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ABSTRACT 

This report describes the design, construction, and shaking table response and computation 
simulation of a Low Seismic-Damage Bridge Bent built using Accelerated Bridge Construction 
methods. The proposed bent combines precast post-tensioned columns with precast foundation 
and bent cap to simplify off- and on-site construction burdens and minimize earthquake-induced 
damage and associated repair costs. Each column consists of reinforced concrete cast inside a 
cylindrical steel shell, which acts as the formwork, and the confining and shear reinforcement. The 
column steel shell is engineered to facilitate the formation of a rocking interface for concentrating 
the deformation demands in the columns, thereby reducing earthquake-induced damage. The 
precast foundation and bent cap have corrugated-metal-duct lined sockets, where the columns will 
be placed and grouted on-site to form the column–beam joints. Large inelastic deformation 
demands in the structure are concentrated at the column–beam interfaces, which are designed to 
accommodate these demands with minimal structural damage. Longitudinal post-tensioned high-
strength steel threaded bars, designed to respond elastically, ensure re-centering behavior. Internal 
mild steel reinforcing bars, debonded from the concrete at the interfaces, provide energy 
dissipation and impact mitigation. 
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 Introduction 

This report presents the key features and seismic performance of a structural system designed and 
constructed around the aforementioned philosophies of Low Damage Structures and Accelerated 
Bridge Construction (ABC). Accelerated Bridge Construction is achieved by utilizing pre-cast 
columns and end beams connected using an innovative socket connection; the concept of resiliency 
is incorporated in the form of re-centering behavior of the columns [Guerrini and Restrepo 2011; 
Restrepo et al. 2011]. Re-centering columns are designed to display only minor damage localized 
at the column–beam interface under the same seismic demands that would cause extensive damage 
in conventional columns, with the goal of returning to their original position after the event through 
the use of unbonded post-tensioned elements. This results in a significant reduction in repair costs 
and downtime. The work presented here is an enhancement and a different outlook to earlier 
research [Guerrini et al. 2015] 

The specimen presented in this report represents a 35%-scale, two-column bent cap based 
on an existing bridge located in a highly seismic region. The specimen was tested under dynamic 
loads arising from simulated ground motions produced by a shaking table. Under dynamic 
excitation, the specimen showed a flag-shaped nonlinear response typical of hybrid recentering 
systems, with rocking behavior occurring at the beam–column interfaces. Inertial forces were 
provided by the cap beam with six concrete blocks post-tensioned to it for a combined weight of 
69 kips, thus simulating a portion of the bridge superstructure weighing 575 kips over two 
columns. 

Test objectives included subjecting the specimen to two components of simulated ground 
motions, one horizontal and one vertical, with targeted lateral displacement demands as predicted 
by preliminary numerical simulations. The specimen’s dynamic response was monitored using a 
dense instrumentation setup. Verification of the system’s recentering capabilities and accuracy of 
the analysis methods were of primary interest. The specimen was subjected to a total of twelve 
earthquakes over two days at the University of California, Berkeley, shaking table, located off-
campus at the Richmond Field Station Laboratory. The first nine tests formed a part of the primary 
test matrix, and their results also served as the benchmark for a blind prediction competition. 
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 Literature Review 

2.1 HYBRID SELF-CENTERING SYSTEMS 

Re-centering structural systems, particularly those based on hybrid rocking behavior, have seen 
significant research in the past few decades. Excellent, low damage seismic performance 
demonstrated in subassembly tests, coupled with their suitability for fast and high-quality 
construction using precast concrete components, makes them a prime candidate for mitigating 
extensive damage, costly repairs, and associated downtimes to critical services that have occurred 
in recent earthquakes. 

The earliest reported implementation of re-centering systems was in an industrial chimney 
at the airport at Christchurch, New Zealand [Sharpe and Skinner 1983]. Built in 1977, the chimney 
employed a passive rocking mechanism coupled with hysteretic dampers to meet architectural and 
engineering requirements. A similar system was implemented in the “stepping” railway bridge 
over the South Rangitikei River, New Zealand [Cormack 1988], where torsional hysteric energy 
dissipators were employed. 

The PREcast Seismic Structural Systems (PRESSS) project was one of the earliest research 
program to explore experimentally and analytically the performance of hybrid rocking systems. 
The project itself started as a study into the seismic performance of precast systems [Priestley 
1991]. The analytical work of Priestley and Tao [1993] began with the aim of preserving 
prestressing forces under large ductilities. To achieve that goal, they studied the behavior of 
partially unbonded prestressing tendons in precast moment frame connections. The behavior was 
studied experimentally by MacRae and Priestley [1994] and improved, in terms of energy 
dissipation, by incorporating mild steel reinforcement across joints; see Stone et al. [1995]. 

The promising results from these studies led to further analytical investigations into hybrid 
self-centering systems [El-Sheikh et al. 1999; Kurama et al. 1999] and culminated in the simulated 
seismic test of a 60%-scale, five-story structure [Nakaki et al. 1999; Priestley et al. 1999] that 
incorporated a hybrid coupled wall in one direction, and hybrid and emulative moment frames in 
the other direction as lateral force resisting systems. 

The excellent results of this research have seen the concept of hybrid recentering systems 
being extended to steel moment frames [Christopoulos et al. 2002], masonry walls [Toranzo-
Dianderas 2002], and tested in various precast concrete configurations [Holden et al. 2003; Perez 
et al. 2003]. Various energy-dissipation solutions have been explored by Restrepo and Rahman 
[2007] (milled bars in grouted ducts), Marriott et al. [2009] (viscous and mild steel external 
dissipators), Toranzo et al. [2009] (flexural external dissipators), and Eatherton and Hajjar [2014] 
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(steel plate fuses), while the behavior and effect of hybrid components has been explored 
experimentally by Belleri et al. [2014]. 

A pioneering study on the application of rocking systems to bridges was carried out by 
Mander and Cheng [1997] that included both theoretical development and experimental validation 
of hybrid bridge columns. Their work was followed by multiple analytical and experimental 
studies on hybrid bridge columns, exploration of construction methods, energy-dissipation 
solutions, and numerical simulation options. Hewes and Priestley [2002] studied experimentally 
and analytically the performance of segmented rocking bridge columns composed of only 
prestressing steel subjected to different levels of initial prestress and varying thickness steel jackets 
confining the plastic end regions of the columns. Kwan and Billington [2003a; b] and Ou et al. 
[2006] performed analytical studies on recentering columns using finite-element analysis. Sakai 
and Mahin [2004] and Hieber et al. [2005] studied hybrid bridge column behavior using fiber-
based elements, with the former followed by shaking table tests [Jeong et al. 2008]. Palermo and 
Pampanin [2008] conducted analytical studies using lumped plasticity to model a prototype bridge, 
with supporting data from experiments comparing the performance of cantilevered monolithic and 
hybrid columns under monotonic and cyclic loading [Palermo et al. 2007]. Marriott et al. [2009; 
2011] developed analytical models utilizing multiple springs to model the rocking interface and 
conducted uni- and bi-directional quasi-static cyclic tests on monolithic and hybrid columns, 
exploring different energy dissipation solutions. Guerrini et al. [2013; 2015] tested dual shell 
hybrid bridge columns under cyclic loading and shaking table excitation; their work explored 
options for external and internal energy dissipation and for improving PT bar deformability by 
addition of polyurethane pads. Thonstad et al. [2016] have tested a two-column, three-bent system 
with precast elements under shaking table excitation. 

2.2 BRIDGE PIER SOCKET CONNECTIONS 

Precast concrete elements offer an excellent means for reducing on-site construction work and 
have already been in use for some time in the construction of bridge girders, columns, and cap 
beams in regions with low seismicity. Yet, the construction of the bridge substructure in 
seismically active regions is done mostly using conventional cast-in-place methods. This trend 
primarily stems from limited research into the seismic performance of pre-cast connections. 
Considering the significant advantage precast systems display, there has been an upsurge in 
research into various methods for emulating cast-in-place connections, as well as into the 
development of non-emulative precast element connections like those used for re-centering 
systems. 

Precast columns, hybrid or emulative, can be connected to the precast or cast-in-place 
foundations and bent caps through reinforcing bar couplers, grouted ducts, pockets, or sockets. 
The use of grouted ducts or reinforcing bar couplers typically involves prefabrication of the 
column over its clear height, with either the duct or the coupler embedded inside. The grouted duct 
connections are commonly used in hybrid bridge column studies and have been explored by Pang 
et al. [2010], Restrepo et al. [2011], and Tazarv and Saiidi [2015]. Couplers utilizing grouted 
splices have been studied by Ameli et al. [2015; 2016], while mechanical splices were explored in 
Haber et al. [2014]. Implementation of these connections in hybrid recentering columns requires 



5 

careful preparation of the bedding mortar layer at the rocking interface to develop the full strength 
of the column [Restrepo et al. 2011]. 

Pocket connections typically involve reinforcing bars extending out from the precast 
members, which need to be carefully meshed together before they are surrounded by either grout 
or concrete. This connection type has been explored in Restrepo et al. [2011]. Socketed 
connections allow the entire precast column to be embedded inside the end beam, which may be 
precast with a socket or may be cast on site by placing its reinforcing cage around the precast 
column. When used with precast cap beams or foundations, the socket connection presents a very 
easy to assemble system. This connection is particularly advantageous for hybrid recentering 
systems since no special preparation is needed for the rocking interface. A conservative design 
treatment of socket connections is present in some design codes [AIJ 1988; DIN 1045], while 
theoretical and experimental results for improved capacity calculation have been presented in 
Osanai et al. [1996], Blandon and Rodriguez [2005], and Fernandes Canha et al. [2007]. The 
application of this connection to hybrid bridge columns has been explored by Haraldsson et al. 
[2013], Mashal et al. [2012; 2013; 2015], Belleri and Riva [2012], and Thonstad et al. [2016]. 
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 Prototype Bridge Study 

This chapter discusses the computational models developed in OpenSees in support of the shaking 
table test program. The computational work started from an existing model for recentering column 
systems. This model was optimized to increase computation speed and used to carry out a 
parametric analysis on a full 3D bridge model, which was used as a prototype to assist in the design 
of the test specimen. 

3.1 HYBRID SYSTEM MODEL DEVELOPMENT AND VERIFICATION 

The main elements of a hybrid rocking system are the rocking member, unbonded post-tensioning 
(PT) elements for improving recentering behavior and the energy-dissipating elements for 
controlling displacements. The rocking member typically has reinforced ends to withstand the 
large stresses arising during rocking and can be split into two subcomponents by function: the 
reinforced rocking interface and the central element, which largely stays elastic. Typically, the 
elastic limit of the unbonded post-tensioned elements controls the displacement capacity of the 
system. 

A model incorporating these elements has been developed and validated by Guerrini et al. 
[2014; 2015], hereby called Model 0, using the analysis program OpenSees, where the specific 
behavior of each of these elements is explicitly modeled: 

 The energy dissipators are modeled individually using displacement-based 
beam–column elements and material models to represent the energy dissipation 
method; 

 The post-tensioned elements are modeled using nonlinear truss elements to 
account for any yielding, with fixity constraints to model anchorage points and 
an approximation of sliding constraints at the rocking interface; 

 The rocking element is represented by elastic beam–column members split into 
multiple segments to model the point of connection to the energy dissipators; 
and 

 The rocking interface is modeled using multiple compression-only, nonlinear 
truss elements, with appropriate material models representing the interface 
material. 
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The truss elements forming the rocking interface are connected via rigid members, with 
the elastic rocking element starting at their combined center. The energy dissipators and the PT 
elements are modeled at their physical locations and are connected to the elastic rocking element 
via rigid elements. The model has been validated against experimental data obtained from two 
cyclic tests, details of which will be presented in the next section. 

While the model shows a good match with experimental data, the computational 
performance is slow. This is largely due to the modeling of individual fibers in the rocking 
interface: for each fiber, at least three degrees-of-freedom (DOFs) are added in the model. 
Considering that the execution times increase exponentially with the DOF count, this model is a 
poor choice for systems with multiple rocking interfaces, e.g., a complete bridge. 

To improve the computational performance, first, the model is modified to use a single 
fiber-based beam-column element for the rocking interface and displacement-based beam–column 
elements to model the rocking element. This updated model, hereby called Model 1a, is again 
calibrated against the same tests. As a further optimization, the elements representing the 
individual dissipators are also combined together into a single fiber-based element. This model 
will be called Model 1b. A representation of the three models described above is shown in Figure 
3.1. 

The proposed models presented were validated against test results from two hybrid 
recentering systems tested by Guerrini et al. [2015] at the University of California, San Diego, 
Powell Structural Engineering Laboratories, where Unit 1A utilized external buckling restrained 
energy dissipators and Unit 1B utilized internal dowel bars. The same column was used for both 
the units: the column was flipped upside-down after testing Unit 1A and reused to test Unit 1B. 
This approach exploited the fact that only the bottom region of a cantilevered hybrid column 
experiences large strains and damage. Some drawings of the specimen are shown in Figure 3.2. 

