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1.0 INTRODUCTION

1.1 GENERAL

Seismic retrofit or replacement of the entire ODOT vulnerable bridge inventory is unlikely in the
foreseeable future, leaving Oregon with a large bridge inventory of seismically vulnerable
bridges. Simultaneously, the Cascadia Subduction Zone (CSZ) earthquake has a significant
probability of occurrence in our lifetime (Goldfinger et al, 2012). One of the major issues facing
the transportation infrastructure during and following CSZ earthquake is not necessarily the
strength of shaking at any site alone, but the vast and varied damage that will be distributed
throughout the state. Damage is expected to be geographically spread and to affect the
transportation system west of I-5, up and down the state. Significant aftershocks are expected
for months to possibly years. Variability in intensity across the state, combined with the actual
individual bridge responses, will mean that the extent of damage throughout the inventory will
vary from minor to significant.

Bridge repair, in lieu of replacement, will be needed following the CSZ earthquake. Priority will
be placed on resuming mobility such that repairs will need to be implemented quickly and in
many cases expected to remain for the useful life of the bridge, as not all damaged bridges would
be slated for replacement. In an effort to anticipate this need, a strategy is required for having a
rapid repair methodology in place prior to the CSZ earthquake hitting our region. Ideally, this
would be a strategy that will allow for rapid repair. The goal would be achieving semi-
permanent installation that also considers resiliency in future earthquakes, including aftershocks.

1.1 BACKGROUND AND SIGNIFICANCE OF WORK

Seismically substandard bridges in Oregon are typically characterized by multicolumn bridge
bents, which can develop damage in the columns, in the foundations and in the bent beams. The
damage can range from rebar yielding and concrete cracks to more severe lap-splice pull-out or
longitudinal rebar buckling and fracture. Yet, the collapse mechanism continues to depend on
the component's ability to carry gravity loads. Numerous bent and column experiments and
observations from post-earthquake reconnaissance have shown that collapse is not inevitable just
because the lateral system 1s damaged. Despite severe degradation of the lateral strength in
specific areas, bridges can continue to carry design level gravity loads because the gravity
structure retains sufficient capacity.

Conventional repair methods aim to restore strength to the damage zones, such as repairing of
cracked concrete and encasing the column in a concrete jacket, steel jacket, or FRP wrap. This
may be appropriate for cases of low damage, whereby the steel reinforcement cage remains
largely intact. However, more involved procedures are needed for cases of loss of lap splice,
buckled or fractured rebar, or merely loss of confidence at the remaining low cycle fatigue
capacity for subsequent earthquakes. Most past research focused on coupling the rebar in



various ways for continuity prior to the encasement or wrap. While effective at restoring the
column, there are three significant issues with these approaches:

1. Restoring rebar continuity is labor intensive resulting in lengthy and potentially costly
repairs,

2. The affected area can be damaged again in an aftershock requiring new significant
repairs, and

3. Encasing results in higher stiffness and strength that would likely shift failures to
other parts of the bridge under future earthquake demands.

An alternative post-earthquake repair method is proposed that can be rapidly implemented and
that has the potential for increasing the resilience for future shaking. The method utilizes
externally mounted brackets, which are secured to the non-damaged parts of the bent. The
brackets can be fabricated quickly following the earthquake from standard drawings or
prefabricated and stockpiled for common geometries. Researchers at PSU have developed a
similar concept for retrofit of slender equipment support structures (Palnikov, 2017) and a
similar approach has also been proposed for new precast ABC bridge construction in New
Zealand (Mashal et al., 2014). The proposed repair measure would be best suited for bents that
had significant damage, but not lost gravity capacity. This is expected to encompass a majority
of bridges statewide.

Damage outside of the columns is possible for vulnerable bridge types in Oregon and repairing
for strength in those components can be relatively conventional. The difficulty is in repairing for
ductility and providing future resiliency, which this rapid approach would offer. The proposed
methodology incorporates externally attached ductile fuses to bypass the damaged zone and
restore the lateral capacity. The advantage of this approach is bypassing the internal rebar
continuity within the damaged zone. This in turn significantly simplifies the repair, which is
made in part by saw cutting cover depth around the perimeter and removing loose debris. The
number of replaceable fuses and their individual capacity then control the lateral behavior,
leaving the rest of the repair to be relatively generic and conventional. Following capacity
design, subsequent earthquake damage would be forced into the replaceable fuses and thereby
provide significant resilience in the future.

