface, y =
EPI P Epl p
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AHT>  BMT

Pile slope at ground surface, s

E.l, E.l,
where:
Ho = applied lateral force at pile head
e = load eccentricity
Mo = applied moment at ground surface due to load eccentricity & H
Eplp =  pile flexural stiffness
T = characteristic length
= (Eeleyi
f
f = coefficient of modulus of subgrade reaction
Vi = total pile head deflection
Ys = pile head deflection under lateral load at the ground surface
Ye = cantilever deflection
_ H,€’
3E,I,
hence, théotal deflection at pile head,
w= AVEH;)Tg +BVEM|°T2 (AEH?TZ Eélvlir) 3_:},? (Ea.3-14)
p-p pp p P pp P
_H, E.l, 1
Rome =737 73 A+(B, +A)8L B(%)° 083(% ) (Ea.319
Define & =

1
A+(B, +A) & B(S)* 083(8Y
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Thecoefficients A, By, As, Bsat ground surface (ie. z = 0) are showiTable3-10.

Based on the beam on elastic foundation method, substituting load eccentricity (e
or e/D) from the equivalent approach Faj. 3-15, thenEq. 3-3, the reductiorfactor of
lateral stiffness is gotten as bellow,

yK:M(By +A) &1 :s(%)z 0838y €q.316

3.6.3 Reduction Factor of Pile Lateral Stiffness in Sloping Ground

Curves of the reduction factor of lateral stiffness withpsl angle are plotted in
Figure3i 41, which shows that the soil types have small impact on the reduction factor of
lateral stiffness, therefore, average reductionofars recommended after curve fitting in

this study for sands and clays respectiveigire3i 42).

3.7 Abutment Pile Foundations Transverse Capacity in Sloping Ground

Abutment Pile foundation not only subjected to longitudinal load from
superstructure, also subjected to transverse load from superstructure, as Stiguvein
31 43. While there is lack of field test data for pile in sloping ground subjected to parallel
lateral load. DFSAP is not suitable for analyzing-pdi response in that case. limited
numerical analyses of parallel laterally loaded pile by Plaxis 3D were coddudteh
was based on the soil profile and pile properties from Caltrans test site at Oregon State
University.

The side view of modeling of transverse laterally loaded pile is shoWwigime 3i

44. Only three slope angles 26.57°(S1), 45°(S2) and 60°(S3) were appliegure 3i 45
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shows the computed lateral lepde head displacement curves. The numerical results
indicate effect ofslope on theesponse ofransverse laterally loaded pile is larger with
steeper slopeThe bad ratioat 2.5 inches is 91%, 86% and 82% at slope = 26.57; 45°
and 60°respectively.

Though the reduction of pile load exits, the reduction could be ignored base on this
case. Hence no reduction of lateral stiffness of pile subjectedrisverse lateral load in

sloping ground is recommended.

3.8 Example of Effect of Slope on Seismic Response of Hybrid Isolated Bridge

using Simplified Method

Based on analysis in the Chapter 2, the piles on the tension side take the entire load
transferred fom the superstructure, and have large force and displacement demands.
While the previous analysis assumed piles have same capacity on the compression side
and tension side where is sloping ground. But according to above study, reduction in
capacity and laral stiffness of the piles in sloping ground is significant. For further
understanding seismic response of hybrid isolated lsidtfee same bridge design
example is reanalyzed by applying the reduced stiffness for piles in sloping ground.

There was naletail of the slope ground for the benchmark bridge, hence slope of
30 degree is assumed. The water table was assumed at the surface of pile head ground.

The pile properties and soil profile are showrrigure 3i 46.
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3.8.1 Linear Model of SoitPile Group Interaction in Sloping Ground

Recall from the calculation of elastic stiffness of piles level ground in Section 2.,
lateral stiffness of the pile group,Kis calculated as36.045 k/in and the ultimate load
for piles is 197.47 kips.

Based on the assumption of slope of 30 degree, the reduction factor of lateral
stiffness is 0.53 from the proposed reduction factor vs. slope angle curve and the
reduction factor of lateral cap#giis 0.65 from the reduction factor vs. slope angle curve.
That is, the lateral stiffness of piles is 136.045 k/in on the compression side and 72.101
k/in on the tension side; the lateral capacity of piles is 197.47 kips on the compression

side and 128.3Rips on the tension side.

3.8.2 Analysis of Hybrid Isolated Bridge Considering Seflile Group Interaction in
Sloping Ground by the Simplified Method
Seismic analysedor hybrid isolated bridge with sedbutment interaction in
sloping ground weresonducted forboth the Design Earthquake (DE) and Maximum
Considered Earthquake (MCE), and compared with the previous analyses of hybrid

isolated bridge where sedlbutment interaction in level ground was assumed.

Gap closure effect is also investigated using the $imipl ed Met hod. A H
assumes the abut ment system is rigid, and
bridge with sola but ment interaction in |evel grou

sloping ground. The results of the above three cases usingngveved Simplified

Method are shown ifmable3-11to Table3-13.
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At the Design Earthquake (DE) level, as showTable 3-11, the superstructure

displacementand pirhear are increased about 27% in
base shear is only increased about 7. 7%, C
the AHI Level d case, the slope ground doe:
and total base shker dr amati cal |l y. The force of pil es
ultimate | oad capacity of piles in sloping

case does not, as shownTable 3-14, since sloping ground remarkably decreases the
ultimate load capacity of piles, even force of the piles on the tension side at the
AHI Sl oped case is reduced by 15%.

At the Maximum Considered Earthquake (MCE) level, redyutzs stiffness on

the tension side due to sloping ground increases superstructure displacement and pier

shear slightly, and reduce force of piles
AGap Closureo cases. | n Tdble3-1% Bagof pdggem 0 c a s
the tension side in the AHI _Sloped case |

abutment on the compression side is increased a littlep@med wit h t he AH
case. But i n the A GalmableG-IL3)fercerofgies anthstensians s h o
side in the AHI _SI op e anddisplacement of alsitenent asmshe e d b
compression side is increased by 18%, <comp
Table3-14 andTable3-15 extract the piles force on the tension side against the pile

ultimate capacity in level and sloping grounds. The comparisons show force of piles on

the tension side in sloping ground is over thémadte load capacity by 5%, 26% at the

DE and MCE | evels respectively for the 0Ge

capacity in level ground. In addition, force of piles on the tension side in sloping ground
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exceeds the ultimate load capacity byl &ince the closure of gap diminishes the force

demand of piles.

3.9 Summary

Since most of the analytical programs and theoretical methods, and design codes
are only validated for piles in level ground, an analytical model of laterally loaded pile in
slopinggroundusing equivalent pile ifevel groundwas conducted in thistudyto make
use of the methodologies in level ground. Based on systematic analysis of single long pile
subjected to lateral load in sloping grounds or level grounds by the strain wedge model
computer program, deep foundation system analysis program (DFS&&)jonships
among reduction factor of lateral stiffness, slope angle and lateral load eccenteiaty
derived. Correspondingly, a relationship between reduction factor of lateral stiffness and
lateral load eccentricityvas derived from long laterally l|ded pils in level ground
based on the Beam on Elastic Foundation (BEF). The curves of reduction factor of lateral
stiffness with slope angleere achieved for sands and clays respectively, to predict the
lateral force of pilsat the crest of sloping guod from analysis of pikin level ground.

The results show the lateral stiffness of a pile foundation is considerably greater
when pushing into level ground (backfill direction) than when pulling away and towards
the slope. Thehorough parametric studieshowthe effect of pile diameter on reduction
factor of lateral stiffness with slope angle is insignificant, that is, the reduction factor of
lateral stiffness is suitable for different pile diameter. The effects of friction angle and
undrained shear stingth on the reduction factor of lateral stiffness are negligible for

sands and clays respectively. Then an average reduction factor is recommended for sands
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and clays. Reduction in lateral stiffness of pile is increased with increasing slope angle up
to 58% for 60°slope in clays and for 35°lope in sandsence, the slope effect on lateral
stiffness should be explicitly included for evaluation of seismic response effqiled
highway bridges.
The effect of slope oseismic response of hybrid isolateddge was also studied
by considering the reduced stiffness of piles in sloping ground using the improved
Simplified Method. The results shoeffect of slope is to increase the displacement
demand on the abutment on the tension side dramatically, dugntficaint reduction of
elastic stiffness of piles in sloping grounthese results also show the force demand on
the tension side is decrease, but it exceeds the ultimate load capacity, since reduction of
load capacity of piles is great due to sloping gihu
However, there are several assumptions in this analytical study for simplifying the
complexity of soHpile interaction in sloping ground. Some of the suggestions are listed
below:
1 Linear assumption of soil subgrade modulus profile is applicable faissand
soft clay, while in case of stiff clay, modulus of subgrade reaction is generally
assumed to be constant with depth. Hence, multiple approaches are
recommended for stiff clay.
1 Linear soil modulus of subgrade could lead to a reasonable approxiraftion
the nonlinear solution in limited ranges of pile head deflection. Compatibility
with force demand and displacement demand should be check in choosing the

coefficient of modulus of subgrade reaction.
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1 Lateral load of pile is significantly resistant byetkoil surrounding the pe

within a depth equal to 5 to 10 pile diameters, hence, complete and thorough
soil tests should be conducted, especially near the surface.

1 Slope effect on a single laterally loaded pile is studied here. Generally, the

abutment s supported by a pile group, which is a more complex problem.
Given the many uncertainties in site conditions and pile group configuration,
such as pile guap location and pile spacthe same reduction factor of lateral
stiffness is recommended for pileogip in sloping ground.

Additionally, the reduction factors are obtaghfrom the analytical analysis, which
need to be verified by more fidcale field tests. The error exists due to bilinear curve
instead of real curve, and the empirical value of fer€fore, multiple approaches are
recommended in actual analysis and engineering judgments should be applied. The
computer approach is recommended to accommodate the nonlinear, multilayer soil

situation
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Table 3-1 Soil Profile of Salt Lake City International Airport Site Test in DFSAP

No of Soil Thickness Eff. Unit Frictio? Cly SuTop | Su Bot.
Layer Type (ft) Weight (pcf) | Angle (°) (psf) (psf)
layer 1 | C-Phi 6.96 106.27 52 0.010| 136.80 | 136.80
layer 2 | C-Phi 1.00 43.20 52 0.010| 136.80 | 136.80
layer 3 Clay 1.00 57.02 0.010| 864.00 | 864.00
layer 4 Clay 3.00 57.02 0.010| 1044.00| 1044.00
layer 5 Clay 3.00 57.02 0.010| 835.20 | 835.20
layer 6 Sand 5.75 51.84 38 0.000, 0.00 0.00
layer 7 Clay 1.75 57.02 0.010| 1188.00| 1188.00
layer 8 | Clay 1.75 57.02 0.015| 522.72 | 522.72
layer 9 Clay 2.00 57.02 0.010| 1127.52| 1127.52
layer 10 | Sand 37.16 57.02 47 0.000, 0.00 0.00

Table 3-2 Soil Profile of Caltrans TestSite at Oregon State Universityfor Level (L)

Ground in DFSAP

No of Salil Thickness El_‘f. Unit Friction v Su Top | Su Bot.
Layer Type (ft) Weight (pcf) | Angle (°) (psf) (psf)
layer 1 Clay 4 115.0 0 0.01 2000 2000
layer 2 Clay 3 115.0 0 0.01 2400 2400
layer 3 Clay 3 52.6 0 0.01 2400 2400
layer 4 Sand 3 67.6 40 0.00 0 0
layer 5 Clay 5 52.6 0 0.01 2400 2400
layer 6 Sand 5 67.6 45 0.00 0 0
layer 7 Clay 14 47.6 0 0.01 3500 3500
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Table 3-3 Soil Profile of Caltrans test site at Oregon State Universityor Sloping (S)
Ground in DFSAP

No of Soil | Thickness Eff. Unit Friction G Su Top| Su Bot.
Layer Type (ft) Weight (pcf) | Angle (°) 0 (psf) (psf)
layer 1 | Clay 4 115 0 0.01| 900 900
layer 2 | Clay 3 115 0 0.01 | 2400 2400
layer 3 | Clay 3 52.6 0 0.01 | 2400 2400
layer 4 | Sand 3 67.6 40 0 0 0
layer 5 | Clay 5 52.6 0 0.01 | 2400 2400
layer 6 | Sand 5 67.6 45 0 0 0
layer 7 | Clay 14 47.6 0 0.01 | 3500 3500




Table 3-4 Soil Profile of Salt Lake City International Airport Site Test in Plaxis 3D

| sonuntweignt | Coneson| ouns | Posons Frcen | Diatavey|nerace
No of Sall
Layer Layer Qunsat Dsat Cref Eret 3 u Y Rinter
Ib/in® Ib/in® pSi pSi - degrees | degrees -
layer 1 Sand 0.061 0.061 0.95 8.0 0.35 54.5/40 10 1
layer 2 Sand 0.061 0.061 0.95 8.0 0.35 54.5/40 10 1
layer 3 Clay 0.069 0.069 6 15 0.495 - 0 1
layer 4 Clay 0.069 0.069 7.25 2.0 0.495 - 0 1
layer 5 Clay 0.069 0.069 5.8 15 0.35 - 0 1
layer 6 Sand 0.066 0.066 - 5.0 0.495 38 3 1
layer 7 Clay 0.069 0.069 8.25 2.0 0.495 - 0 1
layer 8 Clay 0.069 0.069 3.63 1.0 0.495 - 0 1
layer 9 Clay 0.069 0.069 7.83 2.0 0.495 - 0 1
layer 10 Sand 0.069 0.069 - 7.0 0.35 a7 4 1
Table 3-5 Pile Propertiesof Salt Lake City International Airport Site Test in Plaxis 3D
Density Thickness Young's Modulus Poisson's Ratio
Material Type _of Element type
Parameter Behavior steel d E 3
Ib/in® in ksf -
steel pipe pile elastic plate (wall) 0.289 0.375 4.18E+06 0.1
bottom cap elastic plate (floor) 0.289 2 4.18E+06 0.15

106
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Table 3-6 Soil Profile of Caltrans TestSite at Oregon State Universityin Plaxis 3D
(Nimityongskul, 2010)

Soil Unit Cohesion Young's | Poisson's | Friction | Dilatency I?el :fuf?if:n
Weight Modulus Ratio Angle Angle
. Factor
Soil
L-El}’f."f Vimsar | Veat Craf Erer v f,.f? W Rinter
pct | petf psf ksf - degrees | degrees -
E.UPP"?‘, 115 | 115 | 2400 158 0.495 - 0 0.7
chesive
L;Pp“ 130 | 130 - 600 0.35 40 0 0.7
and
E.L"’“’?‘, 115 | 115 | 2400 158 0.495 - 0 0.7
chesive
LS"“"“ 130 | 130 - 600 0.35 45 0 0.7
and
Blue
Gray 110 | 110 3500 158 0.495 - 0 07
Clay

Table 3-7 Pile Properties ofCaltrans TestSite at Oregon State Universityin Plaxis 3D
(Nimityongskul, 2010)

Density | Thickness ;Gz.nf > PCE“'?’“ s
Material Type of | Element gcuue Ao
Parameter | Behavior type Vsteel d E v
Ib/in® in. ksf -
Steel Pipe : plate \ 7
Pile Elastic (wall) 0.289 0375 4 1x10 01
\ . plate 5 5 ;
Bottom Cap Elastic (floor) 0.289 1.5 29x10 0.15
Table 3-8 Soil Property Parameters in DFSAP
Eff. Unit | Friction | Unstrained
Soil Type Weight Angle | Shear Strengtl] (4,
o (pr G ( S, (psf)
Dense DS 57.6 40 / 0.005
Sand| Medium Dense | MDS 57.6 33 / 0.005
Loose LS 57.6 28 / 0.005
Stiff StC 57.6 / 2200 0.01
Clay Medium Stiff MSC 57.6 / 1500 0.01
Soft SoC 57.6 / 800 0.01




Table 3-9 Steel Pipe Pile Properties in DFSAP
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Len{T Ratio (e/D=0)

. Pile | Dia. Wall
Tli/fe Length| D | Thickness (kféi) (kEsSi)

Le(ft) | (ft) t (in) LS | MDS | DS | SoC| MSC| StC
LF?iIneg 65 | 2 0.5 60 | 29000| 7.65| 8.77 | 9.75| 6.89| 7.81 | 8.43

Table 3-10 CoefficientsAy, By, As, Bsat ground surface for Es=fz (Lam & Martin, 1986))

zIT

Ay

As

By

Bs

0.00

2.435

1.623

1.623

1.749
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Table 3-11 Comparison of Results from SM for Hybrid Isolation Cases at the DE level

DE (0.475*SyI360)

HI HI_Level | HI_Slope
Parameters
S1(9) 0.41 0.41 0.41
Qua (kips) Abut 127.65 127.65 127.65
Kq(K/in) Abut 33.75 33.75 33.75
QJW, % 15.4% 15.4% 15.4%
Basic Response
Period (sec), T 0.69 0.73 0.75
Damping Ratio, e 21.9% 15.5% 13.0%
Disp. of Superstructurgn), D 1.79 2.09 2.27
. . Abut 1 1.79 0.92 0.40
Disp. of Isolators(in), Diso
Abut 4 1.79 2.02 2.20
Abut 1 0.00 1.17 1.87
_ _ Pier 2 1.79 2.09 2.27
Disp. of Substructures (in),s3 -
Pier 3 1.79 2.09 2.27
Abut 4 0.00 0.065 0.067
Force Distribution (kips)
Abut 1 188.03 158.71 134.74
Isolators
Abut 4 188.03 195.89 201.90
Abut 1 / 0.00 0.00
Gap
Abut 4 / 0.00 0.00
. Abut 1 / 158.71 134.74
Piles
Abut 4 / 8.86 9.13
. Abut 1 / 0.00 0.00
Backfill
Abut 4 / 187.04 192.77
Pier 2 180.79 210.89 229.07
Pier 3 180.79 210.89 229.07
Total 737.64 776.38 794.78
Difference, % 0.0% 5.3% 7.7%
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Table 3-12 Comparison of Results from SM for Hybrid Isolation Cases for Gap Open at

the MCE level
MCE (0.7125*SylI360)
HI HI_Level | HI_Slope
Parameters
Si1(9) 0.62 0.62 0.62
Qu(kips) Abut 127.65 127.65 127.65
Ka(k/in) Abut 33.75 33.75 33.75
QdW, % 15.4% 15.4% 15.4%
Basic Response
Period (sec), T 0.79 0.83 0.86
Damping Ratio, e 26.8% 25.3% 24.5%
Disp. of Superstructurén), D 2.88 3.10 3.23
. . Abut 1 2.88 1.73 1.00
Disp. of Isolators(in), Diso
Abut 4 2.88 3.02 3.15
Abut 1 0.00 1.37 2.24
. : Pier 2 2.88 3.10 3.23
Disp. of Substructures (in),s3 :
Pier 3 2.88 3.10 3.23
Abut 4 0.00 0.076 0.078

