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Abstract: This paper introduces a novel low-damage
bridge column design for accelerated bridge construction
(ABC) in seismic areas. The proposed design integrates
polyurethane (PU) damage-resistant segments at the
column ends to accommodate large rotations without
damage, external replaceable energy-dissipating (ED)
links to provide supplemental hysteretic damping and
flexural stiffness and strength, and internal unbounded
post tensioning to provide self-centering. Polyurethanes
are polymeric materials that exhibit large deformability,
low stiffness, and large strength, in addition to rate-
dependent elastic and inelastic mechanical properties. As
a result, PUs can accommodate large deformations with
negligible damage. The ED links are external buckling-
restrained yielding steel elements, which offer additional
stiffness/ strength and hysteretic energy dissipation to
control seismic-displacement demands. Following strong
earthquakes, residual deformations are small and can be
fully eliminated upon replacement of the (external) ED
links, which are the only elements to experience major
damage.

Because all ED links are external, replacement can be
rapidly performed without operation disruptions. The
mechanical properties of a selected PU were first
investigated through uniaxial compression tests for
various strain rates. The proposed column design was
then investigated for various PU-segment geometries and
various ED-link properties through three-dimensional
finite-element analysis of a bridge column subjected to
monotonic and cyclic pushover loading at various
loading rates and amplitudes. The proposed column
design was found to provide major self-centering and
energy-dissipation capabilities with negligible damage.
The response was found to be dependent on the
geometric properties of the PU segments. Residual
deformations significantly decreased with the loading

rate. However, the peak column strength only slightly
increased with the loading rate.

Keywords-Low-damage bridge columns- LDBC,
Seismic accelerated bridge construction-CABC, Energy
dissipation-ED, and Finite-element analysis.-FEA

1. INTRODUCTION
1.1 Introduction of the Project Work
Bridge substructures designed and constructed
based on traditional seismic-design methodologies
provide energy-dissipation capabilities through the
formation of ductile plastic hinges at the column
ends under major earthquake events. Although this
traditional design philosophy ensures collapse
prevention, the bridge typically sustains excessive
physical damage, which results in high repair costs
and downtime. Additionally, traditional
construction methods require long construction
times and large construction footprints, which lead
to major direct and indirect socioeconomic impacts.

In the last two decades, several efforts have been
made to develop systems that combine construction
rapidity and improved seismic performance. As a
result of these efforts, several substructure precast
concrete column designs have been developed.
These designs can be categorized as (1)
prefabricated columns with emulative monolithic
end joints but without post tensioning Rocking
columns exhibit rocking at the end joints, where
high flexural demands occur, thereby alleviating
tensile damage. However, concrete compressive
damage is still sustained. Such damage can be
partially controlled using high-performance
concrete materials (Belington; Motaref et al. 2014)
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or proper confinement, such as steel jacketing
(Chou and Chen 2006; Hewes 2007) and fiber-
reinforced polymer (FRP) jacketing
(ElGawadyandDawood 2012). To improve the
energy-dissipation capabilities of rocking columns
and reduce the corresponding seismic-displacement
demands, various types of supplemental energy-
dissipation systems have been investigated. In all
studies, energy dissipation has been provided in the
vicinity of the rocking joints through internal
partially deboned yielding bars made of high-
performance steel or shape-memory alloys crossing
the joints (Ou et al. 2007, 2010a, b; Wang etal.
2008; Roh and Reinhorn 2010; Motaref et al. 2014)
or externally attached yielding links (Chou and
Chen 2006; Marriott et al. 2009). An alternative
energy-dissipation mechanism using joint friction
has been considered in the hybrid sliding-rocking
columns introduced by Sideris (2012) and Sideris et
al. (2014a, b, 2015). The hybrid sliding-rocking
columns incorporate internal unbonded
posttensioning, end rocking joints, and intermediate
sliding joints distributed over the column height.

1.2 Problem Statement
In existing approach several efforts have been made
to develop systems that combine construction
rapidity and improved seismic performance. As a
result of these efforts, several substructure precast
concrete column designs have been developed.
These designs can be categorized as (1)
prefabricated columns with emulative monolithic
end joints but without posttensioning

1.3 Objectives
1. Our aim to find the novel low-damage
bridge column design for accelerated bridge
construction (ABC) in seismic areas. Theproposed
design integrates (1) polyurethane (PU) damage-
resistant segments at the column ends to
accommodate large rotations without dam-age.
2. External replaceable energy-dissipating
(ED) links to provide supplemental hysteretic
damping and flexural stiffness and strength, and
internal unbounded posttensioning to provide self-
centering.
3. Polyurethanes are polymeric materials that
exhibit large deformability, low stiffness, and large
strength, in addition to rate-dependent elastic and
inelastic mechanical properties. As a result, PUs can
accommodate large deformations with negligible
damage.

