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Abstract: Shake table testing of a 1/5 scale model of a slender bridge steel truss pier that uses a controlled rocking approach as a means
of seismic protection was conducted. The controlled rocking approach allows the pier to uplift from its base while passive energy
dissipation devices �steel yielding devices or fluid viscous dampers� are implemented across the uplifting location to control the response.
The fundamental static and dynamic bidirectional behavior of controlled rocking four-legged bridge piers has been developed and
evaluated in past research. This paper discusses the experimental specimen’s design, setup, and results of the testing. The testing program
included the use of three sets of steel yielding devices and a set of fluid viscous dampers as the passive control devices. The specimens
were subjected to ground motion records with increasing amplitude. The results of the testing were used to verify and further investigate
the behavior of piers designed by the controlled rocking approach. Much of the fundamental behavior �self-centering, hysteretic behavior,
and higher mode participation� are evident in the experimental results. Comparisons between the experimental results with design
predictions and nonlinear time history analysis are made that show reasonable prediction of response.
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Introduction

The controlled rocking approach for seismic protection of bridge
steel truss piers allows uplift and rocking of piers on their foun-
dation while displacement-based steel yielding devices or fluid
viscous dampers are used at the uplifting location to control pier
response to within allowable limits. The devices can be calibrated
to capacity protect the existing vulnerable members of the pier
and the foundation of the structure. The system provides a sig-
nificant restoring force that can allow re-centering of the structure
with proper selection of device properties. Prior research has de-
veloped the fundamental behavior and simplified methods for de-
sign of controlled rocking two-legged �Pollino and Bruneau 2007�
and four-legged �Pollino and Bruneau 2010� bridge steel truss
piers. This prior research was used for the design of an experi-
mental specimen and setup of the testing program to further
verify the approach as a seismic protection strategy.
The scaled model used for testing is based on a generic pro-

totype bridge steel truss pier for a typical two-lane highway
bridge. Following similitude scaling requirements and based on
the available laboratory resources, a 1/5-length scale model was
used for testing. The resulting specimen was 6.09 m in height and

had a height-to-width aspect ratio of 4. Seismic testing was con-
ducted on a six-degree-of-freedom �6DOF� shaking table in the
Structural Engineering and Earthquake Simulation Laboratory
�SEESL� located at the University at Buffalo. Steel yielding de-
vices and fluid viscous dampers were used as the passive energy
dissipation devices during the testing. The model was subjected to
both historical ground motion records and a synthetically gener-
ated motion. The results of the experimental testing program are
discussed followed by a comparison of experimental results with
design and analytical response predictions.

Prototype Pier

Prototype pier properties are based on a brief review of drawings
of existing bridges supported on steel truss piers. The prototype
bridge pier is assumed to support a segment of a two-lane high-
way bridge deck between the bridge’s abutments. The pier is as-
sumed to have a tributary inertial mass in the longitudinal and
transverse directions equal to its vertical mass. In general, steel
truss pier diagonals tend to have a constant cross section in each
pier panel and pier legs are continuous over its height. Connection
of the bridge deck to pier varies considerably depending on the
type of bridge bearing used. For the purpose of this study, the
connection of the bridge deck to pier is assumed to be pin-
connected near the top of each pier leg. Prototype pier properties
deemed relevant for dynamic testing are given in Table 1. Photo-
graphs of two-legged and four-legged bridge piers of this type are
shown in Fig. 1. Incidentally, these piers have been retrofitted by
allowing them to rock �Dowdell and Hamersley 2001�, although
the specimens are not meant to be exact model replicas of those
specific piers.
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Experimental Model Scale