ForceDistribution (kips)

Abut 1 224.95 186.08 161.21

Isolators
Abut 4 224.95 229.67 234.04
Abut 1 / 0.00 0.00
Gap
Abut 4 / 0.00 0.00
. Abut 1 / 188.08 161.21
Piles
Abut 4 / 10.38 10.58
. Abut 1 / 0.00 0.00
Backfill
Abut 4 / 219.28 223.46
Pier 2 231.59 232.07 232.34
Pier 3 231.59 232.07 232.34
Total 913.08 881.89 859.93

Difference, % 0.0% -3.4% -5.8%
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Table 3-13 Comparison of Results from SM for Hybrid Isolation Cases for Gap Closure at

the MCE level
MCE (0.7125*Syl360)
HI HI_Level | HI_Slope
Parameters
Si1(9) 0.62 0.62 0.62
Qu(kips) Abut 127.65 127.65 127.65
Kq(k/in) Abut 33.75 33.75 33.75
QJW, % 15.4% 15.4% 15.4%
Basic Response
Period (sec), T 0.79 0.63 0.61
Damping Ratio, e 26.8% 15.4% 13.3%
Disp. of Superstructur@n), D 2.88 2.73 2.78
. . Abut 1 2.88 1.44 0.69
Disp. of Isolators(in), Diso
Abut 4 2.88 2.50 2.50
Abut 1 0.00 1.30 2.09
. : Pier 2 2.88 2.73 2.78
Disp. of Substructures (in),s3 :
Pier 3 2.88 2.73 2.78
Abut 4 0.00 0.234 0.276
Force Distribution (kips)
Abut 1 224.95 176.18 150.75
Isolators
Abut 4 224.95 212.00 212.00
Abut 1 / 0.00 0.00
Gap
Abut 4 / 492.00 617.79
. Abut 1 / 176.18 150.75
Piles
Abut 4 / 31.83 37.52
. Abut 1 / 0.00 0.00
Backfill
Abut 4 / 672.17 792.27
Pier 2 231.59 231.27 231.35
Pier 3 231.59 231.27 231.35
Total 913.08 | 1342.72 1443.24
Difference, % 0.0% 47.1% 58.1%
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Table 3-14 Force Demand against Ultimate Load for Piles at the DE Level

Ultimate Load in Level Ground = 197.47 kips
Ultimate Load in Sloping Ground = 128.36 kips
Earthquake Level Tension Side HI_Level | HI_Slope
Pile Force Demand
(Kips) 158.71 134.74
DE _
Pile Force Demand 0.80 105

/Ultimate Load

Table 3-15 Force Demand against Ultimate Load for Piles at the MCE Level

Ultimate Load in Level Ground

Ultimate Load in Sloping Ground

197.47 kips

128.36 kips

Tension Side HI_Level | HI_Slope

Pile For(?e Demand 186.08 161.21

(kips)
Gap Open I g
Pile Force Deman
/Ultimate Load 0.94 1.26

Pile For(?e Demand 176.18 150 75

(kips)
Gap Closure :
Pile Force Demand 0.89 117

/Ultimate Load
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Figure 3i 2 Basic Strain Wedge Model in DFSAP (Ashour et al. 1998)
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Figure 3i 3 Interference between Two Piles in a Group (Ashour et al. 2004)
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Figure 3i 4 Pile Head Boundary Conditions in DFSAP Ashour and Norris, 2006)

4. Zero shaft-head deflection, Ay =0
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Up-Hill Loading Down-Hill Loading
(+ve Slope Angle) (-ve Slope Angle)

—

Figure 3i5 Sloping Ground and Load Direction Definitions in DFSAP
(Ashour and Norris, 2006)
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f = Coefficient of Modulus of Subgrade Reaction

Figure 3i 6 Short, Intermediate and Long Pile Definitions as Used in DFSAP
(Ashour and Norris, 2006)
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Figure 3i 10 Comparison of Analytical Resultsfrom Plaxis 3D, DFSAPagainst theField
TestData in Level (L) Ground and Sloping (S) Ground, Salt Lake City Site
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Figure 3i 11 Comparison of Plaxis 3D Results by Nimityongskul, 2018nd This Study in
Level (L) Ground and Sloping (S) Ground, Oregon State University Site
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University Site
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Figure 3i 13 Simplified Models of Typical Abutment Pile Foundations
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Figure 3i 14 Pile Configuration and SoilDimension
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Figure 3i 15 Ultimate Load Ratio vs. Slope Angle for FreeHead Long Pile in Different Soil

Types
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Figure 3i 16 Ultimate Load Ratio vs. Slope Angle for FreeHead Long Pile in Sands
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Figure 3i 17 Ultimate Load Ratio vs. Slope Angle for FreeHead Long Pile in Clays
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Figure 3i 19 Ultimate Load Ratio vs. Slope Angle for Long Pilewith Different e/D Ratiosin
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Figure 3i 21 Ultimate Load Ratio vs. Slope Angle for Long Pilewith Different e/D Ratiosin
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Figure 3i 23 Ultimate Load Ratio vs. Slope Angle for Long Pilewith Different e/D Ratiosin
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Soil Types
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Figure 3i 25 Ultimate Load Ratio vs. Slope Angle for Long Pile with e/D = 3 in Different

Soil Types
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Figure 3i 27 Equivalent Model of Piles in Level Groundfor Piles in Sloping Ground

Plot Load-Displacement Curve by DFSAP Analysis
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Figure 3i 28 Flowchart of the Equivalent Approach
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Figure 3i 29 Flowchart of Procedure to Develop the Bilinear LoaeDisplacement Curve
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Figure 3i 35 Soil Subgrade Modulus Linear Profile
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Chapter 4 Numerical Validation of Hybrid Isolation Methodology

4.1 Introduction

To validate theseismic performance of highway bridges witlbrid isolation,
verify the improved Simplified Method, and comprehend the load sharing mechanism
between the two abutments, a benchmark bridge was chosen and a series of finite element
models were created usif§AP2000. These models were then analyzed using the
nonlinear response history method.

The design of the benchmark bridge satisfied ARSHTO LRFD Bridge Design
Specifications (AASHTO LRFD), AASHTO Guide Specifications for LRFD Seismic
Bridge Design (AASHO Guide Specificationspndthe AASHTO Guide Specifications
for Seismic Isolation Desigrbased on preliminary analysis of isolated bridges using the
Simplified Method.The detailednodelingof superstructure, substructures, isolators, and
soil-abutmeninteractionare presented respectively.

Finite element modeling of three different bridge configurations: conventional
bri dge vaibtuh méht ée fully i sol ated bridge,

conducted. Numerical results and comparisons aritled in this Chapter.

4.2 Benchmark Bridge

The threespan bridge had total length of 362.5 feet (105 #&2.5 feetl05 feet).
The superstructure comprised three stegitders with 30 feet wide concrete deck. The

substructures consisted of two sbgte abutments and two single, 60 inches diameter
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reinforced concrete columns with drop capke Geometry for thbenchmarkbridge is
shown inFigure4i 1.

The reinforced oncrete deck was 30 feet wide with 3.75 feet overhangs. The
overhangs were 8.125 inches thick with 1.875 inches haunches. The girders werp built
sections, with spacing of 11.25 feet. Each girder consisted of a-tbly665in web
plate and two B/16in by 22.5in flange plates. Chevron creBames were selected, and
spaced at every 15 feet along the length of the bridge except at the middle of the bridge
where two cros$frames were spaced at 16.25 feet. the intermediate-fteosss used
single 5in by 5in by 5/8in angles for the diagonals and double angles By 3-in by
1/2-in by 15/16in for both the top and bottom chords; pier crvasnes used single-i&
by 6-in by 3/4in angles for the diagonals and double angls By 3-in by 1/2in byl-
1/4-in for both the top and bottom chords.

Each pier was a single, 60 inches diameter reinforced concrete column, 230 inches
high, with a drop cap that is 334 inches long and 72 inches wide. A side view of the pier
is shown inFigure 4i 2. The longitudinal reinforcement ratio was 1.1% and lateral
reinforcement ratio was 0.96%. The column section use#120longitudinal rebar
confined with #8 spiral reinforcement pitchatl6 inches. The clear cover was 2 inches.
The specified concrete compressive strength of was 5.5 ksi and the steel reinforcement
was ASTM A706 grade steel with a yield strength of 68 ksi for #11 longitudinal

reinforcement and 60 ksi for #8 spiral reirdement.
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4.3 Finite Element Modeling using SAP2000

Since only the longitudinal response of the bridges was to be investigated by finite
element analysis, and the crdsmmes had a minimal effect in this direction, a planel
beam model was adopted. The deckswnodeled by shell elements while the girders
were modeled by beam elements which were connected to the bearings by rigid links.
The isolators were modeled by bilinear links, the piers were modeled by fiber sections,
and the soibbutment interaction waamulated by a combination of gap links and Wen
plasticity links.

In addition to so#abutment interaction, effect of slope on the lateral stiffness of
piles under end abutment was investigated. The matrix of models analyzed using SAP
2000 is shown iTable4-1.

Finite el ement model s of tahbeu t cnemvy & n t ifou
isolated benchmark bridge, and hybrid isolated benchmark bridge withoiatbstihet
interaction are shown in FigureSigure 4i3 to Figure 4i5. The hybrid istation
benchmark bridge with sedbutment interaction is shown kigure 4i 6. The detailed
simulation of the benchmark bridge components using SAP2000 is descrilibd in

following subsections.

4.3.1 Superstructure Model
The superstructure was a composite slab and girder section. Shear studs were used
to connect the concrete deck slab to the top flanges of the steel plate girders. The deck

was modeled with shell elements.eTyirders and cross frames were modeled with beam
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elements. The deck, girders and bearing were connected by rigid links to model the

vertical eccentricities between these elements.

4.3.2 Bearing Model

Three types of bearing were used in these analyses: (1paimgs were located
on the two pier caps and flat slider were used at the abutments in the conventional bridge;
(2) pin bearings were located on the two pier caps and bilinear isolation bearings were
placed at the abutments in the hybrid isolated bridgd; (3) bilinear isolation bearings
were placed at both the piers and the abutments in the full isolated bridge. The pinned
bearings were modeled as linear links with very high stiffness in the lateral and vertical
directions but free to rotate about amgisa The slider bearings were modeled as linear
link with very high stiffness in the vertical direction and free to rotate about any axis and
slide in any horizontal directions. The bilinear isolation bearings were simulated by
rubber bearing links (nonlear links) with yield force (f}, initial stiffness (K) and post

yield stiffness ratio (WK,) based on isolator properties.

4.3.3 Pier Model

To simulate the tapered geometry the bent cap correctly, the bent cap was
defined by nosprismatic section utilizingnultiple sections. The bending stiffness, El,
aboutthe vertical axis of the neprismatic sectionvasdefined to vary linearly along the
taper Thebending stiffness ERboutthe horizontalaxis of the nofprismatic sectionvas
defined to vary cubicallalong the taper. In additiomhe top of the cap beam and the
cardinal point referenced for insertiovas seleced asthe top center of the section for

represerihg thetapered cap geometry.
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Then, the column was modeled using three beam elements: tweleanents of
37.85 inches length and middle element of 154.3 inches length. The two short elements
represented the plastic hinge lengths for the columns. To capture tlisgarproperties
of the column, a PMM fiber hingeas assigned to the mitkight ofeach short element
using the assumption of constant plastic curvature throughout the plastic hinge zone. This
fiber hinge was developed using SAP 2000 section designer to determine the fiber layout
with a total 121 fibers as shownkigure4i 7.

In addition, the column properties were modified based on recommendations from
Aviram and Mackie (2008). To account for the anticipated development of cracking in
the columns de to gravity and dynamic loads, the effective flexural inertig) (vas
taken as:

ler= M/EQy (Eq.4-1)
where M, anda y is the effective moment and effective curvature respectively.
The effectivetorsion moment of inertia {g) was reduced according to the following:
Jr= 0.2 (Eq.4-2)

where J is the torsion moment of inertia of the column gross esession.

Due to the combined effect$ ftexure and axial load, a reduction of shear area was
taken as following:

Av et = 0.8A ¢ (Eq.4-3)

Where A e and A, 4 is the effective shear area and gross shear area respectively.

Momentcurvaure analysisby XTRACT was used for calculating the cracked

moment of inertiaThe momenturvature relationship of the 60cimescolumn is shown
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in Figure 220 where { is calculated to be 0.3llin summary the column properties

were taken to be 0.310.24, and 0.8A4in these numerical analyses.

4.3.4 Soil-Abutment System Interaction Modeling

The longitudinal interaction between the bridge deck, abutment backwall, abutment
pile foundations and soil backfill in this direction was modeled by a gap eleiment
represent the longitudinal expansion gap, three passive soil springs, and an isolator spring.
In addition, sincesoil has limited ability to take tension and it iisely that gaps due to
soil separation occurear tle tops of pile foundations. This hbsen observed in limited
field tests for both cohesive (Gabr & Bordeh99Q Nimityongskul, 2010) and
cohesionlss soils (Gabr & Borden, 199Dugin, 2006; Mirzoyan, 2007). Hence, a zero
opening gap spring was used in series with passive soil springulate gap formation.

The proposed approach is believed to simulate the seismic response-of soil
abutmentbridge realistically and reliably. When longitudinal loads push the abutment
against the backfill, fior to gap closureor pounding the inertia fores from the
superstructure ardirectly tranderred through theisolation bearing$o the backfill and
pile foundations. &er gap closure, the superstructiogads are transmitted through both
the abutment back walnd isolation bearings, subsequentlythe backfill and pile
foundations. During load reversal, forces pass through the isolation bearings directly to
the pile foundations.

The modeling of soibbutmentisolator interaction in SAP 2000 is shownHigure
41 8. This system was connected to the bottom flange of each girder. The rigid beams

shown inFigure 4i 8 had zero nss, that is, thearticipating mass ahe abutment and
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the soil behind théackwall washot considered ithis analytical investigationSoil-pile
foundations interaction was modeled by two soil springs representing the passive soil
wedges in front of andehind the pile foundations.

In modeling sodabutment interaction in this study, the backfill soil that resists the
loads pushing the abutment system is on the compression side, whereas the soil side of
the abutment, adjacent to the river or crossir@nighe tension side. The gap element was
assigned an initial opening of 2.5 in fibre gap between the bridge deck and abutment
backwall. The backfill spring and seile interaction springs were simulated by Wen
plasticity links, and assigned properties based on the models in the previous analysis
using the Simplified Method-or numerical covergence, the stiffness of the gap links

generally was limited to 10 to 100 times the stiffness of the stiffest adjacent spring.

4.3.5 Ground Motion Input

As discussed in Chapter Bhe Sylmar 360 record from the 1994 Northridge
earthquake Rigure 4i9) was used for these numerical analyses. Since the Design
Earthquake for this bridge had a spectral acceleration at 1.0 second equal to 0.41g, the
Sylmar record was scaled tave the same value f&. The scale factor was 0.47bhe
Maximum Considered Earthquake was taken to be 1.5 times of the Design Earthquake

and was therefore equal to 1.5 x 0.475Sylmar = 0.7125Sylmar.

4.4 Calibration of Soil-Abutment Systemlsolator Model in SAP 2000

Before incorporating the sedlbutmentisolator model into the whole bridge model

for considering soibbutmertbridge interaction, this model should be able to simulate
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the seismic interaction between the bridge deck, abutment backwall, abutileent p
foundations and the embankment soil realistically and reliably. A cyclic nonlinear
pushover analysis for the model of a single -abilitmentisolator in the longitudinal
direction was performed using SAP2000. The nonlinear properties ebastkilvall
spring were calculated using the Caltrans SDC (2010) and are shown in Chapter 2. The
nonlinear properties of seilile springin Chapter 2vere represented by a bilinear curve
based on DFSAP analysis, and are shownFigure 4i 10. The backbone on the
compression side is for sqile interaction in level ground, and on the tension side is for
soil-pile interaction in sloping ground. Isolator properties were from theichydolation
design case.

The top of isolator (Point A) ifrigure4i 11 was subjected to a lateral load pattern
under displacement control of Point A in this pushamalysis. Cyclic pushover analysis
was performed through a sequence of pushover analyses where the applied lateral load
was opposite to that of the previous pushover load case. The monitored displacement at
Point A is shown irFigure4i 11. The displacement magnitude is 10 incfasthe first
cycle and 15 inches for the second cycle.

The hysteresis loops for the sbaéckwall and soipile interactions on the
compression and tension sides are showrigare 4i 12, Figure 4i 13 and Figure 41 14.
These figures indicate the zempening gap link with nonlinear spring in the soil
abutmentisolator model complies with the mechanism of -sdilitment interaction.
Under a cyclic lateral load (seismic load), thigring follows the backbone cunan
initial loading in the compression directioffter reachingthe yielding point whernthe

load revere s a't the monitored displacement of
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backwal |l + 2, thB gpring @anjpad< follonsng theeinitial slope until reaching
zero force with permanent deformation developed. Further loading in the tension
direction, the spring deforms with zero force (separation). Reloading in the compnessi
direction,the spring force remains at zero until the gap is closed at a deformation equal to
the previouspermanent plastic deformation, then follows the backbone path

Figure 41 15 shows the hysteresis loop of isolator. The isolator link follows the
bilinear backbone and reaches the maximum displacement of 2.5 inches on the
compres®n side due to the gap closufggure 4i 16 shows the hysteresis loop of piles
subjected to cyclic load in sloping ground that is the combinatiofigafre 41 13 and
Figured4i 14.

