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Abstract

Previous research and experience demonstrates that post-earthquake downtime
can cripple the transportation network, damage the economic viability of the region, and
possibly have more far-reaching consequences due to the trickle down effects. Thus, the
current bridge research addresses not only life safety, but also continued operation after

earthquakes.

A new strategy for seismic protection of bridge piers is proposed that uses sliding
bearings as structural fuses that can capacity protect the pier columns and limit their
response to the linear elastic range. The strategy was applicable to bridges with dropped
bent cap, and integral and semi-integral abutments. In this study, the influence of the
structural fuses on the seismic response of a representative 3-span highway bridge with 3
column piers and integral abutments was investigated. Utilizing OpenSees software, the
bridge was modeled with and without structural fuses, and the model included the effect

of soil interaction at the abutments.

Two different types of analysis were applied to the model: (1) static pushover
analysis to determine the elastic capacity and the nonlinear behavior of bridge
components such as columns, piles, and abutments in both the longitudinal and transverse
directions, and (2) nonlinear response history analysis to compare the seismic responses
of the bridge components with and without structural fuses. Nonlinear response history

analysis was performed on the model for a suite of 20 ground motions scaled to 100%,



150%, and 200% of the design spectrum. Six different friction coefficients (2%, 6%, 9%,
14%, 18%, and 22%) of the structural fuses were considered to evaluate the influence of

friction coefficient on the bridge and abutment responses.

Results showed that the structural fuses constrained the columns to linear elastic
response in both the longitudinal and transverse direction. Furthermore, the abutment
ductility demand in the fused bridge was nearly identical to that of the conventional
bridge and insensitive to the friction coefficient in both the longitudinal and transverse

directions.

This case study demonstrated that structural fuses have the potential to improve
the seismic performance of bridges by eliminating plastic hinging and associated damage

in pier columns without significant changes to the abutment displacement demands.
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Chapter 1: Introduction

1.1 Background

Transportation networks have a vital role after earthquakes and act as lifelines. In
a populated city, critical routes — which may include bridges — can be assigned to medical
and supply service operators after an earthquake (Shariat and Pirnazar, 2007). Previous
experience demonstrates that post-earthquake downtime can cripple the transportation
network, and damage the economic viability of the region. Therefore, current bridge
research addresses not only life safety, but also continued operation after earthquakes. In
addition, rebuilding a damaged bridge that has not reached the end of its service life is an
unsustainable practice that uses valuable material resources and energy. Many bridges in
United States are inadequate for seismic load and could be seriously damaged or suffer
collapse in a relatively small earthquake (Buckle, 2006). Hence, improving the seismic
resilience of bridges prior to the occurrence of an earthquake helps to increase the service

life of bridges, save material resources and energy, and enhance public safety.

Bridges are typically designed using capacity principles such that seismic
induced damage is limited to easily observable and repairable locations. In most cases,
bridge columns or piers are designed as the weak link, leading to the intentional
formation of plastic hinges at the top or bottom of the columns in a large earthquake. The
bridge superstructure and especially foundations that cannot easily be inspected or
repaired should remain undamaged after an earthquake. Ductility principles are used such

that bridge columns can sustain large displacements without global collapse of the bridge.



However, the formation of plastic hinges inevitably affects the post-earthquake
operability of the bridges, requiring extensive repair to the columns or in the worst case,

complete replacement of the bridge.

Seismic isolation is an accepted strategy to provide damage free performance and
continued operation of bridge structures. Seismic isolation provides damage protection by
reducing force demands rather than increasing capacity through the placement of flexible
isolation devices at the tops of the bridge piers and abutments to separate the bridge
superstructure (girders and deck) from the substructure. Though considered to be
effective, the application of seismic isolation has been hampered by conservative and
complex design procedures, increased maintenance and inspection, and the need for a
large seismic gap between the superstructure and the abutment to permit large
displacements. The limited experience on the performance has caused seismically-
isolated bridges to be designed with higher safety factors than conventional bridges.
Buckle et al. (2006) suggests that most isolated bridges can be designed using equivalent
linear static or multi-mode methods, but most have been designed using nonlinear
response history analysis techniques. The higher level of expertise and technical
knowledge has caused many practitioners to steer clear of the technology. The long-term
performance and maintenance of such devices can be a consideration; for instance,
elastomeric bearings have been shown to stiffen over time. As a result, a regular program
of inspection, maintenance and bearing replacement is usually adopted (Priestly et al.

1996). The need for a large seismic gap at the abutments may be the greatest deterrent to



the more widespread use of seismic isolation in bridges. In particular, seismic isolation

cannot be used in bridges with integral and semi-integral abutments.

Prior to 1960 all bridges had expansion joints. The joints were observed to
perform poorly under non-seismic loading and required considerable maintenance (Arsoy
et al.,, 1999). Jointless or integral bridges with monolithic connections of the
superstructure to the abutments began to be built, and are currently popular with state
Departments of Transportation (DOTS) as the method of choice for typical short highway
overcrossings that constitute the majority of the nation’s bridge inventory. Integral
bridges facilitate rapid construction with lowered construction costs, and have lower
maintenance costs since bridge maintenance is dominated by joint repair (Arsoy et al.,

1999). They also have improved seismic performance (Hoppe and Gomez, 1996).

In this research, a strategy to protect vulnerable pier columns in multi-span
bridges with integral abutments is investigated. The proposed method could possibly be
extended to bridges with expansion joints that engage the backwall under large seismic
loadings. The bridge piers will be protected from seismic damage by introducing sliding
bearings at the top of the piers that provide elastic-perfectly plastic force deformation.
The sliding bearings act as structural fuses to limit the forces passed to the pier columns
so that they can be designed to remain elastic. The fuses are capacity-designed such that
the shear force transferred to the columns will not exceed the force provided by the fuses;
thus the bridge piers can be designed to respond in their elastic range. To understand the
unique nature of the proposed structural fuse concept, a review of past research and

application of structural fuse concepts is presented next.



1.2 Structural Fuse

A structural fuse is generally regarded as a sacrificial element that is designed to
absorb concentrated damage while allowing the main structure to remain elastic or
damage free. Much literature is available on the investigation of structural fuses in
buildings (e.g. Roeder and Popov, 1977; Filiatrault and Cherry, 1989; Wada et al, 1992;
Connor et al, 1997; Carter and Iwankiw, 1998; Shimizu et al., 1998; Wada and Huang,
1999; Rezai et al., 2000; Fu and Cherry, 2000) and more recently bridges (Berman and
Bruneau, 2007; Vargas and Bruneau, 2009; Bruneau et al., 2011). Ideally, the sacrificial
elements can be easily repaired or replaced, minimizing the repair time and allowing
uninterrupted service in the building or bridge. This definition has not always been used
consistently in the past; for instance, Roeder and Popov (1977) described the segment of
the beam that yields in shear in an eccentric-braced frame as a fuse, even though this
element is not easily replaceable (Vargas and Bruneau, 2009). The concept of a damage-
tolerant structure, which separates the functions of gravity and lateral resistance, has been
used by some (e.g. Wada et al., 1992; Connor et al., 1997; Wada and Huang, 1999). The
damage in the primary (gravity) frame is limited, while the seismic load is carried by an

energy dissipating, and ideally replaceable, lateral frame.

The application of the structural fuse concept to bridges with reinforced concrete
piers has generally involved the use of sacrificial energy dissipating flexural or shear
links connected between the piers, which act in parallel with the piers. Steel plate shear
links (SPSL) and buckling restrained braces (BRB) have been investigated for this

purpose (El-Bahey and Bruneau, 2010, 2011; Bruneau et al., 2011). Berman and Bruneau



(2006, 2007) also developed and tested a new shear link detail for an eccentrically braced
frame that uses a tubular section, making it more suitable for application in bridge piers
and towers. The design concept for a flexural or shear link fuse requires that the yield
displacement of the fuse elements, e.g. BRBs, be less than the yield displacement of the
piers. The BRB stiffness and strength should be chosen to limit the displacement demand
of the structure less than the yield displacement of the piers in the maximum credible
earthquake (EI-Bahey and Bruneau, 2010). The BRBs can be designed to increase the
overall force capacity of the bridge substructure by a large amount. However, this
approach stiffens and attracts greater overall force to the system; furthermore, the piers
are not capacity protected and can still be damaged when larger than expected seismic

demands occur.

Use of sacrificial elements has not been limited to the pier locations. For steel
girder bridges, end diaphragms or cross frames have been recognized as a critical part of
the load path for lateral loading in the transverse direction (Itani and Rimal, 1996), and
researchers have proposed (e.g. Zahrai and Bruneau, 1999) that the cross frames be
designed as ductile members that can dissipate energy and be replaced after an
earthquake. Carden et al. (2006) showed that well-detailed ductile end frames using
single angle X braces sustained large cyclic deformations to axial strains of more than 6%

without strength degradation, making them suitable as structural fuse elements.