 

 
Figure 3.1 Hybrid recentering column analytical models. 
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Figure 3.2 Specimen drawings: (a) test setup; and (b) column base cross 

sections for Unit 1A (top) and Unit 1B (bottom). 

The tested column had an external diameter of 20 in. and a height of 33 in. The load was 
applied via a loading stub at an effective height of 44.5 in. The column was formed by casting 
high-strength normal weight concrete ( cf = 10.2 ksi) between two A572 Gr 50 steel shells: an 

outer shell, 20 in. in diameter and 0.25 in. thick, and an internal shell, 14 in. in diameter and 0.125 
in. thick. The inside of the internal shell was left hollow to reduce the column weight and facilitate 
the installation of PT steel, which was provided by four 1-3/8-in. diameter A722 Gr 150 DSI thread 
bars. The threaded bars were anchored into anchorage devices prearranged in the footing and 
seated on soft rubber pads on top of the loading stub. The rubber pads served to increase the 
displacement capacity of the column by delaying the yielding of the PT bars; their use was 
necessitated due by the low aspect ratio of the column. Each specimen was placed on a 0.5-in.-
thick high-performance mortar layer ( cf = 7.7 ksi) created on the foundation to compensate for 

lack of precision and aid in positioning and leveling of the specimen. 

Unit 1A was provided with six radially distributed, external buckling restrained external 
energy dissipators, with a 6.5 in. region milled to 9/16 in. from 1-in.-diameter hot-rolled A576 Gr 
1018 steel bars (fy = 48 ksi, fu = 71 ksi). These were welded to anchors installed in the foundation 
and to brackets on the column outer shell. A total effective PT force of 180 kips was applied, in 
addition to 63 kips of vertical load applied using two vertical jacks to simulate gravity. 

Energy dissipation in Unit 1B was provided by six 316LN Gr 75 #4 internal dowels (fy = 
108 ksi, fu = 129 ksi). The dowels were debonded over a length of 7 in. using duct tape and grouted 
inside pre-installed corrugated steel ducts inside the footing and the column, such that the middle 
of the debonded length was placed at the foundation level. The effective PT force and simulated 
gravity loads were 200 kips and 60 kips, respectively. 

Both units were subjected to quasi-static reversed cyclic loading in the north–south 
direction. The loading began with three force-controlled cycles to ±25 kips and three to ±52 kips 
base shear, followed by displacement-controlled cycles: three to ±0.5% drift ratio and three to 
±0.75% drift ratio. Subsequent cycles were composed of two large-amplitude cycles, followed by 
a lower one at a level corresponding to the previous large drift level: drift ratios of ±1%, ±1.5%, 
±2%, ±3%, ±5%, ±7.5%, and ±10% were targeted. 
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In Model 0, the mortar was modeled using 36 circumferential  3 radial truss elements, the 
PT bars were modeled using truss elements, and the dual shell column was modeled using two 
elastic beam–column elements to account for the anchorage location of the energy dissipators. The 
energy dissipators were modeled individually using three displacement-based beam–column 
elements (DBE) per dissipator to model the varying dissipator section for Unit1A and a single 
DBE accounting for the effective unbonded length of each dissipator for Unit 1B. 

The load was applied at the center of the load block, and the top node location of the PT 
bars accounted for the load cell height. The bar material accounted for the flexibility provided by 
the rubber bearing pads. Further details of the material models and fixity constraints used can be 
found in Guerrini [2014]. Note: the mortar crushing stress was increased from 1 ksi to 45% of peak 
stress (3.6 ksi for Unit1A and 3.8 ksi for Unit1B) to improve the model prediction at higher drifts. 

For Models 1a and 1b, the mortar truss elements were replaced by a single two-integration 
point DBE, using the same mortar material and an equivalent fiber configuration. Both elastic 
beam–column elements between the mortar and load stub were replaced by an equivalent two-
integration point DBE using fiber sections made of confined concrete derived from the concrete 
strength in the columns. The top element also included steel fibers representing the two enclosing 
steel shells. The model for the energy dissipators remained unchanged in Model 1a. In Model 1b, 
the energy dissipators for both units were modeled using a single three-integration point DBE, 
with an element length reflecting the total effective dissipator length. Compared to Model 0, the 
varying section was not modeled for Unit 1B. Attempts at varying the section resulted in larger 
base shears, which were possibly due to localization issues. 

The results for Unit 1A from the three models are shown in Figure 3.3, while the results 
for Unit 1B are presented in Figure 3.4. All three models show a good agreement with the test 
results for Unit 1B; note that Model 0 gives higher forces for Unit 1A. Model 0 also shows higher 
initial stiffness when compared to Models 1a and 1b; this is due to constraints against horizontal 
displacement applied at the top of the mortar to ensure model stability. A lack of these constraints 
in Models 1a and 1b results in higher stresses and strains in the mortar, resulting in greater strength 
degradation at higher drifts. 

The advantage of the modifications is clearly visible when comparing the execution times 
of the three models; see Table 3.1. Just switching to the fiber model for the mortar gains a speedup 
factor of 45 for Unit 1A and a factor of 56 for Unit 1B. Replacing the energy-dissipator trusses 
with a single fiber-based element results in a speedup factor of 98 for Unit 1A and a factor of 88 
for Unit 1B. As stated earlier, this is due to the much larger number of DOFs in Model 0. For 
models involving multiple rocking interfaces, this number should be expected to increase 
nonlinearly. Simulation of a larger model can be made by doubling the number of mortar truss 
elements for two interfaces or quadrupling the number for four interfaces. The execution times for 
these simulations are also included in Table 3.1. From these values, it can be inferred that the 
execution time increases with an exponent of at least 1.3, with increasing exponent with the DOF 
count. 
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Table 3.1 Execution times (in seconds) for analytical models. 

 Model 0: 
36  3 

Model 0: 
36  6 

Model 0: 
72  6 

Model 
1a 

Model 
1b 

Unit 1A 593 2894 16287 13 6 

Unit 1B 1419 7535 54838 25 16 
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(a) (b) 

Figure 3.3 Comparison of experimental and analytical results, Unit 1A: (a) 
Model 0, Guerrini [2014]; and (b) Model 1a and Model 1b. 
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(a) (b) 

Figure 3.4 Comparison of experimental and analytical results, Unit 1B: (a) 
Model 0, Guerrini [2014]; and (b) Model 1a and Model 1b. 
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3.2 BRIDGE MODEL 

The prototype was derived from an existing bridge: the Massachusetts Avenue Overcossing 
(MAOC) located in San Bernardino, California, near the I215/HW210 Interchange in close 
proximity to the San Andreas fault. In order to better represent the bridge behavior in the test, the 
hybrid system model was incorporated into a three-dimensional (3D) model of the bridge, and the 
dynamic results from this model were used to decide upon the target behavior of the prototype, 
i.e., the ratio of energy dissipation to recentering capacity. To maintain similarity between the 
prototype and bridge behavior, the bridge model, in conjunction with a numerical model of the 
prototype, was also used for fine-tuning the column-to-column distance, a key parameter. 

The 3D model for the as-built bridge was originally developed by Frank Beckwith1, UC 
San Diego, for studying the seismic response with several types of shear keys. The data provided 
by the original model serves as benchmark result for comparing the performance of the hybrid 
system with a conventional cast-in-place system. This section focuses on the parametric studies 
conducted using the bridge model. 

3.2.1 Bridge Description: Monolithic and Hybrid 

The as-built bridge consisted of five asymmetric spans of lengths 49 ft, 92.5 ft, 92 ft, 100 ft, and 
78 ft for a total bridge length of 415 ft. The four bent caps were skewed with respect to the bridge 
post-tensioned box girders to match the roadway underneath. Each bent cap was supported on four 
4-ft circular columns reinforced using 22 #11 mild steel, with 2-ft-diameter shear keys between 
the columns and the foundation. The girder ends rested on isolated shear keys formed by bearing 
pads placed between the girders and the abutments. The bridge elevation and plan are shown in 
Figure 3.5; a typical bent is shown in Figure 3.6. 

For the redesign of the bridge utilizing hybrid columns, one method is to use the 
conventional design as the base and replace a portion of the mild reinforcing steel with PT bars. 
In doing the replacement, the aim is to maintain similar strengths between the conventional and 
hybrid design, which is achieved by matching the nominal moment strength in both systems. A 
careful balance needs to be maintained between the mild and PT steel to have adequate re-centering 
capacity at the same time as adequate energy dissipation to limit maximum deflections. Guerrini 
et al. [2015] provides two equations to put limits on mild steel and PT steel amounts: 

Λ ൌ
𝐹ா,

𝑃௨  𝐹்,
 1.0 (3.1) 

Λ ൌ
𝐹ா,

𝑃௨  𝐹்,  𝐹ா,
 0.1 (3.2) 

Here, Pu is the design gravity load, FPT,e is the effective PT force, FED,o is the total ultimate strength 
of the energy dissipators undergoing plastic deformations in the gap-opening portion of the column 
section. ΛC is a recentering coefficient and gives a measure of the gap closing capability of the 
gravity and PT forces, with a value of 1.0 or less, indicating full recentering capacity. ΛD is the 
energy-dissipation coefficient and should be limited as indicated to avoid large scatter on lateral 
displacement and acceleration demands. For circular sections, a reasonable value of FED,o is the 

 
1 fbeckwit@eng.ucsd.edu 
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ultimate strength of half the energy dissipators since the dissipators inside the compression zone 
or close the neutral axis exhibit low tensile behavior. 

Two designs were initially explored for the hybrid bridge columns. Type-1 configuration 
of the hybrid column follows the recommendations of Caltrans Recovery ERS Volume 1 
[Bromenschenkel and Mahan 2014]: it contains a higher proportion of mild steel with 12 #11 Gr 
60 bars and 4  4-0.6 in. Gr 270 strands. Additionally, the strands are stressed variably with four 
strands stressed at 75%, 50%, 25%, and 10% of Guaranteed Ultimate Tensile Strength (GUTS) 
each (for an average initial stress of 40% GUTS). The proposed aim behind using different stress 
levels is to have additional stress capacities in reserve for different level events. 

Type-5 configuration is based on the recommendations of Guerrini et al. [2015] and utilizes 
a smaller proportion of mild steel, with 8 #11 mild steel bars and 8  4-0.6 in. Gr 270 strands 
stressed at 40% GUTS. The column section is taken to be an octagon circumscribing a 4-ft circle 
from precasting considerations. 

For the final prototype, a configuration with ΛC and ΛD values between Type-1 and Type-
5 configurations was selected. This configuration, termed Type-6, consisted of 10 #11 mild steel 
bars and 8  4-0.6 in. Gr 270 strands stressed at 40% GUTS. The numerical value of the ΛC and 
ΛD for the three hybrid configurations is given in Table 3.2; the same gravity loading of 288 kips 
per column was used for all configurations, which was obtained from the average column axial 
load in Bent 3 in the conventional bridge model. A representation of the different sections is shown 
in Figure 3.7. 

An effective mild steel debond length of 4 ft is used for the hybrid column configurations, 
equal to 20 in. applied debonding and additional 20 bar diameters (28 in.) to account for bar 
development on either side of the interface. The column toes were confined using 0.5-in.-thick 
steel jacket, assumed to be at least over the bottom 20 in., i.e., the region of mild steel debonding 
inside the column. The jacket thickness was selected to avoid permanent deformation or damage 
to the shell at the column toes. Guerrini et al. [2015] recommended a limit of Do/to ≤ 100 where Do 
is the outer diameter and to the shell thickness. The clear column height was assumed to be precast, 
and the column–beam interface was assumed to be made of a 1-in.-thick layer of high-strength 
mortar. Finally, the effective PT strand debond was assumed to end 31 in. away from the column 
ends, which is the location of the center of gravity of the bent cap. 

Table 3.2 Comparison of ΛC and ΛD values for different configurations. 

Configuration Mild steel, Gr 60 PT steel, Gr 270 ΛC ΛD 

Type 1 12  #11 16  0.6 in. 1.34 0.57 

Type 5 8  #11 32  0.6 in. 0.57 0.36 

Type 6 10  #11 32  0.6 in. 0.71 0.42 
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Figure 3.5 MAOC elevation and plan.
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Figure 3.6 MAOC typical bent. 

 
Figure 3.7 Column sections for different configurations. 
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In addition to the ratio of mild and recentering steel, the effect of jacketing the entire 
column with a steel shell was explored for the first two configurations. Using a steel shell over the 
entire column offers an alternative way for constructing the columns, which was especially suitable 
for rapid pre-cast construction of the hybrid system. This method was adopted for constructing the 
specimen and will be further explored in Chapter 4. 

