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Abstract

Modern structures are able to survive significant shaking caused by earthquakes.
By implementing unbonded post-tensioned tendons in bridge columns, the damage
caused by an earthquake can be significantly lower than that of a standard reinforced
concrete bridge column, by reducing residual displacement. Reducing residual
displacement will reduce the amount of damage and allows for faster repairs and minimal
closure time of the bridge. The objective of this research was to investigate new
construction details for unbonded post-tensioned bridge columns that will reduce damage
caused by an earthquake. Two 0.4-scale columns containing unbonded tendons were
selected for testing. The two columns were identical except for the amount of
longitudinal reinforcement crossing the joint between the column base and the footing.
SAP2000 was used to model each column, showing a close correlation between the
calculated and measured results. A parametric study was conducted on the specimens
investigating various axial dead loads, initial post-tensioning force, tendon location, and
increase in the concrete strength. For the specimens to be true scale models, the amount
of post-tensioning required in a full-scale column was taken into consideration. The large
amount of prestress needed in a full-scale column requires separate tendons being spread
around the center of the column cross section. Greased and sheathed strands were
incorporated for their additional corrosion protection. The introduction of the unbonded
tendons showed a significant reduction in residual displacements. The re-centering effect
was not as dominant with an increase in longitudinal reinforcement. A smaller
longitudinal reinforcement ratio also produced a larger displacement ductility.
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CHAPTER 1
Introduction
1.1 Introduction

Maintaining life safety in seismic engineering design is the number one concern.
After a structure can maintain life safety, the next goal is to reduce the amount of damage
in the structure following large lateral deformations. Reducing the amount of damage to
the structure will allow for rapid repairs and a reduction in closure time. Damage may be
in the form of spalling concrete, buckling or fracture of column longitudinal
reinforcement, and permanent lateral displacement. One way to reduce permanent lateral
displacements in bridge columns is to introduce unbonded post-tensioned tendons.

Unbonded post-tensioned columns have shown reductions in residual column
displacements following lateral deformations. Further research is desired to better
develop construction methods for unbonded post-tensioned columns. Past research has
primarily focused on the use of a single tendon, centrally located at the center of the
column cross section. The use of a single tendon is not a realistic option in relatively
large full-scale columns. The high tendon force required for re-centering, and the large
tendon area is too much for one centrally located tendon. To provide a more realistic
construction method for large scale columns, several tendons should be used, so the total
post-tensioning force and tendon area required for re-centering can be dispersed equally
among several tendons. Additionally, there is still question as to the amount of prestress,
initial level of stress, and amount of longitudinal reinforcement crossing the joint
between the column base and the footing needed to provide the best overall column
performance.

Following large lateral deformations that would come from earthquake excitation,
it is necessary to have the option of inspecting and, if necessary, replacing the tendons.
An improved construction method from prior research is to anchor the tendons in the
corners of the footing as opposed to the base of the footing. This modification creates the
possibility of accessing the tendons, and is made possible with several smaller tendons
equally spaced around the center of the column cross section, instead of one large tendon
centrally located in the center of the column cross section. The use of greased and
sheathed strands also creates additional corrosion protection, which is especially
important in bridge columns.

1.2 Literature Review

Many researchers have used unbonded post-tensioning in columns for the re-
centering benefits following a large seismic event. The introduction of unbonded post-
tensioning for seismic column design has been shown to reduce the amount of residual
displacement compared to a conventionally reinforced column. The primary focus of
prior research was to investigate the magnitude of the re-centering effects. To focus more
closely on the re-centering effect of the tendon, most columns had a small longitudinal
reinforcement ratio that crossed the joint between the footing and the base of the column,
and some columns had zero longitudinal reinforcement crossing the joint. The majority of



past researchers also used only one tendon that was centrally located within the column
cross section. The following sections describe previous research that focused on post-
tensioning columns:

1.2.1 Segmental Unbonded Post-Tensioned Columns

Research conducted by Hewes and Priestley focused on segmental column
construction with a single tendon centrally located within the column cross section
(Hewes & Priestley, 2002). Column parameters from this experiment are shown in Table
1-1. The single tendon used for re-centering purposes was anchored in the base of the
footing. Several test specimens were constructed, each being made up of four segments.
The upper three segments were lightly reinforced in the longitudinal direction and were
reinforced with spirals in the transverse direction. The lowermost segment contained a
steel jacket to provide transverse reinforcement and no longitudinal reinforcement. For all
columns, there was no longitudinal reinforcement crossing the column footing interface,
except for the post-tensioned tendon. If the tendon failed, there would not be any
connectivity between the column base and the footing. The tendon used was made of 27
15 (12.7 mm)-diameter grade 270 ksi (1860 MPa) low-relaxation strands. Each column
was tested by cyclic loading. Throughout the testing procedures, the columns experienced
very little residual drift. By utilizing unbonded tendons, inelastic straining of the tendon
did not occur and the original prestress force was maintained throughout testing. Each
column in this experiment was tested twice; once with an initial prestress level, and a
second time following repairs and an increased prestress level.

This report elaborates on the importance of the initial tendon force. The axial load
ratio, defined as the sum of the initial prestress force and the axial dead load divided by
the product of the gross cross sectional area and concrete compressive strength, was used
to help determine the initial tendon force. A range of axial load ratios was used in a
parametric study to help determine the optimal initial tendon force. The axial load ratio
was adjusted by keeping the area of prestress constant and adjusting the initial force. The
study found that a low axial load ratio of 0.10 was desirable because of the low initial
tendon force, making it less likely that the tendons will yield with large lateral
displacements. However, the negative effect of a low axial load ratio was the low column
strength, especially when no other longitudinal reinforcement was crossing the column
footing interface. A high axial load ratio of 0.35 was not desirable because it resulted in a
less ductile member and a negative post-elastic stiffness. For columns of similar
construction, it is recommended that the axial load ratio be at a maximum of 0.20 to
maximize the benefits of post-tensioning. Test one pushed the columns out to 3%-4%
drift, depending on the observed damage. Following repairs and an increased prestress
level, the columns were pushed to lateral drifts on the order of 5%-6% (depending on
damage), without significant strength degradation, making them functional in regions of
high seismicity. Following drifts of 5%-6%, residual drifts of 0.7% and 0.2% were
recorded. However, the report does not indicate that the columns were pushed to greater
drift levels, which is of importance to monitor tendon stresses at high drift levels. The
report indicates that the selection of the prestressing steel area and initial stress can be
selected by a trial and error method and checked with an analytical model. It was noted in



the report that if a similar post-tensioning system were to be used in actual bridge
projects, multiple tendons distributed around the section may be used.

1.2.2 Partially Prestressed Columns

Research conducted by Jeong et al. investigated the use of unbonded post-
tensioning in four lightly reinforced circular columns (Jeong et al., 2008). Column
parameters from this experiment are shown in Table 1-1. Each column was lightly
reinforced in the longitudinal direction, resulting in a longitudinal reinforcement ratio of
0.66%. The first post-tensioned column was used as a base model, with only light
reinforcement in the longitudinal direction and no post-tensioning. The second column
was similar to the first, but had unbonded mild-longitudinal reinforcement in the plastic
hinge region, and an initial prestress force of 6.3% of f'cAg. The third column was similar
to the second with unbonded mild longitudinal reinforcement, but had a higher initial
prestress force of 9.3% of f"cAg. The fourth and final column contained a steel jacket at
the expected plastic hinge location in addition to the unbonded mild longitudinal
reinforcement. The axial dead load applied to each column was set at 5.7% of f"cAg. The
tendon that supplied the prestress force was composed of a single bar, which was
centrally located within the column cross section and was anchored in the base of the
footing.

All columns exhibited an impressive re-centering ability following shake table
testing. The tendon in all four columns also remained elastic, indicating that the initial
prestress force selected was satisfactory. The third column, which had a higher initial
prestress force, showed a decrease in residual displacement and an increase in damage
due to the increased compression force on the column. The fourth column, which
contained the steel jacket located at the base of the column, showed the least amount of
damage, as expected. All of the columns used a single tendon, centrally located within
the column cross section. The single tendon was anchored in the base of the footing.

Following shake table testing, the four columns showed a similar maximum
cumulative response displacement (SRSS) of about 4.8” (122 mm), leading to a ductility
of about 5. These results were from a test run at the design level earthquake,
corresponding to a scaling factor of 50% of the earthquake record used. When the ground
motion was increased to the maximum level, 75% scaling factor, the maximum
cumulative response displacements (SRSS) increased to 10” (254 mm). Following the
maximum level excitation, residual displacements remained low in all four columns, with
a maximum residual displacement of 2.3” (58 mm) from column PRC-U (lowest post-
tensioning force).

