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1. Introduction

In a typical seismic design, conventional reinforced
concrete bridge columns are expected to undergo large
plastic deformations under a severe earthquake event to
dissipate the seismic energy. This often leads to significant
residual displacements that in turn prevent the bridge from
being operable after the earthquake. As an alternative
design solution, shape memory alloys (SMASs) can be used
to replace the steel rebars in the critical plastic hinge
regions. SMAs have a unique superelastic characteristic
that will allow it to essentially return to its original shape
after experiencing a large inelastic deformation, thus
significantly reducing the residual displacement. The most
widely used SMA is Nitinol, which consists of nickel (Ni)
and titanium (Ti), but its high cost hinders its application
in civil engineering. Copper (Cu)-based SMAs, which is
more cost-effective, has been proposed as rebars in
reinforced concrete bridge columns®?, It has been shown
that the behavior of Cu-based SMAs are affected by its
compound, the loading rate, and the temperature®34, In
this study, a numerical model of a Cu-based SMA
reinforced concrete column was developed in OpenSees®

and was validated with the experimental results from a test

performed by Varela and Saiidi at University of Nevada,
Reno?. The developed numerical model was also used to
investigate the influence of key factors of SMA that affect
the seismic response of bridge columns.

2. Development of the Numerical Model

The shake table test by Varela and Saiidi? is shown in

Fig. 1. Along with the experimental study, they also
developed a 2-dimensional (2D) column model using
finite element software OpenSees®. Some improvements
to the numerical model were necessary which are
discussed herein.
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(1) Overview of the Specimen Used in the
Experimental Study by Varela
Saiidi?

The elevation and cross-sectional views of the Y:-scale

and

column used in the experiment are shown in Figs. 2 and 3.
The SMA rebars were only placed in the plastic hinge
region, as indicated in Figs. 2 and 3. Initially, the
conventional column was designed in accordance with the
AASHTO Specifications®. The column diameter was 14
in. (355.6 mm), and its height was 63.5 in. (1612.9 mm).
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The column was reinforced with twelve longitudinal
rebars in a circular pattern. CuMnAl SMA rebars with a
diameter of 0.45 in (11.4 mm) was used within a 10-in.
(254-mm) height from the top of the footing, in the plastic
hinge region of the column. ASTM A-615 Gr. 60 #5 mild
steel rebars with a diameter of 0.625 in (15.875 mm) was
used as the longitudinal rebars outside this region and
connected to the SMA rebars using 9/16-18 threaded
coupling nuts. Each coupler had an engagement length of
approximately 1 inch (25.4 mm). The reinforcement ratio
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was equal to 2.4% at the upper part where steel rebars were
used and 1.2% at the lower part where SMA rebars were
used. However, the yield stress of the steel rebars were
73.5 ksi (514.5MPa), whereas the yield stress of the SMA
rebars were 24 ksi (168MPa). Therefore, the effectiveness
of the longitudinal rebar was even lower at the lower part
of the column. Along with the conventional concrete,
Engineered Cementitious Composite (ECC) concrete was
used over the column height of 21 in. (533.4 mm) from the
top of the footing. ECC concrete is composed of fine
aggregates, Portland cement, particular admixtures, and
Polyvinyl Alcohol (PVA) fibers. The fibers make the ECC
concrete more ductile in tension and compression, and
fibers prevent ECC from experiencing premature spalling.
Therefore, ECC can also sustain s the high strains of the
SMA rebars and reduce damage in the plastic hinge region.
The measured maximum 56-day strength and strain of
ECC concrete cylinder samples were 5.6 ksi (39.2 MPa)
and 0.0036, respectively. The compressive strength of the
conventional concrete on the test day (189 days) was 6.5
ksi (35 MPa).