Figure4i 17 shows the comparison of the sum of the displacements of the isolator
and substructure with the superstructure displacerfére4i 18 shows the sm of the
forces in the isolator and gap with the sum of the forces in the backfill angilsoll
interaction. The comparisons indicate the model satisfies displacement compatibility and
force equilibrium.

In summary, the links representing the gap iswlasoil springs are compatible

with each other, and the overall behavior of the model satisfy equilibrium.

4.5 Numerical Comparison of Hybrid Isolation and Full Isolation against

Conventional Bridge

As stated above, nonlinear direct integration response history analyses for the
conventional bridge, fully isolated bridge and hybrid isolated bridge were conducted to

validate the seismic performance of highway bridges with hybrid isolation. Based on the
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objectives of the hybrid isolation, superstructure displacement, pier top displacement,
pier shear force and abutment force are tabulateBabie 4-2 and Table 4-3 for the
Design Earthquake and Maximum Considered Earthquake respectivalbfe 4-4
extracts key data fromhable 4-2 for the Design Earthquakéor both Full Isolation and
Hybrid Isolation configurations

It is clearly seen inTable 4-4 that hybrid isolation not only keeps the columns
el ast iycsanteas irxfull geolation but also reduces the superstructure displacements
by 64% for the Design Earthquake, compared to full isolation. This means that the
likelihood of abutment pounding is much less and, depending on the clearance provided
for thermal expansion effects, may not occur at all. However the abutment shear forces
increase by a fdor of about2.6 and the capacity of abutment structures needs to be

evaluated for this increase in demand.

4.6 Comparison of Finite Element Method and Simplified Method for Full

Isolation and Hybrid Isolation

In addition, in order to verify the accuracy amdiability of the Simplified Method
for full isolation and hybrid isolation, nonlinear response history analyses using SAP2000
were performed for comparison against the results from the Simplified Method. The
results from the Finite Element Method (FEMjdathe Simplified Method (SM) for two
levels of ground motion (DE and MCE) are summarizedable 4-5 and Table 4-6 for
full isolation and hybrid isolation respectively.

As shown inTable4-5 andTable4-6, the Simplified Method is in good agreement

with the resultsfrom the finite element analysigesponseéhistory solution for both full
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isolation and hybrid isolation configurations under both Diesign Earthquake and the
Maximum Considered Earthquaki@ full isolation case, e error of the superstructure
displacement anthe total base she&r 5.7% and 2% at the DE level, respectively. It is
8.8% for the superstructure displacement and 4 &%hke total base shear at the MCE
level. In the hybrid isolation casehé error of the superstructurdisplacement anthe
total base sheas 2.5% and 0% at the DE level, respectively. It is 5.9% for the

superstructure displacement and 2.7% for toéske shear at the MCE level

4.7 Seismic Response of Hybrid Isolated Bridges with SeAbutment-Bridge

Interaction

To better understand the advantages and disadvantages of hybrid isolation, a series
of nonlinear response history analysis using SAP2000 fonythed isolated bridge with
soilabutment s interaction were executed. An equivalent linear model fopilsoil
interaction is a common approach in bridge engineering, and was used in these analyses.
The effect of slope on the lateral stiffness of pileslaping ground and the effect of gap
closure were also considered. The matrix of numerical models used in these analyses is
shown inTable4-1.

In addition, to veri§ the analysis procedure for hybrid isolation using the improved
Simplified Method, finite element analysis results from SAP2000 are compared against

these from the Simplified Method using excel spreadsheets.
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4.7.1 Comparison of Results from SAP and SM for HyHrilsolated Bridge with

Abutment Piles in Level Ground

As noted in the Section 2.6, the lateral stiffness of the piles was equal tok46.35
and this value was assigned to eachsital link in the finite element model for both the
compression and tensiosides.Values for elastic stiffness of the abutment backfill
(957.57 kfin), vield force (766.06 kips) and peild stiffness ratio (1.0xIf) were
assigned to each backfill link in the finite element model. The gap opening was 2.5
inches foredGapas€)oanmd infinite for AGap O

The nonlinear response history analysis of the hybrid isolated bridge with soil
abutment interaction was analyzed and compared with the improved Simplified Method.

The results from both solutions for both the B&d MCE levels of input motion are
summarized iMable4-7 to Table4-9.

I n the AGap Closureo case (HI _L_GC), p o
occur at the DE | evel, and the results ar
(HI _L_GO) and dheafGapg HCl asGCe from t he f
Note that the superstructure displacements are those of the deck at the center of the
bridge.

As shown inTable4-7 to Table4-9, the improved Simplified Method incorporating
soil-abutment interaction matches the results of the finite element analysis response
history solutonverywe | |  at bot h the AGap Openo and nC

| n t he AGap Openo case (HI _L_GO), t h
underestimates the superstructure displacement by about 9% (MCE level) due to more

rigorous modeling of the eccentricity of the deck abtive pinned bearings in the finite
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element model. While it predicts the pier displacement very well, and overestimates the
pier shear by about 18% at DE level improving to 5% at MCE level. The maximum error
in the total base shear is 7% at the DE level.

At t he MCE | evel in the AGap Closureodo ca
Method underestimates the superstructure displacement by about 7%; while it
overestimates the pier displacement by about 2% and the pier shear by about 5%. The
improved Simplified Method also underestimates the abutment displacement at the
compression side up to 32%, but only 5% for the tension side. In addition, the maximum
error for the total base shear is about 18% at the DE level. This is because the abutment
displacement on thcompression side is very small, and even small absolute error may

cause a large relative error.

4.7.2 Comparison of Results fronBAP and SM for Hybrid Isolated Bridges with
Abutment Piles in Sloping Ground

To take into account the effect of slope on the latstdfness of the pile
foundations, a reduction factor of 0.53 was taken for piles in sloping ground. As in the
previous section, the lateral stiffness of piles in level ground was taken ask#48, 3nd
this value was assigned to each-gilg link onthe compression side. On the tension side
this stiffness was taken as 0.53 x 45.35 k/in = 24.03 Kk/in.

As noted above, gap closure/pounding was not expected at the DE level, and
comparison of the improved Simplified Method and Finite Element method was
pef or med for the 0fGap Tabeél0dhe angreved Simpldied s h o wn

Method incorporating with sedbutment interaction achieves a good agreement with the
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results of the finite element analysis response history solution, except the pier shear. The
error in the pier shear is up to 24%, the main reason is believed to be the difference
between the bilinearization and the actual nonlinear fdigglacement cwe of the piers.

Table 4-11 and Table 4-12 compare the seismic response of thybrid isolated
bridge with abutment piles in sloping ground, calculated by the improved Simplified
Met hod and the Finite EIlement Method, at t
Closuredo cases respectively. F supersttuttiee fi Ga p
displacement, pier displacement, pier shear, and pile forces on the compression and
tension sides are 11%, 3 %, 4 %, 6% and 4%
the errors in the superstructure displacement, pier displacement, par, sind pile
forces on the compression and tension sides are 7%, 2%, 7%, 3% and 26% respectively.

In sum, the same conclusions may be make as for level ground case. The improved
Simplified Method is in good agreement with the results from finite elemsalyss,
overall. The improved Simplified Method underestimates the superstructure displacement
slightly, while overestimates the pier displacement and the pier shear slightly. It

underestimates the pile forces on the compression side moderately.

4.7.3 Effect of Abutment Pounding on Seismic Response of Hybrid Isolated Bridges
with Soil-AbutmentBridge Interaction
Based onthe above numerical analyses for a hybrid aetl bridge with soil
abut ment i nteraction, t heandfoGreppa r Opeome ods &
summarized inTable 4-13 and Table 4-14 for level and slping ground respectively at

the MCE level.
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It is seen that from Tables, gap closure reduces the seismic response of hybrid
isolated bridges except that it increases the displacement and force demands on the
abut ment on the comprgssesuondo scdee, Fobhet he
superstructure displacement, pier displacement, and abutment demands on the tension
side is 16%, 17%, and 7% respectively. On the other hand, abutment demands on the
compression side increagsasto Fotri mde dfs| bl
case, the reduction in the superstructure displacement, pier displacement, and abutment
demands on the tension side is 17%, 18%, and 8% respectively. Abutment demands on
the compression side | Opeeaseate. 4.5 times

No matter whether in level ground or sloping ground, gap closure has negligible
effect on pier shear due to a very small post yield stiffness. But it greatly increases the
total base shear due to a very large increment in the abutment demant®
compression side.

When pounding/gap closure is avoided, the maximum abutment backwall
displacement is 0.084 inches shown inTable 4-14. This is about one th of the
yielding displacement of 0.8 inches, and the abutment backfill has enough capacity to
resist the load towards the abutment. In addition, hybrid isolation not only reduces
superstructure displacement demand dramatically, also limits it to X68simuring the
MCE. This displacement would require only a small increase in the width required for

service load expansion effects (2.5 inches) to prevent pounding from occurring.
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4.7.4 Effect of Slope on Seismic Response of Hybrid Isolated Bridges with-Soil
AbutmentBridge Interaction

As concluded in Chapter 2 and the above numerical comparison of hybrid isolated
bridge against fully isolated and conventional bridges, hybrid isolation keeps piers elastic
under the Design Earthquake, and essential elastic uhdeMaximum Considered
Earthquake. It also reduces the superstructure displacement demand. However the
abutments in the hybrid isolation configuration take a large portion of longitudinal
seismic load transferred from the superstructure, and especialbtitment piles take
the entire seismic load at the abutment when the abutment is pulled away from the
backfill.

Comparisons of seismic response of hybrid isolated bridges without and with soil
abutmentbridge interaction in level ground from numericabbsis using SAP2000 are
made inTable 4-15 and Table 4-16 for the DE and MCHevels respectively. These
comparisons clearly illustrate that sabbutment interaction has a significant effect on the
seismic response of hybrid isolated bridges, which is consistent with the conclusions
made in Chapters 2 and 3. Compared to the casgidfabutments, seihbutmentbridge
interaction increases the superstructure displacement by 18%, pier displacement by 18%
and pier shear by 8% at the DE level; 15%, 15% and 4% respectively at the MCE level.
The difference in pier shear at the MCE leigesmall, because the piers yield and their
postyield stiffness is quite small.

The effect of slope was investigated by comparing the seismic response of hybrid
isolated bridges with abutment piles in level and sloping grounds. Results are shown in

Table4-17 to Table4-19 for the DE and MCE levels respectively. Overall, the reduced
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stiffness of piles on the tension side has negligible impact on the superstructure
displacement, pier displacement and shear] batse shear, abutment displacement and
force on the compression side. However it increases the displacement demand on the

abutment significantly and reduces the force demand on the abutment moderately on the

tension side, at both the DE and MCE levelsffad t h t he A Gap Openo anc

cases.

At the DE | evel i n t hTabled-Gratpe inGrgasenimthec a s e

superstructure displacement, pier displment and shear are about 4%; the increase in
the displacement of the piles on the tension side is up to 62%, whereas it is 2% for piles
on the compression side; and the reduction of force in the piles on the tension side is 14%.
Similar observatons maye made for the MCE. At this |
shown inTable 4-19, the increase in the superstructure displacement is about 3%; pier
displacement andhear is about 2% each; the increase in the displacement of the piles on
the tension side is up to 61% and about 10% for the piles on the compression side; and
the reduction in the pile forces on the tension side is 15%.

Tables Table 4-20 and Table 4-21 compare the pile forces on the tension side
against the pile ultimate capacity kevel/sloping ground, for both the DE and MCE
levels. As stated in corresponding comparisons for the improved Simplified Method,
similar observations are concluded for the numerical analysis. The comparisons show the
pile forces on the tension side in@ilog ground exceed the ultimate load capacity by 9%,
and 31% at the DE and MCE levelse s pecti vely for the HAGap
within the ultimate load capacity in the case of level ground. In addition, pile forces on

the tension side in slopirground exceeds the ultimate load capacity by 21%, though gap

e

C
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closure diminishes the force demand on t he

case.

4.8 Comparisons of Simplified Method with Modification of Calculation of

Damping Ratio for Yielding Piers

As shown inFigure4i 19 andFigure4i 20, the hysteresis loop for the plastic hinge
in a yielding pier is not a full loop, and the area under the hysteresis loop is close to one
half of idealized bilinear hysteresis loop in the Simplified Method. This means the
effective damping ratio in the siriijied method is overestimated. Hence, the equivalent
viscous dampingfgier) due to a yielding pier should be modified from that in the Eq. 2
32, as following:

Dyer =Qp(Dy = P/ ( KK DY) (Eq.4-4)

As notedbefore, hybrid isolation protects the pier at design earthquake (DE) level
to remain elastic. Therefore, analysis using the simplified method with a modified
damping ratio for yielding pier (SM*) were redone for full isolation, hybrid isolation,
hybrid isdation with soitabutment interaction, hybrid isolation with sabutment
interaction and gap closure at the maximum considered earthquake (MCE). The
comparisons of seismic response for all of the above cases from the simplified method
(SM), the simplifiel method with modified damping ratio for yielding pier (SM*) and
finite element method (FEM) are shownTiable4-22to Table4-27.

It is shown that the SM* improves the agreement with seismic response of isolated

bridges: full isolation, hybrid isolation, hybrid isolation with sailutment interaction,
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hybrid isolation with sofabutment interaction and gap closuirem the finite element

analyses. The improvement is not significant for full isolation and hybrid isolation, as
shown inTable 4-22 to Table 4-23. This is because the damping from the isolators
dominated the effective damping of the isolated bridge system. But the corrected
damping ratio for the yielding piers improves the agreememthiybrid isolation with
soil-abutment interaction. Similar observations are obtained for hybrid isolation with soil
abutment interaction in level and sloping ground. Taking the case of hybrid isolation with
soil-abutment interaction in sloping ground fexample, the corrected damping ratio for

the yielding piers improves the accuracy significantly for superstructure displacement

from 11% to 3%, and isolator displacements at the abutments from 18% to 3% for the
tension side and from 11% to 3% for the coegsionside n t he fA Gapabl®Openo ¢
4-26). It also influences the abutment demands (displacement and force) on the
compression side significantyn t heo sica@o Céase, and reduces
to 14% for displacement demand, and from 25% to 13% for force defhabte 4-27).

This is because the damping ratio froime yielded piers makes a larger contribution to

the effective damping ratio of the hybrid isolated bridge with-@biltment interaction

and gap closure, even though the effective damping of the isolated bridge system is still

controlled by the dampingdm the isolators.

4.9 Summary

This chapter presented the results of a series of finite element analyses of a hybrid
isolated bridge without/with sedbutment interaction for level and sloping grounds. In

addition, results from the finite element analyses wf isolation and conventional
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configurations are presented for comparisbime numerical modeling of each component
of the hybrid isolated bridge, and the sallutmentbridge system were first described.
Before the above analyses were undertaken theaBotimentbridge interaction model
was validated by cyclic pushover analysis using SAP2000.

The numerical analyses not only validated the advantages of hybrid isolation
describedn Chapter 2put also confirmed the accuracy of the Simplified Method. The
following conclusions are made:

1 Hybrid isolation significantly reduces the superstructure displacement demand
by a factor of about 3 in this example, which reduces the possibility of
pounding at the abutment baeakalls and requires significantly smaller
movement joints at the abutments.

1 Hybrid isolation effectively keeps the piers elastic under the design earthquake
and essentially elastic under the maximum considered earthquake. That is,
hybrid isolation has the same advantage as full isolation.

1 However hylbid isolation increases the shear force demand on the abutments by
a factor about 2.5, compared to the fully isolated case.

Moreover, solabutment interaction plays an important role in the seismic response

of hybrid isolated bridges. Even though salitment interaction has negligible impact

on the total base shear of hybrid isolated bridges, but it increases the displacement and
force demands of piers compared to the case of rigid abutments and reveals the load
sharing mechanism at abutments. In addjtibe reduced stiffness of piles on the tension
side due to the slope effect, increases the displacement demand of abutment on the

tension side dramatically. This increase in demand which could exceed the displacement
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capacity of the piles in sloping grnod, and cause less force in the abutment on the
tension side. Also investigations of gap closure show that it is more beneficial to avoid
pounding/gap closure since hybrid isolation could limit the superstructure displacement
to fall within the small rangesquired by service conditions (thermal effect and live load
etc.). Even pounding/gap closure slightly reduces the superstructure displacement and
pier displacement and force. Based on the above comprehensive comparisons of a hybrid
isolated bridge withal-abutment interaction, the effects of sallutment interaction and
sloping ground are summarized as following:

1 Soil-abutment interactiomay shiftseismicforces to the piers, which increases
the pier demands

1 Abutment on the compression side has enocaacity to resist the seismic
load transferred from the superstructure when gap closure has not occurred.

1 Gap closure reduces overall seismic response of hybrid isolated bridges, but
increases the displacement and force demands on the abutment on the
conpression side by a factor of 4.5 at MCE level in the example with abutment
piles in sloping ground.

1 Pounding/gap closure may increase the likelihood to damage in the backfill.

1 Abutment piles on the tension side bear the entire seismic load transferred from
the bearings, and the displacement and force demands of piles on the tension
side is the critical parameter for pile foundation design.

9 Effect of slope is to increase the displacement demand on the abutment on the
tension side dramatically, due gignificant reduction of elastic stiffness of

piles in sloping ground, and
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1 Abutment piles on the tension side may fail in sloping ground despite the
reduction in force demand, because there is a very large decrease in capacity
due to the slope.