3.2.2 Model Description 

In the 3D model developed in OpenSees, the post-tensioned box girder system was modeled using 
elastic elements along the spine of the bridge deck. Each girder elastic element was split into a 
number of equal length elements, with the number of elements determined such that all of them 
have similar lengths between different bridge spans. For the bent groups, the clear height of each 
bent column was modeled using a single force-based beam-column element with four integration 
points, so that the integration weights were roughly equal to the plastic hinge recommended by 
Caltrans. The columns are connected to the bridge spine through rigid links with vertical offsets 
to model the deck height and horizontal offsets to account for the column location within the bent. 

The abutment model consists of several zero-length springs modeled both in series and in 
parallel to approximate the behavior of the bearing pads, gaps, shear keys, soil wedge, and 
embankment system. A representation of the bridge model is shown in Figure 3.8; details of the 
abutment are shown in Figure 3.9. 

Since the incorporation of recentering columns calls for rocking at both ends, the original 
monolithic model was updated by removing the pin constraint at the foundations to provide a more 
accurate baseline. For the models utilizing hybrid columns, the single element monolithic columns 
were replaced with the hybrid column model utilizing nonlinear elements presented in the previous 
section. The strands were split into four groups, one group for each level of pre-stress for the Type-
1 column and the pre-stress modeled using the InitStrainMaterial material in OpenSees. The 
strands were modeled using three-corotational elements for each strand to model the expected 
strand bending at each interface. Note: each strand was modeled at the column center since the 
strand physical location is important only for a hybrid cantilevered system and has no effect on a 
double-rocking system employed in the prototype bridge. 

Based on initial model stiffness, 2% Rayleigh damping was used in Modes 1 and 30 to 
model damping in all models since in early analysis the damage-free models were found to be 
sensitive to damping in higher modes. Damping was modeled only in the beam–column elements, 
with no damping in the rocking interface elements. This was done to avoid unrealistic damping 
forces that arise due to large velocities seen during rocking [Charney 2008]. 
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Figure 3.8 MAOC Bridge analytical model using OpenSees. 

 

Figure 3.9 Abutment shear spring details. 

3.2.3 Input Ground Motions 

To compare the performance of different configurations listed above, the bridge model was 
subjected to three components of the ground motions listed in Table 3.3, with the fault-normal 
component being applied transverse to the bridge. The unscaled horizontal ground motions have 
been rotated to maximize the response transverse to the bridge, and the rotated ground-motion data 
was obtained from the work of Lu and Panagiotou [2013]. Ground motions were scaled to have a 
good match between the geometric mean of their fault-normal components and the SDC 
acceleration response spectrum (ARS) curve [2013] used for the original design of the bridge. To 
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account for the proximity of the San Andreas fault, the SDC ARS curve already includes 
modification for near-fault effects. The spectral responses of the three components of the ground 
motions can be seen in Figure 3.10 and Figure 3.11. 

Table 3.3 Details of ground motions used for bridge parametric study. 

Record 
ID 

Earthquake Year Mw Station 
Fault 
type+ 

Scale 
factor 

Unscaled PGA 
(g), fault normal 

NZ002 
Christchurch, 

NZ 
2011 6.3 PRPC OT 1.55 0.73 

P0927 Northridge 1994 6.7 
Newhall - Fire 

Station 
BT 1.47 0.72 

P1005 Northridge 1994 6.7 
Rinaldi Receiving 

Station 
BT 1.07 0.89 

P1023 Northridge 1994 6.7 
Sylmar - Converter 

Station 
BT 1.46 0.59 

P0934 Northridge 1994 6.7 
Sylmar - Olive 
View Med FF 

BT 1.53 0.73 

P0770 Loma Prieta 1989 6.9 LGPC SS 1.11 0.65 

P1441 
Chi-Chi, 
Taiwan 

1999 7.6 TCU065 T/LLS 1.51 0.83 

+OT=Oblique Thrust, BT=Blind Thrust, SS=Strike-Slip, T/LLS=Thrust/Left-Lateral Slip 
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Figure 3.10 Displacement response spectra of scaled ground motions imposed 
on MAOC bridge model.  



20 

 

 

 

Figure 3.11 Pseudo-acceleration response spectra of scaled ground motions 
imposed on MAOC bridge model. 
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3.2.4 Peak Responses 

The average peak and residual drifts observed in the various models are presented in Figure 3.12(a) 
and (b). The hybrid systems show larger peak drifts than the monolithic systems, while among 
hybrid configurations, peak drifts are seen to be slightly larger when only the column ends are 
jacketed. The Type-6 configuration typically shows the minimum peak drifts. 

The advantage of hybrid columns is clearly seen in the residual drifts, which are much 
lower for the hybrid columns. A comparison among the different configurations of hybrid columns 
demonstrates that a high proportion of mild steel adversely affects the recentering capacity of the 
hybrid columns. The end-only jacket configurations are also seen to have larger residual drifts. 

Figure 3.13(a) compares the average of the peak strand stresses among the different column 
configurations. Both variations of Type-1 columns were found to reach 90% GUTS of the strands 
on average as a direct result of the high initial stress of 75% GUTS in one group of strands in these 
configurations. Consequently, these configurations also show a significantly higher loss in strand 
prestress; see Figure 3.13(b). In contrast, The Type-5 and Type-6 configurations were limited to 
elastic strand behavior with very small losses in strand stresses. Additionally, configurations with 
end-only jackets experienced larger average stress losses compared to their fully jacketed 
counterparts. 

A typical lateral force-drift response for the adequately confined columns is shown in 
Figure 3.14(a), while the same for end-only jacket models is shown in Figure 3.14(b). The superior 
recentering behavior of Type-5 configuration is seen in both figures. It can be observed that hybrid 
systems have smaller forces than the monolithic system at the same drift, although this can be a 
result of no damping being modeled at the rocking interface. Larger forces are seen with lower 
mild steel to PT steel ratio systems. 
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(a) (b) 

Figure 3.12 Average peak and residual transverse drifts ratios of various bridge 
column configurations: (a) average of peak drifts; and (b) average 
of residual drifts. 

 

(a) (b) 

Figure 3.13 Comparison of average peak PT stresses and average stress 
losses: (a) average of peak PT stresses; and (b) average of PT 
stress loss. 

 

(a) (b) 

Figure 3.14 Typical hysteretic response, Bent #3 in MAOC bridge model, for 
various column configurations: (a) shell over the entire column; and 
(b) shell over ends only. 
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3.3 PROTOTYPE MODELING 

With the details of the hybrid column established from the bridge model, a full-scale prototype 
was developed and tested on the shaking table. Unlike the actual bridge with four columns per 
bent, the prototype, derived from Bent #3 of the bridge, had two hybrid columns. This change was 
implemented to maximize the utilization of the shaking table in terms of force and displacement 
capacities, and optimize the economy of the experiment. The modification necessitated further 
changes in the prototype bent geometry; the distance between the columns was modified to 
improve similarity (in terms of column axial stresses) between the two columns in the prototype 
and the two edge columns in the bridge bent. The analytical model presented next assisted in tuning 
the column distance and aided in selecting the ground motion sequence to be used in the test. 

The base prototype consisted of two columns separated by a distance of 30.2 ft, the same 
as the on-center distance between edge columns in the bridge bents. The columns were assumed 
to be precast, and the column–beam interface was assumed to be composed of a 1-in.-thick high-
strength mortar layer. Post-tensioning was provided by unbonded 8  4-0.6 in. Gr 270 strands with 
an initial prestress of 40% GUTS and assumed to be anchored a distance of 0.61 m from the column 
ends. Energy dissipation was provided through ten #11 Gr 60 reinforcing bars debonded from the 
concrete over a 20 in. length, which gave an effective unbonded dissipator length of 4 ft when 
coupled with assumed bond development over 10 bar diameters on each side of the rocking 
interface. 

The foundation and cap-beam dimensions were assumed to be the same as those in the 
bridge, and effective inertial and gravity loads were inferred to be 573 kips for the prototype bent 
obtained from the column axial loads calculated during the analysis of the monolithic bridge. The 
prototype clear height between the foundation and cap beam was taken to be 31.5 ft, which was 
the average clear height in Bent #3 of the MAOC Bridge. The material properties of steel, concrete, 
and mortar were kept the same as those in the bridge: the effective concrete strength for the 
confined columns was taken as 9.6 ksi, the mortar strength was 14.5 ksi, and the mild steel yield 
stress was 65.8 ksi. 

Two unavoidable—yet significant differences—were present in the prototype compared to 
the bridge: the bridge skew cannot be modeled, and any analyses/tests have to be done in the 
bridge’s transverse direction. Both of these differences stem from the fact that the prototype 
contained only a single bent; no actual girders providing important constraints in the longitudinal 
direction were present. This results in any out-of-plane behavior in the prototype to be unrealistic 
compared to the bridge. To obtain comparable results from the numerical models of the prototype 
and the bridge, the bridge must be re-modeled with zero skew and under only transverse and 
vertical excitation. 

The parametric study on the prototype column distance utilized the fault-normal and 
vertical components of the ground motion measured at the Sylmar–Olive View Medical Center 
station during the 1994 Northridge, California, earthquake. The axial loads in the prototype 
columns were compared to those in the outer columns of Bent #3 in the bridge for different column 
distances. The responses for a select few values are shown in Figure 3.15. On the basis of these 
results, a column center-to-center distance of 165.4 in. was selected for the final prototype. 
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Figure 3.15 Comparison of axial loads in edge columns between Bent # 3 of the 
MAOC and the simplified two-column bent. 
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 Design of the Experiment 

4.1 SPECIMEN DESIGN AND CONSTRUCTION 

Testing took place at the PEER shaking table laboratory located in the UC Berkeley Richmond 
Field Station campus. To limit expected forces and shaking table displacements, the prototype 
needed to be scaled down by a factor of λ = 0.35. An important objective was to maintain similarity 
in terms of stresses between the prototype and the specimen, which called for the provision of 
additional seismic mass in the specimen and required compression in time of the ground-motion 
histories to be applied. The seismic mass was provided by the bent cap and six concrete blocks 
post-tensioned to the bent cap representing the bridge superstructure. This splitting of the seismic 
mass was necessary so that the components could be safely picked up by the indoor crane in the 
laboratory. 

The joints between the columns and the foundation/bent cap were formed using socket 
connections. This eliminated the need for a mortar layer at the rocking interface, which could be a 
limiting factor for the column response; see Restrepo et al. [2011]. Details of the scaling procedure 
and the design and construction of the columns, foundation, and bent cap are presented in the 
following sections. 

4.1.1 Scaling 

The specimen scaling procedure involved mass substitution in addition to geometrical scaling. The 
additional mass was required for similitude between stresses in the specimen and the prototype. 

Scaling in the model space without mass substitution is derived from the length scale, 
defined as the ratio of the model unit length to the prototype unit length, as defined by Equation 
4.1(a). The remaining scale factors were derived from the length-scale factor, assuming consistent 
mass density and mass material modulus between the prototype, and the specimen and are listed 
in Equations 4.1(b) to (g). 

Length 𝑆 ൌ
𝑙
𝑙
ൌ 35% 4.1(a) 

Area 𝑆 ൌ
𝐴
𝐴

ൌ
𝑙ଶ

𝑙ଶ
ൌ 𝑆

2
𝑙
 4.1(b) 



26 

Volume 𝑆 ൌ
𝑉
𝑉

ൌ
𝑙ଷ

𝑙ଷ
ൌ 𝑆

3
𝑙

   4.1(c) 

Mass 𝑆ெ ൌ
𝑀

𝑀
ൌ
𝜌𝑉
𝜌𝑉

ൌ 𝑆
3
𝑙
 4.1(d) 

Force 𝑆ி ൌ
𝐹
𝐹

ൌ
𝑀𝑔
𝑀𝑔

ൌ 𝑆
3
𝑙
 4.1(e) 

Stress 𝑆ఙ ൌ
𝜎
𝜎

ൌ
𝐹 𝐴⁄

𝐹 𝐴⁄
ൌ 𝑆 4.1(f) 

Stiffness 𝑆 ൌ
𝐾
𝐾

ൌ
𝐸𝐴 𝑙⁄

𝐸𝐴 𝑙⁄
ൌ 𝑆 4.1(g) 

As can be noted from Equation [4.1(f)], the stresses in the model space are scaled by the 
factor Sl. To impose similitude in terms of stresses, additional mass was added to the system such 
that Equation [4.1(f)] with the total modified mass resulted in a scale factor of 1. The additional 
mass required can then be obtained from the total model space mass necessary for stress similitude. 
This relation is expressed in Equation [4.2(a)]. Finally, the scale time factor can be obtained using 
the masses and stiffnesses in the model and prototype space [Equation 4.2(b)]. 