The artificial mass simulation scaling law, used in many experi-
mental tests investigating response of structures to earthquakes
�Harris and Sabnis 1999�, has also been followed here. For con-
stant acceleration scaling and since the model is made of the same
material as the prototype �steel�, the acceleration scale factor, �a,
and the elastic modulus scale factor, �E, are equal to one. Using
this scaling law, the required model properties and properties pro-
vided after modifications required for controlled rocking design
are shown in Table 1. To implement energy dissipation devices of
credible dimensions for controlled rocking, it was desirable to test
the largest model possible, its height being ultimately controlled
by the vertical distance from the shake table to a workable crane
clearance height ��7 m�. For this purpose, an existing slender
steel specimen in the laboratory, which had been used in past
testing, was found to be available and provided most of the re-
quired relevant model properties reasonably well. The resulting

model �approximately 6 m tall� provided a length scale factor of 5
based on the prototype height of 29.3 m.
The primary similitude requirements targeted were the “fixed-

base” lateral and vertical periods of the model �Tom and TLm�, the
vertical shearing mode period �Tvm�, and the applied and restoring
forces of the model. Although an added mass of 69.2 kN/g was
required by similitude, steel plates totaling 80.1 kN/g were used
since they were readily available in the laboratory. A photograph
of the specimen on the 6DOF shake table is shown in Fig. 2.

Specimen Design and Boundary Conditions

The existing specimen structure �originally designed for different
purposes� was modified to satisfy similitude and strength require-
ments, to allow rocking at the base, and to provide adequate
boundary conditions. Modifications, required primarily at the base
of the specimen, included replacing the column base plates, and
adding column flange cover plates, column web doubler plates,

Table 1. Prototype and Model Pier Properties

Quantity Prototype

Model

Requireda Providedb

Height, h 29.3 m 5.86 m 6.09 m

Width, d 7.32 m 1.46 m 1.52 m

Aspect ratio, h /d 4.0 4.0 4.0

Inertial mass, mx �and my� 1,730 kN/g 69.2 kN/g 80.1 kN/g

Gravitational weight, wmz 1,730 kN 69.2 kN 80.1 kN

Material modulus, E 200 GPa 200 GPa 200 GPa

Lateral stiffness, kox �and koy� 12.6 kN/mm 2.52 kN/mm 3.00 kN/mm

“Fixed-base” lateral period, Tox �and Toy� 0.74 s 0.33 s 0.33 s

“Fixed-base” vertical period 0.13 s 0.058 s 0.040 s

Vertical “shearing” period, Tv 0.12 s 0.054 s 0.062 s
aRequired model properties for similitude requirements.
bTheoretical model properties provided by the specimen.

Fig. 1. Typical prototype steel truss bridge piers �Courtesy of Bruce
Hamersley, Klohn Crippen Berger Engineering�: �a� two-legged
piers; �b� four-legged pier Fig. 2. Rocking steel truss pier specimen on shake table
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beam-column transverse stiffeners, and a base perimeter beam
�collector beam�. Specimen details and boundary conditions were
designed as described below.

Base Connection

The connection at the base of the pier legs was detailed to resist
translation �sliding� in the two horizontal directions, to allow ver-
tical translation �uplift� from the support during rocking, and to
accommodate load cells placed beneath the base of each pier leg
to record pier base reactions during testing. Connection of the pier
base to the load cells was done through a horizontal bearing “pit”
connection using angle members bolted to the top of each load
cell as shown in Fig. 3. No resistance was provided vertically
through this connection except for a negligible amount of friction
that could have occurred along an angle’s leg as the pier leg
uplifts. The angles were only placed on the two outer sides of the
load cells in contact with the two outer sides of the column base
plates such that the horizontal shear force of the pier would not be
transferred at the base of the uplifting pier legs. Such placement
of the angle members limited the amount of contact the base of
the pier legs had with the base connection during uplifting while
resisting horizontal shear at the base of the other legs and thus
preventing sliding. The base connection was also capable of trans-
ferring torsion in the pier that may develop as a result of minor
misalignment of the mass plates and center of pier stiffness or
errors in control of the shake table however no significant tor-
sional response was observed during testing.

