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The seismic performance of the SR99 Bridge with conventional and advanced details in Seattle, Washington, was studied via a
nonlinear, time history analysis of a multidegree of freedom model. The bridge consists of three spans supported on two single-
column piers and will be the first built bridge in the world in which superelastic shape memory alloy (SMA) and engineered
cementitious composite (ECC) are implemented to reduce damage at plastic hinges and minimize residual displacements. Existing
finite-element formulations in the finite-element software OpenSees are used to capture the response of the advanced materials
used in the bridge. The earthquake induced by strike-slip fault was assumed to produce a surface rupture across the SR99 Bridge.
The effect of the rupture was modeled by a static, differential ground displacement in the fault-parallel direction across the rupture.
The synthetic suite of scaled bidirectional near-fault ground motions used in the analysis contains common near-fault features
including a directivity pulse in the fault-normal direction and a fling step in the fault-parallel direction. Comparisons are made
on behavior of two different bridge types. The first is a conventional reinforced concrete bridge and the second is a bridge with
Nickel-Titanium (NiTi) SMA reinforcing bar at the plastic hinge zone and ECC in the whole column. Fault-parallel near-fault
earthquakes typically exhibit a static permanent ground displacement caused by the relative movement of the two sides of the fault.
When the fault is located between piers, the pier shows a higher demand. Fault-normal analysis results show effectiveness of the
innovative interventions on the bridges in providing excellent recentering capabilities withminimal damage to the columns. But the
maximum drift computed in the SMA bridge is slightly higher than reinforced concrete (RC) bridges, contributed by comparatively
low stiffness of the superelastic SMA bars compared to the steel reinforcing bars.

1. Introduction

Experience with recent earthquakes, such as the Kocaeli
and Duzce earthquakes and the 1999 Chi-chi Earthquake in
Taiwan, shows that all bridges built close to known faultsmust
have greater displacement capacities than those designed for
far-field ground motions. However, existing seismic design
strategies for bridges are largely based on design ground
motionswithout near-fault characteristics and do not provide
guidance for designing bridges near active faults [1–3].

The Bolu Viaduct, which was essentially complete (except
for installation of expansion joints) when it was hit by
the Duzce earthquake (Mw = 7.2), in Turkey in 1999. The
North Anatolian Fault zone is the most prominent and active

strike-slip-type fault running across northern Turkey with an
approximate length of 1300km and a slip rate of 25 mm/yr. A
postearthquake investigation at the viaduct site revealed that
the fault crosses the viaduct (between Piers P44 and P45) at
an angle of about 25∘, and the ground dislocation in the fault-
parallel direction across the rupture was approximately 1.5 m
(59.1 in.). In the analysis by Park et al. (2004), two different
ground motions, each involving a static slip of 0.75 m (29.55
in.) in opposite directions, were imposed upon the two sides
of the ground separated by the surface rupture, resulting in a
net grounddislocation of 1.5m.Results revealed that the static
ground displacement had to be accounted for in the dynamic
analysis in order to achieve the observed performance. The
study asserts that all bridges built close to known faults must
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Figure 1: Demonstration project bridge elevation.

have greater displacement capacities than those designed for
far-field ground motions [4, 5].

Choi et al. (2007) studied the effect of fault-rupture
[6]. A quarter-scale reinforced concrete bridge model was
subjected to a series of incoherent ground motions that
simulated fault-rupture. The bridge model was subjected to
six earthquake runs until one of the shake tables reached
its displacement limit. During this run, some of the bridge
columns approached failure but there was no steel bar
rupture. The measured data showed a major shift in the
location of the most critical pier compared to an identical
bridge mode that had been subjected to uniform motion [7].
The pier that was the least damaged under uniform ground
motion suffered the largest damage in the case of shaking that
simulated fault-rupture.

Previous research and experience demonstrate that
superelastic shape memory alloy (SMA) and engineered
cementitious composite (ECC) have promising performance
in minimizing damage and residual deformations. Wang
and Saiidi were the first researchers to utilize SMA bars
as reinforcement in RC structures [8, 9]. They studied the
seismic performance of reinforced concrete columns detailed
with SMAbars at the plastic hinge zone, showing that residual
deformations were insignificant, thus requiring minimal
repair. The particular feature that is of interest in the current
study is the superelastic effect and the ability for the SMA to
deform but recover the deformation upon removing of the
applied load.The superelastic capability of SMAs is attractive
because it can help minimize permanent deformations in
structures where residual drift caused by large earthquakes is
a concern.There are many types of SMA alloys. Among those
alloys, Nickel and Titanium (NiTi) SMA has gained more
attention since it exhibits a large superelastic strain recovery,
high energy dissipation, excellent low- and high-cycle fatigue
properties, and excellent corrosion resistance [10]. Because
of these properties, only NiTi SMA was considered in the
present study.