1.2 OBJECTIVE AND SCOPE

The proposed research aims to develop, design, and validate a practical post-earthquake repair
methodology that can be rapidly implemented and that incorporates low damage earthquake
resilience for future shaking. The effectiveness of existing repair methods will be reviewed
whilst considering rapid installation and susceptibility to future earthquake damage. These will
be contrasted to the proposed concept that utilizes the external collar with ductile fuses. In order
to evaluate the proposed repair method, damaged components of a typical bent will be repaired
and tested in the laboratory.



1.3 BENEFITS

Restoring mobility following a CSZ earthquake is an important consideration for ODOT in order
to restore not just lifeline routes following a CSZ earthquake, but the full highway network in
order to achieve disaster recovery for all communities. While the damage can be vast, the need
to repair and restore the network functionality quickly will be high. The benefit to ODOT also
relates directly to cost. The anticipated research product introduces a new tool in the repair
toolbox, a tool that has the potential to be simpler to implement and significantly more resilient
than conventional methods alone.






2.0 LITERATURE REVIEW

To develop a suitable repair methodology, it is necessary to understand the damage that a typical
reinforced concrete (RC) bridge column experiences during an earthquake. The first subsection
of this literature review describes common failure modes of reinforced concrete bridge columns
and provides observations from past earthquakes and previous experimental research.
Furthermore, this literature review covers previous research and findings relevant to the repair of
earthquake-damaged columns, dissipative controlled rocking, and energy dissipating ductile
fuses. Applicable sources relating to column retrofit are also mentioned, as there are many
similarities between column repair methods and column retrofit methods.

2.1 EARTHQUAKE DAMAGE TO RC BRIDGE COLUMNS

Priestley et al. (1996) describes the most common failure modes and deficiencies of reinforced
concrete bridge columns as a direct result of an inadequate design philosophy, called the elastic
design philosophy, that was widely accepted and used prior to the 1970s. Failures are classified
as either flexural strength and ductility failures or shear failures. Figure 2.1(a) and (b) are
examples of a flexural failure and a shear failure, respectively. Both examples are from the 1994
Northridge earthquake.

Figure 2.1: (a) Column flexural failure (Bull Creek Canyon Channel Bridge), (b) Column
shear failure and collapse (I-10 Freeway at Fairfax/Washington Undercrossing), 1994
Northridge earthquake (Priestley et al. 1996)



Flexural and ductility failures can generally be attributed to four common deficiencies: (1)
inadequate flexural strength, (2) undependable column flexural strength, (3) inadequate flexural
ductility, and (4) premature termination of column reinforcement.

1.

Inadequate Flexural Strength — Historically, bridge designers drastically
underestimated the seismic forces that are expected in reinforced concrete bridge
columns. Priestley et al. (1996) claims that it was common for bridges in California
to be designed for seismic lateral loads of around 6% of the typical gravity loads.
Now it is thought that these loads are greater than 100% of the gravity load.

Undependable Column Flexural Strength — Inadequate development length of lap
splices is commonly found in reinforced concrete bridge columns. Furthermore,
these lap splices often reside at the top and bottom of the column, where seismic
loading produces large flexural forces. Priestley et al. (1996) found lap splice lengths
as short as 20 bar diameters to be common in California. Inadequate development
length prevents reinforcing bars from reaching their design levels, causing the column
flexural design strength to be undependable. An example of lap splice failure from
the 1989 Loma Prieta earthquake is shown in Figure 2.2(a).

Inadequate Flexural Ductility — Reinforced concrete bridges often have inadequate
flexural ductility. Again, this is a result of the elastic design philosophy in which the
idea of plastic hinging did not exist. The current design philosophy is to allow
reinforced concrete bridge columns to undergo inelastic deformation, dissipating
energy through plastic hinging action. Columns that are not well confined (i.e.
columns with large transverse reinforcement spacing) often suffer from inadequate
flexural ductility because as they experience inelastic flexural deformations. The
crushing and degradation of concrete quickly infiltrates the core concrete of the
column.

