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ABSTRACT
Recent strong earthquakes have shown that conventional reinforced concrete (RC) bridge columns
are susceptible to large permanent deformations and considerable damage resulting dysfunctional
bridges that are essential for quick recovery in the aftermath of a disaster. Employing highperformance materials such as engineered cementitious composites (ECC) and super-elastic alloys
(SEAs) has recently gained attention to address these issues as well as to improve seismic
performance of bridge columns. However, relatively high cost of ECC and SEAs compared to
conventional concrete and steel reinforcement, respectively, restricts their application. In this
paper, performance of an innovative bridge column constructed with ECC and Cu-Al-Mn SEA
bars is investigated numerically using a commercially available finite element analysis software.
A parametric study is conducted to reduce the material cost while maintaining performance of the
bridge column. The results highlight the most effective designs from a seismic resistance point of
view in terms of stiffness, strength, ductility and energy absorption characteristics.
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(SEAs) has recently gained attention to address these issues as well as to improve seismic
performance of bridge columns. However, relatively high cost of ECC and SEAs compared to
conventional concrete and steel reinforcement, respectively, restricts their application. In this paper,
performance of an innovative bridge column constructed with ECC and Cu-Al-Mn SEA bars is
investigated numerically using a commercially available finite element analysis software. A
parametric study is conducted to reduce the material cost while maintaining performance of the
bridge column. The results highlight the most effective designs from a seismic resistance point of
view in terms of stiffness, strength, ductility and energy absorption characteristics.

Introduction
A functional transportation system aftermath of a major earthquake is essential to facilitate a quick
recovery process. Even though the existing design codes prevent the bridge superstructure from
collapsing, they disregard functionality of the bridge after a strong earthquake. Recent major
earthquakes showed that the conventional reinforced concrete (RC) bridge columns are susceptible
to extensive damage and large permanent deformations because of cracking and crashing of
concrete, and yielding, buckling and rupture of the longitudinal reinforcement under cyclic
loading. Incorporating high-performance materials such as high-performance fiber reinforced
concrete (HPFRC) and superelastic alloys (SEAs) is increasingly investigated to address these
issues and improve the seismic performance of bridge columns. Engineered cementitious
composite (ECC), as a special type of HPFRC, exhibits superior tensile properties, permeability
characteristics, shear resistance, and bonding with reinforcing steel compared to the conventional
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concrete [1-5]. Superelasticity refers to recovery of inelastic deformations upon stress removal [6].
Over the past few years, Cu-Al-Mn SEAs have undergone significant development to tackle some
of the issues with well-known NiTi SEA including poor machinability, high cost and lack of
superelasticity at low temperatures (less than -25°C).
In this research, an innovative bridge design concept was introduced to utilize unique
properties of ECC and Cu-Al-Mn SEA bars to improve seismic performance of bridge columns as
well as addressing some of the issues in corrosive environments such as spalling of the cover
concrete and corrosion of the reinforcement due to high permeability of concrete. The innovative
bride design consists of a prefabricated reinforced ECC (RECC) hollow section consisting of both
the longitudinal and transverse reinforcement, which is filled with conventional concrete on site.
Additionally, the longitudinal reinforcement is partially replaced with Cu-Al-Mn SEA bars in the
potential plastic hinge region. The efficiency of the bridge design concept in enhancing damage
tolerance and reducing permanent deformations of bridge columns subjected to cyclic loads has
been shown by the authors through an experimental work [7]. In this paper, a numerical parametric
study was conducted to optimize the use of high-performance yet expensive materials while
maintaining the desired performance in the bridge design concept. A commercial finite element
modeling (FEM) package was employed to accomplish the parametric study by simulating the
bridge response. Even though application of SEA bars [8-10] and ECC [11-16] in bridge columns
has been considered in several numerical investigations, the behavior of columns with different
configurations to optimize material usage has not been investigated before. In this study, behavior
of ECC was simulated using combining the current constitutive models for concrete and steel in a
creative method. Additionally, the superelastic behavior of Cu-Al-Mn SEA bars replicated by
implementing a one-dimensional constitutive model, based on an available constitutive model in
the literature, in the material library of the FEM package. Following the successful implementing
and calibrating constitutive models for the high-performance materials, a parametric study was
conducted with considering permanent deformation, lateral strength, and energy absorption
capacity as the measures to optimize use of the high-performance materials in the introduced
bridge design concept.
Parametric Study Variables
A previously studied [17] full scale RC bridge column was considered as the control case for the
parametric study and then modified to develop case studies based on the innovative bridge design
concept, see Figure 1. Three different wall thicknesses of 254 mm, 305 mm, and 381 mm were
considered for the RECC hollow section filled with concrete leading to hollow ratio (ratio of the
inner circle the outer circle) of 35%, 25%, and 15%, respectively. Additionally, five different
configurations of longitudinal reinforcement with zero, four, eight, 12, and 16 Cu-Al-Mn SEA
bars at the potential plastic hinge region were considered for each hollow ratio. In the cases with
the SEA bars, the debonded SEA bars were embedded inside the foundation and their cross section
was reduced around 20% compared to the connected steel bar following the relative dimensions
used in the experimental program conducted by the authors to investigate performance of the
bridge design concept [7].

Figure 1.