Additionally, the numerical analyses against the results from the improved
Simplified Method also illustrate the accuracy and reliability of the improved Simplified
Method. This study describes an extension to the Simplified Method for the analysis of
hybrid isolated bridgs recommended in the AASHTO Guide Specifications for Seismic
Isolation Design. Specifically the method is modified to include ductile substructures and
soil-abutment interaction while maintaining all the attractive features of the original
method. The immpved Simplified Method is applied to analyze a hybrid isolated, three
span, highway bridge of total length 362.5 feet. The results are compared to a nonlinear
response history solution using SAP2000 for two levels of input motion: 0.475, and
0.7125 timesthe 360 component of the Sylmar ground motion. Displacements and
substructure shear forces were found to be within 24% at the DE level motion improving
to within 6% at the MCE level motion, considering the reduced stiffness of piles in
sloping ground. Tlsi agreement is very satisfactory considering the assumptions made in
the method and validates the approach for the preliminary design of hybrid isolated

bridges when soiibutment interaction and column yield are to be considered.



Table 4-1 Analytical Matrix in SAP2000 Modeling
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Bearing Type

Analytical Soil-Abutment Gap Slope
Model at Abutmens at Piers Interaction Closure  Effect
Conv. Flat Slider Pin Bearing No No /

Bilinear Bilinear
Fl Bearing Bearing No No /
HI Bilinear Pin Bearin No No /
Bearing 9
Bilinear . .
HI_L GO Bearing Pin Bearing Yes No No
Bilinear . .
HI_L GC Bearing Pin Bearing Yes Yes No
Bilinear . .

HI_S_GO Bearing Pin Bearing Yes No Yes

HI_S GC Blllngar Pin Bearing Yes Yes Yes
- - Bearing




Table 4-2 Numerical Comparison of Hybrid Isolation and Full Isolation against

Conventional Bridge at Design Earthquake Level

DE (0.475*Syl360

Conventional Isglg'lrlion I?o)qgiiign
Parameters
S1(0) 0.41 0.41 0.41
Abut / 33 127.65
Qu(kips)
Pier / 43.2 /
Abut / 6.72 33.75
Ka(k/in)
Pier / 28.29 /
QJW, % / 9.2% 15.4%
Basic Response
Disp. of Superstructurén), D 6.02 5.38 1.95
Disp. of Isolator at Abut (in)Diso a / 5.37 1.95
Disp. of Isolator at Pier (inPiso,p / 3.96 /
Disp. of Pier (in)D, 5.54 1.66 1.77
Ductility Rati o, 2.43 0.73 0.78
Force Distributior(kips)
Per Abut 0.00 69.08 192.99
PerPier 241.47 166.07 161.66
Total Base Shear (kips) 482.93 470.30 709.30
Base Shear/Weight, % 29.15% 28.39% 42.82%
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Table 4-3 Numerical Comparison of Hybrid Isolation and Full Isolation against
Conventional Bridge at Maximum Considered Earthquake Level
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MCE (0.7125*SyI360 )

Conventional Is;:![Iion IngIg:iign
Parameters
Si(9) 0.62 0.62 0.62
Abut / 33 127.65
Qu(kips)
Pier / 43.2 /
Abut / 6.72 33.75
Ka(k/in)
Pier / 28.29 /
QJW, % / 9.2% 15.4%
Basic Response
Disp. of Superstructurén), D 9.95 10.44 3.07
Disp. of Isolator at Abut (in)Diso a / 10.43 3.06
Disp. of Isolator at Pier (inPiso,p / 7.18 /
Disp. of Pier (in)D, 9.19 3.65 2.80
Ductility Rati o, 4.03 1.60 1.23
Force Distributior(kips)
Per Abut 0.00 103.10 230.35
Per Pier 257.90 242.55 214.39
Total Base Shear (kips) 515.80 691.30 889.48
Base Shear/Weight, % 31.14% 41.73% 53.69%
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Table 4-4 Comparison ofBehavior for Design Earthquake for Three Configurations

: Full Hybrid Change
Conventional Isolation Isolation | Hybrid/Full
Superstructur®isplacement (in) 6.02 5.38 1.95 0.36
ColumnDisplacement (in)
2.54 1.66 1.77 1.07
( g7 2.28in)
Pier Shear (kps) 241.47 166.07 166.88 1.00
AbutmentShear (kps) 0.00 69.08 192.95 2.79
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Table 4-5 Comparison of Finite Element Method and SimplifiedMethod for Full Isolation

DE (0.475*SyI360)

MCE (0.725*SyI360)

FEM SM FEM SM
Parameters
S () 0.41 0.57 0.62 0.87
Qu(KipS) Abut 33 33 33 33
Pier 43.2 43.2 43.2 43.2
_ Abut 6.72 6.72 6.72 6.72
Ka (K/in) :
Pier 28.29 28.29 28.29 28.29
QJ/W, % 9.2% 9.2% 9.2% 9.2%
Basic Response
Disp. of Superstructurén), D 5.38 5.68 10.44 9.53
Error, % 5.7% -8.8%
Disp. of Isolator at Abut. (in), .2 5.37 5.68 10.43 9.53
Disp. of Isolator at Pier (in), iR p 3.96 4.10 7.18 6.66
Disp. of Pier (in).D, 1.66 1.56 3.65 2.87
Ductility Ratio, ¢ 0.73 0.68 1.60 1.26
_ _ . Abut 12.86 12.53 9.88 10.18
Eff. stiffness of isolatofk/in), Kiso -
Pier 39.15 38.82 34.26 34.78
Eff. Stiffness ofSubstructure (k/in)Ksun 100.35 101.00 66.52 80.74
Period(sec), T / 1.55 / 1.69
Damping Ratio, e / 21.5% / 19.4%
Damping Factor, B / 1.55 / 1.50
Force Distribution (kips)
Per. Abut 69.08 71.17 103.10 97.01
Per. Pier 166.07 159.27 | 24255 | 231.56
Total 470.30 460.88 | 691.30 | 657.14
Error, % -2.0% -4.9%
Base Shear/Weight, % 28.39% | 27.82% | 41.73% | 39.67%
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Table 4-6 Comparison of Finite Element Method and Simplified Method forHybrid

Isolation

DE (0.475*SyI360)

MCE (0.725*SyI360)

FEM SM FEM SM
Parameters
S () 0.41 0.41 0.62 0.62
_ Abut 127.65 127.65 127.65 127.65
Qulkdps) Pier 0 0 0 0
_ Abut 33.75 33.75 33.75 33.75
Kq(K/in) -
Pier | 1.00E+09; 1.00E+09 | 1.00E+09 ; 1.00E+09
QJW, % 15.4% 15.4% 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 1.95 1.79 3.07 2.88
Error, % -8.4% -5.9%
Disp. of Isolator at Abut. (in), R4 1.95 1.79 3.06 2.88
Disp. of Pier (in)D, 1.77 1.79 2.80 2.88
Ductility Ratio, ¢ 0.78 0.79 1.23 1.26
Eff. stiffness of isolatofk/in), Kis, | Abut 98.95 105.05 75.25 78.00
Eff. Stiffness ofSubstructure (k/in)Ksun 94.17 101.00 76.68 80.30
Period(sec), T / 0.69 / 0.79
Damping Ratio, e / 21.9% / 26.8%
Damping Factor, B / 1.56 / 1.65
Force Distribution (kips)
Per. Abut 192.95 188.03 230.35 224.95
Per. Pier 166.88 180.79 214.39 231.59
Total 719.66 737.64 889.48 913.08
Error, % 2.5% 2.7%
Base Shear/Weight, % 43.44% 44.53% 53.69% 55.12%
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Table 4-7 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment
Interaction and Gap Open for Level Ground (HI_L_GO) at DE Level

DE (0.475*Syl360)
FEM SM
Parameters
S:(9) 0.41 0.41
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.73
Disp. of Superstructurén), D 2.31 2.09
_ _ Abut 1 1.04 0.92
Disp. of Isolator at Abut. (in), B
Abut 4 2.25 2.02
Abut 1 1.22 1.17
DI £ Substruct (i Pier2 2.07 2.09
isp. of Substructures (in
P o Pier3 2.12 2.09
Abut 4 0.069 0.065
Force Distribution (kips)
Abut 1 162.75 158.71
Isolators
Abut 4 203.61 195.89
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 162.79 158.71
Piles
Abut 4 9.19 8.86
i Abut 1 0.00 0.00
Backfill
Abut 4 194.04 187.04
Pier 2 178.25 210.89
Pier 3 182.23 210.89
Total 726.51 776.38
Error (base on FEM), % / 6.9%
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Table 4-8 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment
Interaction and Gap Open for Level Ground (HI_L_GO) at MCE Level

MCE (0.7125*SyI360)

FEM SM
Parameters
S:(9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.83
Disp. of Superstructurén), D 3.52 3.10
_ _ Abut 1 2.02 1.73
Disp. of Isolator at Abut. (in), B
Abut 4 3.45 3.02
Abut 1 1.47 1.37
D ¢ Substruct (i Pier2 3.18 3.10
isp. of Substructures (in
P o Pier3 3.24 3.10
Abut 4 0.082 0.076
Force Distributior(kips)
Abut 1 195.68 186.08
Isolators
Abut 4 243.95 229.67
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 195.68 188.08
Piles
Abut 4 10.98 10.38
i Abut 1 0.00 0.00
Backfill
Abut 4 232.13 219.28
Pier 2 220.57 232.07
Pier 3 221.98 232.07
Total 881.34 881.89
Error (base on FEM), % / 0.1%




Table 4-9 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment
Interaction and Gap Closure for Level Ground (HI_L_GC) at MCE Level

MCE (0.7125*SyI36(

FEM SM
Parameters
S:(9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.63
Disp. of Superstructurén), D 2.95 2.73
DI f Isolatorat Abut. (in), . Abut 1 1.59 1.44
isp. of Isolatorat Abut. (in),
P ** | Abut 4 2.50 2.50
Abut 1 1.36 1.30
D ¢ Substruct (i Pier2 2.68 2.73
isp. of Substructures (in
P o Pier3 2.68 2.73
Abut 4 0.343 0.234
Force Distribution (kips)
Abut 1 181.14 176.18
Isolators
Abut 4 212.08 212.00
Abut 1 0.00 0.00
Gap
Abut 4 805.95 492.00
_ Abut 1 181.18 176.18
Piles
Abut 4 45.83 31.83
i Abut 1 0.00 0.00
Backfill
Abut 4 967.85 672.17
Pier 2 220.42 231.27
Pier 3 221.94 231.27
Total 1637.21 1342.72
Error (base on FEM), % / -18.0%
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Table 4-10 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment

Interaction and Gap Open for Sloping Ground (HI_S_GO) at DE Level

DE (0.475*SyI360)

FEM SM
Parameters
S (9) 0.41 0.41
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.75
Disp. of Superstructurén), D 2.39 2.27
_ _ Abut 1 0.37 0.40
Disp. of Isolator at Abut. (in), B
Abut 4 2.34 2.20
Abut 1 1.98 1.87
DI £ Substruct (i Pier2 2.14 2.27
isp. of Substructures (in
P o Pier3 2.20 2.27
Abut 4 0.070 0.067
Force Distribution (kips)
Abut 1 139.97 134.74
Isolators
Abut 4 206.47 201.90
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 139.96 134.74
Piles
Abut 4 9.35 9.13
i Abut 1 0.00 0.00
Backfill
Abut 4 197.58 192.77
Pier 2 185.09 229.07
Pier 3 187.70 229.07
Total 719.68 794.78
Error (base on FEM), % / 10.4%
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Table 4-11 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment
Interaction and Gap Open for Sloping Ground (HI_S_GO) at MCE Level

MCE (0.7125*SyI360)

FEM SM
Parameters
S:(9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.86
Disp. of Superstructurén), D 3.63 3.23
_ _ Abut 1 1.21 1.00
Disp. of Isolator at Abut. (in), B
Abut 4 3.55 3.15
Abut 1 2.38 2.24
DI £ Substruct (i Pier2 3.28 3.23
isp. of Substructures (in
P o Pier3 3.34 3.23
Abut 4 0.084 0.078
Force Distribution (kips)
Abut 1 168.41 161.21
Isolators
Abut 4 247.26 234.04
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 168.42 161.21
Piles
Abut 4 11.23 10.58
i Abut 1 0.00 0.00
Backfill
Abut 4 236.14 223.46
Pier 2 225.24 232.34
Pier 3 224.51 232.34
Total 865.53 859.93
Error (base on FEM), % / -0.6%
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Table 4-12 Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment
Interaction and Gap Closure for Sloping Ground (HI_S_GC) at MCE Level

MCE (0.7125*SyI360)

FEM SM
Parameters
S:(9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Period(sec) T / 0.61
Disp. of Superstructurén), D 2.99 2.78
_ _ Abut 1 0.81 0.69
Disp. of Isolator at Abut. (in), B
Abut 4 2.50 2.50
Abut 1 2.19 2.09
DI £ Substruct (i Pier2 2.72 2.78
isp. of Substructures (in
P o Pier3 2.72 2.78
Abut 4 0.377 0.276
Force Distributior(kips)
Abut 1 154.77 150.75
Isolators
Abut 4 212.00 212.00
Abut 1 0.00 0.00
Gap
Abut 4 904.44 617.79
_ Abut 1 154.93 150.75
Piles
Abut 4 50.32 37.52
i Abut 1 0.00 0.00
Backfill
Abut 4 1063.37 792.27
Pier 2 226.10 231.35
Pier 3 217.25 231.35
Total 1711.97 1443.24
Error (base on FEM), % / -15.7%
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Table 4-13 Comparisonofi Gap Openod and fregmG&M follHylwid ur e o
Isolation with Soil -Abutment Interaction for Level Ground

MCE (0.7125*Syl360)
HI_L GO HI_L GC
Parameters
S (9) 0.62 0.62
Qa (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 3.52 2.95
_ _ Abut 1 2.02 1.59
Disp. of Isolator at Abut. (in), B
Abut 4 3.45 2.50
Abut 1 1.47 1.36
Pier2 3.18 2.68
Disp. of Substructures (inRsun
Pier3 3.24 2.68
Abut 4 0.082 0.343
Force Distribution (kips)
Abut 1 195.68 181.14
Isolators
Abut 4 243.95 212.08
Abut 1 0.00 0.00
Gap
Abut 4 0.00 805.95
. Abut 1 195.68 181.18
Piles
Abut 4 10.98 45.83
Abut 1 0.00 0.00
Backfill
Abut 4 232.13 967.85
Pier 2 220.57 220.42
Pier 3 221.98 221.94
Total 881.34 1637.21
Difference, % / 85.8%
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Table 4-14 Comparisonofi Gap Openodo and fregmG&M follHylwid ur e 0
Isolation with Soil -Abutment Interaction for Sloping Ground

MCE (0.7125*Syl360)
HI_S GO HI_S GC
Parameters
S (9) 0.62 0.62
Qa (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 3.63 2.99
Abut 1 1.21 0.81
Disp. of Isolator at Abut. (in), B
Abut 4 3.55 2.50
Abut 1 2.38 2.19
Pier2 3.28 2.72
Disp. of Substructures (inRsun
Pier3 3.34 2.72
Abut 4 0.084 0.377
Force Distribution (kips)
Abut 1 168.41 154.77
Isolators
Abut 4 247.26 212.00
Abut 1 0.00 0.00
Gap
Abut 4 0.00 904.44
. Abut 1 168.42 154.93
Piles
Abut 4 11.23 50.32
Abut 1 0.00 0.00
Backfill
Abut 4 236.14 1063.37
Pier 2 225.24 226.10
Pier 3 224.51 217.25
Total 865.53 1711.97
Difference, % / 97.8%
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Table 4-15 Comparison ofHybrid Isolation with/without Soil -Abutment Interaction for

Level Ground at DE level

DE (0.475*SyI360)

HI HI_L_GO
Displacement Response
Disp. of Superstructurén), D 1.95 231
_ _ Abut 1 1.93 1.04
Disp. of Isolator at Abut. (in), B4
Abut 4 1.97 2.31
Abut 1 / 1.22
Pier 2 1.75 2.07
Disp. of Substructures (inRsun
Pier 3 1.80 2.12
Abut 4 / 0.069
Force Distribution (kips)
Abut 1 191.37 162.75
Isolators
Abut 4 194.54 203.61
Abut 1 / 0.00
Gap
Abut 4 / 0.00
Abut 1 / 162.79
Piles
Abut 4 / 9.19
Abut 1 / 0.00
Backfill
Abut 4 / 197.04
Pier 2 164.38 178.25
Pier 3 169.38 182.23
Total 719.66 729.51
Difference, % 0.0% 1.4%
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Table 4-16 Comparison ofHybrid Isolation with/without Soil -Abutment Interaction for
Level Ground at MCE level

MCE (0.7125*SyI360)

HI HI_L_GO
Displacement Response
Disp. of Superstructurén), D 3.07 3.52
_ _ Abut 1 3.07 2.02
Disp. of Isolator at Abut. (in), B2
Abut 4 3.05 3.45
Abut 1 / 1.47
Pier 2 2.77 3.18
Disp. of Substructures (inRsun
Pier 3 2.82 3.24
Abut 4 / 0.082
Force Distribution (kips)
Abut 1 229.08 195.68
Isolators
Abut 4 231.61 243.95
Abut 1 / 0.00
Gap
Abut 4 / 0.00
) Abut 1 / 195.68
Piles
Abut 4 / 10.98
Abut 1 / 0.00
Backfill
Abut 4 / 232.13
Pier 2 213.18 220.57
Pier 3 215.61 221.98
Total 889.48 881.34
Difference, % 0.0% -0.9%
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Table 4-17 Comparison ofHybrid Isolation with Soil -Abutment Interaction in Level
Ground/Sloping Ground at DE level

DE (0.475*Syl360)
HI_L GO HI_S GO
Parameters
S (9) 0.41 0.41
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 2.31 2.39
D f 1solator abut, (in), Abut 1 1.04 0.37
isp. of Isolator ut. (in),
P =% | Abut 4 2.25 2.34
Abut 1 1.22 1.98
D f Substruct (D Pier 2 2.07 2.14
isp. of Substructures (in
P o Pier 3 2.12 2.20
Abut 4 0.069 0.070
Force Distribution (kips)
Abut 1 162.75 139.97
Isolators
Abut 4 203.61 206.47
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 162.79 139.96
Piles
Abut 4 9.19 9.35
i Abut 1 0.00 0.00
Backfill
Abut 4 194.04 197.58
Pier 2 178.25 185.09
Pier 3 182.23 187.70
Total 726.51 719.68
Difference, % / -0.9%
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Table 4-18 Comparison ofHybrid Isolation with Soil -Abutment Interaction and Gap Open
in Level Ground/Sloping Ground at MCE level