Premature Termination of Column Reinforcement — Mid-height flexural failures have
been attributed to premature termination of the longitudinal reinforcing bars.
Priestley et al. (1996) found that a series of columns that failed in the 1995 Kobe
earthquake had 33% of the longitudinal rebar terminate at 20% of the column height.
The plastic hinge formed above this termination, where the flexural strength was less,

causing a flexural-shear failure at mid-height. The failed column is shown in Figure
2.2(b).
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Figure 2.2: (a) Lap splice failure, 1989 Loma Prieta earthquake, (b) Mid-height failure,
1995 Kobe earthquake (Priestley et al. 1996)

Priestley et al. (1996) also found shear failures to be common in reinforced concrete columns.
The 1971 San Fernando earthquake, the 1994 Northridge earthquake and the 1995 Kobe
earthquake all provided examples of reinforced concrete bridge columns that failed in shear.
Shear reinforcement in older columns often consists of No. 4 bars spaced at 12 inches. This size
and spacing is found in columns with a large range of demand requirements causing the authors
to speculate that shear strength considerations were often neglected by bridge designers.

2.2 CONVENTIONAL REPAIR METHODS

Conventional repair approaches aim to restore a damaged column to some degree of its original
strength and stiffness. Repair methods have been the focus of numerous research projects for
many decades. For reinforced concrete bridge columns, the most common repair methods
involve the application of a reinforced concrete jacket, a steel jacket, or a fiber-reinforced
polymer (FRP) jacket (Lehman et al. 2001). He et al. (2015) compiled the research findings
from over 20 studies on the repair of reinforced concrete bridge columns. The following
subsection will summarize the findings of this article

He et al. (2015) state the major challenge with repair of damaged columns is estimating the
residual capacity of the damaged structure. Bridge columns are designed as the primary source of



energy dissipation during seismic activity for bridges. Many bridges built in the 70s are
inadequately detailed and are expected to require significant repair after major seismic events.

The researchers summarize repair techniques for various damage types including flexural and
shear cracking, longitudinal reinforcement yielding, cover spalling, crushing of the diagonal
compression strut, yielding of the transverse reinforcement, longitudinal bar buckling, spiral
fracture, and longitudinal bar fracture. Repair of RC bridge columns without fractured
longitudinal bars generally could be accomplished by injecting cracks with epoxy, replacing
damaged concrete, and strengthening column. Another method is reinforced concrete jackets
that require enlarging the column cross section. Steel Jackets have also been used to repair
bridge columns without longitudinal bar fractures. Steel jacket installation includes casting new
concrete to restore the cross section, installing steel jacket, and filling the gap between the jacket
and column with non-shrink grout. The authors state that research has shown that steel jacketing
repair enhances strength and ductility compared to the as-built structure.

FRP jackets could also be used to repair damaged bridge columns where the fibers could be
oriented in different orientations to achieve different responses from the FRP. Fibers oriented in
the hoop direction improve shear performance while fibers oriented along the length of the
column mainly improve flexural strength of the column. The authors state that tests have been
performed with scaled columns that were repaired with epoxy injections and FRP jackets, test
results indicated restoration of initial stiffness and increase in ductility compared to the as-built
column.

Similarly, the authors also summarized research conducted on repairing reinforced bridge
columns with fractured longitudinal bars. Longitudinal bar fracture occurs due to high ductility
demands in flexural-dominant RC columns. Repair techniques include connecting fractured bars
with couplers, placing new longitudinal bars anchored in footing with enlarged cross section, and
applying externally bonded longitudinal reinforcement.

Based on the compilation of studies, the authors draw conclusions for the repair methods. For
reinforced concrete columns without longitudinal bar fracture, the academics determined that the
repair methods are able to restore, or even enhance, performance compared to as-built columns.
The repair methods included passive confinement though RC, steel, or FRP jacketing. Active
confinement included shape memory alloy (SMA), steel jacketing, and FRP jacketing. The
authors state that jackets may alter the stiffness of the column resulting in a change in dynamic
response. According to the researchers, RC jackets are time consuming and required specialty
equipment for construction.

For RC columns with fractured longitudinal bars, the authors state that mechanical coupler
repairs show successful strength and ductility recovery. In addition, increasing the RC column
section with well-anchored bars showed successful column response. The researchers state that
the larger cross section may result in changes in structural behavior. Other repair methods shift
the location of the plastic hinge zone from the region previously damaged, but the results
indicate that this decreases ductility because the new region must undergo large rotations to
achieve the same ductility. The authors state that most of the methods require a lot of time and
are not suited for rapid repair. The researchers state that external FRP bars have been attempted
as a rapid repair method and some repair methods may result in a lower limit state performance.