 
𝑆′ఙ ൌ 1 ൌ

𝑀′𝑔 𝐴⁄
𝑀𝑔 𝐴⁄

⇒ 𝑀
ᇱ ൌ 𝑀𝑆

ଶ ൌ
𝑀

𝑆
 

ΔM୫ ൌ 𝑀
ᇱ െ 𝑀 ൌ 𝑀

ሺ1 െ 𝑆ሻ
𝑆

 
4.2(a) 

Time 𝑆ᇱ் ൌ
𝑇ଶ

𝑇
ଶ ൌ

ඥ𝑀
ᇱ 𝐾⁄

ඥ𝑀 𝐾⁄
ൌ ඥ𝑆 4.2(b) 

Acceleration 𝑆ᇱ ൌ
𝑙/𝑇ଶ

𝑙/𝑇
ଶ ൌ 1 4.2(c) 

4.1.2 Column 

The column design was based on the scaled prototype column. Each column had an external 
diameter of 16 in. Ten #4 (1/2-in.-diameter) A706 Grade 60 reinforcing bars provided the 
longitudinal reinforcement; a 6-in. length of each reinforcing bar at the rocking interface was 
debonded from the surrounding concrete using duct tape to prevent large strains. Three separate 
#3 (3/8-in.-diameter) A706 Grade 60 spirals were used to hold the longitudinal reinforcement 
together; the splitting of the spiral was necessary to prevent the transverse spirals from contributing 
to energy dissipation by yielding at the rocking interface. The use of spirals was only for 
construction purposes since the column outer shell provided the majority of shear and confining 
reinforcement. 

Due to the difficulty in sourcing 3/8-in.-diameter strands called for in the scaled prototype, 
and to aid in monitoring PT forces, the strands in the prototype were replaced by a single 1-3/8-
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in.-diameter ASTM A722 Grade 150 threaded PT bar, which had a yield strength capacity equal 
to that of ten (10) 3/8-in.-diameter strands. The bar anchorage was embedded inside the column 
bottom before the pouring of concrete, and the PT bar itself was enclosed inside a 2-in.-ID PVC 
sleeve to debond it from the concrete. The PT bar was left inside the sleeve during the pouring of 
concrete to help keep the PVC sleeves aligned. The top end of the bar extended from the top of the 
column for the placement of a concentric load measuring cell resting on the bent cap. This 
extension also proved helpful in guiding the bent cap in place during assembly. 

The use of a dry-socket connection to join the columns to the foundation and the bent cap 
allowed for an innovative construction method. The entirety of each column was formed by 
inserting the reinforcement cage inside a segmented steel shell assembled from 0.25-in.-thick 
ASTM A53 Grade B pipe, followed by the pouring of 6 ksi concrete. The steel pipe served as 
permanent formwork, provided a force transfer mechanism between the column and end beams, 
and served as confinement to ensure satisfactory rocking performance. To allow rocking to occur 
at the beam–column interface, the pipe was segmented into five sections: two end sections, to be 
embedded inside the socket connection were provided with weld beads outside and inside for 
developing composite action; one central section over the clear column height, and finally two thin 
removable open strips: one strip between the central section and each of the two end sections. The 
five segments were spot-welded together at a few locations to form the single pipe unit used for 
casting each column. These spot welds were grounded off, and the thin strip segments were 
removed to form the rocking interface in the assembled specimen. Photographs from the column 
construction process are shown in Figure 4.2 and Figure 4.3. 

 

 

Figure 4.1 Specimen overview.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.2 Column reinforcement details: (a) column steel shells; (b) weld 
beads at column ends; (c) column reinforcement cages; and (d) 
mild steel debonding details. 
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Figure 4.3 Column casting setup. 

4.1.3 Foundation Strip 

The foundation was designed around the socket connection. The socket for accommodating each 
column was formed out of 22-in. inner-diameter (ID) corrugated metal pipe (CMP). The 
foundation width was set to 38 in. to allow 8 in. of space on either side for placing reinforcement 
and provide cover. The foundation depth was set to 26 in. for bond development between the 
column and the foundation in the socket. Finally, a foundation length of 178 in. was selected to 
accommodate tie-downs for securing the foundation to the shaking table. 

Primary reinforcement design was done following the strut-and-tie method as prescribed 
in § 5.6.3 of AASHTO LRFD Bridge Design Specifications [2012]. The column axial load was 
assumed to be transferred directly to the shaking table, while lateral loads were assumed to be 
transferred by lateral bearing at the top and bottom of the socket. The strut and tie model required 



30 

that the socket-type of joint include extra cross ties around the connection to prevent splitting of 
the foundation in the longitudinal direction due to the bearing forces arising from the transfer of 
column shears to the foundation. Additional staples were provided around the socket to prevent 
any splitting due to out-of-plane forces. This reinforcement, while not necessary for the specimen, 
is required in bridge foundations. A picture of the foundation reinforcement around the socket 
connection detail is shown in Figure 4.4(a). 

4.1.4 Bent Cap 

The bent-cap design, which was similar to the foundation, revolves around the socket connection. 
The socket was again formed from 22-in. ID and 26-in.-deep CMP; the beam width was kept the 
same at 38 in. Unlike the foundation, vertical loads need to be transferred from the bent cap to the 
columns. For this purpose, a 6-in.-thick layer of reinforced concrete was placed on top of the 
column sockets for a total bent cap depth of 32 in.; the contribution of the bond-development in 
the socket was ignored as a safety measure. The bent-cap length was set at 164 in. to accommodate 
the six concrete blocks needed to simulate the superstructure mass. 

The reinforcement design was done using the strut-and-tie method, similar to the design of 
the foundation. The vertical load was transferred from the bent-cap to the column via bearing 
against the top layer of concrete, strengthened by straight- and bent-hanger reinforcement. As in 
the foundation, additional crossties and staples were provided to prevent the beam from splitting 
in the longitudinal and transverse direction. 

A 2-in.-ID opening was allowed in the 6 in. top layer above each socket to allow the PT 
bars to pass through. Additional smaller openings were provided near the socket periphery to allow 
the pouring of the grout. Additional 2-in.-ID sleeves were provided through the vertical faces of 
the bent cap at three locations where the six concrete blocks were to be anchored. Photographs of 
the bent-cap reinforcement and the socket connection detail are shown in Figure 4.4(b) and (c). 

4.1.5 Superstructure Mass 

The superstructure mass in the specimen was provided by the bent cap and six concrete blocks 
measuring 48 in.  48 in.  39 in. This split in the superstructure mass was done to limit the weight 
of the bent cap and the blocks to within the lifting capability of the indoor crane at the shaking 
table. Each block had a weight of nearly 7800 lbf, and blocks were installed in pairs on each side 
of the bent cap at three locations. Minimum reinforcement was provided for each block and was 
distributed as skin reinforcement on each face of the blocks. The blocks were installed at mid-
height on the bent cap to avoid introducing artificial rotational mass moment of inertia in the 
specimen. 

4.1.6 Specimen Assembly 

The precast columns, foundation, and bent cap were manufactured offsite by a precast concrete 
fabricator and delivered to the UC Berkeley shaking table for assembly and testing. Before starting 
the assembly, the 0.25 in. steel strips located at the column rocking interface were removed by 
grinding off the spot welds and prying apart the strips; see Figure 4.5. The PT bars extending out 
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from the top of the columns were covered with a few layers of duct tape to prevent any bonding to 
the grout in the sockets. At the same time, the foundation was installed on the shaking table on a 
bed of gypsum and tied down with a total force of 300 kips exerted through three tie-down bars. 
Once the foundation was installed, the shaking table was calibrated to the input ground motions 
for the faithful reproduction of the response spectra. 

With the foundation installed and the shaking table calibrated, columns were leveled inside 
the foundation socket and anchored down to maintain their level; see Figure 4.6. Non-shrink grout 
was poured in the gap between each column and the CMP, thus forming the foundation socket; see 
Figure 4.7. The grout was then allowed to set for three days before beginning the placement of the 
bent cap on top. This time was spent creating the wooden formwork support for the bent cap. 

In preparation of bent cap installation, 0.5-in. shim blocks were placed on top of the 
columns, and the column tops were covered with wet rags to ensure proper setting of the grout. 
The bent cap was then lifted above the columns and brought down carefully until it was lightly 
resting and centered on the columns; see Figure 4.8. The centering of the bent cap was aided by 
the PT bars extending out from the top of the columns. The bent cap was leveled on top of the 
columns by adjusting the wooden support, after which the supports were strengthened further by 
cross braces. With the bent cap in place and leveled, the bottoms of the sockets were sealed up 
(Figure 4.9), and grout was poured from the top; see Figure 4.10. Best practice was found to pour 
a thin layer of grout into each socket and let it harden for a day before completely filling the sockets 
with grout. This measure provides additional strength to the seal at the bottom of the socket and 
prevents any leaks due to the weight of the grout. 

The grout in the bent cap was allowed to set for three days, after which the PT bars 
extending out from the top were moderately tensioned. The concrete blocks were post-tensioned 
to the bent cap with a total force of 100 kips for each set of two blocks, which was exerted through 
two 1-in. PT bars passing through the blocks and the bent cap; see Figure 4.11. 

Since the specimen was designed to be tested under transverse and vertical shaking only, 
two restraint frames consisting of two A-frames connected together by a diagonal and horizontal 
W section for lateral stability were erected to limit any twisting or motion in the longitudinal (out-
of-plane) direction; see Figure 4.12. The specimen was allowed to slide on a low-friction surface 
formed by greased wooden shims attached to the concrete blocks and the horizontal W-section 
beam connecting the A-frames. The frame installation was done concurrently with the installation 
of the concrete blocks. When the installation of the blocks and restraining frames was finished, the 
column PT bars were tensioned to the target stress of 40% GUTS, for a target force of 94.8 kips 
on each bar. 
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(a) 

 

(b) 

 

(c) 

Figure 4.4 Foundation and bent cap reinforcement: (a) socket details in 
foundation; (b) socket reinforcements details in bent cage; and (c) 
assembles reinforcement cage with bent cap.  
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(a) (b) 

Figure 4.5 Steel strip removal from columns: (a) removal of shell strip; and (b) strip removed. 

 
Figure 4.6 Column placement.  
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Figure 4.7 Grouting of columns in foundation socket. 

 

 
Figure 4.8 Bent cap placement. 
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Figure 4.9 Sealing bent cap socket bottom. 

 

 
Figure 4.10 Grouting bent cap socket. 
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Figure 4.11 Superstructure mass block installation. 

 

 
Figure 4.12 Finished specimen. 
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4.2 MATERIAL PROPERTIES 

4.2.1 Concrete 

The specified strength of concrete for the foundation, bent cap, and the columns was 6 ksi. The 
compressive strength was measured using 6-in.-diameter and 12-in.-tall standard concrete 
cylinders. The foundation and bent cap were cast from the same batch of concrete, while the 
columns were cast together from a different batch. The same mix design was used for both concrete 
batches, with a large aggregate size of 1 in. 

Before the testing of the specimen, six cylinders were tested two days prior to track the 
development of concrete strength. Additionally, on the first day of testing, six cylinders from each 
batch of concrete were tested using a compressometer to obtain their stress–strain profile in 
addition to crushing strength. The average strengths measured on each day of testing are listed in 
Table 4.1, and the average stress–strain responses from the compressometer tests are shown in 
Figure 4.13. Comparing the measured modulus of elasticity to the value calculated following 
equation 19.2.2.1.b, ACI 318-14, it can be seen that ACI equation underestimates Young’s 
modulus. 

 

Figure 4.13 Concrete material stress–strain response. 
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4.2.2 Infill Grout 

BASF MasterFlow® 928 non-shrink grout was mixed to a fluid consistency and used to grout the 
gap between the columns and the CMP socket walls. Compressive strengths were measured on the 
day of testing on 2-in.-diameter and 4-in.-tall standard cylinders. The average strength from three 
cylinders is reported in Table 4.1. 

Table 4.1 Measured compressive strength of cementitious materials. 

Material 
Age 

(days) 

Compressive strength 
Young’s 
modulus, 
measured 

Young’s 
modulus, ACI 

(MPa) (ksi) (GPa) (ksi) (GPa) (ksi) 

Foundation / 
Bent-cap 
concrete 

14 31.1 4.51 n/a n/a 

32 37.6 5.45 

73 (DOT) 41.9 6.08 36.0 5220 30.6 4440 

Column 
concrete 

7 30.5 4.42 n/a n/a 

22 34.6 5.02 

48 (DOT) 47.5 6.89 39.6 5750 32.6 4731 

Infill grout 22 (DOT) 47.4 6.87 n/a n/a 

4.2.3 Hysteretic Energy Dissipators 

Three 18-in.-long A706 Grade 60 #4 bars used in the column reinforcement were tested under 
monotonic tension to characterize the material. The average properties of the three samples are 
reported in Table 4.2, and the full stress–strain relation is shown in Figure 4.14. Note that the 
uniform strain is taken as the minimum strain at peak stress from among the three samples. 