1.2.3 Segmental Hollow-Core Square Post-Tensioned Columns

Research conducted by Ou et al. investigated construction methods and detailing
in segmental column construction for the mild longitudinal bars that are continuous
across segment joints (Ou et al., 2009). Column parameters from this experiment are
shown in Table 1-1. The benefit from mild-longitudinal reinforcement that crosses the
segmental joints is the connectivity between the column base and the footing in case of a
tendon failure, and also an increase in energy dissipation. This research also investigated



the effect of varying the energy dissipating bar ratio, as well as the initial post-tensioning
force.

Each of the four square columns had four post-tensioned tendons made of (2) 0.6”
(15.2 mm) grade 270 ksi (1860 MPa) strands that were placed inside the hollow column
core. External tendons can be inspected more easily for corrosion problems, but would be
difficult to remove as they are anchored at the base of the footing. Additionally,
inspection would require the removal of other bridge components. The longitudinal
reinforcement ratio in each of the four columns varied from 0% to 1%. The mild
longitudinal reinforcement crossing the joint between the footing and the first segment
was unbonded a distance into the footing by wrapping the bars with duct tape. The
unbonded bars were used to avoid premature failure from low cycle fatigue. The post-
tensioning force was held constant in three of the columns (0.07f’:Ag), but was
significantly reduced in the fourth column to (0.021f’cAg) to determine the effect of post-
tensioning force on energy dissipation and residual displacement. The only segment with
unbonded mild longitudinal reinforcement was the first segment due to expected
repetitive gap opening between the footing and the first segment. Bonded mild
longitudinal reinforcement was connected between the other segments with threaded
receivers.

Test results showed that the columns displayed excellent drift capacities suitable
for seismic regions. The mild reinforcement was effective in ensuring a large ductility
and high levels of energy dissipation. The column that did not have mild reinforcement at
the column footing interface displayed a drift capacity of 4.6%, while those with mild
steel reinforcement displayed drift capacities of 5%. The column responses were mostly
dominated by the joint opening between the foundation and the first segment.

1.2.4 Square Post-Tensioned Columns

Palermo et al. conducted research on square post-tensioned columns to investigate
“controlled rocking,” where the inelastic demand is focused at the section interface to
minimize damage within the structural elements (Palermo et al., 2007). Column
parameters from this experiment are shown in Table 1-1. Energy dissipating elements
were provided by mild longitudinal reinforcement used within the section interface. The
objective of the research was to better develop construction techniques so these methods
can be adopted by the construction practice, and not just the scientific community.

Five columns were constructed, one monolithic column as a benchmark, two post-
tensioned columns, and two hybrid columns. The post-tensioned columns contained only
post-tensioning crossing the column footing interface, and the hybrid columns consisted
of post-tensioning along with mild longitudinal reinforcement crossing the column
footing interface. The prestressed (unbonded tendons) portion of the reinforcement
provides a re-centering effect, while the mild reinforcement provides additional moment
capacity along with energy dissipation. In this experiment, the post-tensioning was used
to carry the axial dead load along with the initial post-tensioning force. Columns PT1 and
HBD1 were considered to have zero initial post-tensioning force (just tied up tendons)
because of design constraints, but it was noted that this could be a realistic design choice
to provide additional redundancy in a severe earthquake.



The four prestressed columns were designed to have the same nominal moment
capacity as the benchmark column. However, due to the limitations of prestressing with
only two tendons in the first hybrid model (HBD1), it was required to be designed for a
slightly lower capacity than the benchmark. Due to this constraint, the second set of
specimens (PT2 & HBDZ2) had an alternative configuration that doubled the amount of
post-tensioning. In all four post-tensioned columns, the tendons were anchored in the
base of the footing.

The columns performed very well with high energy dissipation from the mild
reinforcement, re-centering capabilities from the unbonded tendons, and a stable
hysteretic behavior up to high ductility levels. These all contribute to a reduction in
damage following large lateral displacements. The hybrid models had the lowest amount
of damage, as the majority of damage was focused on the mild reinforcement. Columns
PT1, PT2, HBD1, and HBD2 reached ultimate drift ratios of 3.5%, 4%, 3%, and 3.5%,
respectively. The ultimate drift in all of the cases corresponded to the drift level at the
end of the test, prior to yielding the tendon.