ECC is a highly ductile, durable, and sustainablematerial.
ECC has the ability to reach the ultimate tensile strain of
approximately 3% to 5%.This high strain capacity (nearly 500
times larger than that of conventional concrete) is due to the
strain hardening behavior and unique cracking mechanism
of ECC [11]. Cruz and Saiidi (2012) used advanced materials
and details to minimize the earthquake damage and residual
deformations in a quarter-scale, four-span bridge model
subjected to strong shake table seismic excitations [12]. One
of the different innovative column designs incorporated

superelastic SMA reinforcing bars with ECC concrete in the
plastic hinge region. Cruz and Saiidi (2013) reported that
the earthquake damage in the plastic hinge regions of the
columns detailed with innovative materials was minimal and
that residual drift in the bridge piers was insignificant [13].

The superelastic SMA material has ability to undergo
large strains (up to 8%) and still recover its shape through
stress removal. The ECC material can enhance ductility due
to its high tensile strain capacity.The combination of the high
tensile strain capacity of ECCwith the superelastic character-
istics of the SMA material offers the potential of increasing
ductility, while decreasing damage and residual displacement
under cyclic loads. So SMA and ECC are being implemented
by the Washington State Department of Transportation
(WashDOT) in the construction of the SR99 off-ramp bridge
in Seattle, Washington, as a demonstration project funded
by the United States Federal Highway Administration. The
bridge consists of three spans supported on two single-
column piers.This will be the first built bridge in the world in
which SMAandECCare implemented to improve the seismic
performance. Due to the uniqueness of these columns,
analytical modeling was conducted to assess the performance
and provide design recommendations for full scale columns
[14]. It is not clear how the combination of SMA/ECC
would affect the response of the bridge, especially when a
presently unknown fault crosses this bridge.

The primary objective of the paper is to study the seismic
response of three-span bridges with innovative materials
under a near-fault ground motion with incoherent motions
that included the fault-rupture effect. The research aims to
increase the understanding of the fault-rupture effects on
the seismic response of the bridge system that cross active
faults through dynamic analysis and how individual bridge
components interact within a bridge system. The main goals
pursued in this study are to determine any beneficial effects
of incorporating SMA and ECC details at critical zones of
the columns of the innovative bridge in improving its seismic
performance in terms of damage and residual displacements.

2. Description of the Bridge

2.1. Bridge Properties. The SR-99 Northbound off-ramp
bridge is a three-span continuous box-girder structure with
two pier shaft columns and integral abutments, as shown
in Figure 1. The superstructure consists of two, 1.83 m deep
prestressed precast concrete box girders, and spaced 4.65
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Figure 2: SR99 pier elevation column cross section details: (a) pier elevation, (b) SMA section, and (c) mild steel section.

m on center. The roadway is a 20.32 cm thick cast-in-place
concrete slab with a total width of 9.30m. The intermediate
piers are constructed from 1.83mdeep by 2.13mwide integral
cast-in-place concrete cap beams supported by single 1.52 by
1.52 m cast-in-place concrete columns. The heights of the
intermediate piers are 5.18 m and 5.87 m, for Pier 2 and Pier
3, respectively, measured from the top of the pile cap to the
bottom of the cap beam. The column cross section is square
with longitudinal reinforcement placed in a circular pattern
and spiral lateral reinforcement, forming a circular core
(Figure 2). There is additional longitudinal reinforcement in
the corners, which is provided for architectural reasons.