4.2.4 Prestressing Steel 

Three 24 in.-long ASTM A722 Grade 150 threaded bars used for post-tensioning the columns were 
tested under monotonic tension to characterize the material. The average properties of the three 
samples are reported in Table 4.2, and the full stress–strain relation is shown in Figure 4.15. 

4.2.5 Shell Steel 

Three samples obtained by straightening some of the 0.25 in. strips removed from the column outer 
steel shell at the rocking interface were tested under monotonic tension to characterize the material. 
The average properties of the three samples are reported in Table 4.2, and the full stress–strain 
relation is shown in Figure 4.16. For the strips, the strain recording was stopped at 1.8% strain, 
and only the ultimate strength was reported beyond that point.  
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Figure 4.14 Mild steel material stress–strain response. 

 

Figure 4.15 Prestressing steel material stress–strain response. 
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Figure 4.16 Column steel shell material stress–strain response. 

Table 4.2 Measured steel mechanical properties. 

Material Elastic modulus Yield stress Yield 
strain 

(%) 

Peak stress Uniform 
strain 

(%) (MPa) (ksi) (MPa) (ksi) (MPa) (ksi) 

A706 192,000 27,900 489 70.9 0.45 681 98.8 10 

A722 217,000 31,400 939 136 0.63 1100 160 7.0 

A53 188,000 27,200 339 49.2 0.38 461 66.9 n/a 

4.3 INSTRUMENTATION 

A wide array of instruments was installed to monitor the response of the specimen. All the sensor 
data was sampled at 200 Hz. Twelve (12) accelerometers installed on the shaking table and the 
foundation measured the input accelerations in three directions at the ends of the foundation. 
Twenty-six (26) accelerometers were placed on the bent cap, and the concrete blocks helped 
measure the inertia forces experienced in the specimen along all 6 DOFs. 

Nine (9) string potentiometers were anchored at one end to frames located off the table and 
connected to the foundation and the bent cap at the other end to get a measure of absolute 
displacements. These, coupled with two curtains of two (2) diagonal and two (2) vertical string 
potentiometers, measuring relative displacement between the foundation and the bent cap, were 
used to give redundant measurements of relative displacements between the two. Four (4) linear 
potentiometers were installed at each rocking interface to measure the gap openings and end-
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rotations in the columns. One last linear potentiometer was used to monitor the shaking table 
vertical displacement by suspending it from a stiff frame anchored to a location off the table. 

Ten (10) strain gauges with a gauge length of 5 mm each were installed in the debonded 
lengths of three energy dissipators at each rocking interface and in each column to get a measure 
of strains experienced during shaking. Four (4) 5-mm strain gauges were installed in the CMP in 
each of the sockets, two (2) each at a location 8 in. from the top and the bottom of the socket along 
the direction of shaking, to measure the strains produced by transfer of axial forces between the 
columns and the end beams. 

For the south column, the shell segments embedded inside the sockets were fitted with four 
(4) 5-mm rosette gauges at each end: one gauge at each point 2 in. from the end of the embedded 
segment and on diametrically opposite points along the shaking direction. Additional non-yielding 
gauges installed on this segment were in the specimen out-of-plane direction at each location 
corresponding to the strain gauges applied on the CMP. Four (4) strain gauges, measuring 
circumferential strains, were also installed 2 in. and 4 in. above each rocking interface in the same 
column, and along the direction of shaking, to get an indication of the steel shell behavior. 

For each socket in the bent cap, a 5-mm strain gauge was installed in 45° segments of two 
hanger reinforcement bars, to measure the force transferred between the bent cap and the columns 
through bearing instead of socket shear. Two (2) strain gauges were installed in each of the PT 
bars, located on the portion of the bar above the bent cap and inside the load cells, which were 
installed to measure the PT bar forces. 

In addition to the sensors, video recordings of the specimen response during the shaking 
were also made from various locations. Four (4) GoPro cameras recorded high-quality videos of 
the rocking interfaces at the foundation level for each of the two columns, while two additional 
GoPro cameras, and two Canon T5i DSLR cameras were used to record the specimen’s overall 
response as seen from various locations off the table. The videos were synchronized to the sensor 
data using a system of LEDs set to blink at the beginning and end of the tests, with the input voltage 
being monitored at one of the data channels. 

4.4 INPUT GROUND MOTIONS 

The prototype model presented in Chapter 3 was modified by scaling down the member geometries 
and updating the material and PT properties to match the expected material properties as per 
Caltrans’ Seismic Design Criteria [2013]. This model was then used to select a suite of near-fault 
earthquakes to be imposed on the specimen for dynamic testing. 

The selection was made based on expected peak drift as calculated by the numerical model, 
in comparison with the design drift capacity of the system defined by the yielding of the PT bars 
and calculated to be 7%. The selected motions represent very mild (0.6% drift), mild (1.8% drift), 
moderate (4% drift) and large (>5% drift) events. 

Nine earthquake simulations were planned in the initial loading protocol. To investigate 
the effects of lower intensity aftershocks, the test sequence was not conducted with continually 
increasing demands; instead, a larger motion was followed by smaller intensity of shaking until a 
peak drift of 4% was reached. The resulting protocol called for test with input motions capable of 
producing the following sequence of drifts: 0.6%, 0.6%, 1.8%, 0.6%, 4%, 1.8%, 4%, 5%, and 7%. 
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For larger drifts, ground-motion polarity was occasionally switched to avoid damaging the 
specimen in only one direction. A 2.5% RMS, 120-sec-long noise signal, bound by an upper 
frequency of 75 Hz, was applied in the horizontal excitation direction after each earthquake to 
monitor the dynamic properties of the specimen. 

Significant structural integrity remained after the initially planned sequence, and the scope 
was expanded with three additional tests. Details of the ground motions are listed in Table 4.3 in 
the order they were imposed on the specimen; the displacement and pseudo acceleration response 
spectra for the two components are shown in Figure 4.17 and Figure 4.18.  

Table 4.3 Input ground-motion sequence for dynamic test. 

EQ # Event name 
Station 
name 

Unscaled PGA 
(g) 

Scale 
factor 

Expected drift 
(%) 

01 Landers, 1992 Lucerne 0.72 0.9 0.6 

02 Landers, 1992 Lucerne 0.72 0.9 0.6 

03 Tabas, 1978 Tabas 0.85 -0.9 1.8 

04 Kocaeli, 1999 Yarimca 0.3 1 0.6 

05 Northridge, 1994 RRS 0.85 0.81 4 

06 Duzce, 1999 Duzce 0.51 1 1.8 

07 Northridge, 1994 NFS 0.72 -1.2 4 

08 Kobe, 1995 Takatori 0.76 -0.8 5 

09 Kobe,1995 Takatori 0.76 0.9 7 

10 Tabas, 1978 Tabas 0.85 -0.9 - 

11 Northridge, 1994 RRS 0.85 0.81 - 

12 Kobe, 1995 Takatori 0.76 -0.8 - 
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Figure 4.17 Displacement response spectra of shaking table input ground motions 
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Figure 4.18 Pseudo-acceleration response spectra of shaking table input ground motions 
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 Testing Results 

In the test results presented below, lateral displacements have been normalized by the clear height 
of the columns and are expressed as drift ratios. Lateral forces have been normalized by the 
specimen superstructure weight, 68.1 kips, taken as the weight above half the clear height and are 
expressed as base-shear coefficients. Post-tensioning forces have been normalized by the ultimate 
force capacity of the bars (253 kips) and are expressed as a percentage of the measured ultimate 
stress in the prestressing bars (fpu, 160 ksi). Any other non-normalized values have been scaled 
back to prototype space. Positive transverse drifts and accelerations are defined to be towards the 
south direction, whereas positive rotations are defined along the east direction. 

All the results presented have been filtered through a high order (2000 point) low-pass filter 
with a cut-off frequency of 25 Hz. The testing took place over two days, with EQ01 to EQ04 being 
run on Day 1 and the remaining excitations taking place on Day 2. 

5.1 LATERAL RESPONSE 

The hysteretic responses seen during the tests are shown in Figure 5.1, Figure 5.2, and Figure 5.3. 
In each figure, a background plot in gray represents the specimen response to all the preceding 
excitations, and a red dot marks the specimen base shear and drift ratio at the end of the excitation. 

EQ01 and EQ02 were repetitions of the same excitation, serving as a test run to check the 
correct behavior of the specimen and instrumentation, and to induce any settlements or cracking. 
This proved useful since during EQ01, the NW concrete block was found to be not seated properly 
and a slight twisting occurred. Additionally, the restraint frame was found to be bearing against 
the specimen and providing lateral resistance. Both these issues were corrected before conducting 
EQ02, by increasing the clamping force on the concrete mass blocks to 890 kN (200 kips) and 
pushing the restraint frames slightly away from the specimen. EQ02 can be seen to have a slightly 
softer response as compared to EQ01. 

EQ03 represented an earthquake inducing mild drift demands on the specimen, with EQ04 
acting as an aftershock. The hysteresis response shows a small amount of energy dissipation, 
indicating possible rocking at the base. From the hysteresis response of EQ03 and EQ04, it can be 
seen that the specimen response has softened, indicating that the concrete at the base has cracked. 

EQ05 induced moderate drift demands on the specimen, with EQ06 serving as an 
aftershock with mild drift demands. The pinched shape of hysteresis seen in EQ05 is a 
characteristic of hybrid recentering systems, indicating rocking behavior under this excitation. As 
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expected, EQ06 and EQ03 exhibited mild (~1.8%) drift demands; however, comparing the 
responses under the two excitations shows reduced energy dissipation and softer response under 
EQ06. 

EQ07, EQ08, and EQ09 formed the final three motions in the initial loading protocol, with 
increasingly greater demands. The direction of each excitation was carefully chosen to avoid larger 
drifts on only one side of the specimen. The response under EQ08 and EQ09 demonstrated that 
the specimen maintained its recentering behavior under the large demands imposed. The peak 
force seen under EQ09 was slightly smaller than that under EQ08, indicating a small loss in force 
capacity resulting from the yielding of the prestressing bars. 

Since the specimen response under EQ09 suggested little damage, it was decided to impose 
additional ground motions until dissipator bar fracture was observed. EQ10, EQ11, and EQ12 were 
repetitions of EQ03, EQ05, and EQ08 with reversed polarities, and bar fractures were indicated 
by popping sounds heard during EQ11 and EQ12. The consequence of prestress loss and bar 
fracture is evident in the hysteretic response: the drifts in EQ10 and EQ11 are noticeably larger 
than EQ03 and EQ05, and while EQ12 has similar drifts to EQ08, the base shear is considerably 
smaller. 

Table 5.1 lists the peak and residual drifts recorded during the different excitations. Figure 
5.4 shows a graphical representation of these quantities. Table 5.1 also lists the rotations measured 
at the rocking interfaces of the south column, which are shown graphically in Figure 5.5(a) and 
(b). The recentering behavior of the system is evident in the residual drifts and rotations seen at 
the end of each motion. The rotations at the column top are slightly smaller than at the bottom; this 
can be attributed to the effect of the column self-weight, which resulted in higher shear and 
moment at the bottom. Additionally, the column base rotation time histories for EQ08 and EQ09 
are shown in Figure 5.6: the rotation response closely follows the drift response, indicating that 
the column behaved nearly like a rigid body over the clear height. 

The prestressing forces measured during the tests in each of the two bars are presented in 
Table 5.2 and Figure 5.7. Additionally, the stress–strain response measured during EQ08 and 
EQ09 are shown in Figure 5.8 (a) and (b), where the bar behaviors show light yielding. It is likely 
that the yielding is concentrated at the rocking interfaces, resulting from the potential development 
of “kinks” or yield curvatures at these locations. 

The maximum and residual gap opening at the bottom interface of the south column at the 
north and south faces is shown in Figure 5.17, Figure 5.18, Figure 5.19, and Figure 5.20. Also 
shown below each face is the overall specimen deformation at the instance of maximum gap 
opening in that face, with the corresponding drift listed in the sub-caption. The rocking interface 
naturally forms at the location of the strip removed from the column outer shell, and the gap closes 
completely at the end of each excitation, with only minor spalling seen in EQ08. 
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Figure 5.1 Hysteretic responses on Day 1 of testing. 
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Figure 5.2 Hysteretic responses on Day 2 of testing.  
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Figure 5.3 Overlaid hysteretic responses. 
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Table 5.1 Summary of transverse drift and south column interface rotation response. 