The 1994 Northridge, California earthquake recorded at
the Rinaldi Receiving Station (RRS 228) was selected as
the input motion for the test (Fig. 4). Since the geometric
scaling of the column was 1/4, the scaling for the time in

the acceleration record was 1// 4 to satisfy the similitude

RRS 228 (Rinaldi Receiving Sta.)
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Fig.4 Unscaled acceleration of the input ground motion recordz)

Table 1 Summary of target and achieved ground motionsz)

Target Achieved

Motion  x Rinaldi* Motion  x Rinaldi
RUM  boax () (RRS 228) *PE" pGA(g) (RRs228) XPE
1 0.073 0.087  25% 0078 0094 27%
2 0.145 0173  50% 0.167  0.199  57%
3 0.290 0.346  100% 0352 0420 121%
4 0.435 0520 150% 0543  0.649  187%
5 0.580 0.693  200% 0.735  0.878  254%
6 0.871 1.039  300% 1.134  1.353  391%
7 1.016 1212  350% 1.314 1569  453%

PGA*: Peak ground acceleration
x Rinaldi*: scaling factor
100% x DE*: Design spectral acceleration

requirements. The design earthquake (DE) level was
calculated according to the 2009 AASHTO Guide
Specifications for LRFD Seismic Bridge Design”. This
corresponds to a spectral acceleration value of 0.290 g. To
achieve a column drift of up to about 7 to 8%, the load
protocol was incremental up to 350% DE as shown in
Table 1, which also includes the target and achieved
scaling factors, as well as peak ground acceleration (PGA)

for each run.

(2) Overview of the Numerical Model Used by
Varela and Saiidi?

The 2D model developed by Varela and Saiidi? is shown
in Fig. 5, which also has information on the element types,
section types, and uniaxial material models that were
selected. The stress-strain relationships incorporated into
the material models are shown in Fig. 6. The force-based
element was used for all two elements modeling the
column. Confined concrete propertied were based on the
For the confined ECC
concrete properties, the model by Motaref et al.” was used.

modified Mander's model®.

Furthermore, confined concrete was modeled by

UniaxialMaterial Concrete04, while unconfined concrete
and ECC concrete were modeled by UniaxialMaterial
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Fig. 6 The constitutional model corresponding to of each material?

Concrete02 (Kent-Scott-Park model) with no tensile

strength.  Steel rebars were modeled using
UniaxialMaterial ReinforcingSteel following the model by
Chang and Mander®®. A flag-shaped material model by
Christopoulos et al.*Y (UniaxialMaterial SelfCentering)
was used to capture the SMA behavior. The model was
initially developed to capture a self-centering energy
dissipative brace but had also been adopted for SMA
rebars. The constitutive SMA model is shown in Fig. 7.
When the SMA rebar is loaded, it yields at oy and the slope
changes from ki to k2. Futhermore, when unloaded, the
SMA is subjected to back stress(B*oy) and return to its
original shape with slopes of k2 and ki. To adjust the ratio
of forwarding to a reverse stress, the B factor was used.
From the tensile test results of the CUAIMn SMA sample
bar, the B factor was 0.20. Nevertheless, B factor of 0.50
(Fig. 8) was used for the numerical analysis results to
match to the experimental results, without adequate

explanations. The other parameters of the flag shape model

obtained from the tensile test are shown in Table 2.

(3) Improvements to the Numerical Model

To improve results from the numerical model, three
changes were made. First, the B factor of 0.50 was changed
to remain close to the result from the SMA sample bar test.
Sincethe last loop of the cyclic test was unstable, the
second last loop from the test was used to determine the
value of the B factor, which was 0.32 (Figs. 9 and 10).
Second, strain penetration effects were included to capture
rebars slipping relative to the surrounding concrete under
tensile forces, which impact the local and global responses.
To achieve this, the mild steel rebars were modeled the
zero-length section using the Bond_SP01 material*? (Fig.
11). Third, a new section was added to consider the effect
of the coupler. The coupler was expressed as larger steel
rebar which is 1.1 in. (27.9 mm) diameter to accurately

capture its rigidity.
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Table 2 Parameters of flag shaped model from the tensile test”