Pier Diagonals

Pier diagonals were designed to meet similitude and strength re-
quirements. The existing specimen had moment-resisting beam-
column connections such that when the pier diagonals were
added, the specimen acted as a braced moment frame. The cross-
sectional area of the diagonal members �Admi� were sized such
that the fixed-base and vertical periods of the specimen were
close to that required by similitude and would have the required
tension strength to resist demands during the rocking response.
Considering an X-braced configuration, resulted in the use of
high-strength circular threaded rod �ASTM A193 B7, �y

=869 MPa� diagonal bracing members with a 9.5-mm diameter.
Buckling strength did not scale proportionally, and these mem-
bers, with effectively no buckling strength, would have undergone
elastic buckling during testing, creating a tension-only bracing
system. To remediate this problem, all diagonal bracing members
were pretensioned to a prescribed axial force level such that these

members would remain in tension throughout testing. The preten-
sioning was achieved by using right and left-handed threaded rod
for the bracing members and connecting them with a reverse
threaded hex coupler. �Note that it is not implied here that diag-
onal members be pretensioned for design or retrofit of actual
structures—only that they be designed to remain elastic by pro-
viding a compressive buckling strength exceeding the calculated
axial forces in the members.� A strain gauge was attached on one
face of the hex coupler to measure strain and determine preten-
sioning force during installation and to measure member force
during testing.

Mass Connection

Connection of a bridge deck to its piers is typically achieved
through the use of some form of bearing �rocker, pot, elastomeric,
cylindrical, spherical, AASHTO 1998�. Each type of bearing
transfers gravity loads and seismic inertia forces between the deck
and pier by different mechanisms. For the specimen, the steel
mass plates were connected to the pier using 16–9.5 mm diam-
eter, fully tensioned high-strength threaded rods �ASTM A193
B7� through the 2–90 mm thick steel mass plates, a double con-
cave hardened steel bearing, mild-steel connection plate, and
2–19.1 mm plate washers. The shear force was transferred
through friction between each piece.

Passive Energy Dissipation Devices

Passive energy dissipation devices were installed between the pier
foundation �i.e., the shake table in this case� and the base of each
pier leg. Two types of devices were used in this experimental
study, namely: steel yielding devices and viscous dampers.

Steel Yielding Devices

Various steel yielding devices were sized to provide a range of
local strength ratios ��L� and observe the influence on response.
The local strength ratio is an important parameter in design of the
controlled rocking pier using steel yielding devices and is defined
for four-legged piers as

�L =
Fd

wv/4
�1�

where Fd=plastic capacity of the device and wv=vertical weight
tributary to the pier. Steel yielding devices with bilinear hysteretic
behavior were designed with connections to apply only a vertical
force to the base of the pier legs. Key design parameters for the
devices are the plastic device force, elastic stiffness, and maxi-
mum allowable vertical displacement. Different types of steel
yielding devices were considered for these experiments, including
buckling-restrained braces �AISC 2005� and shear panel devices
�Zahrai and Bruneau 1998�. However, such braces and shear pan-
els could not be easily/reliably manufactured/fabricated at this
scale.
The number of design parameters that define the behavior of

TADAS devices �Tsai et al. 1993� provide more dimensioning
freedom and allowed a device that could be fabricated at this
scale. TADAS devices consist of cantilever triangular plates bent
about their minor axis that yield in flexure uniformly along their
length when a shear force is applied at their free end. The plastic
shear force of the device, VpT�=Fd�, can be shown to equal

Fig. 3. Base connection
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VpT =
NTtT

2bTFyT

4LT
�2�

where NT=number of plates; tT=plate thickness; bT=plate width
at fixed support of device; FyT=yield stress of steel �50 ksi,
ASTM A572 Gr. 50�; and LT=length of plates from fixed support
to point of loading. The elastic stiffness is equal to

keT =
E · bT · NT

6
� tT

LT
�3 �3�

Results of component and sub-assemblage testing �Tsai et al.
1993� has shown TADAS devices able to withstand rotations of
0.30 rad, where the device rotation, �T, is defined as

�T = �upL/LT �4�

Three sets of devices were designed and fabricated with local
strength ratios ��L=VpT /wv /4� of 1.0, 0.67, and 0.33. For com-
parison, the static hysteretic pushover curve of the experimental
specimen for a free-rocking specimen ��L=0� and with each set
of steel yielding devices attached, considering 2nd cycle response
�Pollino and Bruneau 2007� and P-� effects is shown in Fig. 4.
Table 2 lists the key dimensions and design parameters for each
set of devices.