MCE (0.7125*Syl360)
HI_L GO HI_S_GO
Parameters
S (9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 3.52 3.63
_ _ Abut 1 2.02 1.21
Disp. of Isolator at Abut. (in), B
Abut 4 3.45 3.55
Abut 1 1.47 2.38
D f Substruct _ Pier 2 3.18 3.28
isp. of Substructures (in
P (e Pier 3 3.24 3.34
Abut 4 0.082 0.084
Force Distribution (kips)
Abut 1 195.68 168.41
Isolatois
Abut 4 243.95 247.26
Abut 1 0.00 0.00
Gap
Abut 4 0.00 0.00
_ Abut 1 195.68 168.42
Piles
Abut 4 10.98 11.23
i Abut 1 0.00 0.00
Backfill
Abut 4 232.13 236.14
Pier 2 220.57 225.24
Pier 3 221.98 224.51
Total 881.34 865.53
Difference, % / -1.8%
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Table 4-19 Comparison of Hybrid Isolation with Soil -Abutment Interaction and Gap
Closure in Level Ground/Sloping Ground at MCE level

MCE (0.7125*SyI36(

HI_L GC HI_S_GC
Parameters
S (9) 0.62 0.62
Qua (kips) Abut 127.65 127.65
Kq(K/in) Abut 33.75 33.75
QJW, % 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 2.95 2.99
_ _ Abut 1 1.59 0.81
Disp. of Isolator at Abut. (in), B
Abut 4 2.50 2.50
Abut 1 1.36 2.19
D ¢ Substruct (v Pier 2 2.68 2.72
isp. of Substructures (in
P o Pier 3 2.68 2.72
Abut 4 0.343 0.377
Force Distribution (kips)
Abut 1 181.14 154.77
Isolatois
Abut 4 212.08 212.00
Abut 1 0.00 0.00
Gap
Abut 4 805.95 904.44
_ Abut 1 181.18 154.93
Piles
Abut 4 45.83 50.32
i Abut 1 0.00 0.00
Backfill
Abut 4 967.85 1063.37
Pier 2 220.42 226.10
Pier 3 221.94 217.25
Total 1637.21 1711.97

Difference, %

/

4.6%
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Table 4-20 Force Demand from FEM against Ultimate Load for Piles at DE Level

Ultimate Load in Level Ground = 197.47 kips
Ultimate Load in Slopingsround = 128.36 kips
Tension Side HI_Level HI_Slope

Pile Force Demand (kips) | 162.79 139.96

Gap Open
Pile Force Demand

/Ultimate Load 0.82 1.09

Table 4-21 Force Demand from FEM against Ultimate Load for Piles at MCE Level

Ultimate Load in Level Ground = 197.47 kips
Ultimate Load in Sloping Ground = 128.36 kips
Tension Side HI_Level HI_Slope
Pile For(?e Demand 195 68 168.42
(kips)
Gap Open I g
Pile Force Deman
/Ultimate Load 0.99 131
Pile For(?e Demand 18118 154.93
(kips)
Gap Closure
Pile Force Demand
/Ultimate Load 0.92 121
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Table 4-22 Comparison of FEM, SM and SM* for Full Isolation

MCE (0.725*SyI360)
FEM SM SM*
Parameters
S (9) 0.62 0.87 0.87
Abut 33 33 33
Qu(kips) )
Pier 43.2 43.2 43.2
Abut 6.72 6.72 6.72
Ka(k/in)
Pier 28.29 28.29 28.29
QJ/W, % 9.2% 9.2% 9.2%
Basic Response
Disp. of Superstructurén), D 10.44 9.53 9.79
Error, % / -8.8% -6.3%
Disp. of Isolator at Abut. (in), B a 10.43 9.53 9.79
Disp. of Isolator at Pier (in), £, 7.18 6.66 6.68
Disp. of Pier (in)D, 3.65 2.87 3.11
Ductility Rati o, 1.60 1.26 1.36
Abut 9.88 10.18 10.09
Eff. stiffnessof isolator, K
Pier 34.26 34.78 34.76
Eff. Stiffness ofSubstructureKep 66.52 80.74 74.64
Period(sec), T / 1.69 1.70
Damping Ratio, e / 19.4% | 18.4%
Damping Factor, B / 1.50 1.48
Force Distribution (kips)
Per.Abut 103.10 97.01 98.76
Per. Pier 242.55 231.56 { 232.08
Total 691.30 657.14 | 661.68
Error, % / -4.9% -4.3%
Base Shear/Weight, % 41.73% | 39.67% i 39.94%




Table 4-23 Comparison of FEM, SM and SM* for Hybrid Isolation

MCE (0.725*SyI360)

FEM SM SM*
Parameters
S (9) 0.62 0.62 0.62
Abut 127.65 127.65 | 127.65
Qu(kips) )
Pier 0 0 0
Abut 33.75 33.75 33.75
Ka(k/in)
Pier 1E+09 1E+09 | 1E+09
QdW, % 15.4% 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 3.07 2.88 3.04
Error, % / -5.9% -0.8%
Disp. of Isolator at Abut. (in), Ba 3.06 2.88 3.04
Disp. of Pier (in)D, 2.80 2.88 3.04
Ductility Rati o, 1.23 1.26 1.33
Eff. stiffness of isolator, kK 75.25 78.00 75.72
Eff. Stiffness ofSubstructureKep 76.68 80.30 76.27
Period(sec), T / 0.79 0.80
Damping Ratio, e / 26.8% | 24.0%
Damping Factor, B / 1.65 1.60
Force Distribution (kips)
Per. Abut 230.35 22495 | 230.25
Per. Pier 214.39 231.59 | 231.94
Total 889.48 913.08 | 924.38
Error, % / 2.7% 3.9%
Base Shear/Weight, % 53.7% 55.1% 55.8%

180
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Table 4-24 Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment

Interaction and Gap Open for Level Ground

MCE (0.7125*SyI360)

FEM SM SM*
Parameters
S (9) 0.62 0.62 0.62
Qua (kips) Abut 127.650{ 127.65{ 127.65
Kq(K/in) Abut 33.750{ 33.75 | 33.75
QdW, % 15.4% | 15.4% | 15.4%
Basic Response
Disp. of Superstructurén), D 3.52 3.10 3.33
Error, % / -12.0%: -5.5%
_ _ Abut 1 2.02 1.73 1.91
Disp. of Isolator at Abut. (in), B2
Abut 4 3.45 3.02 3.25
Abut 1 1.47 1.37 1.41
_ _ Pier2 3.18 3.10 3.33
Disp. of Substructures (inRsun -
Pier 3 3.24 3.10 3.33
Abut 4 0.082 | 0.076 { 0.079
ForceDistribution (kips)
Abut 1 195.68 | 186.08| 192.22
Isolators
Abut 4 243.95 | 229.67 237.25
Abut 1 0.00 0.00 0.00
Gap
Abut 4 0.00 0.00 0.00
Bil Abut 1 195.68 | 188.08; 192.22
iles
Abut 4 10.98 | 10.38 | 10.73
i Abut 1 0.00 0.00 0.00
Backfill
Abut 4 232.13 | 219.28 226.52
Pier 2 220.57 | 232.07 232.56
Pier 3 221.98 | 232.07 232.56
Total 881.34 | 881.89: 894.59
Error (base on FEM), % / 0.1% | 1.5%
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Table 4-25 Comparison of FEM, SM and SM* for Hybrid Isolation with Soil-Abutment
Interaction and Gap Closure for Level Ground

MCE (0.7125*SyI360)

FEM SM SM*
Parameters
S (9) 0.62 0.62 0.62
Qua (kips) Abut 127.650{ 127.65 | 127.65
Kq(K/in) Abut 33.750{ 33.75 33.75
QdW, % 15.4% | 15.4% 15.4%
BasicResponse
Disp. of Superstructurén), D 2.95 2.73 2.78
Error, % / -7.3% -5.8%
_ _ Abut 1 1.59 1.44 1.47
Disp. of Isolator at Abut. (in), B
Abut 4 2.50 2.50 2.50
Abut 1 1.36 1.30 1.30
_ _ Pier2 2.68 2.73 2.78
Disp. of Substructures (inRsun -
Pier 3 2.68 2.73 2.78
Abut 4 0.343 0.234 0.275
Force Distribution (kips)
Abut 1 181.14} 176.18 | 177.29
Isolators
Abut 4 212.08 | 212.00 ; 212.00
Abut 1 0.00 0.00 0.00
Gap
Abut 4 805.95 | 492.00 ; 615.34
Bil Abut 1 181.18 ; 176.18 { 177.29
iles
Abut 4 45.83 31.83 37.41
i Abut 1 0.00 0.00 0.00
Backfill
Abut 4 967.85 ! 672.17 | 789.93
Pier 2 220.42 | 231.27 | 231.35
Pier 3 221.94 ¢ 231.27 | 231.35
Total 1637.21; 1342.72: 1467.33
Error (base on FEM), % / -18.0% | -10.4%
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Table 4-26 Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment
Interaction and Gap Open for Sloping Ground

MCE (0.7125*SyI360)

FEM SM SM*
Parameters
S (9) 0.62 0.62 0.62
Qua (Kips) Abut 127.650! 127.65! 127.65
Kq(K/in) Abut 33.750 | 33.75 | 33.75
QdW, % 15.4% | 15.4% : 15.4%
Basic Response
Disp. of Superstructurén), D 3.63 3.23 3.51
Error, % / -10.9% -3.3%
_ _ Abutl | 1.21 1.00 | 1.18
Disp. of Isolator at Abut. (in), B
Abut 4 3.55 3.15 3.43
Abut 1 2.38 2.24 2.32
_ _ Pier2 3.28 3.23 3.51
Disp. of Substructures (inRsun -
Pier 3 3.34 3.23 3.51
Abut4 | 0.084 | 0.078 | 0.081
Force Distribution (kips)
Abutl | 168.41 ;| 161.21; 167.57
Isolators
Abut 4 | 247.26 | 234.04; 243.29
Abut 1 0.00 0.00 0.00
Gap
Abut 4 0.00 0.00 0.00
Bil Abutl | 168.42  161.21; 167.57
iles
Abut4 | 11.23 | 10.58 | 11.00
i Abut 1 0.00 0.00 0.00
Backfill
Abut4 | 236.14 | 223.46; 232.29
Pier 2 225.24 | 232.34; 232.97
Pier 3 224.51 | 232.34; 232.97
Total 865.53 | 859.93; 876.80
Error (base on FEM), % / -0.6% | 1.3%
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Table 4-27 Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment
Interaction and Gap Closure for Sloping Ground

MCE (0.7125*SyI360)

FEM SM SM*
Parameters
S (9) 0.62 0.62 0.62
Qua (kips) Abut 127.650{ 127.65 | 127.65
Kq(K/in) Abut 33.750{ 33.75 33.75
QdW, % 15.4% | 15.4% 15.4%
Basic Response
Disp. of Superstructurén), D 2.99 2.78 2.82
Error, % / -7.2% -5.6%
_ _ Abut 1 0.81 0.69 0.72
Disp. of Isolator afAbut. (in), Dsoa
Abut 4 2.50 2.50 2.50
Abut 1 2.19 2.09 2.11
_ _ Pier2 2.72 2.78 2.82
Disp. of Substructures (inRsun -
Pier 3 2.72 2.78 2.82
Abut 4 0.377 0.276 0.324
Force Distribution (kips)
Abut1l | 154.77 150.75 ; 151.85
Isolators
Abut4 | 212.00; 212.00 ; 212.00
Abut 1 0.00 0.00 0.00
Gap
Abut4 | 904.44 617.79 | 762.07
Bil Abut1l | 154.93; 150.75 ; 151.85
iles
Abut 4 50.32 37.52 44.04
i Abut 1 0.00 0.00 0.00
Backfill
Abut 4 | 1063.37; 792.27 { 930.03
Pier 2 226.10 | 231.35 | 231.46
Pier 3 217.25 231.35 ;| 231.46
Total 1711.97; 1443.24; 1588.84
Error (base on FEM), % / -15.7% | -7.2%
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Chapter 5 Experimental Validation of Methodology

5.1 Introduction

In orderto investigate the seismic performance of highway bridges mythrid
isolation, a largescale shake table experiment was conducted to validate the
methodology. In this experiment the performancea d/5 scale model of a thrspan
curved bridge which was 145 #d long with an 80 éd radius at the centerlinevas
investigated. The model was supported four shake tablegthree twedegreeof-
freedom shake tables and one-degreeof-freedom shake tablep the LargeScale
Structures Laboratory at the Iarsity of Nevada Reno (UNR). The superstructure
consistedf athree steel-lgirders with a composite concrete deck slab.

The prototype bridge selection, the specimen design criteria, the hybrid isolation
design, the experimental test-sgt and analysisf experimental results are described in

this chapter.
5.2 Prototype Bridge

The basic geometry of the prototype curved bridge was taken frorRHE¢A
Seismic Design example No.6, a thgggan continuous cast-place, concretbox bridge
with seattype abutments. Due to the limits of the shake table capacities (shavaibla
5-1 andTable5-2), a threespan, continuous, steel plate girder bridge was substitoted
the concretebox girder. The prototype bridge has a total length of 362.5feet (105feet
152.5feetl05feet) along the centerline with a subtended angle of 104 degrees. The

superstructure has three steqjinders supporting a 30 feet wide concrete deck. The
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substructuresconsist of two sedlype abutments and two single 60 inches diameter
reinforced concrete columns with a drop pier cap. The design of the prototype bridge
satisfied the AASHTO LRFDBpecificationsA plan view of the geometryf the bridge is
givenin Figure5-1.

The prototypebridge is located on a rock site $®ismicZone 3 and the 100¢gear
design response spectruvas developedsing the AASHTO LRFD specificatioriaking
PGA =0.47g, 6= 1.14g and $= 0.41g. For the responbeéstory analysigand laboratory
experiment, the ground motion was taken totle Sylmar 360degree and 90 degree
component®f the 1994 Northdge earthquake recorded the Sylmar Olive/iew Med
FF station It was scaleduch that the Svalue of the scaled record was 0.4Fgure
5-2). Likewise the two horizontal components of the 1940 El Centro earthquake and the
1968 Japan Tokacloki earthquakewere also chosen and scaled by 0.84 and 0.77

respectively, as shown Figure5-3 andFigure5-4.

5.3 Specimen Development

The selection of the prototypeithge and the scale factor to be used in this research
project were constrained by the physical model size that could be constructed within the
UNR laboratory, which includes laboratory space, test equipment capacities. Considering
UNR laboratory restrictios and large model requirement, hence, 2/5 scale factor was
adopted in this study. The geometry of prototype and structural model is shdahlén
5-3. The plan viewof the scale curved bridge in the UNR laboratory is showigare

5-5.
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The specimens modeling criteria satisfied the laws of similiauge main physical
parameterdor dynamic model are determined through dimensional analysis the

Buckingham t heor em.

5.3.1 Specimen Scale Design
To obtain complete dynamic similarity between the structural model and the

corresponding prototype, a true simulation of geometry, thessttesn relationship of

the materials, the gravity force, and the initial boundary conditions should be achieved.
Therefore, not only the overall bridge model, but also its components need to be
representative of the prototype bridge by satisfying theligioe requirements that
govern the dynamic relationships between the model and prototype depending on the
geometric and material properties. These relationships can be written from dimensional

analysisas following:

S t u Y a g w
f — 1T ’ ) ’ :0 E -5_1
& LJr/E L JE/l rE/IrL'El L L'E” 7)™ 0 (Fa.5D)
where:
U = stress

E = elastic modulus

} = density
t = time
L = length

u = displacement
v = velocity

a = acceleration
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gravity

«Q
1

frequency

¥
In order to achieve similitude between the physical model anddtresponding
prototype in a dynamic test, both the Froude and Cauchy similitude laws must be

satisfied, which requires that the

Froude value = ~— (Eq.5-2)
Lg
rv?

and Cauchy value = = (Eq.5-3)

are same in the prototype and the model.

As previously stated, a 2/5 scale factor was chosen to be as large as possible but
still satisfy laboratory constraints. Thaainphysical parameters for dynamic model were
then determined by dimensional analyssng the Buckingham t h eAosurenmary
of scale factors that satisfied the Froude and Cauchy similitude is shdwbleb-4.

Since the same materials were used in both the physical model and the prototype,
the required density scale factor was not satisfied and additional mass was required to be

added to the modeThe amount of supplement mass is given by

Mg =M/ {* -, (Eq.5-4)
where:
M,y = added mass
ms = prototype structure mass

~
m
I

scale factor of elastic modulus
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/. scale factor of length

structure model mass

My

The total weight of the prototype bridge including the superstructure, the pier caps,
and the columns is 2003 kips. The scale model, without any additional mass, weighs
126.5 kips. Using the above scale factors, and if the densities were accuratelytsealed,
model would weigh 320.5 kips. Due to the same materials were used, 160.2 kips of added
mass was required for superstructure similitude, and 16.9 kips of added mass was
required for substructures similitude. The superstructure added mass distributedd on
deck with 8 lead pallets and 7 steel pallets, and substructure added mass, steel plates,
were put on the pier caps. The added mass configurations in the experimental tests are

shown inFigure5-6 andFigure5-7.

5.3.2 Specimen Construction

Based on the prototype bridge selection, and chosen scale factors, the specimen
was designedsatisfying the requirements of AASHTO LRFD Bridge Design
Specifications (AASHTO LRFD), AASHTO Guide Specifications for LRFD Seismic
Bridge Design (AASHTO Guide Specifications) aAASHTO Guide Specifications for
Seismic Isolation DesignDetailed descripbins of superstructure, substructure, and

isolator design are presented respectively.