Another approach that has been applied only in a very limited context is to use
traditional seismic isolation bearings as structural fuses. If seismic isolators are provided

at some locations while other superstructure to substructure connections are rigid, the



application cannot be strictly considered seismic isolation and the period elongation will
not be achieved. However, this concept has been applied to select bridges that are
considered “seismically isolated”, but for which it was impractical to provide a full
isolation gap. The Bai-Ho Bridge is fully isolated in the longitudinal direction, but only
partially isolated in the transverse direction. Shear keys and 7 specially designed steel
rods were provided at the abutment to restrict the transverse movement of the
superstructure (Shen et al., 2004). The Marga-Marga Bridge, which is the first
seismically-isolated bridge in Chile, also provides full isolation only in the longitudinal
direction. Steel plate stoppers were applied to prevent movement in the transverse
direction at the abutments, and concrete safety stops were also applied to the seven piers

to limit overall movement in the transverse direction (Boroschek et al., 2003).

Illinois researchers (Steelman et al., 2011; Filipov, 2012; Filipov et al., 2013)
recently coined the phrase “quasi-isolation” to indicate the application of flexible
bearings as structural fuses at selected — but not all — locations separating the bridge
substructure and superstructure. The state of Illinois routinely uses elastomeric bearings
for bridge expansion joints, in combination with low-profile bearings that provide fixity
at a single pier. The elastomeric bearings are not rigidly bolted to both the substructure
and the superstructure, but rather allow for relative sliding through a concrete-steel
interface (high friction coefficient) or teflon-steel interface (lower friction coefficient).
The study found that the previously described expansion joint system, when modeled
with realistic bearing properties, provided acceptable seismic performance under the

highest level of shaking expected in Illinois, although some bridges examined in the



parametric study were prone to unseating (Filipov et al., 2013). Calibration of fuse
component capacities and seat widths was expected to improve performance; however,
the simple quasi-isolation strategy as implemented in Illinois was not recommended for

bridges in high seismic zones.

In the research discussed above, sliding bearings have not been applied
intentionally as structural fuses to protect the piers. Sliding bearings are unique from
typical isolation bearings and other structural fuses in that they provide an upper bound
force resistance, after which they slide freely and dissipate energy. Sliding bearings that
could be applied as fuses include elastomeric bearings with PTFE disks, spherical
bearings and elastomeric-backed sliders. The sliding interface usually consists of
stainless steel in contact with unfilled PTFE (Buckle et al., 2006). Experimental studies
of sliding bearings indicate that the friction coefficient varies due to changes in velocity,
pressure, etc., and that friction coefficients have a slight tendency to increase over time.
These observations are accounted for in design through property modification factors
(Constantinou et al., 1999, 2008). The lack of a restoring force in sliding bearings makes
them unsuitable as a standalone isolation system (Tsopelas and Constantinou, 1997), but
makes them perfect for structural fuses in integral abutment bridges since a restoring
force is provided by other components of the bridge, namely the abutments. Unlike the
“link” fuse elements described above, sliding bearings act in series with the piers,
meaning that the force in the piers and sliding bearings are equal through the principle of
equilibrium. As illustrated in Figure 1-1, once this force transmitted through the sliding

bearing to the pier reaches the capacity of the sliding bearing, the slider will stop



transmitting any additional load to the pier. If the sliding bearing force capacity is
calibrated to be lower than the pier yield force, the pier remains elastic while the
composite force-deformation sees only a slight reduction in hysteretic energy dissipation

due to the decrease in the realized force of the system.

"’,———_.—

- = Pler
wunnnns  Slider
—— Combined

>
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Fig. 1-1 Force-deformation of pier, sliding bearing and combined for a bridge pier and
sliding bearing element assembled in series.



1.3 Objectives and Scope

The objectives of this research are: 1) to determine the influence of sliding
bearings as structural fuses on the seismic response of a case study bridge by comparing
the seismic response of the piers and abutments in the conventional bridge and a bridge
with the sliding bearings, 2) develop a strategy to select sliding friction coefficient, and 3)

investigate the sensitivity of the bridge response to the bearing properties.

To achieve these objectives, an existing bridge, located near New Madrid,
Missouri that could potentially benefit from column fuses was evaluated. This bridge was
an FHWA design example (Marsh et al., 2011). The bridge model was built in OpenSees,
and analyzed by nonlinear static pushover analysis to determine the elastic capacity and
the nonlinear behavior of bridge components such as pier columns and abutments. Then
the bridge was analyzed by nonlinear response history analysis using a suite of 20 ground
motions scaled to the target design spectrum. Afterwards, seismic responses of the
conventional bridge and the bridge with sliding bearings, hereafter referred to as the
fused bridge, were compared using different friction coefficient of the sliding bearings to
incorporate the variation of friction coefficient in the seismic response of the fused

bridge.

1.4 Organization of Thesis

Chapter 1 provides a literature review and background about seismic isolation and
the concept of structural fuses based on the previous studies, and describes the main

objectives and scope of this research. Chapter 2 explains the general properties of the



10

bridge considered in this research including seismic properties of the site, site

classification, and the design spectrum.

The general bridge model and the modeling assumptions for pier columns,
abutments, soil springs, and the sliding bearings (fuses) are discussed in Chapter 3. In
addition, this chapter presents the results of capacity analysis of the bridge in the
conventional configuration. Chapter 4 compares the seismic response of the conventional
and fused bridges determined by nonlinear response history analysis to three selected
ground motions. In addition, this chapter describes the methodology used to optimize the

friction coefficient of the sliding bearings.

Chapter 5 provides statistical results from nonlinear response history analysis of
the bridge for a suite of 20 ground motions scaled to 100%, 150%, and 200% of the
design earthquake. This chapter compares the statistical ductility demands of the columns
and abutments in the conventional and fused bridges using six different friction
coefficients of sliding bearing. In addition, the bridge response is compared to the
response of well understood simplified models with idealized elastoplastic and idealized
trilinear force-deformation relationships to provide insight into the observed response

trends.

Chapter 6 summarizes the thesis and provides final conclusions from the
statistical results. Also, recommendations for further research to generalize the results to

a wider class of bridges are suggested in this chapter.
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Chapter 2: Description of the Bridge

2.1 Introduction

This chapter presents the general properties of the bridge, site classification, and
seismic properties of the site. An existing bridge, located near New Madrid, Missouri, has
been considered in this research. This bridge is a FHWA design example (Marsh et al.,
2011) that could potentially benefit from column fuses. The bridge is a straight
(nonskew) 3 span bridge with 3-column piers and integral abutments that provide
roadway grade separation for two highways. Figures 2-1(a) and (b) show the longitudinal
and transverse views of the bridge, and Figure 2-1(c) shows the integral abutment

section.

2.2 Bridge Properties

Superstructure:

The superstructure is constructed from five 3.25 ft. deep prestressed precast concrete I-
girders, MODOT standard girder type Il (Myers and Yang, 2004), spaced 8.83 ft. on
center. The roadway is an 8.5 in. thick cast-in-place concrete slab with a total width of

415 ft.

Substructure:

The intermediate piers are constructed from 3.25 ft. deep by 5 ft. wide dropped cast-in-
place concrete cap beams supported by three x 3 ft. diameter cast-in-place concrete
columns. All columns at both intermediate piers are 26.5 ft. tall measured from the top of

the pile cap to the soffit of the dropped cap beam.
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Foundations:

Each column at the intermediate piers is supported by a 10 ft. by 15 ft. by 4 ft. deep pile
cap on top of 15 cast-in-place concrete piles. Each pile is 1 ft. in diameter with a 0.375 in.
thick steel casing. The abutments are constructed from cast-in-place integral end
diaphragms supported by 9 identical piles in a single row spaced 4.75 ft. center to center.

Soil properties for the piles and the abutments will be discussed in detail in Chapter 3.

Earthquake resisting system:

In the bridge longitudinal direction, lateral resistance is provided by the pier columns
acting in a fixed-pinned condition, the abutments through engagement of the passive
pressure of the soil behind the backwall, and the abutment pile system. In the bridge
transverse direction, lateral resistance is provided by framing action in the multi-column
piers along with the abutment pile system. The wing walls are not assumed to provide

significant lateral resistance.
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2.3 Seismic Hazard
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Since the AASHTO Guide Specifications (AASHTO, 2010a) allow for either general or

site specific acceleration response spectrum, the general acceleration response spectrum

is considered as the seismic ground shaking hazard. The bridge location is at latitude and

longitude of 36.555 and -89.618, respectively, and the site class is D. The seismic design

parameters of the bridge are indicated in Table 2-1 (USGS, 2013). Figure 2-2 shows the

design map summary report from USGS website.