The top of the columns is a moment connection with 30-
#10 (30-Ø32mm) SMA bars, for a longitudinal reinforcement

ratio of 1.0%. The SMA bars are connected to 30-#10 mild
steel reinforcing bars using headed couplers. The couplers
are stronger than the bars and they force failure in the bars
rather than the coupler. The SMA bars are used only at the
top plastic hinges because preliminary analysis by the bridge
designers indicated that top plastic hinges were more critical
than bottom plastic hinges. The length of the SMA bars is
1.22 m, measured from the column-girder interface to the
lower couplers. ECC is used over the upper 1.52 m (100%
of the column side dimension) of the column clear height.
The transverse reinforcement is #8 (Ø25 mm) butt-welded
hoops spaced at 10.2 cm. Each column is supported by a single
2.44 m diameter C cast-in-place shaft. The abutments are
supported by 2 identical 1.98 m diameter piles in a single row,
spaced 6.10 m on centers.
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Figure 3: Strike-slip fault.

2.2. Near-Fault Ground Motions. Near-fault ground motions
usually contain both intense dynamic motions and large
static displacements. The intense, coherent dynamic motions
are caused by forward rupture directivity that is commonly
characterized by a long-period velocity pulse acting normal
to the fault.This pulse is usually narrow-band and is reflected
in the response spectrum by a peak occurring approximately
at the period of this pulse. The period of a directivity pulse
has been reported to increase with the magnitude of the
earthquake.

Static ground displacements in near-fault ground
motions are caused by one rock bed slipping toward
another rock bed, on which the earthquake takes place;
see Figure 3. If there is faulting at the ground surface, the
ground displacement is discontinuous across the surface
fault-rupture and can subject a bridge crossing the fault
to significant differential movements, posing potentially a
major seismic hazard. Coherent dynamic motions in the
fault-normal direction and permanent static displacements
in the fault-parallel direction occur almost simultaneously
and thus these two effects are treated as coincident.

The motions used in the present study are the same as
those used by Hoon Choi [2] and Somerville P. G. [15, 16].
The fault-parallel and fault-normal components of simulated
acceleration motions are shown in Figure 4. The displace-
ment history of fault-parallel components obtained through
a double integration of the acceleration history in Figure 5(a).
It can be seen that there is a permanent ground displacement
in the fault-parallel direction. Approximately 0.75 m of per-
manent ground displacement is generated between two piers
crossing the fault for the prototype. As mentioned above,
the magnitude of the ground dislocation in the fault-parallel
direction across the rupture was approximately 1.5 m for Bolu
Viaduct and that is double the displacementmagnitude of the
motions of Figure 5(a). Greater excitations were considered
in the present study by increasing the displacements shown in
Figure 5. In Figure 5(b), the ground motion record contains
near-fault features including a pronounced directivity veloc-
ity pulse in the fault-normal component. In order to ensure
kinematic continuity in the fault-normal direction, the same
fault-normal component is applied to both sides of the surface
rupture.

Differential ground movements across the fault-rupture
is included in the analysis. For example, in Figure 6, slippage

takes place in the north-south direction. When the fault is
located in the middle of the piers, different ground motions
are assigned to different abutments and piers.

3. Analytical Model

This section first presents a general description of the ana-
lytical model of the two cases of the bridge and modeling
assumptions for the bridge piers, the abutments, and the
foundation and then presents a capacity analysis of the
bridges. A global view of the model is presented in Figure 7,
where the X-axis is the longitudinal direction of the bridge,
the Y-axis is the transverse direction, and the Z-axis is
vertical. The model was built in OpenSees [17], which is
an open source structural analysis software for nonlinear
dynamic analysis.

The bridge superstructure is represented by a spinemodel
using four elastic frame elements for each of the side spans
and six elastic frame elements for the middle span. At
each pier, the superstructure is tied to the cap through an
assemblage of rigid link elements. The material model is
very important in the nonlinear finite-element analysis. The
detail of all the nonlinear material models of the concrete,
reinforcement, and SMA used in the dynamic analysis can be
found in [18].

The fiber sections of the columns were created in Xtract
[19] and exported to OpenSees. Xtract had to be used because
the fiber patch commands in OpenSees do not have the
ability to create a circular mesh inside a square to represent
the columns in the SR99 Bridge. Figure 8 shows the fiber
section used inmodeling SR99-RC and SR99-SMA/ECC.The
soil properties are simulated with the p-y model, which is a
predefined model to describe the nonlinear response of piles
in software OpenSees [17].