4. The ED links are external buckling-
restrained yielding steel elements, which offer
additional stiffness/ strength and hysteretic energy
dissipation to control seismic-displacement
demands. Following strong earthquakes, residual
deformations are small and can be fully eliminated
upon replacement of the (external) ED links, which
are the only elements to experience major damage.

1.4 Scope of the Project Work
The Scope of this paper introduces a rocking
column design in the framework of accelerated
bridge construction (ABC) that offers (1) explicit
dam-age control through polyurethane (PU)
damage-resistant (DR) end segments, (2) self-
centering through internal unbounded post
tensioning, and (3) energy dissipation and flexural
stiffness/strength through external replaceable
energy-dissipating (ED) links in the form of
buckling-restrained yielding steel rebar. The
attribute of ED-link replace ability further offers
low-cost, rapid post earthquake retrofit without
operation disruptions. Specifically, this study (1)
investigated the mechanical properties of a selected
PU under various strain rates through uniaxial
compression tests; (2) investigated and calibrated
elastoviscoplastic three-dimensional (3D) material
models to the experimental data for the considered
PU; (3) explored and computationally quantified the
response of a reference rocking column
incorporating PU end segments, with respect to the
segment geometry and the rate and amplitude of the
applied loading; and (4) computationally
investigated and assessed the contribution of ED
links to the stiffness, strength, and energy-
dissipation capabilities of rock-ing columns with
PU segments

2. LITERATURE REVIEW
1. DEVELOPMENT OF SELF-
CENTERING EARTHQUAKE RESISTING
SYSTEMS
FROM THIS PAPER I REFER-
With current seismic design approaches, most
structural systems are designed to respond beyond
the elastic limit and eventually to develop a
mechanism involving ductile inelastic response in
specific regions of the structural system. Although
seismic design aimed at inelastic response is very
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appealing, particularly from the initial cost stand
point, regions in the lateral force resisting system
are expected to be damaged and might require
repair in moderately strong earthquakes.
Furthermore, the structure may be damaged beyond
repair in strong earthquakes and may exhibit
excessive deformation in moderately large
earthquakes. These issues have led to the
development in recent years of structural systems
that possess self-centering characteristics and that
are economically viable alternatives to current
lateral force resisting systems. These new structural
systems incorporate the nonlinear characteristics of
yielding structures and encompass self-centering
properties allowing the structure to return to its
original position after an earthquake. The main
objective of this paper is to briefly describe some of
these self-centering structural systems.

2. ACCELERATED BRIDGE
CONSTRUCTION (ABC) AND SEISMIC
DAMAGE RESISTANT TECHNOLOGY: A
NEW ZEALAND CHALLENGE
FROM THIS PAPER I REFER
Although New Zealand bridges performed well
structurally during recent Canterbury earthquakes,
some critical arterial routes lost their functionality.
Life Safety is still our primary objective but
nowadays we are moving towards new societal
needs which also, at minimum, aim to limit business
disruption. Building designers are already moving
towards low-damage system technology for both
structural and non-structural components. Bridge
engineers have to inherit those enhanced concepts
and technologies. In fact, in order to protect the
economy and save lives, it is vital that bridges
remain drivable after a natural disaster, such as an
earthquake.

More importantly asset managers and networks’
owners want rapid response, design flexibility,
quick construction and limited maintenance costs.
This should be possible to be achieved by
contractors and designers with limited budgets. In
very populated urban centres or a critical network
location and moderate-to-high seismicity an
Accelerated Bridge Construction (ABC) technology
which combines durable materials and low-damage
technology, seems to be the only viable solution to
minimize traffic disruption during the bridge life.

The American Association of State Highway
Transportation Officials (AASHTO) started in 2002

a long-term strategic bridge plan which aims to
cover all these issues. Similar research strategy was
initiated in Japan, Taiwan and Europe which is
slowly going towards adaptation of ABC as a
standard bridge practice. The question would be
what is New Zealand vision for the next twenty-
thirty years?  This paper aims to overview the
current international trends and challenges and
gives innovative concepts which can be
contextualized for New Zealand bridges.