Table 2-1 Seismic parameters of the bridge

PGA (9) | Ss(9)

5:(9) | As(9)

Sps (9)

Sp1 (9)

1.048

1.888

0.554 1.048

1.888

0.831

Table 2-2 summarizes the spectral acceleration S, values for each range of the periods

used to generate the design response spectrum, which is indicated in Figure 2-3.

Table 2-2 Sa values for different periods

Ts (sec) To (sec) T (sec) Sa (g)
s 0<T<To (1.888-1.048)*T/(.2*0.4401) + 1.048
S—‘;: =0.4401 | 0.2*Ts =0.088 To<T<Ts 1.888
Ts<T 0831/T
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Chapter 3: Analysis Model

3.1 Overview

This chapter first presents a general description of the bridge and modeling
assumptions for the bridge piers, the abutments, and the foundation, and then presents a
capacity analysis of the bridge. A global view of the model is indicated in Figure 3-1,
where the X-axis was taken to be in the longitudinal direction of the bridge, the Y-axis
was taken to be in the transverse direction, and the Z-axis was taken to be vertical. The
origin of the global coordinate system was located at the base columns and in the middle
of the bridge. The model was built in OpenSees, which is open source structural software,

specialized for nonlinear dynamic analysis.

Abut. 4
Pier 3 !Ib
Pier 2 !§~
Abut. 1 N - i )

= !

1

|

1

1

[4 -
WX

Fig. 3-1 Global view of the bridge model

The bridge superstructure was represented by a spine model using four elastic
frame elements per span as required by Section 5.4.3 of the AASHTO Guide
Specifications (2010a). At each pier, the superstructure was tied to the bent cap through

an assemblage of rigid link elements. An extra layer of nodes with moment releases was
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defined underneath each girder that allowed an independent fuse to be inserted at each
girder location. Figure 3-2 shows how the rigid elements (bolded lines) connect the center

of the gravity of the deck to the bent cap and columns.

Girder Deck
_Ce ___= o i = = =T ‘:'__l___ _Ce.
L . T > +
Y

| Rigid Element

Fig. 3-2 Elevation view of the bridge model in transverse direction
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3.2 Modeling of Bridge Piers

3.2.1 Material Properties

Materials for concrete and steel were developed to model the fiber sections of the
columns. The concrete compressive strength was assumed to be 4,000 psi for cast-in-
place concrete and 6,000 psi for precast concrete, and for steel reinforcement A706 Grade

60 was assumed.

For confined concrete in columns, Mander’s model was used to define the
concrete stress-strain relationship (Section 8.4.4 of AASHTO, 2010a). The unconfined
concrete compressive strain (e.) at the maximum compressive stress was assumed to be
0.002, and the ultimate unconfined concrete compressive strain (&) at spalling was
assumed to be 0.005. The effective compressive strength (f'.c) of unconfined concrete was
set to be 30% greater than the 28-day compressive strength. Figure 3-3 shows the
assumed stress-strain relationship for the confined and unconfined concrete in columns as
well as reinforcing steel bars. The relevant stress-strain values are summarized in Table

3-1.
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Confined Concrete Unconfined Concrete
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Fig. 3-3 Stress-strain relationships for (a) Confined concrete, (b) Unconfined concrete,
and (c) Reinforcing bars

Table 3-1 Assumed stress and strain parameters for concrete and reinforcement

€ (infin) f'ec (ksi) € (infin) o (ksi)
Confined Concrete 0.0046 6.56 0.0160 4.83
Unconfined Concrete 0.0020 5.20 0.0050 0.00
. . €y (infin) f, (ksi) & (infin) fy (ksi)
Reinforcing bars 0.0023 68.00 0.0125 95.00

3.2.2 Column Elements

Columns were represented by a frame hinge model that limits the spread of

plasticity to pre-defined plastic hinge regions at the element ends, and connected to the
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bent cap, which was modeled as rigid. The analytical plastic hinge lengths were

calculated in accordance with Section 4.11.6 of AASHTO (2010a).
Lp =0.08+L+0.15%* fio* dp, =03%* fio* dy (3.1)

where L is clear height of the column (in), £, is expected yield strength of longitudinal

reinforcing steel (ksi), and d,,; is nominal diameter of longitudinal bars (in).

According to the boundary conditions, the columns act as cantilevers in the
longitudinal direction and develop frame action in the transverse direction. In other
words, the columns have single curvature in the longitudinal direction and have double
curvature in the transverse direction. Hence, the theoretical plastic hinge length in the
longitudinal direction differs from that in the transverse direction. The computed

analytical plastic hinge lengths were Lp o4y = 36.9 in for the longitudinal direction and

Lp(transverse) = 24.2 in for the transverse direction.

Note that the static analysis was performed in separate directions. Hence, the
plastic lengths assigned to the column elements were modified based on the direction of
loading in the static analysis. In dynamic analysis, the maximum plastic length was

assigned to the model, which is a conservative assumption for estimating displacement.

The moment-curvature relationship of the column plastic hinge region was
determined by fiber section analysis using the given concrete and reinforcing steel
properties. Figure 3-4 shows the column fiber sections in which number of subdivisions
in the circumferential direction was taken as 24, and the number of subdivisions in the

radial direction was taken as 18 for the confined concrete region and 4 for the unconfined
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concrete region. Figure 3-5 shows the moment-curvature relationship that resulted from

the section analysis in OpenSees.

Moment (kip.in)

#4@4.0"

Fig. 3-4 Fiber sections of the columns

18000
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12000
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Curvature (1/in) x10

Fig. 3-5 Moment curvature relation
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3.3 Modeling of Abutment and Foundation

3.3.1 Passive Earth Pressure Component

According to Section 5.2.3.2 of AASHTO (2010a), the passive pressure resistance
in soils behind integral abutment walls is usually mobilized due to the large longitudinal
superstructure displacements associated with earthquake loading, so the integral
abutments carry a great portion of the seismic resistance. The earth passive force was

determined by:

where p, = 1.375 (Ksf) is the passive lateral earth pressure behind backwall, Hy,,= 5.5
(ft.) and Wy, = 40.5 (ft.) are the height and width of the backwall, respectively. The
passive lateral earth pressure was a value provided by the geotechnical engineer (Marsh
et al., 2011) that was determined for the site selected. The resultant passive pressure was

P, = 306 Kips.

The initial stiffness of the soil was determined as follows:

I (3.3)

FwHy A

Kerr =

where Fyy is a factor that ranges from 0.01 to 0.05 for dense sand to compacted clays, and
in this case was assumed to be 0.02 (Table C3.11.1-1 of AASHTO, 2010b). The initial
stiffness was computed as 232 (Kips/in). The backwall resistance was modeled by an
elastic-plastic spring based on the initial stiffness and yield force computed from soil

passive pressure, which is shown in Figure 3-6.
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A
F

Fig. 3-6 Hysteretic behavior of the soil

Soil behind the backwall is only active in compression. Hence, one abutment
provides resistance under positive seismic motion, and the other one provides resistance
under negative seismic motion. However, the springs applied to the model resist motion
in the positive and negative direction equally. Therefore, half of the soil stiffness was
assigned to the springs in Abut. 1 and Abut. 4. Recall that the wing wall effect was

neglected.

3.3.2 Modeling of Piles

The pier pile foundation system, which is capacity protected, was modeled with
elastic springs as per Section 5.3.1 of AASHTO (2010a). Hence, the pier pile foundation
remained elastic. The springs were applied to the relevant degrees of freedom at the
bottom of each column. The relevant stiffness values of the elastic springs are given in

Table 3-2 (Marsh et al., 2011).



Table 3-2 Stiffness values for pier pile’s springs
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Ky (K/ft.)

Ky (K/ft.)

K, (k/ft.)

Rx (k-ft/rad)

Ry (k-ft/rad)

Rz (k-ft/rad)

6655.0

7892.0

92390.0

1.164*10"8

2.566*10"8

192300.0

The integral abutments are expected to carry a great portion of the seismic

resistance; hence, the abutment-soil-pile foundation system was modeled in detail. The

abutment piles were modeled as displacement-based distributed plasticity frame elements

using fiber sections. Figure 3-7 shows the pile section discretization in which number of

subdivisions in the circumferential direction was taken as 24, and the number of

subdivisions in the radial direction was taken as 18 for the concrete region and 4 for the

steel shell.

Steel Casing

Concrete

120"

;““ ﬁlllllllnn,'.