Longitudinal bars slippage relative to the surrounding
concrete when stressed under tensile forces is known as
the bond slip effect also known as strain penetration. The
slippage usually affects the local and global response of
RC members. The cumulative strain difference between the
bar and concrete causes a slip at the loaded end of the
anchored bar. Consequently, a crack forms and an end
rotation occurs adding to the flexural rotation of the member
at the connection interface. Studies have indicated that bond
slip rotation at the column-footing interface can account for
as much as 15-20% of the lateral displacement of a column
[20]. Thus it is critical to account for this behavior when
developing analytical models.

A zero length element, referred to as “ZeroLengthSec-
tion”, was used in modeling the bond slip effect in SR99-RC.
For the zero length section the mild steel bars were modeled
using the material “Bond SP01”. Bond slip did not need to
be considered in SR99-SMA/ECC due to the couplers acting
as mechanical anchors at a shallow depth in the cap beam.
Mechanical anchors tend to substantially decrease bond slip.

4. Bridge Seismic Response

Near-fault ground motions often contain permanent ground
displacements.These ground displacements are caused by the
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Figure 4: Continued.
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Figure 4: Time history of acceleration: (a) W18EW, (b) E18EW, (c) E55EW, (d) response spectrum in the EW direction, (e) W18NS, (f)E18
NS, (g) E55 NS, and (h) response spectrum in the EW direction.
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Figure 5: Simulated ground displacement: (a) parallel to the fault and (b) normal to the fault.

relative movement of the two sides of the fault in having
surface rupture and can subject a bridge crossing a fault
to significant differential displacements. These static ground
displacements occur at about the same time as the large
dynamic motions, indicating that the static and dynamic
displacements need to be treated as coincident loads.

The purpose of this study is to investigate the fault-
rupture effects on the seismic response of a bridge system
that crosses an active fault. To accomplish the objective
of the study, two bridge models are subjected to series of
incoherent ground motions that include the fault-rupture
effects. The response of these two bridges is compared with
the response of the same bridge models subjected to uniform
transverse motions. The input records combinations are ‘the
dead load + the transverse excitation’ and ‘the dead load + the
longitudinal excitation’ separately.

4.1. Response under Uniform Excitation. The SR99-RC and
SR99-SMA/ECC were analyzed under several uniform exci-
tations in the transverse and longitudinal direction of the
bridge.Thegraphs of the input acceleration records are shown
in Figure 4.

Figure 9 shows the base shear versus drift hysteresis
curves in the transverse direction. The hysteresis plots were
comparatively stable. For smaller displacement demand com-
pared to the design suite ground motion, there is effective
recenteringmechanism in the SMAbridge and theRCbridge.
The corresponding maximum column displacements in the
transverse direction are listed in Table 1. It is seen that the
E55 motion is the most demanding of all three motions since
it causes the largest pier maximum displacements, varying
from 1.88 % in the SMA model to 1.70% in the RC model.
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Figure 8: Fiber section of the columns.

For the same level of excitation, the SMA column has the
bigger maximum displacement than the RC column. The
motion intensity is very small causing maximum drift ratios
of 1.88%. Hysteresis response and recentering cannot be
judged based on such a small motions. So the amplitude of
each motion is double scaled to produce a bigger peak drift.

This analysis was repeated using the much stronger ground
motion. It is seen that the E55 motion is the most demanding
of all three motions since it causes the largest pier maximum
displacements, varying from 4.98 % in the SMA model to
4.20% in the RC model. For the same level of excitation,
the SMA column still has the bigger maximum displacement
than the RC column.

The results in the longitudinal direction are shown in
Table 2. It is seen that theW18motion is themost demanding
of all three motions since it causes the largest pier maximum
displacements, varying from 3.25 % in the SMA model to
2.40% in the RC model. For the same level of excitation,
the SMA column has the bigger maximum displacement
than the RC column. Since the ground motions did not
produce significant residual displacement with full amplified
motions under acceleration and displacement excitation, the
amplitude of each motion was scaled to double amplified
motions.The goal of this analysis was to see the residual drift
of the columns. This analysis is representative of dynamic
increase analysis where the amplitude is generally increased
to levels much higher than the design earthquake. From
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Table 1: Results in the transverse direction under uniform excitation.

Motion PGA(g) Model Peak drift(%) Double peak drift(%)

W18 0.325 SMA 1.31 3.00
RC 1.23 2.69

E18 0.387 SMA 1.31 3.41
RC 1.23 2.96

E55&W55 0.375 SMA 1.88 4.98
RC 1.70 4.20

Table 2: Results in the longitudinal direction under uniform excitation.