3. IMPROVING RESILIENCE OF
INFRASTRUCTURE: THE CASE OF
BRIDGES
FROM THIS PAPER I REFER
Three well known examples of I-35W bridge
failure, London Hammersmith Flyover closure and
the UK M1 motorway under-bridge fire highlight
the need for a reliable decision support
methodology to enable better informed decisions on
timely intervention and/or resilient recovery from a
damaging event. It seems that quite apart from
extreme man-made or natural hazards, our
transportation infrastructure is not resilient under
man made or natural loads and we need to leverage
technology to better understand and respond to
societal risks due to a lack of resiliency. The
challenge to improve infrastructure resilience has
led to major infrastructure research initiatives that
are relevant to the case of bridges. FHWA created
the Long Term Bridge Performance Program, while
in the UK, EPSRC recently promoted the two
themes of resilient infrastructure and monitoring
and field investigation of existing infrastructure.

The paper will describe these initiatives and how
they aim to improve the resilience of bridges, which
are key components in our transport infrastructure.
It will also suggest some specific activities for
developing closer interactions between a wide range
of academic and industry stakeholders leading to
development effective decision support
methodologies.

4. DISPLACEMENT-BASED SEISMIC
DESIGN OF BRIDGES
FROM THIS PAPER I REFER
This paper will provide a summary of the
Displacement-Based Seismic Design method as
applied to bridge structures. A brief introduction
will be devoted to introduce the shortcomings of
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traditional force based design methods and will be
followed by a discussion of the seismic input for
displacement based design and by the fundamentals
of the method. The essential objective of the
approach is to provide a design methodology that
engineers can employ to accomplish the goals of
Performance-Based Earthquake Engineering
(PBEE), whose primary objective is to design a
structure in order to achieve predictable levels of
performance under defined levels of seismic input,
within definable levels of reliability, as stated by
SEAC in 1999. It is thus essential that the design
procedures used are capable of controlling structural
performance. Such a requirement is the primary
limitation of traditional force-based methods.
Structural performance can be characterized by
various parameters such as strains, curvature,
rotations, displacement, drift, or ductility which are
of course all deformation quantities. This is of
obvious importance since structures are designed to
respond in elastically under even moderate
earthquakes. Forces, however, are poor indicators of
damage potential and any attempt to control
inelastic structural behavior by controlling forces is
likely to fail.

5. SEISMIC RETROFIT OF
REINFORCED CONCRETE
BRIDGECOLUMNS USING TITANIUM-
ALLOY BARS
FROM THIS PAPER I REFER
This paper presents results of full-scale laboratory
tests of a novel solution for retrofitting seismically
vulnerable square reinforced concrete columns
using externally mounted titanium alloy bars. The
use of titanium alloy bars expands the options
available to designers for improving the seismic
performance of older reinforced concrete structures
that do not meet modern design requirements. The
experimental results from three column tests are
presented in this paper: a control specimen
(conventionally reinforced with detailing
representative of existing vintage columns typical of
US practice prior to 1970), and two specimens
retrofitted with externally mounted titanium alloy
bars acting as flexural ligaments and confining shell
reinforced with a continuous titanium alloy spiral.
Test results demonstrated greatly improved ductility
and energy dissipation for the retrofitted columns
and stable cyclic response. These features can

produce more resilient bridges that are able to meet
modernday performance requirements to achieve
larger deformation demands without loss of gravity
load capacity. The well-defined material properties
and excellent environmental durability of the
titanium alloy bars make them a viable long-term
solution and the retrofit approach allows for visual
inspection to observe damage and performance of
the component.

3. METHODOLOGY
1. The selected PU was an amorphous

thermosetting polyether polyol based polymer,
which is available from BASF (2016) as
ELASTOCAST and has the chemical
composition.

2. This material was studied via cylindrical test
specimens that were cast in the Structures and
Materials Testing Laboratory (SMTL)

3. For the preparation of these specimens, the
(liquid) resin was first rehomogenized via
shaking and stirring because it typically includes
solid materials, which settle and agglomerate
over time and act as moisture scavengers.

4. The (liquid) isocyanate was then added to the
resin and mixed with a spatula for 30 s. The
prepared solution was poured into cylindrical
molds of 102mm (4 in.) in height with a diameter
of 51mm (2 in.), corresponding to specimens
with an aspect ratio of 2, in accordance with
ASTM D695- 10 (ASTM 2010).

5. The specimens were then cured at room
temperature (_23°C) for 2 days before testing.

Fig No 01 Test setup
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RESULTS
The curves for engineering stress versus strain are
presented in SFig (3) for the three strain rates of
0.001, 0.01, and 0.05 s−1. The selected PU
demonstrated mild viscoelastic properties (i.e.,
small dependence of the elastic response on the
strain rate) and strong viscoplastic properties (i.e.,
large dependence of the inelastic response on the
strain rate). As shown in Table (1), the elastic
modulus increased by only 20% as the strain rate
increased from 0.001 to 0.05 s−1, whereas the peak
compressive strength (over the entire applied strain
history) increased by 44% as the strain rate
increased from 0.001 to 0.05 s−1. The peak strength
was observed at a strain of approximately 7% (for
all strain rates) and was followed by mild softening.
The unloading branches were nearly identical for
tests conducted at different strain rates because
unloading was controlled by the elastic properties of
the PU, which are less dependent on the strain rate.