Fluid Viscous Dampers

The controlled rocking response with fluid viscous dampers was
also investigated using a single set of nonlinear viscous dampers.
The viscous dampers were implemented in a very similar manner
to the TADAS devices, as seen in Fig. 3. The key design param-
eters using such devices are the peak output force and maximum
stroke of the damper. Nonlinear dampers of this type have a force
output, dependent on the velocity across the damper equal to

Fvd = c · sgn�vd� · �vd��d �5�

where c=damping coefficient of 1.32 kN�s /mm��; vd=relative
velocity across the two ends of the damper; sgn=sign function;
and �d=damping exponent of 0.50. The selected dampers had a
stroke of �31.75 mm, although when implemented in the con-
trolled rocking system considered here, they only extended in a
single direction as the pier legs uplifted from their base.

Loading System, Instrumentation, and Data
Acquisition

The shake table used for this project can achieve a nominal ac-
celeration performance of 1.15 g in each of its horizontal and
vertical directions with a 20-t rigid specimen, with maximum dis-
placements of �5.9 and �2.9 in. in the horizontal and vertical
directions, respectively.
Instrumentation used included accelerometers, string potenti-

ometers, eight strain gauge based load cells, and strain gauges.
The entire specimen was supported on four large-capacity load
cells that measured the base reactions �seen in Fig. 3�. During
testing with the viscous dampers, additional load cells were at-
tached in-line with the damper shaft to measure damper force. A
Krypton K600 high performance dynamic mobile coordinate
measurement machine was used to measure displacements near
the base of the structure. All instrumentation signals were low-
pass filtered at a cut-off frequency of 50 Hz and sampled at a rate
of 128 Hz.

Base Excitation

The input excitation to the shake table included banded white
noise excitation for dynamic characterization of the specimen,
and seismic ground motion histories for evaluation of response.
The seismic ground motions included the Newhall record from
the 1994 Northridge earthquake and a synthetically generated

Fig. 4. Unidirectional static pushover curves for experimental speci-
men with steel yielding devices

Table 2. TADAS and Viscous Damper Properties Used in the Experiments

TADAS

�L NT

LT

�mm�
tT

�mm�
bT

�mm�
kT

�kN/mm�
�pT

�mm� �design 	L,design

1.0 4 88.9 9.53 50.8 8.34 2.13 0.15 6.3

0.67 2 88.9 11.1 54.0 7.02 1.83 0.30 14.6

0.33 1 88.9 11.1 54.0 3.52 1.83 0.30 14.6

Viscous dampers

c �kN�s /mm��	 �
�d,max

�mm�
Fd,max

�kN�

1.32 0.50 63.5 44.5
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record �tests performed with other seismic motions and other
forms of base input �see Pollino and Bruneau 2008 for details� are
not discussed here due to space constraints�. All three acceleration
components �two horizontal and vertical� from each record were
simultaneously applied to each specimen. Per similitude scaling
laws, acceleration amplitude was unscaled and the time of the
record was scaled by a factor of 2.24. The target pseudoaccelera-
tion response spectrum of each component of motion for each
record, at model scale, is shown in Fig. 5. Due to differences in
the target input acceleration history and that actually achieved by
the shake table during testing, the recorded table accelerations
and resulting spectra are used for comparison with analytical and
design predictions.

Testing Program

The test setups considered included three sets of steel yielding
devices ��L=0.33, 0.67, and 1.0�, a set of nonlinear viscous
dampers, and tests on the free-rocking pier ��L=0�. Each setup
was first subjected to a white noise test followed by an earthquake
record amplitude scaled to 35% of the target value simply to
verify instrumentation functionality, table performance, and
specimen behavior. Then, the Newhall record was run at 100%
amplitude, followed by the Synthetic record also at 100%. After
that, different excitation records were run at higher amplitude
�150% or more� for different setups. All tests were followed by a
white noise test to observe any changes in the dynamic properties
of the specimen.

Experimental Results

Test results presented below include identification of the speci-
men’s dynamic characteristics from white noise excitations, and
results from seismic excitation. The peak response of each test is
compared with design predictions and advanced analysis meth-
ods.