Motion PGA(g) Model Peak Drift(%) Double
Peak Drift(%)

W18 0.325 SMA 3.25 7.37
RC 2.40 5.90

E18 0.387 SMA 2.20 8.59
RC 1.86 7.28

E55&W55 0.375 SMA 2.68 11.57
RC 2.38 10.85
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Figure 9: Force displacement hysteresis of the column: (a) W18 synthetic motion, (b) E18 synthetic motion, and (c) E55 synthetic motion.

Table 2, it is seen that the E55 motion is the most demanding
of all three motions since it causes the largest pier maximum
displacements, varying from 11.57 % in the SMA model to
10.85% in the RC model. For the same level of excitation,
the SMA column has the bigger maximum displacement
than the RC column. Figures 10(a) and 10(d) show the base
shear versus drift hysteresis curves with full amplified W18
motions and double amplifiedW18 motions.The bridge with
SMAcolumnhad the biggermaximumdisplacement than the
bridge with RC column. Figures 10(b) and 10(e) show relative
drift of piers. Overall, it is seen that the time history shape
are nearly the same, but the amplitude of the drift is quite
different. Figures 10(c) and 10(f) show the top displacement
history of pier. Both the shape and the amplitude of the top
displacement under the acceleration excitation are close.

4.2. Fault-Rupture in the Transverse Direction. The analysis
of the bridge models using OpenSees is conducted for three

different cases having different fault locations (Figure 11) to
understand the basic behavior of themodel for each case.This
is because at this time location of earthquake faults at the site
of Bridge SR99 is not known.

The calculated displacement histories for Pier 2 and
Pier 3 are plotted in Figure 12. The most distinct measured
column response is the relatively high magnitude of residual
displacements even under moderate levels of motion. The
analyzed data in the fault-rupture study shows a major shift
in the location of the pier compared to the bridge that
is subjected to fault-rupture motions. The RC column has
smaller residual displacement demands compared with the
SMA model because it is stiffer than the SMA model.

The cumulative area of the hysteresis loops represents
the total energy dissipated through the inelastic mechanism.
Figure 13 shows accumulated force displacement hysteresis
relationships. The calculated force displacement curves for
Pier 2 and Pier 3 show similar shape for the two kinds of
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Table 3: Peak drift results of fault-rupture study in the transverse direction (%).

Case Fault location Model Peak drift(%)
Pier2/Pier3

Double input
peak drift(%)
Pier2/Pier3

Case 1 Abut.1 and Pier 2 SMA 2.42/0.69 6.75/1.92
RC 2.27/0.65 5.74/1.71

Case 2 Pier2 and Pier3 SMA 1.14/1.72 2.05/4.61
RC 1.07/1.61 2.01/4.24

Case 3 Pier3 and Abut.4 SMA 0.67/2.81 1.97/8.21
RC 0.63/2.52 1.80/7.72

Fault 
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Figure 11: Different cases for fault location: (a) Case 1, (b) Case 2, and (c) Case 3.

bridges. The RC column has smaller displacement demands
compared with the SMA model.

The key responses of the model for three cases are listed
in Table 3. For Case 1 and Case 3, the pier near the fault
has significant peak drift demands. For Case 2, the seismic
responses for fault-rupture motions result in bigger demands
on bridge columns in Pier 2 than Pier 3, because Pier 2 is
higher than Pier 3. It can be seen that the location of fault-
rupture also can be a determining factor.

Since the ground motions do not produce significant
deformation demand in the columns and the amplitude of
each motion is double scaled to produce a bigger peak drift.
This presents a much stronger near-fault ground motion will
hit the SR99 Bridge in the potential earthquake. The goal of
this analysis is to see the residual drift of the columns when
double amplified ground motion. This analysis is represen-
tative of dynamic increase analysis where the amplitude is
generally increased to levels much higher than the design
earthquake.