2.3 DISSIPATIVE CONTROLLED ROCKING WITH SELF-
CENTERING

Conventional structures depend on inelastic deformation of primary structural members to
dissipate energy in seismic events leaving structural damage at critical locations. Even structures
that are compliant with modern building codes are expected to have structural damage to primary
elements such as columns, beams, and shear walls (Chancellor et al. 2014). The seismic design
philosophy of reinforced concrete bridge columns relies on the inelastic response of the structure
to occur within plastic hinge regions that are expected to form at the top and/or bottom of
reinforced concrete columns leading to significant structural damage which will require repair
after an earthquake (Palermo & Pampanin 2005).

Dissipative controlled rocking (DCR) is a concept that eliminates inelastic deformations in
primary structural elements during seismic events. Instead, inelastic deformations are isolated to
energy dissipating ductile fuses. The result is a low-damage structure that will require minimal
repairs after an earthquake. The concept has been proposed and experimentally implemented on
steel braced frames (Eatherton et al. 2014), cross-laminated timber shear walls (Smith, A. D.
2019), and pre-cast concrete bridge bents (Staton et al. 2014, Mashal et al. 2014).

Mashal et al. (2014) experimentally investigated the concept of DCR for accelerated bridge
construction. The results from quasi-static cyclic testing of half-scale precast column-to-footing
specimens with external energy dissipaters showed that DCR is a viable option for creating low
damage bridge columns. The following subsection is a summary of this research.

24 QUASI-STATIC CYCLIC TESTS OF HALF-SCALE FULLY
PRECAST BRIDGE BENTS INCORPORATIVE EMULATIVE AND POST-
TENSIONED LOW DAMAGE SOLUTIONS

Mashal et al. (2014) outlined the prototype development, design detailing, construction,
assembly, and experimental testing of two half-scale, fully-precast, bridge bents incorporative
emulative and post-installed low damage solutions. Figure 2.3 shows the prototype bridge used
for the detailing of the specimen components. The first specimen is an “Accelerated Bridge
Construction (ABC) High-Damage” specimen with grouted ducts and member socket
connections (MSC). The ABC High-Damage solution is expected to have plastic hinge
formation, residual displacement, and require repair or replacement after an earthquake. The
grouted ducts and member socket connections have a similar concept to “Highways for Life”
bents, which have not been experimentally tested. While testing the ABC High-Damage
emulative specimen, spalling occurred in the four expected plastic hinge regions. The specimen
emulated behavior of cast-in-place bridge construction.
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Figure 2.3: Prototype bridge: (a) longitudinal profile, (b) transverse section (Mashal et al.
2014)
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The second specimen referred to as “ABC Low-Damage” is a dissipative controlled rocking
(DCR) bent with self-centering and external dissipaters. The connections are designed to be
low-damage and have replaceable energy dissipaters. The proposed configuration and system
response are shown in Figure 2.4. The selected dimensions and properties reflected typical
highway bridge-pier support-structures for low to medium span bridges in New Zealand.
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Figure 2.4: Low damage system configuration and expected response (Mashal et al. 2014)

The ABC Low-Damage specimen was identical to the High-Damage specimen construction, but
the connection was replaced with a hybrid connection. The hybrid connection consisted of a
combination of post-tensioning with external replaceable dissipaters. The system provides self-
centering with minimal permanent deformation and damping through the hysteretic devices. The
expected ABC Low-Damage bent hysteresis curve is flag shaped with no permanent structure
drift. The ABC Low-Damage bent was designed using the outline procedures in PRESSS
Design Handbook (Pampanin et al. 2001). To prevent concrete spalling at the ends of the precast
columns, 10mm steel jackets were installed as shown in Figure 2.5. The steel shells connected to
the concrete column core through welded studs. For the low-damage system, the steel shell
length was determined based on the MSC column plastic hinge length and a length of 500 mm
was used.
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Figure 2.5: Precast Bridge Columns with 10mm steel jackets (Mashal et al. 2014)

Plates were installed on the rocking interfaces of the footing and under the cap beam. In
addition, a shear key was used to transfer shear force and prevent excessive sliding at the base
interface. Tapped holes in the steel plate allow for attaching the hysteretic devices to the
foundation plate. The plate was bolted into the existing foundation, which allows high stresses
due to rocking to be distributed on the footing. The plate design included tapped holes for
installation of the base plate. Brackets on the steel shell allowed for attaching the hysteretic
devices to the column. The hysteretic device designed by the researchers is a steel bar with a
reduced cross-section, the reduced section is incased in a steel tube to prevent buckling while
maintaining similar t