5.3.2.1 Superstructure
As mentioned previously, a steel plate girder superstructure was selected for this

model. Complete design details were given by Monzon (2013).
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The superstreture of the model had the same identical curvature and number of
girder lines as the prototype. It had three stepiders with 104 degrees of curvature, a
centerline radius of 80 feet and total centerline length of 145 feet. The concrete deck slab
wascomposite with the three steefjirders. Theslab was 144 inches wide with 18 inches
overhangs and 3.25 inches thick with 0.75 inches haunches over the girders. The girders
were builtup sections, with a spacing of 54 inches. Each girder consisted 2f%i0 by
26.0in web plate and two 0.626 by 9in flange plates. Chevron creBames were
selected, at a spacing of every 6 feet along the length of the span except at the middle of
the bridge where two cro$sames were spaced at 6.5 feet. Intermed@bssirames
used single 2n by 2in by 1/4in angles for the diagonals and doubl&/4-in by 1-1/4-in
by 1/4in for the top and bottom chords respectively. Gifioasies at piers used single 2
1/2-in by 2-1/2-in by 5/16in angles for the diagonals adduble 11/4-in by 1-1/4-in by
1/4-in angles for the top and bottom chords respectively. €ragses at abutments used
Buckling Restrained Brace (BRB) only in one bay, where the top and bottom chords were
double 11/4-in by 1-1/4-in by 1/4in angles. In he adjacent bay, doublei by 5in
channels were used for the bottom chord and support a radial shear key. Web stiffeners
were 4in by 0.375in and were placed at all creBame locationsFigure 5-8 shows a
typical crossframe details at different locations in the superstructure. The Buckling
Restrained Braces were described in Section 5.3.2.3.

The superstructure was constructed in three segments in the fabrigatin
adjacent to the laboratory. Two segments were eacledlohg and one was 3kd
long. Full depth, bolted, momentonnections were made between the segments after

each had been moved into tddratory and lifted into place.
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5.3.2.2 Substructures

The substructure was designed following the requirements of AASHTO LRFD
Bridge Design Specifications (AASHTO LRFD) and AASHTO Guide Specifications for
LRFD Seismic Bridge Design (AASHTO Guide Specifications.). In addition, both the
Caltrans Bridge Design Spediitions (BDS) and Caltrans Seismic Design Criteria (SDC)
were usedor comparison of design details. After a comprehensive analytical study on
column size, longitudinal steel ratio, plastic moment capacity, modal properties of the
bridge, and displacememind ductility demands by Levi (2011), a 24 inches diameter
column was selected.

Each pier was single, 24 inches diameter reinforced concrete column, 92 inches
high, with a drop pier cap that was 134 inches long and 29 inches wide. The side view of
the pieris shown inFigure5-9. The longitudinal reinforcement ratio was 1.1% and lateral
reinforcement ratio was 0.97%. The column section use#5lbars for longitudinal
reinforcement and #3 bars for spiral reinforcetr@tthed at 2 inches. The colurhed a
concrete clear cover of 0.75cimes The specified concrete compressive strengds
6.37 ksi and the steel reinforcement is ASTM A706 grade steelawjtbld strength of
71 ksi for #5 longitudinal reinforcement aB@ ksi for #3 spiral reinforcemenfctual
material properties ofhese materials are shown ifable 5-5. With these properties
determined, the column displacemenpaeity was determined bythe Caltrans SDC
procedure which ibased on a cantilever colurimsingle curvature.

Following the Caltrans SDC equations, as previously describéukiSection 27,
the bilinear forcalisplacement curvevas developgd based on ééctive yielding and

plastc displacement Rigure 5-10). For single curvature behavior, the effective yield
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displacement was 0.98 inches and the ultimate displacemasit14.94 inches, the
corresponding effective yield force was 38.49 kips and the ultimate force was 46.89 kips.
The momenturvature relationshifor the 24 ichesdiametercolumn is shown ifrigure

5-11. Computer prograrXTRACT was used for these calculation

5.3.2.3 Buckling Restrained Brace (BRB)

A Buckling Restrained BracéBRB) is an effective way taecrease theeismic
loads in astructure by yielding in both tension and compression. Detailed application of a
BRB is summarized in Appendix Bn the hybrid isolation experiment, Buckling
Restrained Braces (BRByereused asliagonal members of the end crdisames at the
abutments Kigure 5-12), in order to limit the forces transmitted to the abutments to an
acceptable value.

The axial forcedeflection relationshipf a BRBmay be representday a bilinear
curve characterized by initial stiffness, yield force and padt stiffness. In this
experiment, values for these properties were determined by the need to protect the shake
tables under each abutment. In field applications, these propertied b®waetermined
by the need to protect the piles under the abutment seats. Hence, the initial stiffness was
set at1390 k/in, the yield force at20 kips, and the-piedtl stiffness at 10 k/in. Details

are shown imable5-6.

5.4 Isolator Design for Hybrid Isolation

In hybrid isolation, isolators adecatedonly atthe abutmentsconnections at the
piers are made using conventional steel pot bearings. As in full isolaisign of a

hybrid bridge primarily involves the determination of the properties of the isolators
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themselves. Since circular lead rubber isolators are commonly used in the United States,
the Lead Rubber Bearing (LRB) was selected for this hybrid isolaperiment. The

LRBs were designed usinge Simplified Method for the analysis of seismically isolated
bridges recommended in the AASHTO Guide Specifications for Seismic Isolation Design
as previously discussed in the Section 2.2. These isolators wapkeduby Dynamic

Isolation System (DIS) and isolators were also manufactured by DIS.

5.4.1 LRB Isolator Design

The objective of hybrid isolation is to keep the columns elastic under the design
earthquake, and this objective sets the performance requirement for the design of the
isolators.

All parameters used in the Simplified Method were determined from the above
superstructure and substructure properties. The Value for the characteristic strghgth (Q
and postelastic stiffness (K summed over all isolatoris 0.19W ( = 52.74kips) and
15.72k/in, respectivelyOverall solator propertieat each abutment (tottdree isolators)
and the weight carried at each substructure are givealle5-7.

It is noted that the yield point is relatively high (ab@@ of the structure ®ight),
which means that for small earthquakes, these demegde ineffective. However this
yield level was chosen toontrol response during moderdtemajor earthquakes.
Behavior for small events should be checked separately but it is not antidipaitede
design will be governed by, or seriously affected by, the requirements for this case

Final isolator design properties were determined by the AASHTO Guide

Specifications for Seismic IsolationeBign (Buckle, 2011). Based on the material
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properties supplied by the manufacturer, Dynamic Isolation System (DIS), the rubber
shear modulus, G = 60 psi, and the rubber elastic modulus, E = 180 psi. Specific values
for the rubber layer thickness and steel shim thickness were 0.25 inches and 0.1196
inches repectively. A summary of material properties is givemable5-8.

Each isolator had a shape factor of 10.112, and consisted of 8 rubber layers, 7 steel
shims.Their total height was 4.337 inches, bonded diameter was 1linches and lead core
diameter was 3.125 inches. The characteristic strengtiva® 8.789 kips and the elastic
stiffness of rubber, Kwas 2.621 k/in. A sectional view of the lead rubber isolagor i
shown inFigure5-13 and a design summary of lead rubber isolator is showialite 5-9.

A finite element analysis of themodel bridge with hybrid isolatiorwas done to
verify the final design of lead rubber isolatotnder degin earthquakethe column
displacementwas found to be0.87 inches which is less than the column yield

displacement of 0.9®8iches. Thalisplacement othe LRB was1.04inches

5.4.2 LRB lIsolator Capacity Check

The final isolator design was checked against the requirements in the AASHTO
Guide Specifications for Seismic Isolation Rgsfor material and stability limit states.

The AASHTO Specification requires a strong restoring force in the isolation
system, to prevent cumulative permanent displacement. This leads to a minimum
restoring force capacity as following,

K,2 0.025\ /[ (Eq.5-5)

sup
where:

Wsup = superstructure weight
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isolator design displacement

For seismic load combination, the bearing should satisfy

where:

9e

Dc

Ap

tr
dp

do

gs, eq

9.+ g, 9.5 98¢

shear strain due to compression

DCS C
GS

shape coefficient foghear strain due tmompression
1.0 for circular bearings

averagecompressive stress

P

A
axial load on the bearing
bonded area of rubber

shaper factor of isolator

dg - df
4d.t,

thickness of rubber layer
diameter of bonded rubber
diameter ofead core

shear strain due to seismic load
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(Eq.5-6)
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d: = total design displacement of isolator
T, = total rubber layer thickness
g = shear strain due to rotation
_ DdQ
LT
Dr = shape coefficient foshear strain due to rotation

= 0.375 for circular bearings
U = design rotation due to rotational effects of DL, LL and construction
= 0.01 is suggested

Max compressive stress in steel shim sassfie

2
ssi—jfi § <; (Eq.57)

where:

0s = compressive stress of steel shim

Oy = steelyield stress

ts = thickness of steel shim layer

The stability of isolator needs to be checked in both the undeformed and deformed
displaced states. Under undeformed state {i.es 0), the factor of safety against
instability is calculated by dividing:R by the total lad due to dead plus live loaahd
given by

FOS=—=_ 80 (Eq.5-8)

DL+LL

where:
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axial force in bearing under dead load plus live load

critical load ab =0

e
B' :|.+4E -1 u
2 G
p°T
He

H

| eff
5 T,
E§L+ES2

moment of inertia of bearing

elastic modulus of rubber

effective height of bearing (total rubber thickness plus steel shims)
shear stiffess for bearing of unit height

K, Hg

r

lateral stiffness of bearing

In the deformed statey(= 1.5D, for seismic zone 3), the factor of safety against

instability is calculated by dividing R by the combined load due tiead and seismic

load, and given by

where:

_ I:3:r@D
FOS=—9@ 340 (Eq.5-9)
1.27, + R,

1.2R, +Peo= combined axial force from factored dead load and seismic load
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PC"@CP = I:::r i/A
A = overlp area of bearing
A = bonded bearing area

A summary of the LRB isolator limit states is giverliable5-10.

5.5 Experimental Test Setup

The plan for the experimeimcluded: (1) assembling the bridge on the four shake
tables, (2) installing sufficient instrumentation to capture the global and local response of
the hybrid isolated bridge. During the shake table test, boundary conditions check and

load protocol plan.

5.5.1 Bridge Assembly
This hybrid isolation experiment was the fourth in a series of experiments on the
curved bridge model. The previous experiment was the fully isolated case and to prepare
the model for the hybrid case,
1) The isolators over the piers had to lplaced with conventional steel pot
bearings,
2) The isolators at the abutments had to be replaced with hybrid isolators,
3) The chevron croskames in one bay at each abutment were replaced with
buckling restrained braces, and

4) Shear keys installed at both aments to restrain radial movements.
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To achieve these tasks the superstructure waasdsmbled and removed from the
piers, the isolators, bearings, and crivammes replaced and the superstructure
reassembled.

5.5.2 Instrumentation

The specimenvas extensivelyinstrumentedo monitorglobal and locatesponse
Global and local coordinates were defined Figure 5-15. Load cells were used to
measure forces in the isolatoand pot bearings. Transducers were used at selected
location to measure acceleration, displacement, and curvature. Strain gauges were also
attached to longitudinal and transverse reinforcement in the columns to monitor column

damage. A summary of the inginentation used in this experiment is giveif able5-11.

5.5.2.1 Column Strain Gauge and Column Curvature

As noted above, strain gauges were attached to the spirals antudorad
reinforcements in the top and bottom plastic hinge zone of each column.sEgjions
along the height oéachcolumnwereinstrumentedFigure 5-16 shows he strain gauge
layout for the longitudinal reinforcement.

To measure curvature in the potential plastic hinge zone, 24 NovategHk5(
and TR50) displacement transducengere placed at the top and bottom edchcolumn
at different heights anddistributed overthe four faces of the specimeRigure 5-17
shows the Novatechnik locations in the bottom potential plastic hinge zone for Pier 2.

A detailed instrumentatioplan of each column is given by Levi (2011).
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5.5.2.2 Pier cap Displacements and Rotations

Eight string pots were placed on each pier cap to capture global displacement
response in X, Y and Z directions for calculating the pier cap displacements and rotations.
The layouts of these instrumentations are showRigare 5-18 and Figure 5-19. Four
string pots were attached to the outer edge of each pier cap to measure the cap
displacements in the X and Y directions. These were used to calculate the cap top
displacementé the X and Y directions, and the cap rotation about the Z axis. Andth
string pots were attached thefour corners of the bottom face of theer cap to measure
the cap vertical displacements, which were used to determine the cap rotation about

tangential and radial axes.

5.5.2.3 Deck Displacements and Torsion

To determine té bridge superstructure displacements and torsion, 20 string pots
and 12 NovatechnikKTR-100 and TR50) displacement transducengere used to measure
the superstructure displacements in the X, Y and Z directions. Fourteen string pots were
used to measurée superstructure displacements in the X and Y direction, located at the
ends of the deck, midpan and pier locations respectiveygure5-20). These were used
to determine the superstructure displacememtthe X and Y direction sand rotation
about the Z axis. Six string pots attached to the bottom of the girder, and 12 Novatechnik
displacement transducerat the supports, were used to measure superstructure
displacement in the Z direction. These were used to determine the superstructure torsion
about the horizontal axis. The layout of the vertical instrumentation is shotigune

5-21
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5.5.2.4 Lead Rubber Bearing (LRB) Deformation

Due to the radial restraint provided by shear key, each abutment had three string
pots for measuring the tangential deformation of each isolator, but only one string pot for
measuring the radial deformatiofh middle isolator. The layout of this instrumentation is

shown inFigure5-22. Figure5-23 shows a general view of the string pots locations.

5.5.2.5 Bearing Forces

Twelve, five degre®f-freedom load cells were used to measure the forces
transferred from the superstructure to the substructure, one under each bearing and
isolator. These load cells were oriented in the |lecardinates of each suppore., in

the ralial and tangential directienFigure5-24 shows a typical load cell at an abutment.

5.5.2.6 Accelerations

To recordthe acceleratiomesponseof the model, sevetriaxial acelerometers
were mounted along the length of the bridge to measwwrehorizontal componenizsnd
the vertical componerdf the acceleration. In addition, four biaxial accelerometers were
mounted on each abutment tower, and on the tops of the pier capsasuretwo
horizontal componentsf acceleration. The layout of these accelerometers is shown in

Figure5-25.

5.5.3 Boundary Conditions

In this experiment, each segpe dutment was simulated by a platform on a steel
tower, but without backwall and backfill. As a consequence, there was no pounding in the
tangential direction. In addition, as discussed previously in section 5.3.2.3, Buckling

Restrained Braces (BRB) were dsas yielding components in the superstructure to
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protect the shake tables under each abutment. In order to maximize the BRB benefits, the
bottom chord of the end crefame at each abutment was restrained by a shear key in
the radial direction. Hence thsolators were only active in the tangential direction.
Figure5-26 shows a shear key, isolators and BRB at an abutment.

The pinnedconnection between the superstwwe and pier cagpused conventional
pot bearings These allowed free rotation about their vertical axes, and rotations up to
0.075 radians about their horizontal axes. Compressive, tensile and lateral capacities of
each pot bearing was 100kips, 40kips &0dkips respectivelyi-igure5-27 shows a pot

bearing detail at a pier cap.

5.5.4 Test Procedure

In order to comprehensively study the seismic response of the bridge with hybrid
isolation, three ground motions were used in this experiment. The first ground motion
was Sylmar record from thel994 Northidge earthquake. Botthe 360degree and 90
degreehorizontal componentsere used in global Xdirection(North-South) of theshake
tables, and global Ydirection EastWes) of the shake tabserespectively. The second
ground motion was from the 1940 El Centro earthqu@ke.180 degree and 270 degree
horizontal componentsvere applied in Xdirection and Ydirection respectively. The
third ground motion was from the Hachinohe station of 1968 Japan Tedichi
earthquakeThe E-W and N'S horizontal components were applied wdiection and ¥
direction respctively. The scaled ground motions and the acceleration response spectra
for Sylmar, EI Centro and Hachinohe are shownFigure 5-28 to Figure 5-33.

Comparisons of the acceleration response spectra in ttieedtion for Sylmar, El
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Centro and Hachinohe are shownHRigure 5-34. Note that these motions have been
scaled to have the same value fores described in Section 5.2.

Thesescaled motios were considered to be the Design EarthquaHE) for the
model In order to understand the performance of bridge under different earthquake
magnitudesthe modelwassubjectedd series of motions equal i®%, 20%, 50% 75%,
100% 125% and 150%f the Design Earthquake. The last run 150%DE Magimum
Considered Earthgke (MCE). White noise motions were also applied in X and Y
directions independently between each rungdftermining thestructural effective period

after each runThe test matrix is given ifable5-12.

5.6 Experimental Results

As noted above, biaxial ground motiongh increasing amplitudevere applied in
successive runsom 10%DE to 150%DE (MCE). The progression of column damage,
shake table performance, and the suead response of the bridge model, such as:
superstructure displacements, pier displacements, base shear and isolator hysteresis loop

are described in detail for all SYL, ELC and HACH input motions.

5.6.1 Observed Bridge Performance

To characterize the progréss of pier damage during the test sequence, the pier
specimens were painted white and the cracks marked in different edtlersach run.
As the same piers were used in hybrid isolation experiment as in the previous full
isolation experiment, they begahis test with some minocrackng, but essentially

elastic
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In hybrid isolation experiment, there were almost no new cracks from 10%DE to
50%DE. Under larger amplitude input motions, a few new cracks occurred and a few old
cracks extended. Flexural cracks were focused on the bottom oT pe&edamage to the
columrs during 150% of the Design Earthqudk&CE) (after Run 7) ishown inFigure
5-35andFigure5-36.

Furthermore, system identification was investigated by Fast Fourier Transform (FFT)
of acceleration response for increasing earthquake mdiguse 5-37 shows the FFT
spectra of the acceleration records on the bridge deck at bditeéfion and Ydirection
for 100% DE level for SYL (Run 5), and which shows the bridge effective period is 0.53
sec and).™ sec, respectively. A summary of thdeetive period for each run of SYL is
given inTable 5-13. As expected, the bridge effective period increases with increasing
amplitude of input motion. This is maintiue to the reduction in effective stiffness of the
isolators with increasing displacement at higher earthquake lelveladdition, the
displacements of the bridge superstructure were observed to be acceptably small during

these tests, see section 5.6.3.