RES

<

\
\\\\\ \=
\\\ —

Fig. 3-7 Pile fiber sections

i 5 il
S

The steel material in the pile section was assumed to have yield strength of 42 ksi,

which is the yield strength of the round hollow structural sections. The material

properties for confined concrete in piles were based on a proposed method to calculate



25

the confined properties of concrete with steel jacketing (Li et al., 2005). The equations

for stress and strain used in this study are as follows:

fla= flo+ LY ife<éy (3.4)
fli=flu+ i (3.5)
f'12 = 2K tF,s/D (3.6)
€= o |1+ L2 @3.7)
flo= flo [1+(EE22)]" it eze (38)
n= 016 (ff) —0.135 (3.9)
g =3y (3.10)

where the parameters with their relevant values are identified in Table 3-3. Figure 3-8
schematically shows the stress-strain relationship for the concrete confined by steel jacket
defined in the above equations. Region 1 is for the portion with confinement strain
smaller than &'.;, and region Il is for the part where confinement strain exceeds &';.
Figure 3-9 shows the stress-strain relationship for concrete calculated according to the

proposed method.
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Table 3-3 Parameter used to calculate confinement properties of piles

Symbol Parameter Description Values
f'e Compressive strength of confined concrete in region | 8.34 (Kksi)
feo Compressive strength of unconfined concrete 5.2 (ksi)
f'11: Effective lateral confining strength provided by lateral steel 0.0

"1 Effective lateral confining strength provided by steel jacket 2.625 (Kksi)

a Coefficient of the power-law equation 1.186

K. Coefficient of the sectional shape 1.0

t Thickness of the steel jacket 0.375 (in)
Fys Yield strength of steel jacket 42.0 (ksi)

D Diameter of the section 12.0 (in)
€' e Strain of the confined concrete at the peak strength 0.019 (in/in)
& co Strain of the unconfined concrete 0.002 (in/in)

b Factor obtained from experimental data 16.9
f'e2 Compressive strength of confined concrete in region Il 7.86 (ksi)
€ ey Ultimate Strain of confined concrete assumed to be 3¢’ 0.0572 (in/in)

n Function of unconfined concrete strength and lateral -0.05423

confining stress

o

descending branch

Compressive stress, [

Region I Region II

Y

Er

cl
Compressive strain, €,

Fig. 3-8 Illustration of the stress-strain curve of concrete confined by steel jacketing
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Pile Confinement
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (in/in)

Fig. 3-9 Stress-strain relationship for confined concrete assigned to the pile section

3.3.3 Modeling of Soil Springs and Soil-Pile Interaction

The soil interaction with piles was modeled by soil springs spaced at 2 ft. along
the length of the piles. The force-deformation relation of the soil was modeled by zero
length spring elements based on calibrated p-y curves. For generality, one layer of stiff
clay was assumed, based on the location of the bridge in site class D. Table 3-4 shows the

assumed soil properties.

According to the FHWA report (Itani, and Pekcan, 2011), the portion of the pile
to be included in analytical model is the length from the pile cap down to the location
where moment and deflection are essentially zero. This effective length of the piles can
be calculated using pile analysis software such as Strain Wedge, L-Pile, and DFSAP. In
this research, DFSAP was used to calculate the effective length of the piles and the soil

springs.



Table 3-4 Soil properties considered in modeling
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No. of Soil Layer Eff. Unit Friction E50 | Liquefaction SuTop | Su Bottom
Layer Type | Thick (ft) | Weight (Ib/ft3) | Angle, ¢ d (Ib/ft2) (Ib/ft2)
Layer#1 | Clay 94.0 124.0 0.0 0.007 No 1500.0 1500.0

Figure 3-10 shows the deflection, moment, and shear diagrams from pile analysis

using DFSAP. These figures indicate that below a pile depth of 20 ft., the deflection,

moment, and shear values were close to zero, thus the effective length of the pile was

assumed to be 20 ft. The piles were pinned at the bottom.

To calculate the soil spring properties, p-y analysis was performed in DFSAP.

Figure 3-11 shows the pile deflection vs. soil reaction for each 2 ft. increment. The soil

stiffness was modeled as 10 uniaxial springs in each transverse direction with nonlinear

force-deformation distributed along the height of the piles. The spring properties were

assigned to uniaxial material PySimplel and zero length elements in OpenSees to model

the soil hysteretic behavior and its interaction along the effective length of the piles.

Figure 3-12 schematically shows the p-y springs along the effective length of the piles.
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3.4 Capacity Analysis of the Bridge

An eigenvalue analysis was conducted to determine the bridge natural period T,
of the bridge in each direction. The resulting periods were 0.755 sec and 0.583 sec in the

longitudinal and transverse directions, respectively.

Nonlinear static pushover analysis was applied to the model to determine the
elastic capacity and the nonlinear behavior of bridge components such as columns, piles,
and abutments in both longitudinal and transverse directions. Before the pushover
analysis, the gravity analysis was performed. Based on the weight of the bridge reported
by Marsh et al. (2011), the distributed dead load assigned to the deck was DL = 1.215
kips/in, which included the dead load of structural components and nonstructural

attachments and dead load of wearing surfaces and utilities.

For the pushover analysis, a uniform lateral load was applied along the deck, and
the displacement control node was located at the center of the deck. The pushover
analysis was continued until the core concrete of column failed. To determine the
displacement that the core concrete failed, the stress and strain of the core concrete were
recorded during pushover analysis. Results implied that in the longitudinal direction the
core concrete failed at 28.77 inches displacement (9% drift) and in the transverse

direction it failed at 16.48 inches displacement (5% drift).

Figures 3-13 through 3-20 show the pushover curves for the bridge components in
both the longitudinal and transverse directions. According to Figures 3-15 and 3-16, the
composite yield strength of the piers in the transverse direction was more than 2 times

greater than that in the longitudinal direction, but the yield displacement of the piers in
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the transverse direction was half of that in the longitudinal direction. This implies that the

piers had different elastic capacity in the longitudinal and transverse directions.

Figures 3-17 and 3-18 show the pushover curves for the piles in the longitudinal
and transverse directions, respectively. In the longitudinal direction, since the pile
responses for one abutment are similar, the pushover curve of one pile in the middle of
each abutment is shown in Figure 3-17. In the transverse direction, since abutments have
a similar response, one abutment was selected and the pushover curves of the piles at the

left end and right end of the abutment are shown in Figure 3-18.

Figures 3-19 and 3-20 summarize the pushover curve for the piers, abutments, and
the bridge in the longitudinal and transverse direction, respectively. These figures imply
that piers had a higher contribution to resist the lateral force in the transverse direction
compared to the longitudinal direction. In addition, Figure 3-19 shows two different yield
points in the abutment pushover curve, in which the first yield point is related to the

backwall soil, and the second yield point is for the piles.
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Fig. 3-14 Base shear vs. displacement of each column in Pier 2 in transverse direction
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Fig. 3-16 Base shear vs. displacement of Pier 2 and Pier 3 in transverse direction
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3.5 Modeling of Sliding Bearings

To test the fuse concept, sliding bearing elements were inserted at the top of the
bent cap and underneath each girder in the conventional bridge. The sliding bearings are
known as flatSliderBearing element in OpenSees. The bearings have coupled friction
properties for the lateral force-deformation. For the friction model, Coulomb’s law was
considered to transfer the shear force to the columns. To capture the uplift behavior of the
bearings, the specified axial direction springs were elastic in compression and had no

stiffness in tension. The compression stiffness K = 17119.3 kip/in was calculated from:
K =M w? (3.12)

where M = 0.4823 (k.s?/in) was the mass on each sliding bearing, and w = 188.4 (Hz),
based on an assumed frequency of 30 Hz. The sliding bearing was also defined to have

zero resistance to bending about either axis or to torsion.
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Chapter 4: Bridge Seismic Response

4.1 Introduction

This chapter presents results from nonlinear response history analysis of the
bridge and compares the seismic response of the conventional and fused bridges.
Response history analysis was performed for bidirectional excitation and the main
objective was to determine the influence of the structural fuses on the seismic response of
the bridge components. The structural fuse provided elastic-perfectly plastic force-
deformation that limited the force transferred to the substructure, thereby protecting
columns from significant damage. The fuse was a capacity-designed element such that
shear force transferred to the piers was equal to the force in the fuse, and the pier columns

remained in their linear elastic range.

4.2 Optimization of Friction Coefficient

This section describes the method used to determine the friction coefficient of the
sliding bearings in the structural fuse. The fuse was to be capacity-designed, so that the
shear force transferred to the piers cannot exceed their maximum elastic capacity.
However, due to framing in the transverse direction and cantilever action in the
longitudinal direction, the piers have different elastic capacity in each direction.
According to the pushover curves of the piers (Chapter 3, Figure 3-14 and Figure 3-18),
the composite yield strength of the piers in the transverse direction was more than 2 times
greater than that in the longitudinal direction, but the yield displacement of the piers in

the transverse direction was half of that in the longitudinal direction. Therefore, a strategy
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was adopted to allow limited ductility in the longitudinal direction so the piers could
respond closer to their elastic capacity in the transverse direction. To control the damage
to the bridge columns, a maximum ductility demand of 2 was permitted in the
longitudinal direction of columns. To achieve this, the following column criteria were

defined.