The calculated displacement histories for each pier are
plotted in Figure 14. It shows a major shift in the location
of the pier compared to the bridge that is subjected to
nonuniform motion. Figure 15 shows the base shear versus
drift hysteresis curves for selected excitation. It is hard to
distinguish which one has dissipated more energy for RC
bridge and SMA bridge, because the shift move is dominant
instead of cyclic vibration. The corresponding maximum
column displacements are also listed in Table 3. It is seen that
Case 3 is the most demanding of all three cases since it causes
the largest pier maximum displacements and permanent
deformations, varying from 8.44% in the SMA model to
8.09% in the RC model. The RC column has smaller resid-
ual displacement demands compared with the SMA model
because of the smaller stiffness of the SMA model.

4.3. Fault-Rupture in the Longitudinal Direction. The re-
sponse in the longitudinal direction is dominant bymotion of

the fault-normal direction; the same fault-normal component
is applied to both sides of the surface rupture.

Figures 16(a) and 16(b) show the base shear versus drift
hysteresis curves of Pier 2 and Pier 3. There is effective
recentering mechanism in both SMA bridge and the RC
bridge. Figures 16(c) and 16(d) show relative drift of Pier
2 and Pier 3. Overall, it is seen that the wave shape of
Pier 2 and Pier 3 is nearly the same, and the magnitude of
Pier 2 is nearly double Pier 3. Figures 16(e) and 16(f) show
the top displacement history of Pier 2 and Pier 3. The top
displacement history of Pier 2 and Pier 3 is the same. They
moved in-phase with slight residual displacements.

In order to simulate a static, differential ground displace-
ment of 1.5m in the fault-parallel direction, a separate fault-
parallel component of the ground motion, generated in a
similar manner except for using a reversed fling step that
affects a static ground displacement of 0.75m in the opposite
direction, is applied to the ground on the opposite side of
the surface rupture (see Figure 4). Figures 17(a) and 17(b)
show the base shear versus drift hysteresis curves of Pier 2
and Pier 3. There is effective recentering mechanism in both
SMA bridge and the RC bridge. Figures 17(c) and 17(d) show
relative drift of Pier 2 and Pier 3. It is seen that the wave shape
of Pier 2 and Pier 3 is nearly the same, and the magnitude of
Pier 2 is nearly double Pier 3. Figures 17(e) and 17(f) show
the top displacement history of Pier 2 and Pier 3. The top
displacement history of Pier 2 and Pier 3 is the same. They
moved in-phase with slight residual displacements.

The corresponding maximum column drift is listed in
Table 4. It is seen that all the three cases have the same
demanding of largest pier maximum displacements, varying
from 0.331% in the SMA model to 0.329% in the RC model,
since the input ground displacements normal to the fault are
the same, as shown in Figure 5b. When doubling the input,
the peak drift is 0.684% in the SMA model to 0.588% in the
RCmodel, respectively. Overall, it is seen that the response of
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Figure 12: Displacement history of the top column: (a) Pier 2 in Case 1, (b) Pier 3 in Case 1, (c) Pier 2 in Case 2, (d) Pier 3 in Case 2, (e) Pier
2 in Case 3, and (f) Pier 3 in Case 3.
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Figure 13: Calculated force displacement hysteresis of the column: (a) Pier 2 in Case 1, (b) Pier 3 in Case 1, (c) Pier 2 in Case 2, (d) Pier 3 in
Case 2, (e) Pier 2 in Case 3, and (f) Pier 3 in Case 3.

Pier 2 and Pier 3 in the longitudinal is too small compared to
the response in the transverse direction. That is because the
displacement ground motion is like a single sinusoidal wave
and the absence of high-frequency content.

According to the result mentioned in Table 4, the drift
result of the piers in the longitudinal direction from the
displacement excitation is relatively too small compared to
the transverse direction.The fault-normal displacement time
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Figure 14: Displacement history of the top column with double amplified motions: (a) Pier 2 in Case 1, (b) Pier 3 in Case 1, (c) Pier 2 in Case
2, (d) Pier 3 in Case 2, (e) Pier 2 in Case 3, and (f) Pier 3 in Case 3.
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Figure 15: Calculated force displacement hysteresis of the column with double amplified motions: (a) Pier 2 in Case 1, (b) Pier 3 in Case 1,
(c) Pier 2 in Case 2, (d) Pier 3 in Case 2, (e) Pier 2 in Case 3, and (f) Pier 3 in Case 3.