Identification of Dynamic Characteristics

Response of the model structure during white noise excitation
was limited to the elastic range of response, thus providing the
fixed base pier properties; it could not capture system behavior
after uplift. The mode shapes, frequencies, and damping ratios of
the structure were determined using a modal identification tech-
nique based on pier transfer function response. The transfer func-
tions are defined as the ratio of the cross and power spectra
between the top of pier and table accelerations in a particular
direction, also known as the H1 estimator �Bendat and Piersol
1980�.
Initial white noise tests showed that the specimen had a fixed-

base frequency of approximately 2.5 Hz �Tom=0.40 s�. Fig. 6
shows changes in the specimen’s frequency through the testing
program. The vertical axis of the figure is the frequency calcu-
lated from the white noise test �f i� normalized by the frequency
calculated from the first test �f1=2.5 Hz� in that particular orien-
tation �X, Y, or Z�. As seen in the figure, the frequency changes by
less than 5% from the initial test in each setup, indicating no
damage to the model specimen, except for white noise test 5
which exhibits a significant drop in frequency relative to the ini-
tial test. White noise Test 5 was performed following the seismic
tests of the setup with �L=1.0. Since the strength of the devices in

this setup is nearly equal to or greater than the structures tributary
weight, the structure was likely partially supported up on the de-
vices following the tests with �L=1.0 and the specimen’s re-
sponse would be controlled by its 2nd cycle properties �Pollino
and Bruneau 2007�. After these devices were removed and the
devices with �L=0.33 were attached for the next setup, the fol-
lowing white noise test showed that the system returned to 93%
of its initial frequency.
The specimen’s inherent equivalent viscous damping, calcu-

lated both by the frequency response analysis using the half-

Fig. 5. Target pseudoacceleration spectra in model scale: �a� Newhall
record; �b� synthetic motion

Fig. 6. Specimen fixed-base frequency throughout testing program
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power �bandwidth� method and by the logarithmic decrement
method �Clough and Penzien 1975�, was determined to be ap-
proximately 2.5% of critical.

Example Response History Results

An example set of response history results is shown in Fig. 7 for

the Synthetic record input scaled to 150% of the target motion.
Response of the pier with no control devices attached ��L=0,
free-rocking�, steel yielding devices with �L=1.0 attached, and
viscous dampers attached ��Lv� at the base are shown in the fig-
ure. The figure shows the pier relative displacement in the two
horizontal directions, pier leg axial force �for a single leg�, device
hysteretic behavior �for a single device�, and the global pier hys-

Fig. 7. Experimental response comparison, for synthetic motion scaled to 150%: �a� relative pier X-displacement; �b� relative pier
Y-displacement; �c� pier leg axial force; �d� device hysteretic behavior; �e� global hysteretic behavior, �L=0; �f� global hysteretic behavior, �L
=1.0; and �g� global hysteretic behavior, �Lv
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teretic behavior. Also, overlain on the global pier hysteretic be-
havior is the static pier pushover curve. The relative pier
displacement is shown to return to zero following the input exci-
tation due to the self-centering ability of the system �final re-
sponse of the free rocking test damps out much more slowly but
eventually returned to zero with no residual displacement�. The
higher mode dynamic effects that are discussed in Pollino and
Bruneau �2008� are evident in global hysteric pier behavior and
the pier leg axial forces.

Comparison of Experimental Results with Nonlinear
Time History Analysis

The response of the experimental specimen was predicted analyti-
cally using nonlinear time history analysis. Comparison is made
between the peak experimental response quantities and peak re-
sponse results from time history analysis.
The approach for analytical modeling is described in detail in