Excitation 
Drift ratio (%) Bottom rotation (%) Top rotation (%) 

Peak Residual Peak Residual Peak Residual 

EQ01 0.35 0.01 0.26 0.007 0.25 0.006 

EQ02 0.77 0.01 0.66 0.026 0.59 0.005 

EQ03 1.78 0.06 1.60 0.068 1.45 0.028 

EQ04 1.11 0.06 0.99 0.070 0.88 0.031 

EQ05 3.81 0.16 3.51 0.160 3.28 0.114 

EQ06 1.74 0.15 1.60 0.139 1.44 0.094 

EQ07 4.55 0.15 4.29 0.135 4.16 0.104 

EQ08 7.22 0.30 6.75 0.249 6.44 0.171 

EQ09 7.51 0.15 7.16 0.111 7.00 0.055 

EQ10 3.57 0.22 3.28 0.178 3.09 0.118 

EQ11 4.78 0.12 4.57 0.083 4.39 0.032 

EQ12 7.26 0.16 6.98 0.133 6.73 0.058 

 
 
 
 

 

Figure 5.4 Peak and residual transverse drifts. 
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(a) 
 

 
(b) 

Figure 5.5 Peak and residual column interface rotations: (a) south column 
bottom; and (b) south column top. 
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Figure 5.6 Column base rotations seen in EQ08 and EQ09. 

 

Table 5.2 Summary of peak and residual prestressing ratios. 

Excitation 
Peak stress (%fpu) Residual stress (%fpu) 

North bar South bar North bar South bar 

EQ01 39.5 38.2 37.9 37.3 

EQ02 42.2 40.0 37.8 37.1 

EQ03 50.0 47.4 37.7 36.9 

EQ04 44.5 43.3 37.7 36.8 

EQ05 64.5 64.1 36.8 35.3 

EQ06 47.5 46.8 36.7 35.1 

EQ07 64.9 70.5 37.3 33.9 

EQ08 84.2 70.0 30.9 31.1 

EQ09 71.7 81.6 28.5 23.6 

EQ10 50.8 37.5 28.5 23.4 

EQ11 53.4 58.1 28.6 23.7 

EQ12 65.1 76.1 28.2 22.8 
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5.2 STRAIN MEASUREMENTS 

The strain time history measured during EQ05 from one dissipator bar in each of the two columns 
is shown in Figure 5.9. Also marked in the time history is the point of peak strain rate. Note: the 
strain rate value is given in specimen time since the strain rate plays an essential role in the 
modeling of the specimen and will be revisited in the next chapter. Strain data from the dissipators 
is not available beyond EQ05. The majority of the strain gauges installed on the dissipators ceased 
functioning at the end of Day 1 of testing, and the remaining strain gauges failed during EQ06. A 
similar strain history for the prestressing bars from EQ09 is presented in Figure 5.10. 

The peak circumferential strains measured in the steel shell near the rocking interfaces of 
the south column are tabulated in Table 5.3. A comparison of the values to the stress–strain 
response seen for the shell material shows that the shell exhibited some local plastic deformations 
under EQ08. The strain history for this earthquake is presented in Figure 5.11. Note that the marked 
yield line corresponds to the 0.2% offset yield strain, while the nonlinear material response begins 
at a significantly smaller strain value of 1 milli-strain. 

The longitudinal strain histories measured during EQ09 in the corrugated metal pipe 
forming the foundation socket of Column 1 are shown in Figure 5.12. The measured strain values 
are small and predominantly in compression. The compression measurements likely result from 
Poisson effects caused by the circumferential elongation of the CMP under increased column 
compression and socket compressive stresses. 

The strain history from one of the hanger reinforcement bars in the bent cap is shown in 
Figure 5.13. From the small strain values seen, it can be concluded that this reinforcement is not 
necessary, and the CMP socket connection is likely sufficient for transferring the vertical forces. 

Table 5.3 South column shell circumferential strain. 

Excitation 
North face strain (%) South face strain (%) 

Bottom Top Bottom Top 

EQ01 -0.014 0.017 -0.006 -0.017 

EQ02 0.027 0.037 0.020 0.014 

EQ03 0.064 0.067 0.075 -0.024 

EQ04 0.056 0.041 0.054 -0.030 

EQ05 0.120 0.178 0.138 -0.044 

EQ06 0.081 0.115 0.085 0.023 

EQ07 0.136 0.151 0.138 0.043 

EQ08 0.127 0.403 0.315 0.062 

EQ09 0.218 0.371 0.327 0.110 

EQ10 0.135 0.322 0.276 0.078 

EQ11 0.175 0.325 0.286 0.109 

EQ12 0.211 0.347 0.320 0.148 
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(a) 

 

 

(b) 

Figure 5.7 Peak and residual prestress ratios: (a) north bar; and (b) south bar. 
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(a) 
 

 

(b) 

Figure 5.8 Stress–strain behavior of prestressing bars: (a) EQ08; and (b) EQ09. 
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Figure 5.9 EQ05 energy dissipator strain history. 

 

Figure 5.10 EQ09 prestressing bar strain history. 
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Figure 5.11 EQ08 shell strain history, south column. 

 

Figure 5.12 EQ09 corrugated metal pipe strain history. 

 

Figure 5.13 EQ09 bent cap hanger reinforcement strain history. 
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5.3 VERTICAL RESPONSE 

A plot showing the vertical acceleration (measured positive upwards) vs. drift ratio for all the 
excitations is shown in Figure 5.14, where there is generally no correlation seen between the total 
vertical force and lateral drift in the system. EQ05 and EQ07 are the only two excitations that show 
peaks in vertical acceleration at larger drifts; their hysteretic response, vertical acceleration vs. 
drift and the vertical acceleration time histories at the foundation and cap beam are presented in 
Figure 5.15 and Figure 5.16, respectively. The point at the peak vertical acceleration (at large 
drifts) is marked in all responses for each excitation. 

A comparison of the vertical and horizontal responses shows that such a peak in vertical 
acceleration occurs at the same time as a dip or a “kink” in the base-shear drift response caused by 
a sudden increase in the axial load and, hence, the P-delta forces in the specimen. Looking at the 
time histories of the vertical acceleration, it can be seen that such a peak is not caused by the peak 
input acceleration either: for EQ05, the noted peak occurs at input vertical accelerations, which 
are much smaller than the vertical peak ground acceleration (PGA). It is likely that such peaks 
occur as a result of the interplay between the frequency content of the input motion and the modal 
properties of the specimen. 

 

 

Figure 5.14 Vertical acceleration vs. drift ratio. 
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Figure 5.15 EQ05 vertical and horizontal response, and vertical acceleration 
time history. 
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Figure 5.16 EQ07 vertical and horizontal response, and vertical acceleration 
time history. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5.17 EQ05 specimen response at peak drifts: (a) south column interface, 
north face, Δ = 3.8%; (b) south column interface, south face, Δ = -
3.5%; (c) south column, interface, north face, end of excitation; (d) 
south column interface, south face, end of excitation; (e) specimen 
deformation @  = 3.8%; and (f) specimen deformation @  = -3.5%. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5.18 EQ07 specimen response at peak drifts: (a) south column interface, 
north face, Δ = 3.2%; (b) south column interface, south face, Δ = -
4.5%; (c) south column, interface, north face, end of excitation; (d) 
south column interface, south face, end of excitation; (e) specimen 
deformation @  = 3.2%; and (f) specimen deformation @  = -4.5%. 



63 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5.19 EQ08 specimen response at peak drifts: (a) south column interface, 
north face, Δ = 7.2%; (b) south column interface, south face, Δ = -
4.5%; (c) south column, interface, north face, end of excitation; (d) 
south column interface, south face, end of excitation; (e) specimen 
deformation @  = 7.2%; and (f) specimen deformation @  = -4.5%. 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 5.20 EQ09 specimen response at peak drifts: (a) south column interface 
north face, Δ = 5.4%; (b) south column interface, south face, Δ = -
7.5%; (c) south column, interface, north face, end of excitation; (d) 
south column interface, south face, end of excitation; (e) specimen 
deformation @  = -5.4%; and (f) specimen deformation @  = -
7.5%.  
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 Numerical Model Calibration 

Presented in this chapter are the details and results from two numerical models: the pre-test model, 
which is based on the prototype model used for determination of column-column on-center 
distance with updated as-measured monotonic material and geometric properties; and the post-test 
model, which includes additional updates based on the observed experimental results, e.g., 
utilization of dynamic material properties, modified damping, and improved modeling of 
prestressing bars. Both models were created in OpenSees [Mazzoni et al. 2007; McKenna et al. 
2010]. 

6.1 MODEL DETAILS 

A sketch of the main model components, overlaid on top of the specimen elevation view, is shown 
in Figure 6.1. The central height of each column was modeled using multiple beam–column 
elements in series, connected to displacement-based beam–column elements (DBE) at each end, 
which represent the rocking interfaces. The debonded dissipator bars were also modeled using 
DBE, with one element for modeling all the dissipators at each interface. Prestressing bars were 
modeled using nonlinear truss elements with applied initial stresses as measured at the beginning 
of the test. The ends of the rocking interface, energy dissipators, and the PT bars in the foundation 
were modeled as fixed ground nodes where their ends in the bent cap are connected, using stiff 
elastic elements modeling the bent cap, to a central point at half the bent-cap depth and equidistant 
from both columns. 

6.1.1 Column 

Each column was modeled using three beam–column elements connected in series. The central 
element, which was modeled using a four (4) integration point force-based beam–column element 
(FBE), represents the composite column section with the confined concrete, the bonded steel 
reinforcing bar, and the outer steel shell. The end elements represent the concrete between the 
rocking interface and the effective anchorage point of the debonded energy dissipators in the 
specimen clear height. These elements were modeled without any steel to represent the lack of 
bond between the concrete and either the dissipator or shell steel, and to represent the fact that the 
shell does not transfer any compression at the interface (resulting from the strip removed from the 
shell at the interface). The DBE with two integration points were used to model these elements to 
ensure stable performance: the concrete-only sections were found to lead to instabilities when 
using FBE due to the inherent lack of tensile strength. 
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The concrete was modeled using the Concrete02 material model [Yassin 1994], with 
confined concrete behavior calculated based on the recommendations of Chang and Mander 
[1994]. The steel for the bonded reinforcement and the outer shell was modeled using the same 
Steel02 material hysteretic rule [Filippou et al. 1983], based on the Giuffré–Menegotto–Pinto 
model [Mengotto and Pinto 1973], and calibrated against the measured material response of the 
mild steel reinforcing bars. The two material models are compared against the measured/calculated 
material response in Figure 6.2 and Figure 6.3. 

 
Figure 6.1 Model overlaid over specimen. 



67 

6.1.2 Rocking Interface 

The rocking interfaces were modeled using DBE with two integration points, in accordance with 
the models presented in Chapter 3. The height of the element is set to be 2.0 in.; this height was 
selected to approximately model the spread of crack opening as seen during the test, e.g., in Figure 
5.20(a) and (b). 

Since the rocking interface was monolithic with the rest of the column, the material model 
used is similar to that of the confined concrete in the columns: the Concrete02 rule was again used, 
with the concrete strength set to be the same as that for the column concrete; however, the strains 
were amplified by twice the ratio of the theoretical neutral axis depth (approximately 4 in., 0.25 
times the column diameter) to the height of the element. This transformation was done to 
approximately capture the spread of inelastic behavior within the column, both above and below 
the interface, and assumed to extend uniformly for a length equal to the neutral axis depth from 
the interface [Restrepo and Rahman 2007]. 

6.1.3 Prestressing Bars 

The prestressing bars were modeled using nonlinear corotational truss elements, connecting to a 
point located at the anchors inside the foundation and a point at the anchor location above the load 
cells on top of each column. The bars were split into three segments, with the end segments 
modeling the bars inside the foundation/bent cap, and the central segment modeling the bars inside 
the column. To approximately model the bar behavior expected at these locations, the nodes 
connecting the segments were restrained from having the same horizontal and rotational 
displacement as the closest rocking interface node. 

The Steel02 hysteretic rule was used to model the stress–strain behavior of the bars, with 
the material parameters calibrated against the measured bar response. The material behavior used 
for the PT bars is compared to the measured response in Figure 6.4. Initial stresses of 38% fpu and 
37.6% fpu were applied to the north and south bars, respectively, to simulate the measured initial 
prestresses at the beginning of testing. 

6.1.4 Energy Dissipators 

Energy dissipators were modeled using a single, two integration point DBE for the ten (10) 
debonded reinforcement bars at each rocking interface. One end of these elements connects to the 
central element of the column, while the other end is either fixed to the ground or connected to the 
bent cap geometric center using stiff elastic element. 