history is obtained through a double time-integration of the
recorded acceleration history. So the uniform excitation in
the longitudinal direction using the acceleration time history
is compared with the excitation using the displacement

records. The corresponding maximum column drift is listed
in Table 5. For the acceleration excitation, the RC column
had the peak drift of 2.40% and the SMA column had the
peak drift of 3.25%. These results are comparable to the
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Figure 16: The response of Pier 2 and Pier 3 with full amplified motions: (a) and (b) base shear versus drift hysteresis curves; (c) and (d)
relative drift of piers; (e) and (f) top displacement history of piers.
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Figure 17: The response of Pier 2 and Pier 3 with double amplified motions: (a) and (b) base shear versus drift hysteresis curves; (c) and (d)
relative drift of piers; (e) and (f) top displacement history of piers.
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Table 4: Peak drift results of fault-rupture study in the longitudinal direction (%).

Case Fault location Model Peak drift(%)
Pier2/Pier3

Double input
peak drift(%)
Pier2/Pier3

Case 1 Abut.1 and Pier 2 SMA 0.331/0.143 0.684/0.299
RC 0.329/0.131 0.588/0.265

Case 2 Pier2 and Pier3 SMA 0.331/0.143 0.684/0.299
RC 0.329/0.131 0.588/0.265

Case 3 Pier3 and Abut.4 SMA 0.331/0.143 0.684/0.299
RC 0.329/0.131 0.588/0.265

Table 5: Peak drift results of acceleration and displacement excitation in the longitudinal direction (%).

Case Motion type Model Peak drift(%) Double input
peak drift(%)

1 Acceleration SMA 3.25 11.57
RC 2.40 10.85

2 Displacement SMA 0.331 0.684
RC 0.329 0.588

transverse direction, as expected in common sense. When
double amplifying the amplitude of the acceleration ground
motion, the RC column had the peak drift of 10.85% and
the SMA column had the peak drift of 11.57%. So in the
longitudinal direction analysis, the acceleration excitation
should be used to get reasonable results.

5. Conclusions

The objective of this study is to assess the performance of
columns that represent the SR99 Bridge piers to be built in
Seattle, WA.The seismic response of three-span bridges with
innovative materials under a near-fault ground motion with
incoherent motions that included the fault-rupture effect was
analyzed. Findings from analytical studies on the columns
with plastic hinges detailed with SMA and ECC lead to the
following conclusions.

(1) For the uniform displacement excitation, both the
SMA column and the RC column have relatively
smaller drift demand. The E55 motion causes the
largest piermaximumdisplacements in the transverse
direction, varying from 1.88 % in the SMA model to
1.70% in the RC model. The W18 motion is the most
demanding of all three motions in the longitudinal
direction, varying from 3.25 % in the SMA model to
2.40% in the RC model. The SMA column has the
bigger maximum displacement than the RC column.

(2) The time history results subjected to full ampli-
fied ground motions analysis show that there is no
significant residual displacement subjected to the
acceleration excitation, both for the RC bridge and
the SMA bridge. The time history results subjected to
double amplified ground motions analysis show that,
in general, the columns with plastic hinges detailed

with SMA and ECC exhibit bigger peak drift and
smaller residual drift comparedwith conventional RC
columns.The superelastic characteristics of SMAbars
minimize residual displacements in SMA-reinforced
concrete columns. The combination of SMA and
ECC is found to substantially reduce the earthquake
damage compared with conventional RC.

(3) Fault-parallel near-fault earthquakes typically exhibit
a static permanent ground displacement caused by
the relative movement of the two sides of the fault.
When the fault is located between piers, the pier
shows a higher demand.The different loading pattern
of the structure on the fault is a determining factor.

(4) In the transverse direction including fault-rupture,
the bridge with SMA columns has a bigger maximum
displacement and residual displacement compared to
the bridge with RC columns because of the smaller
stiffness of the SMAmodel. For Case 1 and Case 3, the
pier near the fault has significant peak drift demands.
For Case 2, the seismic responses for fault-rupture
motions result in bigger demands on bridge columns
in the piers. It can be seen that the location of fault-
rupture also can be a determining factor.

(5) In the longitudinal direction, the response of the
piers using the displacement time history is too small
compared to the response in the transverse direction.
That is because the displacement ground motion is
like a single sinusoidal wave and the absence of high-
frequency content. So, in the longitudinal direction
response, the acceleration excitation should be used
in the time history analysis to get the reasonable
results. The amplitude results of the drift are quite
different between the acceleration excitation and
displacement excitation.
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