5.6.2 Shake Table Performance

Small differences between the target and achieved acceleration motions were
detected. Hence, shake table performance was investigated by comparing histories of the
target and achieved acceleration historiesrasgonsepectra foiselected runs.

Comparisons of response history of target and achieved accelerations in the X and
Y directions at each run, show the four shake tables track acceleration in a similar way

and generally have better performance in the Y direction than theektidn. Figure
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5-38 to Figure 5-43 show comparisons under 20% DE and 150% DE respectively for
SYL, ELC, and HACH inputs. Asummary of thedifferences between theeak
acceleration (PGA) afargetandachieved acceleraticat each run is given ihable5-14

to Table5-16 for SYL, ELC, and HACH inputs respectivelijheaverage achieved PGAs
match the target PGA very well, except at smaller earthquake levels. The achieved PGAs
in the Y direction have Ibeer agreement than in the X direction. The maximum
difference of the performancatio (averageachieved PGAargetPGA) is 7% in the X
direction and 9% in the irection for SYL inputs. For ELC inputs, the maximum
difference ofthe ratio is 5% in both lhe X-direction and in the Mirection except for
20%DE and 50%DE. While the achieved PGAs of HACH Earthquake do not match the
target inputs well in the Xlirection, the maximum difference of tiatio is 28% in the
X-direction and 8% in the irection, exept at smaller earthquake levels.

In addition, response spectra of acceleration, velocity and displacement from the
target motions were larger than the same spectra for the average shake table achieved
motions. However they were very close in the periange of interest, i.e. above and
below the effective period of the bridge (0.5 s€@yure5-44to Figure5-55 comparethe
response spectfar SYL, ELC, and HACH inputsit 20% DE and 150%DE respectively

The average achieved table acceleration was used as the input ground motion in

SAP2000 analyses described in Chapter @&dtibrating the numerical analysis.

5.6.3 Analysis of Superstructure Displacements
As intended with hybrid isolatign small superstructure displacemeniere

observed in thiexperimeh Fourteen string pots werecated on the top of curved
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bridge deck for measing the absolute global displacementtie X and Y directios,
respectively.Theseare shown irFigure5-20. Due to the rigidity of the superstructure, its
displa@ments can be represented by the displacements at the center of the bridge deck.
Relative superstructure displacements can then be obtained by subtracting the average
displacements of the shake tablegjure5-56 to Figure5-58 show the maximum relative
deck displacements in the X, Y and Resultant directions at the center oidge far
different earthquake levels for SYL, ELC, and HACH motioRgure 5-59 to Figure
5-61 compare thanaximum relative deck displacement at the center of the bfage
SYL, ELC, and HACH motions in the X, Y and Resultant directions. The comparisons
show the superstructure dispdaeent response under the SYL is larger than the ELC and
HACH earthquakes, wherein superstructure displacement response is close, because the
response spectra of SYL are larger than ELC and HACH at about 0.5 sec period.

Under the SYL earthquake, the resnottaleck displacements are 1.49 inches at
100%DE and 2.02 inches at 150%DE, which are abouhalieof the displacements of
the fully isolated bridge for the same earthquake (2.84 inches and 4.38 inches at 100%DE
and 150%DE respectively). It is also int&lirg to note, they are also less than-bal
of the displacement of the conventional bridge for the same earthquakes (3.55 inches and
5.06 inches at 100%DE and 150%DE respectively). Comparisons of deck displacement
for the three tests are further dissed in Section 5.7.2.
5.6.4 Analysis of Hybrid Isolators

It was noted earlier that, the superstructure was restrained by shear keys in the
radial direction at the abutments. As a consequence, the isolators were intended to be

active only in the tangential diréat. Ideally if the shear key is perfectly aligned in the
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radial direction, the radial forcemd deformations the isolatorswill be zera However

the isolators were deformed in radial direction by a small amalu,to either slight
misalignment ofhte shear key or slight misalignment of the load cells or a combination
of both. Table 5-17 to Table 5-19 give the resultant deformations of each isolator at
Abutment 1 and Abutment 4 for the SYL, ELC and HACH earthquakes. For each
earthquake, the isolators at each abutment have similar dynamic behaviors though they
are different aithe two abutments. The maximum resultant deformation of the isolators at
Abutment 1 is 0.61 inches, 0.53 inches and 0.47 inches under 100%DE for SYL, ELC
and HACH respectively, and is 0.77 inches, 0.59 inches, and 0.55 inches at Abutment 4.
At 150%DE ofSYL, ELC and HACH earthquakes, the maximum resultant deformation
of the isolators is 1.28 inches, 0.89 inches and 1.14 inches at Abutment 1, and is 0.16
inches, 0.98 inches, and 0.77 inches at Abutment 4.

These observations may also be seehRigure 5-62 to Figure 5-73, which are the
isolator hysteresis loops in tangential and ahdiirections under 150%DE (MCE) at
Abutment 1 and Abutment 4 respectively, all SYL, ELC, and HACH earthquakes. The
maximum isolator deformation is 1.28 in under SYL, which corresponds to shear strain
of 64%.

In addition, comparisons of the hysteresis ®ay the middle isolator at each
support in the tangential direction from 75%DE (Run 4) to 150%DE (Run 7) are shown
in Figure5-74 to Figure5-79, for the SYL, ELC, and HACH earthquakes. These results
show the isolator is stiffer at smaller earthquake levels, which implies its mechanical

properties are straitbependent.
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5.6.5 Analysisof Pier Displacements

The main purpose of hybrid isolation is to protect the column, i.e. keep the column
elastic. In this regard, pier cap displacement is an important indicator of pier response.
Four string pots were attached at the four corners of igrecaps, and were used to
measure the pier cap horizontal absolute displacement in X and Y directions. The average
value indicates the global displacement of the center of Thpse data were then
translated into relative displacements by subtracting biaxial shake table
displacementsTable5-20 shows the maximum resultant displacement of the pier cap for
all earthquake levels and types. The maximum resultapadsment is 0.92 inches, 0.80
inches and 0.66 inches under 100% DE for SYL, ELC and HACH earthquakes
respectively, which is less than the effective yield displacement of the column. Further,
the maximum resultant displacement is 1.33 inches, 1.11 inamsl 23 inches under
150% DE (MCE) with ductility demand of 1.36,13 and 1.26 for SYL, ELC and HACH
earthquakes respectively. Based on the bilineardisglacement capacity curve for this
column Figure5-10), the effective yielding displacement is 0.98 inches, and the ultimate
displacement is 14.94 inches. In addition, displacement orbits for the pier caps are shown
in Figure5-80 andFigure5-81 for all three earthquakes: SYL, ELC and HACH.

In sum, hybrid isolation has kept pier elasticddenthe Design Earthquake and
essentially elastic even under the Maximum Considered Earthquake in this particular
experiment.

5.6.6 Analysis of Support Shear Force
Reaction shear forces at the four supported were obtained from the load cells

located under eactehbring and isolator. The total tangential shear force at each support is
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plotted in Figure 5-82 to Figure 5-84 for the SYL, ELC and HACH earthquakes
respectively. Tangential shear force distributions as a percentage of superstructure weight
at 100%DE and 150%DE levels are showrfFigure 5-85 to Figure 5-86, for the SYL,

ELC and HACH earthquakes. These Figures show the abigra@racted higher shear
force than the piers, and kept the pier shear force less than their effective yield force of
38.49 kips, as intended in hybrid isolation.

Comparisons of the tangential shear force distribution shows the abutments take
about 31% and37% of superstructure weight at 100%DE and 150%DE of the SYL
earthquake respectively, which is about three times of the pier shear. Total tangential
shear is very close for all three earthquake types though it is little higher under the SYL
earthquake. Tik is consistent with observations made for the superstructure displacement

response.

5.7 Comparison of Experimental Results from Conventional, Fully Isolated and

Hybrid Isolated Bridges

Section 5.6 discussed the experimental results for the hybrid isolasenoaly. In
this section, comparative results are presented for the bridge with conventional bearings,
and a full set of isolators (full isolation). These results were obtained during separate
experiments performed by others and are summarizddalite 5-21. Comparisons are
made for deck displacement, pier displacement, support shear force, and isolator seismic
response during the SYL earthquake.

As shown inTable5-21, the three experiments had same superstructure and piers,

but different bearing configurations. In the conventional experiment, the superstructure
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was connected byop bearings to the pier caps and by sliding bearings to the abutments.

These bearings were restrained by sacrificial shear keys in the radial direction at the
abutments. Hence, the superstructure could only move freely in the tangential direction
before tle shear keyfailed, but in any horizontal direction after they ruptured.

In the fully isolated bridge, isolators were placed under each girder at every support
(abutments and pier caps). As noted above, in the hybrid isolated bridge, isolators were
only placed at the abutments, and pot bearing were used at the pier caps. Isolator
properties for both full isolation and hybrid isolation are givehable5-22.

5.7.1 Bridge Hfective Period

The basic concept of seismic isolation is to lengthen the period by reducing the
lateral stiffness. As a result, tiierce responseés lower than in a conventional bridge.
Hence, bridge effective period is usually an indicator of likegponse of a bridge using
seismic isolation.

The effective period fothe conventional, fully isolated and hybrid isolated cases
obtained from response to white noise excitatlwefore beginning the earthquakens
were0.32sec, 0.1 sec and @7 secin X-directionrespectively and 035 sec, 0.4 sec
and 0.2 secin Y-direction respectivelyComparison ofthe conventional and fully
isolated cases shoveslarge period shift due tthe implementaction of isolators at all
supports. In contrast, only a athoccurs in thdwybrid isolation.

5.7.2 Superstructure Displacement

Figure 5-87 shows theresultant relativalisplacement of the deck at the center of

the bridge (i.e. athe centerof the middle spah for the conventional fully and hybrid

isolated cases. As expected, the fully isolated case has larger displacements than the
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hybrid isolatedcase becausthe fully isolated bridgés more flexible.The conventional
bridge ha similar displacements as hybrid isolation during small earthquakes (up to 50%
DE), wherein the piers are in the elastic stage. But it has larger displacements than hybrid
isolation once pier yield has occurred and, especially after the shear keys ilee fa
during 75% DEOncethe slear keys failedall the seismic forces are taken by fhers,

which causesignificant yield resulting in aconsideredreduction incolumn effective
stiffnessand bridge effective stiffness

The deck resultant displacemerte 1.49 inches at 100%DE and 2.02 inches at
150%DE, which are less than the full isolation displacement by factors of 1.9 and 2.17 at
100%DE and 150% DE respectively. The same displacements are also less than the
conventional bridge values by factors #f38 and 2.50 at 100%DE, and 150%DE
respectively. It is clear that hybrid isolation significantly reduces the superstructure
displacement demands, as intended.

5.7.3 Isolator Performance (Only Isolated Cases)

As mentioned previously, although the isolators & bybrid isolation case were
restrained by shear keys in the radial direction, they still had very small radial
displacements for reasons discussed in Section 5.6.4. The resultant displacement was
therefore the combination of tangential and radial dispiecgs. Since all three isolators
at each abutment had similar behavior, then resultant average displacement was used to
compare isolator behavior.

Figure 5-88 and Figure 5-89 compare the isolator displacemenatsthe abutments
for the full and hybrid isolationcases. Similar to the above observations about deck

displacement, the hybrid isolation case has smaller isolator displacements than the full
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isolation case, due to stiffer isolators and a stiffer bridge system. In the hybrid isolation
case, the peak isata displacement is 0.58 inches and 0.76 inches under 100% DE at
Abutment 1 and Abutment 4, respectively. At 150% DE, the peak isolator displacement is
1.26 inches and 1.15 inches at Abutment 1 and Abutment 4, respectively. On the other
hand, in the full solation case, the peak isolator displacement is 2.57 inches and 2.15
inches under 100% DE at Abutment 1 and Abutment 4, respectively. At 150% DE, the
peak isolator displacement is 4.08 inches and 3.29 inches at Abutment 1 and Abutment 4,
respectively.

It is again clear that hybrid isolation reduces the superstructure displacement
demands at the abutments by factors of about 4 and 3 for 100% DE and 150% DE
respectively. Such a reduction can minimize the superstructure pounding and require a
significantly snaller expansion joint.

5.7.4 Pier Displacement

A previously noted in Section 5.3.2.2, the effective yield displacement for the piers
is 0.98 inches, and the ultimate displacement is 14.94 inches. As shdwguie 5-90
and Figure 5-91, the maximum pier cap displacement in hybrid isolation case is 0.86
inches and 0.92 inches for Pierad 3 respectively at 100% DE, and 1.33 inches and
1.32 inches for Piers 2 and 3 respectively at 150% DE. These displacements are almost
same as full isolation case. On the other hand, in the conventional case, the maximum
pier cap displacement is 2.78 lves and 2.68 inches for Piers 2 and 3 respectively at 100%
DE which is larger than the yield displacement, and 4.07 inches and 3.78 inches for Piers
2 and 3 respectively at 150% DE, with ductility demands of is 2.8 and 4.0 for 100% DE

and 150% DE respectly.
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The two figures showhe benefitof the two isolation techniqugs/hich is to keep
the pier elastic under the design earthquake, and essentially elastic under the Maximum
Considered Earthquake.
5.7.5 Support Shear Force

As discussed in the above sectionse tdesign objectives of hybrid isolation
technology are to reduce the superstructure displacement and keep the piers elastic at the
same time. This is achieved by shifting forces from the piers to the abutments. Tangential
shear force distributions as arpentage of superstructure weight at 100%DE and
150%DE levels are shown Figure5-92 andFigure5-93. Ideally the shear forces at the
abutments for the conventional bridge after the shear keys fail, are zero, but a small value
is shown in these tow figures probably due to the friction indliger plates. These
comparisons show that hybrid isolation reduces the pier shear forces almost as effectively
as full isolation. In terms of the percentage of superstructure weight, the shear forces at
the piers are only 10% at 100%DE and 15% at 150%doBEpared to 25% and 27% in
the conventional cas®&ut the abutments attract greater shear forces from the piers, and
are about 31% and 37% of superstructure weight for 100%DE and 150%DE respectively.

Figure5-94 and Figure5-95 show the total tangentishear forces ahe abutments
for the hybrid isolation and full isolation @ These forces were taken from the load
cells located underneath each isolatarthe hybrid isolation case, the total tangential
shear force is 41.53 kips and 45.28 kips at Abutment 1 and Abutment 4 respectively
under 100% DE, and 53.45 kips and 50ld@s at Abutment 1 and Abutment 4
respectively under 150% DE. In full isolation case, these forces are 15.6 kips and 12.56

Kips under 100% DE, and 20.79 kips and 14.54 kips under 150% DE. Total tangential
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shear force are significantly increased in the tytsolation case by factors of about 2.6
and 3.5 at Abutments 1 and 4 respectively for 150% DE, compared to the full isolation
case.

Figure5-96 and Figure5-97 show the total resultant shear force at the piers for the
hybrid isolation, full isolation and conventional cases. These forces were taken from the
load cells located undeeath each isolator or poedring at the pier caps. In thgbrid
isolation case, the total resultant shear force is 15.49 kips and 16.69 kips at Piers 2 and 3
respectively under 100% DE, and 22.07 kips and 24.39 kips at Piers 2 and 3 respectively
under 150% DE. These forces are almost same in the full isolation case, which is
corresponding to the pier displacement behavior. While the total resultant shear force are
35.90 kips and 36.43 kips under 100% de, and 40.24 kips and 44.16 kips under 150% DE
in the conventional case, considerably larger than the two isolated by a factor about 1.8.

From the previous work on column capacity (see 5.3.2.2), the effective yield shear
force is 38.49 kips. Hence, the piers remain elastic under the Design Earthquake, even
under the Maximum Considered Earthquake (MCE) for both the full isolation and hybrid
isolation cases. But the piers have yielded under the Design Earthquake for the
conventional case, and show significant yield at the 150% DE level (MCE).

5.7.6 Pier Damage

Figure 5-98 and Figure 5-99 show pier damageluring 150% of the Design
Earthquake for the conventiondlll isolation and hybrid isolation case#t is obvious
that therearefewer cracksn thepiers for the full isolationand hybrid cases, compared to
the conventional casés noted above, the piers from the full isolation experiment were

reused in the hybrid isation case and this may be the reason why there are a few more
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cracks or crack extensions in the hybrid isolation case than the full isolation case. But in
generalthe seismicperformance of theiers in the hybrid isolation case amost same
asthe ful isolation case

Readings from the strainagges show that abf the longitudinal £ 5) rebars at
Piers 2 and 3 have yielded in the conventional case. The maximum strain was Q&J000
at Pier 2,while atPier 3 it was 24,500 UIn the full isolation cas 3 rebar$iadyielded
at Pier 2, while 2 rebarbadyielded atPier 3. The maxiram strain was 6,000 @t Pier 2
while it was 4,000 @t Pier 3.

In the hybrid isolation casethere were more yielded rebars, perhaps because these
piers had been reusém the full isolation experiment. Srebarshadyielded atPier 2,
while 5 rebarshadyielded atPier 3. The maximum strain was 7,400 @t Pier 2 while it
was 8,0000 Uat Pier 3, which were far smaller than the conventional case, and not
significantlymore than the full isolation case.

As shown aboveghe performance of theiers in the hybrid isolation case is sian
to that of the full isolation case, and the performance of the piers in the two isolated cases
is much better than in the conventionalse. The hybrid isolation approach not only
reduces pier damage and keep the pier elastic under design earthquake, but also reduces

superstructure displacements.
5.8 Summary of Experimental Results

The use of hybrid isolatiowasfirst proposed for reducing iolge vulnerability by
Buckle and Mayes (1990) and investigated by numerical andlysi&uckle and Wei,

(2010). Thischapter describes a set of tperimental investigationsarried out on a
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2/5 scale model of a highly curved;span, steel girder bridge experimentally confirm
the advantages and disadvantages of hybrid isolation.

The specimen and hybrid isolation design, the experimental test setup, and analysis
of experimental resultare presented. A comparison of the responsthebridge with
different bearing configurationsgnventional, fully isolated and hybrid isolated bridges)
is also made.