The length of these elements was selected to represent the debond length of 6 in. as well 
as the bar development length (10db, 5 in.) on either side of the interface to model bond-slip outside 
of the debonded portion of the reinforcing bars. Each element is located such that half its length is 
above and half below the interface. Finally, the material properties used for modeling of the bonded 
reinforcing bars inside the column were also used for modeling the debonded steel reinforcing bars 
constituting the dissipators. The material behavior used for the dissipator bars is compared to the 
measured response in Figure 6.3. 
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6.2 ANALYSIS PROCEDURE 

The model analysis was performed in three stages. First, a nonlinear static analysis was performed 
in which the gravity loads were applied to the model. The Newton-Raphson algorithm was used 
to solve the equilibrium equations. At this point, the stress in the PT bars was checked to ensure 
correct initial conditions in the PT bars. 

In the second stage, an Eigen analysis was performed to compute the “cracked” modal 
properties, which were then used to set the damping properties of the structure. Rayleigh damping, 
based on the initial, non-updating stiffness, was set in the model, with the coefficients calculated 
by assigning 1% damping to the first two calculated modal frequencies. The Rayleigh coefficients, 
normalized by the first-mode period of the specimen (0.247 sec), are 1 0.108T   and 

1 0.000436T  . 

Dynamic, nonlinear time-history analysis (NL-THA) was performed in the third stage, 
using a time step size of 0.001 sec (in specimen time scale) and the Newmark constant average 
acceleration integration scheme. The foundation acceleration records in the horizontal and vertical 
direction as measured during the test are used for the NL-THA. The P-delta formulation was 
considered in all analyses to include nonlinear geometric effects arising due to the large drifts seen 
during the test. 

6.3 MODEL IMPROVEMENT 

Based on several studies done with the pre-test model as a base, several modifications were made 
to improve the match between the analytical model and experiment results. These changes were 
incorporated into the post-test model and are listed below: 

 Energy dissipators and prestressing bars were modeled using an advanced 
material model based on the work of Carreño Vallejos [2018], which is an 
enhancement to the material rule presented in Dodd and Restrepo-Posada 
[1995]; 

 The prestressing bars were modeled using three force-based beam–column 
elements, with horizontal restraints at the rocking interfaces; 

 The yield and ultimate stresses of the energy-dissipator steel model were 
increased by 7% to account for dynamic effects, as suggested by Restrepo-
Posada et al. [1994]; and 

 The damping ratio used for calculating the Rayleigh coefficients was reduced 
to 0.5%, resulting in updated values of 1 0.889T   and 1 0.000218T  . The 

Rayleigh damping response for the two models is compared in Figure 6.5 

Among these changes, the changes in the modeling of PT bars and the updated damping 
model were the most effective in improving the prediction of the analytical model. The use of FBE 
for modeling the PT bars helped account for the flexural yielding expected at the rocking interfaces 
and prevented large PT losses. On the other hand, updating the damping model prevented 
excessive damping in large periods, which were the predominant mode of response during EQ08 
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and EQ09 due to the yielding of the PT bars; this allowed the model to reach drifts comparable to 
the test. A comparison of the material properties is shown in Figure 6.2, Figure 6.3, and Figure 
6.4. 

 

 

Figure 6.2 Confined concrete material properties used in analytical model. 
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Figure 6.3 Dissipator steel material properties used in analytical model. 

 

 

Figure 6.4 Prestressing steel material properties used in analytical model. 
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Figure 6.5 Rayleigh damping model. 

6.4 ANALYTICAL RESULTS 

6.4.1 Lateral Force-Displacement Response 

Figure 6.6 compares the hysteretic responses of the two models with the test results. For the first 
motion, both models show a softer response compared to the test: this is likely a result of the 
friction between the restraint frames and the specimen, which was eliminated before the start of 
EQ02. For the remaining excitations on Day 1, a reasonable match is seen between the models and 
the test results, although the models show a slightly stiffer response for very small drifts (<0.8%). 
The normalized hysteretic energy (normalized by the product of the specimen weight and the clear 
height) for the test and the two models is listed in Table 6.1, and a comparison of the hysteretic 
energy dissipated over time is presented in Figure 6.7. 

For Day 2 of testing, results from the models typically compare well with the experimental 
results in terms of hysteretic behavior, except for EQ08, where the pre-test model significantly 
underpredicted the drifts. Note: in the aftermath of EQ09, the pre-test model shows significant 
softening and numerical instabilities. The reason for this becomes apparent when comparing the 
behavior of the prestressing bars: the pre-test model predicts significantly larger stresses than seen 
in the experiment, which resulted in a large loss in prestressing force starting from EQ08. By the 
end of EQ09, the residual stresses are nearly zero, which results in soft behavior. 
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Compared to the pre-test model, the post-test model predicts slightly smaller base shears 
for drifts < 5%. Otherwise, the predictions from the post-test model show a better agreement with 
the experiment, up to the point of bar fracture in EQ11, which has not been modeled. A comparison 
of the peak and residual drifts between the test results and the model predictions is shown in Figure 
6.8(a) and (b). Note that while the peak drifts are well predicted, the prediction of residual drifts 
is significantly optimistic when compared to the test results. 

The hysteretic energy dissipation predicted by the analytical models is generally smaller 
than the measured values but follows a similar trend over time. For the large-intensity earthquakes, 
this discrepancy is largely a result of greater “pinching” in the analytical models. The smaller 
pinching seen in the test specimen response is possibly due to the accumulation of loose concrete 
debris at the rocking interface, which is not accounted for in the material model of concrete used. 
For smaller intensity earthquakes, the discrepancy is significantly larger and is likely a result of 
the low system damping used in the analytical model. The calibrated analytical model shows a 
better agreement with the experimental values. 

6.4.2 Prestressing Bar Stress History 

Figure 6.9 and Figure 6.10 compare the observed and predicted stresses in the two PT bars. The 
over prediction of PT stresses as well as the resultant early stress loss in the pre-test model is well 
highlighted here. It can also be seen that the post-test model better predicts both the peak and the 
residual stresses. It should be noted that the residual stresses in south bar show losses between 
EQ05 and EQ07; these losses, possibly caused by localized slipping during the test, are not 
modeled and could be a potential reason behind the remaining discrepancies with the predictions 
of the post-test model. 

Table 6.1 Hysteretic energy comparison. 

Excitation Experiment Pre-test model Post-test model 

EQ01 0.0035 0.0025 0.0018 

EQ02 0.0074 0.0010 0.0017 

EQ03 0.0564 0.0474 0.0447 

EQ04 0.0123 0.0047 0.0085 

EQ05 0.0516 0.0441 0.0450 

EQ06 0.0214 0.0208 0.0191 

EQ07 0.0857 0.0543 0.0723 

EQ08 0.1640 0.1119 0.1316 

EQ09 0.2029 0.1635 0.1672 

EQ10 0.0458 0.0385 0.0381 

EQ11 0.0578 0.0473 0.0539 

EQ12 0.1271 0.1097 0.1250 
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Figure 6.6 Numerical prediction of lateral force-displacement response. 
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Figure 6.6 (continued). 
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Figure 6.7 Comparison of hysteretic energy dissipation over time. 
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Figure 6.7 (continued). 
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Figure 6.7 (continued). 
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(a) 
 

 

(b) 

Figure 6.8 Comparison between the drifts as seen in the test and as predicted 
by numerical models: (a) peak drifts; and (b) residual drifts. 
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(a) 
 

 

(b) 

Figure 6.9 Numerical prediction of peak stresses in the PT bars: (a) north bar; 
and (b) south bar. 
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(a) 

 

(b) 

Figure 6.10 Numerical prediction of residual stresses in PT bars: (a) north bar; 
and (b) south bar. 
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 Summary and Conclusions 

This report has presented the design process, experimental performance, and numerical 
simulations of the hybrid recentering column technology as applied to a two-column bridge bent 
system. The recentering column design was rationally derived from that of an existing monolithic 
bridge, and the final configuration was selected on the basis of parametric analysis performed on 
a three-dimensional model of the prototype bridge. To aid in the numerical analysis, a 
computationally fast model was developed for hybrid recentering columns and verified against 
cyclic test data. The final scaled test specimen was designed to emulate the behavior of the full 
bridge with hybrid recentering columns as predicted by the analytical model while maintaining the 
economy of the experiment. 

The specimen fabrication was done following the principles of Accelerated Bridge 
Construction and utilized readily available technologies. The use of a socket connection allows for 
the simultaneous fabrication of all the subcomponents at a dedicated precast facility, resulting in 
higher quality construction. The construction is further simplified by the proposed use of an 
external shell, specially engineered around rocking behavior, to serve as both the formwork and 
the transverse reinforcement in the bridge columns. As an added benefit, this technology eliminates 
the need for a mortar bed at the column base, commonly used to accommodate construction 
tolerances in systems with precast columns over the clear height, which can limit the optimal 
performance of the hybrid system. 

The specimen was subjected to a suite of 12 seismic excitations in the horizontal 
(transverse to the bridge) and vertical directions, targeting increasing drift demands and 
representing near-fault earthquakes and their aftershocks. The columns showed no external signs 
of damage, primarily thanks to the confinement provided by the encasing steel shell, and the 
specimen maintained its strength until a drift ratio of 7%. At drifts approaching 7%, the PT bars 
and the steel shells near the column toes showed signs of minor yielding. Yet repeating the 
excitation which caused this drift showed only a minor loss in strength and stiffness. Significant 
strength reduction was not seen until bar fracture in the internal mild steel reinforcement, which 
took place under repeat imposition of drifts greater than 4%. 

The tests were simulated using OpenSees for all the imposed motions, using the model 
developed for the design of the specimen and the measured material properties. A good match was 
obtained for moderate drifts, less than 4%; however, this model showed significantly larger PT bar 
stresses, larger prestress loss, and smaller drifts for larger excitations. 

An improved model, with more realistic modeling of the PT bars, and using an advanced 
steel material model, was developed to improve the predictions. This improved model, with 
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reduced damping, was found to give improved predictions for the PT bar stresses and the specimen 
drifts. Neither the bar fracture in mild steel reinforcement, nor the stress-relaxation in the PT bars 
seen during the test was modeled, which could be the cause behind the remainder of the 
discrepancies between the analytical prediction and the experimental results. Considering the 
uncertainties in construction, the predictions obtained from the model proved adequate for use in 
the seismic design and analysis of such systems. 

  



83 

REFERENCES 

AASHTO (2012). AASHTO LRFD Bridge Design Specifications, 7th ed., The American Association of State 
Highway and Transportation Officials, Washington DC. 

AIJ (1998). AIJ Standard for Structural Design of Reinforced Concrete Boxed-Shaped Wall Structures, 
Architectural Institute of Japan, Tokyo, Japan. 

Ameli M.J., Pantelides C.P. (2016). Seismic analysis of precast concrete bridge columns connected with grouted splice 

sleeve connectors, ASCE, J. Struct. Eng., 143(2): 04016176. 

Ameli M.J., Parks J.N., Brown D., Pantelides C.P. (2015). Seismic evaluation of grouted splice sleeve connections 

for reinforced precast concrete column–to–cap beam joints in accelerated bridge construction, PCI J., 60: 80–

103. 

Belleri A., Riva P. (2012). Seismic performance and retrofit of precast concrete grouted sleeve connections, PCI J., 

57, 97–109. 

Belleri A., Schoettler M.J., Restrepo J.I., Fleischman R.B. (2014). Dynamic behavior of rocking and hybrid cantilever 

walls in a precast concrete building, Struct. J., 111(3): 661–672. 

Blandon J.J., Rodriguez M.E. (2005). Behavior of connections and floor diaphragms in seismic-resisting precast 

concrete buildings, PCI J., 50(2): 56–75. 

Bromenschenkel R., Mahan M. (2014). Recovery Earthquake Resisting Systems, Volume 1, California Department of 

Transportation, Sacramento, CA. 

Caltrans. (2013). Seismic Design Criteria, v. 1.7, California Department of Transportation, Sacramento, CA. 

Carreno Vallejos R. (2018). Characterization of Large Diameter Reinforcement Under Large Strain Cyclic Reversals, 

Ph.D. thesis, Department of Structural Engineering, University of California, San Diego, CA. 

Chang G.A., Mander J.B. (1994). Seismic energy based fatigue damage analysis of bridge columns: Part I-evaluation 

of seismic capacity, NCEER-94-0006, University at Buffalo, State University of New York, Buffalo. NY. 

Charney F.A. (2008). Unintended consequences of modeling damping in structures, ASCE, J. Struct. Eng., 134(4): 

581–592. 

Christopoulos C., Filiatrault A., Uang C.-M., Folz B. (2002). Posttensioned energy dissipating connections for 

moment-resisting steel frames, ASCE, J. Struct. Eng., 128(9): 1111–1120. 

Cormack L. (1988). The design and construction of the major bridges on the Mangaweka rail deviation, Trans. Inst. 

Eng. N.Z., 15(1): 17–23. 

DIN (2008). DIN 1045: Plain, reinforced and prestressed concrete structures. Deutsches Institut fur Normung E.V. 

(DIN), Berlin, Germany. 