1- Cover concrete was not permitted to crush.
2- Stress in the core concrete was limited to the maximum confinement stress.

3- Peak strain in the bars was no more than 4 times the yield strain.

The optimized friction coefficient was determined by response history analysis of
the bridge to 3 ground motions scaled to the target design spectrum. To determine the
damage state of the columns, the stress and strain of the cover concrete, core concrete,
and reinforcing bars were tracked at the bottom of the columns, which is the critical
location for the longitudinal direction, during response history analysis. Then, the friction
coefficient was modified iteratively until the column performance criteria were met.
Figures 4-1 through 4-3 compare the dynamically varying stress-strain relationships of
cover concrete, core concrete, and reinforcing bars, respectively, in the conventional and
fused bridge using 3 different friction coefficients p. The response is due to 1999 Chi Chi
Taiwan ground motion at TCUOG5 station with a scale factor of 1.17. The response to the
Chi Chi earthquake is a representative response of the fused bridge with optimized

friction coefficient of the sliding bearings.

Figure 4-1 indicates that the cover concrete in the conventional bridge was

completely crushed, but for the same ground motion, the compressive stress of cover
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concrete in the fused bridge for u=9% remained in the elastic range, did not exceed the
maximum unconfined stress for u=14%, and passed the maximum unconfined stress for
u=18%. Figure 4-2 shows that the core concrete in the conventional bridge passed the
yield point, but stayed in the elastic range in the fused bridges. Figure 4-3 indicates that
the ultimate strain of the reinforcing bars in the conventional bridge was close to rupture,
while in the fused bridge the bars remained almost elastic for u=9%, the reinforcement
strain was within 4 times the yield strain for p=14%, and the ultimate strain of the bars
exceeded the defined criteria for u=18%. According to the response history analysis, the
optimal value for the friction coefficient that satisfied the defined criteria was calculated

to be 14%.

In addition, comparing of the stress-strain relationships in the conventional and
fused bridges implied that the structural fuses can control the damage in bridge columns.
The next section summaries and compares the overall seismic response of the

conventional and fused bridge.
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Fig. 4-1 Stress-strain relationships of cover concrete (a) u= 9%, (b) u= 14%,

(c) p=18%, (d) Conventional bridge
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Fig. 4-2 Stress-strain relationships of core concrete (a) = 9%, (b) u=14%, (c) u= 18%,

(d) Conventional bridge
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Fused Bridge , p=14%
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(c) p=18%, (d) Conventional bridge
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4.3 Seismic Response of Bridge Components

In this section, the results of nonlinear response history analysis are presented for
3 different ground motions, 1972-Managua Nicaragua-ESSO (NIC), 1979-Imperial
Valley-Chihuahua (CHI), and 1999-Chi Chi Taiwan-TCUO065 (TCU). The main objective
is to determine the influence of the structural fuse on the seismic responses of bridge
components. According to the previous section, coefficient of friction of 14% has been
chosen as the optimal friction coefficient for the sliding bearings in the fused bridge, and
Rayleigh damping with a 5% damping ratio was applied to the model for both

conventional and fused bridges.

4.3.1 Seismic Response of Sliding Bearings

In a friction device, the lateral force is proportional to the axial (or normal) force;
thus axial force variation due to overturning induces a similar variation in the lateral
force. Therefore, the relative shear force in individual sliding bearings varies during
response history analysis, whichaffects the shear force transferred to the columns. Figure
4-4 schematically illustrates the axial and shear force variation on the sliding bearings

due to overturning in the transverse direction.

Fig. 4-4 Axial force variation in sliding bearings due to overturning



45

The cyclic force-deformation of the sliding bearings summed over Pier 2 in the

longitudinal and transverse directions due to the 3 representative ground motions is

shown in Figure 4-5. The sliding bearing force-deformations in each direction were not

perfect rectangular loops because they were affected by axial force variation and

bidirectional interaction. Axial load variation produced a total lateral force that

occasionally exceeded the gravity load calibrated sliding bearing force in the transverse

direction.
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Fig. 4-5 Hysteresis force-deformation loops of the sliding bearings in Pier 2

Figures 4-6 and 4-7 compare the force history of the end sliding bearings at the

identical location in Pier 2 and Pier 3 in the longitudinal and transverse directions,
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respectively. Results show that due to bidirectional interaction the sliding bearing lateral

force reached the gravity load calibrated friction force in the transverse direction but not

in the longitudinal direction. The friction force (L*N) is shown as horizontal dashed lines

in the figures, where N is the weight of the structure on the sliding bearings. Essentially,

the total sliding bearings force capacity in any direction was constant, and could be

decomposed into its x and y (longitudinal and transverse) components. Since the sliding

bearing displacements were consistently smaller in the longitudinal direction than the

transverse direction (Table 4-1 for Pier 2), the transverse component of the sliding

bearings force dominated the overall force.
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Fig. 4-6 Force history of end sliding bearing in longitudinal direction
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Fig. 4-7 Force history of end sliding bearing in transverse direction

Table 4-1 Maximum displacement of sliding bearing in Pier 2

Sliding Bearings Displacement (inch)
Ground Motions Longitudinal Direction Transverse Direction
NGA #95 0.61 3.57
NGA #165 2.37 6.21
NGA #1503 4.12 8.70

Figure 4-8 shows the vector sum force history of end sliding bearing on Pier 2 and
Pier 3. For better observation of the vector force history, 10 seconds of each ground
motion was plotted. Figure 4-8 indicates that due to axial load variation on the sliding
bearing, shear force occasionally exceeded the calibrated force. This implies that to
protect pier columns, axial load variation on the structural fuse should be accounted in

designing the sliding bearing properties. The vector sum force history of the sliding
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bearings was normalized by axial load for each step. This normalized vector sum force
history for 10 seconds of each ground motion is shown in Figure 4-9. The normalized
vector sum force often equaled the 14% friction coefficient defined for the sliding
bearings, which proves that the sliding bearing force capacity was constant and direction

independent as mentioned earlier.
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Fig. 4-8 Vector sum force history of end sliding bearing
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4.3.2 Seismic Response of Pier Columns

Figures 4-10 and 4-11 show the composite force-displacement relationships of
the piers in the longitudinal and transverse directions, respectively, due to the three
selected ground motion pairs. During the ground motions NIC and CHI, the shear force in
the piers did not exceed the friction force, so the piers had similar longitudinal force-
displacements in the conventional and fused bridge. In the TCU ground motion, the piers
in the fused bridge experienced lower displacement and subsequently less hysteretic
energy dissipation than those in the conventional bridge (Figure 4-10). The difference

was due to the structural fuse effect that limited the shear force transferred to the
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columns. In the transverse direction, the piers in the conventional bridge passed the yield
point and experienced large displacements and large ductility demands (Figure 4-11). In
the fused bridge, the sliding bearings kept the piers in their linear-elastic range and

prevented the shear force in columns from exceeding their elastic capacity.

Figures 4-12 and 4-13 show the displacement history of a column in longitudinal
and transverse direction, respectively. The selected column experienced more damage
during response history analysis than other columns. The maximum displacement of the
columns for each ground motion is also identified. The maximum displacement of the
column for NIC and CHI ground motions of the fused bridge was nearly identical to that
in the longitudinal direction of the conventional bridge, because the base shear in the
piers didn’t exceed the friction force in the sliding bearings (Figure 4-12). In the TCU
ground motion (Figure 4-12), the column of the conventional bridge was subjected to
more significant displacement, consistent with the mild yielding shown in Figure 4-10.
Thus, the sliding bearing was active in the fused bridge, which limited the displacement
to 2/3 of that in the conventional bridge and reduced the damage. In the transverse
direction, the columns in the fused bridge were limited to about 1.5 in. of displacement to
remain in the linear elastic range. In contrast, the displacements were 6.11 in. for NIC,

7.02 in. for CHI, and 11.36 in. for TCU in the conventional bridge (Figure 4-13).
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Fig. 4-10 Seismic response of piers in longitudinal direction
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Fig. 4-11 Seismic response of piers in transverse direction
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In summary, comparisons of the seismic response of the columns in the
conventional and fused bridge demonstrated that the structural fuse can control damage in
columns by limiting the shear force and column displacement to be within the elastic
capacity of the piers. Next, the effect of the structural fuse on the seismic response of the

abutments in the fused bridge relative to the conventional bridge is investigated.