Fig No 02 Applied strain history
During the constant-strain periods, the observed
stress relaxation was primarily dependent on the
duration of the hold period rather than the strain
amplitude or rate. Stress relaxation was larger in the
loading branch (where it appeared as stress
reduction) than the unloading branch (where it
appeared as stress increase). During each hold
period, approximately 85% of the stress relaxation
occurred in the first 2 to 5 s, regardless of the
loading rate. This overall time-dependent behavior
is characteristic of polymers.

Fig No 03 Curves for engineering stress versus
strain

Fig No 04 strain-recovery history of specimens at
the end of loading application

Following the end of the half-cycle, the strain
recovery of the (unloaded) specimen was measured
[Fig.4]. For all tests, the rate of the strain recovery
was initially large, but it decreased over time. The
residual strains (at all time instants) decreased with
the rate of loading, implying that plastic traveling
was smaller at higher strain rates, which is
consistent with the fundamentals of viscoplasticity.
According to Table 2, the residual strain was 50%
of the total peak strain of 0.1 applied at a strain rate
of 0.001 s−1, whereas it decreased to 32% of the
total peak strain of 0.1 applied at a strain rate of
0.05 s−1.Moreover, the rate of recovery was higher
for the tests conducted at larger strain rates, with 72
and 94% of the total recovery being achieved in the
first 10min for the tests conducted at strain rates of
0.001 and 0.05 s−1, respectively.

Strain rate (s−1)

Property 0.001 0.01 0.05

E (MPa) 367 383 440

fc (MPa) 10.1 11.6 14.5

Table 1. Summary of Mechanical Properties

Strain rate (s−1)

Parameter .001 .01 .05

Residual strain after
test

0.070 0.066 0.066

Residual strain 4 h
after test

0.050 0.045 0.032

Total recovery (%) 29 32 52

90% recovery
duration (min)

60 41 3

Residual strain after
10 min

0.055 0.048 0.034

Total recovery after
10 min (%)

72 86 94

Table 2. Summary of Strain-Recovery Response
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CONCLUSION
This paper proposes a novel bridge rocking column
design incorpo-rating (1) polyurethane (PU)
damage-resistant segments at the column ends to
accommodate large rotations without damage, (2)
external replaceable ED links to provide
supplemental hysteretic damping and flexural
stiffness and strength, and (3) internal unbonded
post-tensioning to provide self-centering. Material
testing was conducted to investigate the
compressive response of a selected PU under cyclic
loading at various strain rates, and
elastoviscoplastic constitutive relations were
investigated and calibrated to the test data.
Parametric studies were subsequently conducted via
3D finite-element modeling of a bridge column to
assess the performance of the proposed column
design in terms of the PU-segment geometry and
the properties of the ED links. Major findings
include the following:

• Posttensioned rocking columns with PU end
segments and external ED links can provide low
damage, large deformation capacity, and rapid
retrofit capabilities. In the absence of ED links,
columns with PU end segments provide moderate
stiff-ness and strength, low ED capacity, and large
self-centering capabilities. Incorporation of ED
links increases the stiffness, strength, and energy-
dissipation capabilities of the proposed column
designs. Stiffness, strength, and residual
deformations increase with KC (i.e., the contribution
of ED links).

• Because of the large elastic deformation
capacity and the viscoplastic properties of the
selected PU, permanent deformations are small.
Specifically, the large elastic deformability permits
large deformations without damage, and the
viscoplas-tic properties limit the contribution of the
plastic strains in the total strains. As a result,
removal of the ED links after large induced lateral
drift ratios ( 13%) eliminated all column re-sidual
deformations (RSE > 99.5%), indicating that the PU
segments remained nearly undamaged.

• Rate effects on the peak strength of the column
were found to be small because only a small portion
of the PU segment was actually subjected to large
strains, for which strain-rate effects were
significant. However, the residual deformations
signifi-cantly decreased with the loading rate,
indicating that locally induced plastic strains were

alleviated because of the viscous contributions
during plastic traveling.

• The geometric properties of the PU segment—
height, hj, and diameter, Dj—strongly affected the
observed damage and lat-eral stiffness and strength
of the column. Specifically, the lat-eral stiffness and
strength increased with Dj/Dc, where Dc is the
column diameter.
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