Dodd L.L., Restrepo-Posada J. I. (1995). Model for predicting cyclic behavior of reinforcing steel, ASCE, J. Struct. 

Eng., 121(3): 433–445. 

Eatherton M.R., Hajjar J.F. (2014). Hybrid simulation testing of a self-centering rocking steel braced frame system, 

Earthq. Eng. Struct. Dyn., 43(11): 1725–1742. 

El-Sheikh M.T., Sause R., Pessiki S., Lu L.-W. (1999). Seismic behavior and design of unbonded post-tensioned 

precast concrete frames, PCI J., 44(3): 54–71. 

Canha R.M., de Cresce El Debs A.L.H., El Debs M. K. (2007). Design model for socket base connections adjusted 

from experimental results, Struct. Concr., 8(1): 3–10. 

Filippou F.C., Bertero V.V., Popov E.P. (1983). Effects of bond deterioration on hysteretic behavior of reinforced 

concrete joints, UCB/EERC-83/19, Earthquake Engineering Research Center, University of California, Berkeley, 

CA. 

Guerrini G. (2014). Seismic Performance of Precast Concrete Dual-Shell Steel Columns for Accelerated Bridge 

Construction, Ph.D. thesis, Department of Structural Engineering, University of California, San Diego, CA. 



84 

Guerrini G., Restrepo J.I. (2011). Advanced precast concrete dual-shell steel columns, Proceedings, 8th International 

Conference on Urban Earthquake Engineering, 1: 1125–1129, Tokyo, Japan. 

Guerrini G., Restrepo J.I. (2013). Seismic response of composite concrete-dual steel shell columns for accelerated 

bridge construction, Proceedings, 7th National Seismic Conferemce on Bridges and Highways, Oakland, CA. 

Guerrini G., Restrepo J.I., Vervelidis A., Massari M. (2015). Self-centering precast concrete dual-steel-shell columns 

for accelerated bridge construction: seismic, performance, analysis, PEER Report No. 2015/13, Pacific 

Earthquake Engineering Research Center, University of California, Berkeley, CA. 

Haber Z.B., Saiidi M.S., Sanders D.H. (2014). Seismic performance of precast columns with mechanically spliced 

column-footing connections, Struct. J., 111(3): 639–650. 

Haraldsson O.S., Janes T.M., Eberhard M.O., Stanton J.F. (2013). Seismic resistance of socket connection between 

footing and precast column, ASCE, J. Bridge Eng., 18(9): 910–919. 

Hewes J.T., Priestley M.J.N. (2002). Seismic Design and Performance of Precast Concrete Segmental Bridge 

Columns, Department of Structural Engineering, University of California, San Diego, CA. 

Hieber D.G., Wacker J.M., Eberhard M.O., Stanton J.F. (2005). Precast concrete pier systems for rapid construction 

of bridges in seismic regions, Washington State Transportation Center Task 53, University of Washington, 

Seattle, WA, 308 pgs. 

Holden T., Restrepo J., Mander J.B. (2003). Seismic performance of precast reinforced and prestressed concrete walls, 

ASCE, J. Struct. Eng., 129(3): 286–296. 

Jeong H.I., Sakai J., Mahin S.A. (2008). Shaking table tests and numerical investigation of self-centering reinforced 

concrete bridge columns, PEER Report No. 2008/06, Pacific Earthquake Engineering Research Center, University 

of California, Berkeley, CA. 

Kurama Y., Pessiki S., Sause R., Lu L.-W. (1999). Seismic behavior and design of unbonded post-tensioned precast 

concrete walls, PCI J., 44(3): 72–89. 

Kwan W.-P., Billington S.L. (2003a). Unbonded post-tensioned concrete bridge piers. I: Monotonic and cyclic 

analyses, ASCE, J. Bridge Eng., 8(2): 92–101. 

Kwan W.-P., Billington S.L. (2003b). Unbonded posttensioned concrete bridge piers. II: Seismic analyses, ASCE, J. 

Bridge Eng., 8(2): 102–111. 

Lu Y., Panagiotou M. (2013). Characterization and representation of near-fault ground motions using cumulative pulse 

extraction with wavelet analysis, Bull. Seismol. Soc. Am., 104(1): 410–426. 

Mander J.B., Cheng C.-T. (1997). Seismic resistance of bridge piers based on damage avoidance design, NCEER-97-

0014, University at Buffalo, State University of New York, Buffalo. NY. 

Marriott D., Pampanin, S., Palermo A. (2009). Quasi-static and pseudo-dynamic testing of unbonded post-tensioned 

rocking bridge piers with external replaceable dissipators, Earthq. Eng. Struct. Dyn., 38(3): 331–354. 

Marriott D., Pampanin S., Palermo A. (2011). Biaxial testing of unbonded post-tensioned rocking bridge piers with 

external replaceable dissipators, Earthq. Eng. Struct. Dyn., 40(15): 1723–1741. 

Mashal M., Palermo A. (2015). High-damage and low-damage seismic design technologies for accelerated bridge 

construction, Proceedings, Structures Congress, Portland, OR. 

Mashal M., White S., Palermo A. (2013). Quasi-static cyclic tests of emulative precast segmental bridge piers (E-

PSBP), Proceedings, 2013 New Zealand Society for Earthquake Engineering, Wellington, NZ. 

Mazzoni S., Mckenna F., Scott M.H., Fenves G. L. (2006). OpenSees Command Language Manual, University of 

California, Berkeley, CA, 

https://opensees.berkeley.edu/OpenSees/manuals/usermanual/OpenSeesCommandLanguageManualJune2006.p

df. 

McKenna F., Scott M.H., Fenves G.L. (2010). Nonlinear finite-element analysis software architecture using object 

composition, J. Comp. Civil Eng., 24(1): 95–107. 
  



85 

Mengotto M., Pinto P.E. (1973). Method of analysis for cyclically loaded RC plane frames including changes in 

geometry and non-elastic behavior of elements under combined normal force and bending, Proceedings, IABSE 

Symposium on Resistance and Ultimate Deformability of Structures Acted On by Well Defined Repeated Loads, 

Lisbon, Portugal, pp. 15–22. 

Nakaki S.D., Stanton J.F., Sritharan S. (1999). An overview of the PRESSS five-story precast test building, PCI J., 

44(2): 26–39. 

Osanai Y., Watanabe F., Okamoto S. (1996). Stress transfer mechanism of socket base connections with precast 

concrete columns, Struct. J., 93(3): 266–276. 

Ou Y.-C., Chiewanichakorn M., Ahn I.-S., Aref A., Chen S., Filiatrault A., Lee G. (2006). “Cyclic performance of 

precast concrete segmental bridge columns: Simplified analytical and finite element studies, Trans. Res. Record, 

1976: 66–74. 

Palermo A., Mashal M. (2012). Accelerated bridge construction (ABC) and seismic damage resistant technology: a 

New Zealand challenge, Bull. N.Z. Soc. Earthq. Eng., 45(3): 123–134. 

Palermo A., Pampanin S. (2008). Enhanced seismic performance of hybrid bridge systems: comparison with 

traditional monolithic solutions, J. Earthq. Eng., 12(8): 1267–1295. 

Palermo A., Pampanin S., Marriott D. (2007). Design, modeling, and experimental response of seismic resistant bridge 

piers with posttensioned dissipating connections, ASCE, J. Struct. Eng., 133(11): 1648–1661. 

Pang J.B.K., Eberhard M.O., Stanton J.F. (2010). Large-bar connection for precast bridge bents in seismic regions, 

ASCE, J. Bridge Eng., 15(3): 231–239. 

Perez F.J., Pessiki S., Sause R., Lu L.-W. (2003). Lateral load tests of unbonded post-tensioned precast concrete walls, 

American Concrete Institute, Special Publication, 211: 161–182. 

Priestley M.J.N. (1991). Overview of PRESSS research program, PCI J., 36(4): 50–57. 

Priestley M.J.N., MacRae G. (1994). Seismic tests of precast post-tensioned ungrouted concrete beam-column 

subassemblage tests, Report No. PRESSS 94/01, Department of Applied Mechanics and Engineering Sciences, 

University of California, San Diego, CA, 124 pgs. 

Priestley M.J.N., Sritharan S., Conley J.R., Pampanin S. (1999). Preliminary results and conclusions from the PRESSS 

five-story precast concrete test building, PCI J., 44(6): 42–67. 

Priestley M.J.N., Tao J.R. (1993). Seismic response of precast prestressed concrete frames with partially debonded 

tendons, PCI J., 38(1): 58–69. 

Restrepo J.I., Rahman A. (2007). Seismic performance of self-centering structural walls incorporating energy 

dissipators, ASCE, J. Struct. Eng., 133(11): 1560–1570. 

Restrepo J.I., Tobolski M.J., Matsumoto E.E. (2011). Development of a precast bent cap system for seismic regions, 

NCHRP Report 681, National Academies Press, Washington, D.C. 

Restrepo-Posada, J. I., Dodd, L. L., Park, R., and Cooke, N. (1994). “Variables affecting cyclic behavior of reinforcing 

steel.” ASCE, J. Struct. Eng., 120(11): 3178–3196. 

Sakai J., Mahin S.A. (2004). Analytical investigations of new methods for reducing residual displacements of 

reinforced concrete bridge columns, PEER Report No. 2004/02, Pacific Earthquake Engineering Research Center, 

University of California, Berkeley, CA. 

Sharpe R.D., Skinner R.I. (1983). “The seismic design of an industrial chimney with rocking base, Bull. N.Z. Soc. 

Earthq. Eng., 16(2): 98–106. 

Stone W.C., Cheok G.S., Stanton J.F. (1995). Performance of hybrid moment-resisting precast beam-column concrete 

connections subjected to cyclic loading, Struct. J., 92(2): 229–249. 

Tazarv M., Saiidi M.S. (2015). Low-damage precast columns for accelerated bridge construction in high seismic 

zones, ASCE, J. Bridge Eng., 21(3): 04015056. 

Thonstad T., Mantawy I.M., Stanton J.F., Eberhard M.O., Sanders D.H. (2016). Shaking table performance of a new 

bridge system with pretensioned rocking columns, ASCE, J. Bridge Eng., 21(4): 04015079. 



86 

Toranzo L.A., Restrepo J.I.., Mander J.B., Carr, A. J. (2009). Shake-table tests of confined-masonry rocking walls 

with supplementary hysteretic damping, J. Earthq. Eng., 13(6): 882–898. 

Toranzo-Dianderas L.A. (2002). The Use of Rocking Walls in Confined Masonry Structures: A Performance-Based 

Approach, PhD Thesis, Department of Civil and Natural Resources Engineering, University of Canterbury, 

Christchurch, New Zealand. 

Yassin M.H.M. (1994). Nonlinear Analysis of Prestressed Concrete Structures under Monotonic and Cyclic Loads, 

Ph.D., Department of Civil and Environmental Engineering, University of California, Berkeley, CA. 

 

  



87 

 

Appendix A Construction Drawings 

  



88 

  



89 

 



90 

 



91 

 



92 

 



93 

 



94 

 



95 

 



96 

 



97 

 



98 

 



99 

 



100 

 



101 

 



102 

 



103 

 



104 

 



105 

 



106 

 



107 

 



108 

 



109 

 



110 

 



111 

 



112 

 



113 



114 

 

  



115 

 

Appendix B Instrumentation Layout 

 
  



116 



117 

 



118 

 



119 

 



120 

 



121 

 



122 



123 

 
 



124 

 



125 



126 

 
 
 



127 



128 

 



129 

 



130 



131 

 

Appendix C Input Time Histories and Spectral 
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Figure C.1 EQ01 acceleration time histories. 

Figure C.2 EQ01 spectral responses. 
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Figure C.3 EQ02 acceleration time histories. 

Figure C.4 EQ02 spectral responses. 
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Figure C.5 EQ03 acceleration time histories. 

Figure C.6 EQ03 spectral responses. 
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Figure C.7 EQ04 acceleration time histories. 

Figure C.8 EQ04 spectral responses. 
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Figure C.9 EQ05 acceleration time histories. 

Figure C.10 EQ05 spectral responses. 
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Figure C.11 EQ06 acceleration time histories. 

Figure C.12 EQ06 spectral responses. 
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Figure C.13 EQ07 acceleration time histories. 

Figure C.14 EQ07 spectral responses. 
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Figure C.15 EQ08 acceleration time histories. 

Figure C.16 EQ08 spectral responses. 
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Figure C.17 EQ09 acceleration time histories. 

Figure C.18 EQ09 spectral responses. 
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Figure C.19 EQ10 acceleration time histories. 

Figure C.20 EQ10 spectral responses. 
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Figure C.21 EQ11 acceleration time histories. 

Figure C.22 EQ11 spectral responses. 
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Figure C.23 EQ12 acceleration time histories. 

 
 

Figure C.24 EQ12 spectral responses. 
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