4.3.3 Seismic Response of Abutments

Figures 4-14 and 4-15 compare the cyclic force-displacement of the abutments for
the conventional and fused bridges in the longitudinal and transverse directions,
respectively. The hysteresis loops show that maximum force and displacement demands
of the abutments in the fused bridge are similar to those in the conventional bridge.
Figures 4-16 and 4-17 provide the displacement histories of the abutments for fused and
conventional bridges in the longitudinal and transverse directions, respectively. For the
NIC and TCU ground motions, the maximum abutment displacement in the fused bridge
was approximately 10% less and 20% less than that of the conventional bridge in the
longitudinal and transverse directions, respectively. For the CHI ground motion, the
maximum abutment displacement in the fused bridge exceeded that in the conventional
bridge by 35% in the longitudinal direction and 5% in the transverse direction. These
observations suggest that the structural fuse didn’t considerably influence the seismic
response of the abutments, and the total displacement demand of both bridges was
similar. Therefore, the structural fuse can protect columns without considerable change in
the abutment response. Further investigation will determine if this result is generally

applicable.
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Fig. 4-14 Seismic response of the abutments in longitudinal direction of the bridge
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Fig. 4-15 Seismic response of the abutments in transverse direction of the bridge
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Fig. 4-17 Displacement history of abutment in transverse direction
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4.4 Summary

Table 4-2 summarizes the peak ductility demands of the bridge components
resulting from the preceding response history analysis. Results show that the structural
fuse considerably reduces ductility demand in the column transverse direction while
controlling damage in the longitudinal direction. Furthermore, the abutment ductility
demand in the fused bridge is similar to that of the conventional bridge. Therefore,
according to these observations for three ground motions, structural fuses can improve
the seismic response of the bridge by reducing displacement demands in columns without
significant changes to abutment displacement demands. For better understanding of the
seismic response of fused bridge a statistical analysis using a suite of 20 ground motions

and incorporating variation of friction coefficient is presented in the next chapter.

Table 4-2 Ductility demand of the bridge components

Columns Abutments
Ground - —
Motion Longitudinal Transverse Longitudinal Transverse
C F C F C F C F
NIC 0.77 0.83 2.45 0.53 0.73 0.67 121  0.94
CHI 0.77 0.78 2.82 0.54 0.73 0.98 1.40 149
TCU 2.11 1.40 4.58 0.58 1.98 1.71 229 2.02

C: Conventional Bridge F: Fused Bridge
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Chapter 5: Statistical Analysis

5.1 Introduction

This chapter presents statistical results from nonlinear response history analysis of
the bridge for a suite of 20 ground motions and compares the ductility demand of the
conventional and fused bridges. Six different friction coefficients (2%, 6%, 9%, 14%,
18%, and 22%) were applied to the structural fuses to incorporate the variation of friction
coefficient on the bridge and abutment responses. By increasing the friction coefficient,
the piers relative contribution to resist the lateral force increases. Nonlinear analysis was
performed in both conventional and fused bridges for the ground motions scaled to 100%,
150%, and 200% of the design earthquake. A brief description of the ground motion

properties and the scaling procedure is presented next.

5.2 Ground Motions Selection and Scaling

A total of twenty ground motions to be used in nonlinear time history analysis
were selected based on earthquake magnitude, and site classification. Ground motions
were selected that were recorded in magnitude 6 to 8 earthquakes and on site class D soil.
For this site class, the shear wave velocity (Vs30) varied from 600 (ft./sec) to 1200
(ft./sec) (AASHTO, 2010a). Near fault ground motions with a large pulse visible in their
spectral acceleration curve in the periods of 1 to 2 seconds were excluded from the
ground motion selection. The acceleration history pairs obtained from the PEER Strong
Motion Database website are given in Table 5-1, in which, “NGA” is the ground motion

number in PEER data base website, “Mag” is the magnitude of the ground motion, “Rj,”



60

is the distance from the fault, and “AVE” is the average scale factor for each ground

motion.
Table 5-1 Ground motion selection and scale factors
. . Vs30 AVE Scale
NGA# Year — Earthquake -Station Mag Mechanism Rjp(km) (mis) Factor
1966 - Parkfield - Cholame . .
30 Shandon Array #5 6.19 Strike-Slip 9.6 289.6 2.28
95 1972 - Managae TICaragua - 624 strike-Slip 35 2888 195
160 dene - el Vellgy - Berel Strike-Slip 05 223 1.074
Corner
162 1979 - Imperial Valley - Calexico ¢ 53 gy gjip 104 2312 358
Fire Station
165 )= laygetrsl Walllzy - 653  Strike-Slip 73 2745 235
Chihuahua
230 1980 Mammomh Lakes-CONVICt 6 06 Normal-Oblique 1.1 3385 261
1980 - Mammoth Lakes - Long .
231 Valley Dam (Upr L Abut) 6.06 Normal-Oblique 12.6 345.4 3.07
458 1984 - Morgan Hill - Gilroy Array  6.19 Strike-Slip 115 221.8 2.96
517 ~ 1986-N.PalmSprings-Desert ¢ e poverse-Oblique 1 3454 274
Hot Springs
1986 - Chalfant Valley - Bishop . .
549 L ADWP South St 6.19 Strike-Slip 14.4 271.4 341
725 1987-Superstition Hills - Poe Road  6.54 Strike-Slip 11.2 207.5 2.26
768 1989 - Loma Prieta Gilroy Array ~ 6.93  Reverse-Oblique 13.8 221.8 217
gog 1992 Cape Mendocino - Rio Dell 5 oy Reverse 79 3118 155
Overpass
881 1992 - Landers - Morongo Valley  7.28 Strike-Slip 17.3 345.4 3.17
1160 1999 - Kocaeli Turkey - Fatih 7.51 Strike-Slip 53.3 338.6 3.16
1203 1999 — Chi Chi Taiwan - CHY036 7.62 Reverse-Oblique 16.1 233.1 2.02
1503 1999 - Chi Chi Taiwan - TCU065  7.62 Reverse-Oblique 0.6 305.9 1.17
1602 1999 - Duzce Turkey - Bolu 7.14 Strike-Slip 12 326 1.05
1605 1999 - Duzce Turkey - Duzce 7.14 Strike-Slip 0 276 1.32
1770 ~ 1999-HectorMine -BigBear .53 gy glip 619 3385 328

Lake Fire Station

Each ground motion pair was scaled to minimize the sum square of the error

between its 5% damped response spectrum and the target design spectrum in the range of

05 - 125 * T, (T, is bridge natural period) for both longitudinal and transverse

directions. The average scale factors for all ground motions are listed in Table 5-1. The
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spectral accelerations of each scaled ground motion are compared to the design spectrum
and the geometric mean of the 20 scaled motions in the X-longitudinal direction (Figure
5-1(a)), and Y-transverse direction (Figure 5-1(b)). The scaling range of 0.25 — 1.12
seconds is shown by two vertical lines in the figures and the average scale factor for each
ground motion was applied to the model for both directions. The geometric mean (x) of

the ground motions was calculated from:

T Ln(xi))

X = exp( -

(5-1)
where X; is spectral acceleration for ground motion i at each period and n is the number of

ground motions.
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5.3 Statistical Results

In this section the statistical analysis of the bridge response to 20 ground motions
is presented for both conventional and fused bridges. The geometric mean response x was

calculated based on Equation (5-1) and the dispersion (&) of the response was computed
by:

1/2

5= [2?=1(Lnxi—Lnf)2] (5-2)

n-1
The 16" and 84™ percentile responses were computed as:
X169, = Xexp(—9) (5-3)
Xgao, = Xexpd (5-4)

The 16™ and 84™ percentile responses represent the mean +1 standard deviation for a log

normally distributed response.

Figure 5-2 shows the ductility demand of the column and the abutment in the
longitudinal and transverse direction versus friction coefficient of the sliding bearings for
100% of the scaled ground motions. The geometric mean response is shown as a black
dot in the figures and the 16™ and 84™ percentile ranges are illustrated as a red line.
Results indicate that the average ductility demand of the columns in the longitudinal
direction of the conventional bridge was close to 1.0 and in the transverse direction was
2.0. This implies that the columns were essentially elastic in the longitudinal direction but
not in the transverse direction. This occurred because, based on the pushover analysis

(Figures 3-16 and 3-20), the columns contributed a greater share of the lateral resistance
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in the transverse direction than the longitudinal direction. In addition, due to the
cantilever action of the columns in the longitudinal direction, the bridge was more
flexible and the columns elastic displacement capacity was greater in the longitudinal

direction than in the transverse direction.

The results indicate that by increasing the friction coefficient of the sliding
bearings in the fused bridge, the ductility demand of the columns in both longitudinal and
transverse directions increased and approached that in the conventional bridge. By
increasing the friction coefficient, the shear force transferred to the columns increased
and imposed more ductility demand to the columns until it reached that of the
conventional bridge. However, based on Figure 5-2 (a) and (b) for friction coefficients
smaller than 18%, the columns remained elastic with ductility demand lower than 1.0 in
both longitudinal and transverse directions. In addition, Figure 5-2 (a) and (b) shows that
the data dispersions of the columns were very low for p < 10% in the longitudinal
direction and p < 15% in the transverse directions, which indicates the reliability of
keeping the columns elastic.