Pollino and Bruneau �2010� however modeling directly relevant
to the experimental model is discussed here. The model mass is
lumped in a single node at the geometric centroid of the steel
mass plates and includes their mass moments of inertia �thus the
effects of torsion are accounted for�. The diagonal braces are
modeled by members that can only resist axial forces �in tension
and compression�. The pretensioning force in the members is ap-
plied in the model using a temperature loading on the members to
match the prescribed axial force applied on the specimen by pre-
tensioning �using reverse threaded couplers�. Since the diagonal
members could resist both tension and compression forces �with-
out buckling� in the analytical model, the temperature loading
was applied only to achieve the correct internal forces in the
specimen �not required otherwise analytically to prevent buck-
ling�. The analytical model was excited dynamically by applying
acceleration histories to the fixed supports. In light of the afore-
mentioned discrepancies observed between the target and
achieved motions during testing on the shaking tables, the accel-
eration of the table recorded during each test �X, Y, and Z� was
supplied to the analytical model as the base input �as opposed to
the target motion�.
The experimental and time history analytical results are com-

pared in terms of peak relative displacement �X- and
Y-directions�, peak uplift displacement, peak pier leg axial force,
and peak base shear force �X- and Y-directions� in Fig. 8 where
subscripts “Exp” refers to the experimental results and “TH” re-
fers to the results from time history analysis. Separate data points
are shown on the figures for each seismic test. A solid, dark line is
plotted for QExp=QAnalytical �Q referring in general to a peak re-
sponse quantity�. This line defines a boundary for each data point
that represents conservative �below line� and unconservative
�above line� prediction of response. The second solid line repre-
sents the average difference of the data from this boundary and is
defined in general as

QExp = QAnalytical + 	�Q �6�

where 	�Q=mean difference between experimental and analytical
data points and is defined as

	�Q =



i=1

n

�QExp�i� − QAnalytical�i�	

n
�7�

where n=total number of tests run for the cases considered. Two
dotted lines are also shown on the plots, corresponding to the

mean difference plus and minus one standard ���Q� such that

QExp = QAnalytical + 	�Q � ��Q �8�

where ��Q is defined as

��Q =
�


i=1

n

�QExp�i� − QAnalytical�i� − 	�Q	2

n − 1
�9�

Figs. 8�a–c� show a good correlation between the experimental
and time history analysis results in terms of maximum relative
and uplifting displacement. More scatter in the data exists for the
maximum force demands �Figs. 8�d–f�� with some points that
deviate significantly.
Note that better correlation exists for base shear results for

cases with viscous dampers attached vertically at the base �circle
data points in Figs. 8�e and f� than for the case of free rocking
�square data points� or �L=0.33 �diamond data points�.

Comparison of Experimental Results with Design
Predictions

The simplified method of analysis and design equations derived
from fundamental research and presented in Pollino and Bruneau
�2010� are used to predict the dynamic response of the experi-
mental specimen and are compared with test results. The pier
displacement is predicted using this simplified method of analysis
��rel,Design� and is based on the capacity spectrum analysis
method. Use of this type of analysis method is more useful for
design purposes as it doesn’t require time history analysis. Other
relevant response quantities �Pu,Design ,PuL,Design ,�up,Design� are also

predicted using design equations presented in Pollino and Bru-
neau �2010�.
Comparison of the experimental and the simplified methods of

analysis are made in an identical manner as was done for the time
history results. The response quantity predicted by the simplified
analysis and design equations �design quantity� is plotted on the
horizontal axis while the experimental response quantity is the
vertical coordinate. Comparison of peak response between the
experimental results and design equations are shown in Fig. 9.

Force Response

The maximum force response shown in Figs. 9�d–f� is predicted
reasonably accurately and conservatively in most cases by the
simplified methods of analysis. The pier leg axial force and base

shear results show that the design equations predict an increase in
force response for increasing strength ratio ��L�, however, smaller
increases were observed in the experimental results for larger
strength ratios. For instance, the pier leg axial force results �Fig.
9�d�� show this trend �even though the predictions are nearly all
conservative�.
Some of the conservatism observed can be explained. For ex-

ample, following the derivation of the design equations �Eqs. �19�
and �20�� from �Pollino and Bruneau 2010� that predicts the maxi-
mum developed base shear and pier leg axial force, the dynamic
effects due to impact, uplift, and vertical excitation are combined
with a modal combination rule and added to the forces developed
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assuming the bidirectional plastic yield mechanism has formed
�uplift and yielding of all steel yielding devices�. The energy dis-
sipating devices were designed such that the design level motion
would lead to development of the plastic mechanism, and the
maximum uplifting displacements were limited by deformations
to the devices. However not all tests reached the design level thus
the displacement response may not have been large enough to
develop the plastic mechanism. It is also conservative to assume
that the combination of the dynamic effects is occurring when the
structure is in the state at which the yield mechanism has formed.
This is especially true for the cases with a higher strength ratio
��L�, for which the structure spends less time in a position in

which the yield mechanism has developed. In the case of bidirec-
tional response, the structure spends even less time in the plastic
mechanism state.