Elastic modulus Post-yield Yield stress ~ Ultimate stress  Ratio of forward to Rupture strain
modulus reverse transformation

ki. ksi [MPa] k. ksi [MPa] o, ksi [MPa] o, ksi [MPa] p gy

4500 [31.5] 280 [19.6] 24 [168] 50 [350] 0.20 0.14

50
300
”\\_q/h’/ S 40
Steel Coupler
+ +
concrete ECC concrete ~ 5
, o= £30 2002
Node3 £ g
(0,11.1in.) “ 7
= 100
SMA Strain pﬁ_netration 10
ECC concrete ECC concrete —— SMA sample test
—— Opensees flagshape model

$000 0025 0050 0075 0100 0125 0150
Fig. 9 Improved analytical model Strain

Fig. 10 Self-centering model with $=0.32

3. Numerical Validation

0 —— Strain Penetration Model 800
Fig. 12 shows the comparison of the hysteresis loops 100 700
between the experimental results, the results from the @ 000
numerical analysis of Varela and Saiidi’s model, and those % SOUDEE
from the improved model for Runs 7. In each figure, (a), g 4“”’1?
(b), (c), (d) ,and (e) the comparison of the results obtained % w0 008
from the model reproduced from Varela and Saiidi’s study, " 200
the model when only the coupler used, the model when 100
only the B value was changed from 0.50 to 0.32, and the o o1 02 03 o4 o5 06

Slip (inch)
model when strain penetration effects and the bond bond-

. . . . . . Fig. 11 Strain penetration model*?
slip associated with strain penetration was included, and g P
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the model that incorporated all three changes, respectively.
When the couplers were added to the conventional model,
the maximum displacement was diminished on the
negative side of the displacement, which is closer to the
experimental results than the previous model. This is
believed to be due to the stiffness of the columns being
slightly increased due to incorporating the couplers.
Similarly, the use of the strain penetration model did not
make a significant difference in Runs 1-6, but it positively
impacted the load displacement on the negative side of
displacement for Run 7. This is considered to be due to the
fact that the addition of strain penetration effects reduced

the concentration of strain and some reduction to the

moment resistance at the base of the columns. On the other
hand, when the B value was changed, the unloading rate of
the stress-strain curve of SMA rebar became smaller,
resulting in a thinner hysteresis loop for the column
response. This result indicates that the previous model
developed by Varela and Saiidi overestimated the
hysteresis loops of the column response.

The selected results of the experiment, the numerical
analysis by the previous model?, as well as the numerical
analysis by the improved model, which incorporated the
aforementioned refinements, are summarized in Fig. 13.
According to the graphs, maximum load and maximum

displacement are in good agreement with results from the
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Fig. 13 Comparison of key results for various runs

experiment. Overall, the residual displacement is slightly
small, but for run7, it is in good agreement with the
experimental results. Because of the smaller  factor and
incorporation of strain penetration effects, the residual
displacements were increased. In terms of energy
dissipation, the results were not as close as the results from
the previous model to the experiment even though the
improved model more accurately captured the material
behavior. B factor reduced the energy dissipation in the
improved model. As a result of closely reproducing, the
results were in good agreement with the experimental
results in terms of maximum load, displacement, and

residual displacement.

4. Conclusions

of Cu-based SMA reinforced

concrete column was developed using finite element

A numerical model
software OpenSees®, and compared to the results from a
test conducted by Varela and Saiidi?. The analytical model
introduced three new features compared to the model

developed by Varela and Saiidi:

1) A new section was added to incorporate the effect of
couplers between SMA rebars and steel rebars.
Consequently, the maximum displacement on the
negative side was decreased which was
overestimated by the previous model.

2) Strain penetration effects of the steel longitudinal
rebars at the top of the footing were included to
capture rebars slipping relative to the surrounding
concrete under large tensile stress. As a result, the
peak values of horizontal load and displacement
were not overestimated.

3) The B value which is the ratio of forwarding to

reverse stress for SMA rebars was changed from

0.50 to 0.32 to closely match the results from the

SMA sample bar test. It reduced the energy

dissipation capacity of the column. These results

indicated the previous model overestimated the
energy dissipation by SMA rebars.

When the numerical model was improved with these

three features, the maximum load, maximum

displacement, and residual displacement were in better

agreement with experimental values. Consequently, the
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improved numerical model can be used to investigate

other factors that affect seismic response of bridge

columns designed with SMA rebars.
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