According to Figure 5-2 (c), (d) the abutment ductility demand for both
longitudinal and transverse directions of the conventional bridge was close to 1.0 because
the abutments were designed to remain elastic. By changing the friction coefficient of the
sliding bearings in the fused bridge, the average ductility demand of the abutments did
not significantly change in either the longitudinal or transverse direction. In other words,

abutment ductility demands in the fused bridge were insensitive to the column fuse
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properties and resulted in ductility demands identical to those in the conventional bridge
on average.

In summary, in the fused bridge with friction coefficients smaller than 18%, the
average ductility demands of the columns in both the longitudinal and transverse
directions were less than 1.0 and the average ductility demands of the abutments were
nearly identical to those in the conventional bridge. This implies that the structural fuse

effectively protect the columns without any adverse effect on the abutment response.

Longitudinal Direction - 100% Excitation Transverse Direction - 100% Excitation
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Fig. 5-2 Ductility demand of the column (a, b) and abutment (c, d) vs. friction coefficient
of sliding bearing for 100% Excitation
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Figures 5-3 and 5-4 show the ductility demands of the columns and abutments in
the longitudinal and transverse direction versus friction coefficient of the sliding bearings
for the ground motions scaled to 150% and 200% of the design spectrum, respectively.
By increasing the ground motion intensity from 100% to 200%, the average ductility
demand of the columns in the conventional bridge for the longitudinal direction increased
from 1.0 to 2.0 and for the transverse direction increased from 2.0 to 4.0. In the fused
bridge, for 150% and 200% scale factor, as the friction coefficient increased the average
ductility demand of the columns increased with a trend similar to the 100% scale factor
(Figure 5-2). For friction coefficients smaller than 15% the ductility demand of the
columns in the transverse direction of the fused bridge was lower than 1.0, which is 1/4
of that in the conventional bridge, even when the largest scale factor (200%) was applied
to the model (Figure 5-4). At the optimized friction coefficient (14%), the columns had
limited ductility demand in the longitudinal direction (maximum 1.5) and stayed in their
elastic range in the transverse direction. The reason that columns had a small inelastic
demand in the longitudinal direction during 150% and 200% excitations was because of
the variation of the axial load on the sliding bearings due to increasing the ground motion

intensity.

By increasing the ground motion intensity from 100% to 200%, the average
ductility demand of the abutments in the conventional bridge increased from
approximately 1.0 to 2.0 for both directions. Although average ductility demand of the
abutments increased due to 150% and 200% excitations, the abutment ductility demands

in the fused bridge continued to be insensitive to the sliding bearing friction coefficient
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and essentially equal to that in the conventional bridge. Therefore, the structural fuse was

capable to limit the columns ductility demands without affecting the abutment response

for this case study bridge.
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5.4 Simplified Bridge Model

According to statistical results, the ductility demands of the abutments were
insensitive to the friction coefficient of the sliding bearings in both the longitudinal and
transverse directions. In the longitudinal direction of the bridge, the abutments
contributed more to the lateral resistance than the columns. Hence, the contribution of the
fuses to the bridge response was expected to be smaller in this direction. However, the
abutment ductility demands were also insensitive to friction coefficient in the transverse
direction. To better understand the trends for abutment response in the transverse
direction of the fused bridge, a simplified model of the bridge was built based on the

bridge pushover analysis (Chapter 3, Figure 3-20). In this model, the bridge was
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idealized as a single degree-of-freedom (SDOF) system with a nonlinear spring and a
dashpot calibrated to 5% damping. Figure 5-5 shows the configuration of the simplified
model. Spring properties were assigned to represent the overall behavior of the
conventional and fused bridges according to the pushover curves. Two different models
for idealized bridge response were considered, elastoplastic force-deformation relation,
because the seismic response of the elastoplastic system is well understood, and trilinear

force-deformation relation, because it more closely resembles the bridge behavior.

Mass

Spring $ L{J Damper

AN | |

Fig. 5-5 Simplified model of the bridge

Figure 5-6 compares the pushover curves for the conventional bridge and the
fused bridges with the six different friction coefficients of sliding bearings in the
transverse direction. Figures 5-7 and 5-8 show the idealized elastoplastic curves and
trilinear curves, respectively, in the transverse direction of the bridge. The method used to
develop the elastoplastic curves was based on the Caltrans Seismic Design Criteria, such
that the elastic portion of the idealized curve passed through the first yield point on the
pushover curve and the idealized plastic capacity was obtained by balancing the areas
between the actual and the idealized curves beyond the first yield point (Caltrans, 2013).
The trilinear curves were developed based on the piers and the abutments first yield

points, such that the idealized curves passed through the calibrated friction force in the



70

sliding bearings and the first yield point of the abutments, and the strain hardening

matched the pushover curves.

2000
1800 Conventional ||
=
— S ]
=l
| w=122%
Z 1400 e n=18% ||
o
g nw=14%
~— 1200 / e 1= 9% _
5 —— =~ | u=6%
P — = = !
= We—t———
9 800 // —
[s+]
2 600 ///
400 %/
200
0
5 10 15 20 25 30 35 40

Displacement (in)

Fig. 5-6 Pushover curves for conventional and fused bridges in the transverse direction
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Fig. 5-8 Trilinear curves for conventional and fused bridges in the transverse direction

5.5 Inelastic Response of Simplified Model

Response of structures deforming into their inelastic range during intense ground
motion shaking has been studied extensively in earthquake engineering. One method that
has been applied is to evaluate the response of an idealized inelastic system with
reference to the same system, as if it had remained elastic, which is referred to as the
corresponding linear system (Chopra, 2007). In its most basic form, the inelastic system
is modeled as elastic-perfectly plastic and the elastic system is defined to have the same
stiffness as the stiffness of the elastoplastic system during its initial loading. Figure 5-9
conceptually illustrates an elastoplastic system and its corresponding linear system,
where f, and u, are the peak values of the earthquake-induced resisting force and
deformation in the elastic system, respectively, and fy is the yield force, uy is the yield

displacement, and uy, is the peak deformation of the elastoplastic system due to the



72

earthquake. Based on these parameters, the force reduction factor (R) is defined by

R =f, / fy and ductility demand () is defined by p=um / uy.

fs
!

fo | — - — - Corresponding linear system
£, / Elastoplastic system

{1}' Uy Um
Fig. 5-9 Elastoplastic system and its corresponding linear system

Much literature is available on the investigation of inelastic systems (Konakli and
Kiureghian 2013, Chopra 2007, Miranda 2000). For short period systems, in the
acceleration sensitive region of the spectrum, up, is greater than u, and the ratio of uy, / U,
increases as fy decreases. For systems with periods in the velocity sensitive range of the
spectrum, un, may be larger or smaller than u, since the response is irregularly affected by
variation of fy. For very long period systems, in the displacement sensitive region of the
spectrum, the peak deformation uy of an elastoplastic system has been found to be
independent of the vyield force (fy) and equal the peak deformation u, of the
corresponding linear system on average, and the ratio of un, / u, equals 1.0. This is known
as equal displacement rule. The rule also implies that the force reduction factor (R)

equals the ductility demand of the elastoplastic system ().

The applicability of the equal displacement rule to the case study bridge was

examined by demonstrating that 1) the equal displacement rule applied to the simplified
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bridge models, and 2) the simplified bridge models were representative of the real bridge
response. Response history analysis was performed on the simplified model using
elastoplastic curves of the conventional and fused bridges. For each ground motion, fy
and uy, were computed from the elastoplastic system response of conventional and fused
bridges and f, and u, were computed from corresponding linear response of the system.
Then, uy/u, versus reduction factor (R) was plotted. Figure 5-10 (a)-(c) shows the ratio of
Um / Uo Vversus reduction factor R for 100%, 150%, and 200% of the scaled ground
motions for elastoplastic system. A line was fitted to the scatter plot by minimizing the
squared error of the data, and its equation is identified in the figures. If the slope of the
line is zero (m=0) and its intercept b = 1.0, response of the bridge is independent of the
reduction factor (R) and the equal displacement rule applies. The fitted lines indicate that
the average ratio of un, / U, for all three scale factors is close to 1.0, which implies the
peak displacement of the elastoplastic system is close to the peak displacement of the
corresponding linear system, and the equal displacement rule is valid for the idealized

elastic perfectly plastic model of the bridge.