The advantages of hybrid isolation are demonstrated based on the detailed
comparison of the seismic response of the conventional, fully isolateayand isolated
bridges. he following conclusionaremade:

1 Hybrid isolationsignificantly reduceshe superstructure displacemet@mand

at the abutments by a factor of about 4 and 3 for the DE and MCE respectively.
This reductionminimizesthe possibily of pounding at the abutment back
walls and requires significantly smaller movement joints at the abutments.

1 Hybrid isolationeffectively keepshe pies elastic under the design earthquake
and essentially elastic under the maximum considered earthgumkeher
words, hybrid isolation has the same benefit as full isolation

1 Hybrid isolation increases the shear force demand on the abutioyeati&ctor
about 3,compared to the fully isolated case.

Although bothisolated systems aeffective at keeping he columns elastic during

the design earthquake, each technique has its own advantages and disadvantages. The full
isolation case has greater superstructure movement but places less demand on the
abutments. On the other hand, the hybrid isolation caskes$@superstructure movement

(smaller movement joints) but greater abutment forces.



Table 5-1 University of Nevada, Biaxial Shake Table Capacities

UNR Biaxial Shake Table Specifications

Table size

14 feetx 14.6

feet

Allowable specimen payload

50 ton

Allowable pitch moment

1000 kipfeet

Allowable yaw moment 400 kipfeet
Allowable roll moment 400 kipfeet
. X axis 165 kip
Force capacity of actuators Y axis 165 kip
Dynamic displacement X axis 42in
y SP Y axis #2in
S X axis #4in
Static displacement Y axis A4in
X axis 150 in/sec
Peak velocity with I . .
eak velocity with bare table Y axis 50 in/sec
. X axis #Hg
Peak acceleration @ 50 ton payload Y axis 4g
Operatingrequencies 0-50 Hz
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Table 5-2 University of Nevada, 6Degreeof-Freedom Shake Table Capacities

UNR 6-Degreeof-Freedom Shake Table Specifications

Table size 9.3feetx 9.3feet
Allowable specimen payload 50 ton
Allowable pitch moment 1000 kipfeet
Allowable yaw moment 400 kipfeet
Allowable roll moment 400 kipfeet

X axis 110 kip
Force capacity of actuators Y axis 110 kip

Z axis 140 kip

X axis #2in
Dynamic displacement Y axis #2in

Z axis # in

X axis #2.5in
Static displacement Y axis #2.5in

Z axis 5.750n

X axis 160 in/sec
Peak velocity with bare table Y axis 160 in/sec

Z axis 55 in/sec

X axis #g
Peak acceleration @ 50 ton payload | Y axis #g

Z axis #g
Operating frequencies 0-50 Hz
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Table 5-3 Geometry of Prototype and Model Curved Bridge
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Prototype Model
Total Length 36200 1490
Span Lengths 10HDd, -6106,2®D 4 2060 , -0 8412860
Radius at centerline 2000 8 0id o
Subtended angle 104 (1.8 rad) 104 (1.8 rad)
Total Width 3 06m®oO 12i@® o
Girder Spacing 11i@8 o 4060
Total SuperstructurBepth 606. 1250 207. 250
Column Height 19i& o 7080
Column Diameter 5000 2000

Table 5-4 Summary of Scale Factors Satisfied thEroude And Cauchy Similitude

Quantity Dimension Similitude Scale Factor
Length, L L /\ /, =0.4
Model Elastic Modulus, E FL? / & / =10
Controk De n s i(dctyal) FL*T? /, /,=1.0
Acceleration, a LT? /. / ,=1.0
Stress, FL? /.= [ /,=1.0
Material Strain, /,=1 /,=1.0
Properties Area, A L2 /.= /L2 /,=0.16
Density, FL*T? /eq= 1elC 4 D ! 1eq=2.5
Displacement, u L /,={ /,=0.4
Geometry Frequenc Tt l,=CkI 1% (| [,=158
Time, t T l.=C11 p°*° /,=0.6325
Velocity, v LT l,=C1 J°° /,=0.6325
Loading Force, F F e= k2 /.=0.16
Pressurgeq FL? ly= I /,=1.0
Moment, M FL Iw= k2 /,,=0.064

Note: density similitude requirement is not satisfied, so supplemental mass is required for

structure model.
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Table 5-5 Actual Steel Material Properties

#5 bar #3 Spiral
Strai Stress(ksi)| St r ai Stress (ksi)
yield point 0.002 71 0.002 68
ultimate point 0.01 117 0.014 98

Table 5-6 Buckling Restrained Braces (BRB)Properties

Core Plate (wx (in))

0.90.5

Core Plate Yield Length (in)

6.94

Yield Strength, & (ksi)

44.3

Tensile Strength, f (ksi)

62.5

Yield Force, R. (kips)

20

Tensik Capacity, R (kips)

28

Table 5-7 Overall I solator Properties (All Three Isolators)

Substructure WiudKips) Qq (Kips) Kq (k/in)

Abutmentl 23.5 26.37 7.86
Pier 2 110.9 / /
Pier 3 110.9 / /

Abutment4 23.5 26.37 7.86
Totals 268.8 52.74 15.72

Table 5-8 Summary of Material Properties for LRB

Rubber Shear Modulus, G (ksi) 0.06
Rubber Modulus of Elasticity, E (ksi) 0.18
Material Constant, k 0.65
UltimateHongat i on, at Br 55
Rubber Layer Thickness,(in) 0.25
Steel layer Thicknessg(in) 0.1196




Table 5-9 Summary of LRB Design
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Parameters Abutment Isolators
Total Height, H(in) 4.337
Bonded Diameterg, (in) 11
No. of layers, n 8
Total Rubber Thickness, Tin) 2
Lead Core Diameter, din) 3.125
Bonded Area, A(in?) 87.36
Elastic Stiffness of Rubber, Kk/in) 2.62
Characteristic Strength,@kips) 8.79

Table 5-10 LRB Isolator Design Check Summary

DE (0.475*SyI360

Check Summary limits
Value Satisfactory
Maximum Shear Straing, + g, 9.5 | 5.5 1.33 Yes
Steel Stresdsee (ki) 36 0.67 Yes
2=0 3 42.98 Yes
Buckling FOS
p=1.Diso 1 14.63 Yes




Table 5-11 Summary of Instruments for Hybrid Isolation Experiment

InstrumentType InstrumentName Range
XBow +2¢g
203 Biax MEM(aluminum case) +1.49
320 Biax MEM (aluminum case) +5¢g
Accelerometer 320 Biax MEM (plastic case) +5¢g
325 Triax MEM (steel case) +5¢9
326 Triax MEM (steel case) +169
Xbow (black plastic) +25¢g
TR50 0-2 in stroke
TR75 0-3 in stroke
Novatechnik TR100 0-4 in stroke
LWG225 0-9 in stroke
LWG300 0-12 in stroke

String Pot

UniMeasure PA40

0-40 in stroke

UniMeasure PAGO

0-60 in stroke

UniMeasure PA60 High Tension

0-60 in stroke

UniMeasure JX80

0-80 in stroke

Celesco

0-20 in stroke

Celesco

0-30in stroke

Load Cell

5DOF Load Cell
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Table 5-12 Load Protocol of Hybrid Isolation Experiment
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Input Motion
Time N-S E-W
Run#| Earthquake Level F80ale Groung AMPltude Target . Ampitude Target
actor . Scale PGA . Scale PGA
Motion Motion
Factor (Q) Factor (Q)
1w-x |White noise in x-directign
1w-y |White noise in y-directign
1A |10% DE El Cnetro ELC180 0.084 0.026| ELC270 0.084 0.018
1B |10% DE Hachinohe |0.63258HACHEW 0.077 0.014|[HACHNS 0.077 0.018
1C [10% DE Sylmar Syl360 0.0475 0.040( Syl090 0.0475 0.029
2w-x |White noise in x-directign
2w-y |White noise in y-directign
2A |20% DE El Cnetro ELC180 0.168 0.053| ELC270 0.168 0.036
2B |20% DE Hachinohe |0.6328HACHEW 0.154 0.029|HACHNS 0.154 0.035
2C |20% DE Sylmar Syl360  0.095 0.080| Syl090 0.095 0.057
3w-x |White noise in x-directign
3w-y White noise in y-directign
3A [50% DE EIl Cnetro ELC180 0.420 0.131| ELC270 0.420 0.090
3B [50% DE Hachinohe |0.6329HACHEW 0.385 0.072|HACHNS 0.385 0.088
3C [50% DE Sylmar Syl360 0.238 0.200| Syl090 0.238 0.143
4w-x |White noise in x-directign
4w-y |White noise in y-directign
4A |75% DE El Cnetro ELC180 0.630 0.197| ELC270 0.630 0.135
4B |75% DE Hachinohe [0.6329HACHEW 0.578 0.107|HACHNS 0.578 0.132
4C |75% DE Sylmar Syl360 0.356 0.300| Syl090 0.356 0.215
5w-x |White noise in x-directign
5w-y |White noise in y-directign
5A |100% DE El Cnetro ELC180 0.840 0.263| ELC270 0.840 0.181
5B |100% DE Hachinohe |0.6328HACHEW 0.770 0.143|HACHNS 0.770 0.176
5C [100% DE Sylmar Syl360  0.475 0.400| Syl090 0.475 0.287
6w-x |White noise in x-directign
6w-y [White noise in y-directian
6A [125% DE El Cnetro ELC180 1.050 0.329| ELC270 1.050 0.226
6B [125% DE Hachinohe |0.6323HACHEW 0.963 0.179|HACHNS 0.963 0.220
6C [125% DE Sylmar Syl360 0.594 0.501| Sylos0  0.594 0.359
7w-x |White noise in x-directign
7w-y |White noise in y-directian
7A |150% DE El Cnetro ELC180 1.260 0.394| ELC270 1.260 0.271
7B |150% DE Hachinohe |0.6328HACHEW 1.155 0.215|HACHNS 1.155 0.264
7C [150% DE Sylmar Syl360 0.713 0.601| Syl090 0.713 0.430
Ew-x |End of test white noise in x-direction

End of test white noise in y-direction
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Table 5-13 Bridge Effective Periods at Each Run for SYLEarthquake

%DE X Y
10 0.35 0.38
20 0.39 0.41
50 0.46 0.51
75 0.50 0.53

100 0.52 0.56
125 0.54 0.58
150 0.57 0.61

Table 5-14 Ratio between Target and Average Achieved PGAfor SYL Earthquake

PGAin X-direction PGA in Y-direction
%DE

Target  Achieved Averge Ratio| Target Achieved Averge Ratio
10 0.0401 0.0328 0.82 | 0.0287 0.0247 0.86
20 0.0801 0.0696 0.87 | 0.0574 0.0556 0.97
50 0.2003 0.1938 0.97 | 0.1436 0.1493 1.04
75 0.3004 0.3019 1.00 | 0.2154 0.2115 0.98
100 0.4006 0.4157 1.04 | 0.2871 0.2787 0.97
125 0.5007 0.5341 1.07 | 0.3589 0.3393 0.95
150 0.6009 0.6428 1.07 | 0.4307 0.3912 0.91
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Table 5-15 Ratio between Target and Average Achieved PGAfor ELC Earthquake

PGA in X-direction PGA in Y-direction

%DE
Target  AchievedAverage Ratio| Target AchievedAverage Ratio
10 0.0263 0.0258 0.98 | 0.0180 0.0171 0.95
20 0.0526 0.0593 1.13 | 0.0361 0.0359 1.00
50 0.1314 0.1541 1.17 | 0.0902 0.0877 0.97
75 0.1971 0.2110 1.07 | 0.1353 0.1310 0.97
100 0.2628 0.2769 1.05 | 0.1804 0.1716 0.95
125 0.3285 0.3440 1.05 | 0.2255 0.2238 0.99
150 0.3943 0.3935 1.00 | 0.2706 0.2804 1.04
Table 5-16 Ratio between Target and Average Achieved PGAfor HACH Earthquake

PGA in X-direction PGA in Y-direction

%DE
Target  AchievedAverage Ratio| Target | AchievedAverage Ratio
10 0.0144 0.0195 1.36 | 0.0177 0.0226 1.28
20 0.0287 0.0439 1.53 | 0.0353 0.0419 1.19
50 0.0718 0.1056 1.47 | 0.0883 0.0951 1.08
75 0.1076 0.1381 1.28 | 0.1325 0.1326 1.00
100 0.1435 0.1768 1.23 | 0.1766 0.1891 1.07
125 0.1794 0.2216 1.24 | 0.2208 0.2326 1.05
150 0.2153 0.2629 1.22 | 0.2650 0.2751 1.04




Table 5-17 Isolator Maximum Resultant Displacement under SYL Earthquake
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Isolator Res. Disp. @butmentl (in)

Isolator Res. Disp. @butment4 (in)

%DE
Inside Middle Outside Inside Middle Outside
10 0.026 0.026 0.020 0.013 0.024 0.012
20 0.046 0.046 0.036 0.067 0.071 0.061
50 0.250 0.219 0.182 0.303 0.293 0.292
75 0.445 0.374 0.350 0.502 0.516 0.524
100 0.595 0.595 0.612 0.724 0.774 0.775
125 0.955 0.964 0.966 0.933 0.989 1.003
150 1.280 1.271 1.245 1.106 1.155 1.189
Table 5-18 Isolator Maximum Resultant Displacement under ELC Earthquake

Isolator Res. Disp. @butmentl (in)

Isolator Res. Disp. @butment4 (in)

%DE
Inside Middle Outside Inside Middle Outside
10 0.023 0.015 0.011 0.013 0.007 0.009
20 0.043 0.027 0.022 0.030 0.026 0.023
50 0.158 0.148 0.115 0.180 0.166 0.157
75 0.351 0.327 0.282 0.379 0.354 0.335
100 0.527 0.504 0.452 0.590 0.582 0.569
125 0.737 0.676 0.631 0.824 0.809 0.805
150 0.886 0.815 0.756 0.979 0.955 0.945




237

Table 5-19 Isolator Maximum Resultant Displacement under HACH Earthquake

Isolator Res. Disp. @butmentl (in) | Isolator Res. Disp. @butment4 (in)
%DE
Inside Middle Outside Inside . Middle Outside
10 0.018 0.018 0.011 0.010 0.009 0.009
20 0.028 0.023 0.025 0.018 0.029 0.017
50 0.101 0.113 0.109 0.133 0.127 0.111
75 0.258 0.266 0.282 0.368 0.342 0.327
100 0.472 0.450 0.457 0.547 0.525 0.500
125 0.822 0.763 0.731 0.688 0.655 0.654
150 1.136 1.056 1.010 0.772 0.758 0.761

Table 5-20 Pier Cap Maximum Resultant Displacement under SYL, ELC and HACH

Earthquakes
Resultant Displacement (ir] SYL ELC HACH
%DE Pier 2| Pier 3| Pier 2| Pier 3| Pier 2| Pier 3
10 0.072{ 0.072| 0.042{ 0.048| 0.037 | 0.031
20 0.149{ 0.162| 0.100{ 0.114| 0.073| 0.066
50 0.417; 0.492| 0.281; 0.311| 0.242; 0.258
75 0.676; 0.722| 0.464; 0.575| 0.465; 0.525
100 0.865; 0.922| 0.627; 0.799| 0.630; 0.658
125 1.007; 1.144| 0.782; 0.979| 0.939; 0.831
150 1.331; 1.320| 0.910; 1.105| 1.234; 1.050




Table 5-21 Test Matrix
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Test .
No. o Superstructure| Substructure ~ B€aring Type Abutment
Type Type Type
o % | butment | pier | T
I )
, Elastic Cross | 24" Column . Steel No
1
: 1 Conventonal Columns frames (Set A) Slider Pot Pounding
2 Live Load Elastic Cross | 24" Column Slider Steel No
frames (Set B) Pot | Pounding
I
. Elastic Cross | 24" Column No
1
: 3 Full Isolation frames (Set C) LRB LRB Pounding
]
| : : Ductile Cross | 24" Column Steel No
1 4 Hybrid Isolation frames (SetC) LRB Pot | Pounding
e e o [ o oo oo oo oo oo oo e e e e (e e e e e e e e e e me e me e e e mm e oEm e e
. Elastic Cross | 24" Column . Steel .
5 Abutment Pounding frames (Set D) Slider Pot Pounding
. Elastic Cross | 16" Column . Steel No
6 Rocking Column frames (Set E) Slider Pot | Pounding

Table 5-22 Comparison of Isolator Properties for Hybrid Isolation and Full Isolation

Hybrid Isolation Full Isolation
parameters Abutment Isolators Algg}g,:grm Islgligtror
Bonded Diameter, (in) 11 7 8
Total Height, H (in) 4.337 5.446 5.446
Lead Core Diameter, din) 3.125 1.25 1.5
Stiffness, K (k/in) 2.62 0.68 0.88
Characteristic Strength,@kips) 8.79 1.41 2.03




239

Figure 5-1 Plan View of the PrototypeCurved Bridge
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Figure 5-3 Amplitude Scaled Response Spectra of El Centro Ground Motions
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Figure 5-5 Plan View of Curved Bridge Model in Large-Scale Structures Laboratory
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Figure 5-6 Added Mass on Bridge Deck

Figure 5-7 Added Mass on Pier cap
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Figure 5-8 Typical Cross-Frame Sections of Model Bridge
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Figure 5-10 Bilinear Force-DisplacementCurve for 24-in Diameter Column
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Figure 5-11 Moment Curvature Relationship for 24-in Diameter Column by XTRACT

Figure 5-12 Buckling Restrained Bracein Abutment Cross-Frame
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Figure 5-13 Section ofLead Rubber Bearing
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Figure 5-14 Assembled Model in LargeScale Structures Laboratory (Fisheye View)
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Figure 5-15 Global and Local Coordinates for the Bridge Model
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Figure 5-16 Strain Gauge Layout for Longitudinal Bars
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Figure 5-17 Novatechnik Locations for Pier 2
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Figure 5-18 Horizontal Displacement Instrumentation Plan at Pier Caps










































































































































































































































































































































































































































































































































































































































































































