Displacement Response

Displacement results in Figs. 9�a–c� show that the simplified
analysis method yields displacement results that compare closely
to the experimental results until the predicted relative pier dis-
placements exceeded approximately 100 mm where the experi-
mental results were larger than predicted by 150 to 200%. With
exception of two data points, all of these outlier points for the

Fig. 8. Experimental results comparison with time history analysis: �a� pier relative displacement in X-direction; �b� pier relative displacement in
Y-direction; �c� pier leg uplifting displacement; �d� pier leg axial force; �e� pier base shear force in X-direction; and �f� pier base shear force in
Y-direction
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relative displacement are for �L=0 or the viscous damper tests.
Taking a closer look at the use of the capacity spectrum method
for these cases, it was found that for those systems, having large
secant periods, low yield strength, and very low or negative pos-
tyield stiffness �due to P-� effect�, the intersection of the spectral
capacity and demand curves occurs in a range of the spectrum
that does not match the target spectrum well. While the predicted
response depends on the intersection of these two curves, the
behavior of the system is not completely dependent on this range
of the response spectrum and will also depend on the frequency
content of the motion prior to uplift and yield which is not con-
sidered in this simplified analysis method.

Conclusions

An experimental program was performed for a 1/5-length scale,
four-legged bridge pier specimen. The passive control devices
used included steel yielding devices �TADAS� and fluid viscous
dampers. The specimen was subjected to three components of
seismic ground motion �X+Y+Z� using both recorded and syn-
thetically generated motions. White noise testing revealed that the
fixed-base horizontal period of the pier was equal to 0.40 s and
that the pier had an inherent damping of approximately 2.5% of
critical. Many seismic tests were performed that generated a
maximum relative pier displacement of 236 mm �3.9% drift� and
82 mm of uplift. The specimen was not damaged during the test-
ing program and recentered following each test.

Fig. 9. Experimental results comparison with design predictions: �a� pier relative displacement in X-direction; �b� pier relative displacement in
Y-direction; �c� pier leg uplifting displacement; �d� pier leg axial force; �e� pier base shear force in X-direction; and �f� pier base shear force in
Y-direction
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The results of the testing program were used to assess the
adequacy of the design predictions and analytical modeling dis-
cussed in Pollino and Bruneau �2010� and to observe overall dy-
namic behavior. There were a few instances in the prediction of
the maximum displacement of the experimental specimen in
which the simplified analysis approach provided displacements
30–50% below that observed in experiments. Also, the maximum
uplifting displacements may be influenced by the vertical ground
displacements which are not accounted for in the prediction of
displacements and which primarily affect deformations of the de-
vices.
Design equations for combination of multicomponent, multi-

modal force effects were found to provide conservative, yet rea-
sonably accurate, prediction of response. The design equations
assume development of the controlled rocking pier’s yield mecha-
nism. Some results of experimental tests for systems that under-
went bidirectional response showed significant deviation in force
response from that predicted by the design equations however this
was mostly for cases in which the pier was not subjected to the
design level of excitation. In general, the response of systems that
achieved a global displacement ductility �	G2� greater than ap-
proximately three matched reasonably accurately with the pre-
dicted force response.
The development of the bidirectional yield mechanism and

support of the pier on a single leg along with the effects of ver-
tical excitation can cause significant axial forces in the pier legs
such that they may likely require strengthening. However, a con-
ventional seismically designed pier undergoing bidirectional
yielding may subject the leg to similar levels of axial force and
would also require design of a significant uplift force at the an-
chorage connection.
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