According to Figure 5-10, the majority of the data for un, / u, are between 0.5 —
1.5 which is consistent with other research (Chopra, 2007). Other data with the ratio of
Um / Uo greater than 2.0 are for the TCU ground motion. This ground motion caused an

outlier response that needs more investigation.
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Fig. 5-10 Ratio of un / U, vs. reduction factor, R, for (a)100%, (b)150%, and (c)200%
excitation in bilinear system

An idealized trilinear force-deformation relation more closely resembles the
bridge pushover response in the transverse direction. Response history analysis was
performed for the idealized trilinear model, and the results were processed as described
for the elastoplastic model. Figure 5-11 (a)-(c) shows the ratio of un, / u, versus reduction
factor R for 100%, 150%, and 200% of the scaled ground motions of trilinear system.
Results indicate that the ratio of un, / u, for each ground motion is around 1.0, and for all
three scale factors, the fitted line has a slope m ~ 0 and intercept b ~ 1.0, which confirms

that the equal displacement rule is also valid for the trilinear system.
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Fig. 5-11 Ratio of un, / U, vs. reduction factor, R, for (a)100%, (b)150%, and (c)200%
excitation in trilinear system

Using the response history analysis results for the elastoplastic and trilinear
simplified models, the average ductility demand of the abutment was calculated for both
models and plotted against the average ductility demands for the complete bridge model.
Figure 5-12 (a)-(c) shows the ductility demand of the abutment versus friction coefficient
of the sliding bearings of the complete bridge, idealized elastoplastic, and idealized
trilinear models for 100%, 150%, and 200% excitation scale factors. Results for all three
scale factors indicate that the ductility demands of the abutment in both the idealized
models are nearly identical to that in the complete bridge model. Hence, for this bridge,
the ductility demand of abutment can be perfectly estimated by the simplified model.

Results illustrate that the abutment ductility demand in the complete bridge model is
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bounded above by ductility demand of the idealized elastoplastic model and below by the
ductility demand of the idealized trilinear model. Furthermore, all three models are
insensitive to the friction coefficient of the sliding bearings. As an exception, for 2%
friction coefficient, since the pier contribution was insignificant, the elastoplastic system
was based only on the abutment force-deformation curve and had a different initial
stiffness, which caused higher ductility demand compared with the other friction
coefficients. However, such a low friction coefficient would not be applied in a realistic

design of a fused bridge.

In summary, the equal displacement rule was shown to apply to both the
elastoplastic and trilinear models, and the elastoplastic and trilinear models bound the
demands in the case study bridge model. As a result, the ductility demand of the
abutment is independent of the vyield force of the bridge. Therefore, abutment
displacement demand is insensitive to friction coefficient of the sliding bearings and

nearly identical to that in the conventional bridge.



— 2]
- [4)] ) (3]

Ductility Demand of Abutment

o
tn

— 2]
— w ] o

Ductility Demand of Abutment

o
w

Transverse Direction - 100% Excitation

T T T T T
: : --#- Elastoplastic
R e B R —e—Bridge H
- Trilinear
I S S 0 S S
i % i
5 10 15 20 Conventional
Coefficient of Friction, p , (%)
(a)
Transverse Direction - 150% Excitation
T T T ‘
: --- Elastoplastic
e —s—Bridge
~#- Trilinear
L
—_ S Tt N PO N
Lo L — T oo - S _
5 10 15 20 Conventional

(b)

Coefficient of Friction, p , (%)

79



Transverse Direction - 200% Excitation

N
tn

--#- Elastoplastic
—e—Bridge

- Trilinear

]

-
[4)]
T

Ductility Demand of Abutment

A e R R =
0.5 -------------------------------------- .
. | |
20 Conventional
Coefficient of Friction, p , (%)
(©)

80

Fig. 5-12 Ductility demand of abutment vs. friction coefficient for (a) 100%, (b) 150%,

and (c) 200% excitation



81

Chapter 6: Summary, Conclusions, and Recommendations

6.1 Summary

In this research, a strategy to protect vulnerable pier columns in multi-span
bridges with integral abutments was investigated. The bridge piers were protected from
seismic damage by introducing sliding bearings at the top of the piers that provide elastic-
perfectly plastic force deformation. The objectives were to determine the influence of
structural fuses on the seismic response of a case study bridge and investigate sensitivity

of bridge response to fuse properties.

To achieve these objectives, an existing bridge was modeled that could potentially
benefit from column fuses. This bridge was an FHWA design example (Marsh et al.
2011). The bridge model was built in OpenSees, and analyzed by 1) nonlinear static
pushover analysis to determine the elastic capacity and the nonlinear behavior of bridge
components such as pier columns and abutments, and 2) nonlinear response history
analysis using a suite of 20 ground motions scaled to the target design spectrum.
Afterwards, seismic responses of the conventional and fused bridges were compared
using six different friction coefficients (2%, 6%, 9%, 14%, 18%, and 22%) of the sliding
bearings to evaluate the influence of friction coefficient on the seismic response of the

fused bridge.

To understand the observed bridge response trends, especially in the transverse
direction of the bridge with structural fuses, a simplified model of the bridge was built

based on the bridge pushover curves using idealized elastoplastic and idealized trilinear
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force-deformation relationships. The seismic response of the idealized elastoplastic

system is well understood, while the trilinear force-deformation relation more closely

resembles the bridge behavior. The conclusions of this study are presented next.

6.2 Conclusions

Based on the results from the analyses and comparisons described earlier, the

following conclusions can be made.

1-

The structural fuse provided elastic-perfectly plastic force-deformation that
limited the force passed to the substructure. According to the response history
analysis, the force-deformations of sliding bearings were not perfect rectangular
loops in both the longitudinal and transverse directions because they were

affected by axial force variation and bidirectional interaction.

2- Axial load variation in sliding bearings produced a total lateral force that

occasionally exceeded the gravity load calibrated slider force in the transverse
direction. This means that if the sliding bearing force capacity is calibrated to
equal the column yield force, the transferred shear force may pass the yield point
during an earthquake due to axial load variation. Hence, the sliding bearing force
capacity should be designed such that the columns remain elastic for the largest
axial load variation.

The total sliding bearing force capacity in any direction is constant, and can be
decomposed into its x and y (longitudinal and transverse) components. In the case

study bridge, the sliding bearing displacements were consistently smaller in the
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longitudinal direction than the transverse direction, and the transverse component
of the sliding bearing force dominated the overall force.

Response history analysis of the bridge showed that the structural fuse
constrained the columns to linear elastic response in the transverse direction while
controlling damage in the longitudinal direction. However, with lower friction
coefficient, the damage in the longitudinal direction could be eliminated as well.
During representative response history analyses, the hysteresis loops of the
abutments in the conventional and fused bridges were similar and the maximum
force and displacement demands of the abutments in the fused bridge were nearly
identical to those in the conventional bridge in both the longitudinal and
transverse directions.

Statistical analysis for ground motions scaled to 100% of the design spectrum
showed that for sliding bearings with friction coefficients smaller than 18% in the
fused bridge, the average ductility demands of the columns in both the
longitudinal and transverse directions were less than 1.0 and the average ductility
demands of the abutments were nearly identical to those in the conventional
bridge. This implies that the structural fuse effectively protected the columns
without any adverse effect on the abutment response.

By increasing the friction coefficient of sliding bearings in the fused bridge, the
ductility demand of the columns in both longitudinal and transverse directions
increased and approached that in the conventional bridge. However, the average

ductility demand of the abutments was insensitive to the slider friction coefficient
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in either the longitudinal or transverse direction and was essentially equal to that
of the conventional bridge.

By increasing the ground motion intensity from 100% to 200%, same response
trends for the average ductility demands of the columns were observed.
Therefore, the structural fuse was capable to protect the pier columns and keep
them elastic even when the largest scale factor (200%) was applied to the model.
The average abutment ductility demands in the fused bridge continued to be
insensitive to the sliding bearing friction coefficient and essentially equal to the
demands in the conventional bridge.

Response history analysis of the simplified bridge model showed that the bridge
response could be represented by the simplified models. Simplified model
demands were insensitive to yield force, which is consistent with the well-known
equal displacement rule. Thus, overall bridge displacement demand (and hence
abutment ductility demand) was unaffected by introducing sliding bearings as

fuses.
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6.3 Recommendations for Future Research

Due to the fact that highway bridges have different properties (such as span
length, different piers and abutment types), every parameter cannot be accounted for in
the case study of a single bridge. The following recommendations for future work are

made based on the analytical results and observations.

1- Investigation of the fuse concept on semi-integral abutment bridges where the
passive resistance of the soil against the backwall provides significant seismic
resistance.

2- Investigation of the near fault ground motions and vertical accelerations on
the response of bridges with structural fuses.

3- Investigation of the residual displacement in piers and abutments and long
term effects on sliding bearing properties in bridges with the structural fuse.

4- ldentifying the broader range of bridge characteristics and ground motion
characteristics for which sliding bearing fuses can be beneficial based on a

simplified bridge model.
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