Geometry of the case studies (dimensions are in mm).
Modeling Approach

Figure 2 illustrates developing of the numerical models. The geometry of the column consisted of
four different parts including Hollow RECC section, concrete core, RC cap, and RC foundation
which had perfect contact at the common interfaces. Two elastic plates were considered atop of
the top cap and underneath of the foundation to prevent stress concentration due to axial load and
reactions, respectively. The longitudinal and transverse reinforcement was modeled using onedimensional elements while 4% smeared reinforcement in three main global directions was
assigned to the top can and the foundation to reduce the computational time, see Figure 2(A). In
the cases with Cu-Al-Mn SEA bars at the potential plastic hinge region, all the longitudinal
reinforcing bars except those at the neutral axis were divided into three segments. A weak bond
was assigned to the middle portion while a perfect bond was considered for the top and the bottom
segments and slipping was restrained at the ends of the middle portion to satisfy bond continuity
in the common nodes, see Figure 2(B). Then, the implemented Cu-Al-Mn material was assigned
to the specific longitudinal bars in each case-study and the corresponding area was reduced
accordingly. In case-studies without any Cu-Al-Mn SEA bars in the potential plastic hinge region,
normal bond was assigned to the longitudinal reinforcement as well as to the longitudinal bars in
the neutral axis of all the case-studies. It should be mentioned that the transverse reinforcement
was connected through perfect bond to the surrounding material.
Linear four-node tetrahedral elements were used to mesh the entire column with maximum
mesh size of 20 mm and 33 mm for the column and the end caps, respectively. All the nodes at the
lower surface of the bottom elastic plate were restrained in all directions. Additionally, the out-ofplane deformations of the system were restrained at the top elastic plate. The loading was consisted

of a constant axial load of 2530 kN in distributed form and one cycle of 7% drift in displacement
control, see Figure 2(C). The lateral displacement was applied to the top elastic plate in steps of
0.087% drift where the length of the column was considered as the distance between the loading
point to the upper surface of the foundation. Standard Newton-Raphson solution method with
updated tangent stiffness in each step up to 300 iterations was employed to analyze the models.

Figure 2.

Developing numerical models: (A) interfaces, and reinforcing, (B) bond
characteristics, (C) meshing, boundary conditions, and loading.
Results and Discussion

Figure 3 presents the resulted load-deformation diagrams from the numerical modeling. All the
cases were named as “Section type/Wall thickness/# of SEA bars in the section”. As evident in
Figure 3(A), the numerical model follows the idealized monotonic behavior of the control case,
available in literature [17], indicating that the FEM approach was accurate to predict performance
of the bridge columns. In general, increasing the wall thickness of the RECC hollow sections had
limited effect on load-deformation behavior of the case studies with similar number of Cu-Al-Mn
SEA bars in the section.
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Load-deformation diagrams: (A) control RC case, (B) RECC section with 254 mm
wall thickness, (C) RECC section with 305 mm wall thickness, (D) RECC section
with 381 mm wall thickness.

Three different parameters including maximum lateral strength, Vm, permanent drift, δp,
and absorbed energy, Ea, were defined as the measuring parameters to compare the results, see
Figure 4(A). The corresponding values were derived from the load-deformation diagrams and
normalized with respect to those obtained from the control case. Figure 4(B)-(D) presents the
normalized values for the measuring parameters. As evident, incorporating ECC increased the
maximum lateral strength up to 29% while replacing the longitudinal reinforcement with Cu-AlMn SEA bars reduced it up to 19%. Similar trend was observed in the absorbed energy with a
maximum gain of 29% and maximum loss of 44%. Therefore, replacing large portion of the
longitudinal reinforcement with Cu-Al-Mn SEA bars is not recommended in regions where low to
medium earthquakes are expected. However, this shortcoming could be compensated by enlarging
the cross-section or increasing the longitudinal reinforcement ratio. Additionally, incorporating 16
Cu-Al-Mn SEA bars in the plastic hinge region reduced the permanent deformation up to 97%.
Interestingly, the permanent deformation changed insignificantly through incorporation of up to
eight Cu-Al-Mn SEA bars due to yielding of the steel reinforcement which imposed irrecoverable
permanent deformations. Furthermore, increasing the wall thickness in RECC hollow sections had
limited effect on the results indicating that the similar performance could be obtained from the
bridge design concept with lower ECC volume.
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(A) Definition of maximum lateral strength, Vm, permanent drift, δp, and absorbed
energy, E0, (B) normalized maximum lateral strength, (C) normalized permanent
drift, (D) normalized absorbed energy.
Conclusions

The main findings of this study are listed below:
• Replacing a high portion (over 85%) of the longitudinal reinforcement with Cu-Al-Mn SEA
bars reduced the maximum lateral strength, permanent deformation, and absorbed energy up
to 19%, 97%, and 44%, respectively, in RECC hollow sections filled with concrete compared
to the corresponding RC column.
• Replacing high portion (over 85%) of longitudinal reinforcement with Cu-Al-Mn SEA bars
in regions with low to medium level earthquakes is not recommended unless the crosssectional area or longitudinal reinforcement ratio are enlarged.
• Increasing wall thickness in RECC hollow sections filled with concrete had limited effect on
performance of the bridge columns considered in this paper.
• The innovative bridge design concept was recommended with partial (around 65%)
replacement of the longitudinal reinforcement and tube to core area ratio less than 25%.
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