1.2.5 Unbonded Prestressed Hollow Concrete Columns with Precast Segments

Yamishita and Sanders constructed an unbonded hollow concrete column with
precast segments, in which the main objectives were; to evaluate the seismic
performance, confirm that residual displacements were small following lateral drifts,
check the energy dissipation, find an equation to check the stress in the prestressing steel,
and develop a simplified load-displacement calculation model (Yamishita & Sanders,
2005). Column parameters from this experiment are shown in Table 1-1. The test model
was based on a prototype model, and consisted of three segments. The loading protocol
was produced by shake table testing using the Kobe Earthquake motion.

Throughout testing, the column behaved very well with essentially no residual
displacement and minor spalling at the base. The concrete damage could be easily
repairable, but it was noted in the report that a system would need to be developed to
replace the tendons in an actual bridge. During run 14 (out of 15), the column reached a
maximum drift of 2.8” (71.1 mm) corresponding to a drift ratio of 3.9%. At this time, the
anchorage of one of the strands popped out, possibly due to too large of an initial
prestress force. During the final run (15), the column reached a maximum displacement
0f 6.96” (177 mm) corresponding to a drift ratio of 9.7%. At this time, the cover concrete
was completely spalled on both sides of the column and two more additional anchorages
popped out. All of the column rotation took place between the column base and footing.
The joints between the first and second segment, and the second and third segment
remained closed. An equation was developed to estimate the strain in the prestressing
steel in terms of the drift.

1.2.6 Unbonded Post-Tensioned Bridge Columns in Full System Simulation

Cruz-Noguez and Saiidi tested several different column bents in a four-span
bridge earthquake simulation study. Two bents were constructed using unbonded post-
tensioning in the columns (Cruz-Noguez & Saiidi, 2010), one with conventional
reinforced concrete and the other with innovative details incorporating rubber layers. The



objective was to determine how the unbonded post-tensioned columns would behave in a
full system interaction, specifically the re-centering capabilities. Columns in each bent
were post-tensioned with a single tendon bar, which was anchored in the base of the
footing. Column parameters from this experiment are shown in Table 1-1.

The unbonded post-tensioned columns displayed enhanced re-centering
capabilities. It was also noted that the initial post-tensioning force selected was
appropriate since the tendons did not reach yielding values at large drift ratios. The
maximum forces developed in the tendons were found to be 80% of the calculated
yielding force of the tendons. It was noted that the construction process of incorporating
unbonded post-tensioning in the columns did not deviate far from the base model, of
which conventional reinforced columns were constructed. While constructing unbonded
post-tensioned columns did not require a lot of additional time, and the columns were
efficient in reducing residual displacements, it was noted that the columns might not
remain serviceable following a strong earthquake because they are vulnerable to spalling
of concrete and fracture of steel due to the high axial load ratio.

1.2.7 Precast Columns with Energy Dissipating Joints

Motaref et al. tested several precast segmental columns with energy dissipating
joints (Motaref et al., 2011). Four cantilever columns were tested by shake table
excitation. One benchmark column (SC-2) was constructed and tested to evaluate the
performance three other cantilever columns with energy dissipating joints. The three
columns were; SBR-1 that utilized an elastomeric bearing pad at the column base for
energy dissipation, SE-2 that used ECC (engineered cementitious composite) in the
plastic hinge region for energy dissipation, and SF-2 that used a CFRP jacket in the
plastic hinge region. All column parameters are shown in Table 1-1.

All of the columns performed very well through shake table testing. The
benchmark column (SC-2) had the most extensive damage, as expected. Column SBR-1
containing the elastomeric bearing pad was free of damage at the column bearing
interface, and showed the best performance of all of the columns. Column SC-2 had a
peak lateral force occur at a drift of 4.2% and the column strength began to decrease with
further lateral displacement. Column SBR-1 was able to maintain the peak lateral force
through a drift level of 14%. All of the columns utilized post-tensioning for re-centering
benefits. A single steel rod was used for the post-tensioning force and was anchored in
the base of the footing in each column.

1.3 Motivation

Based on the literature review, it was noted that there are several parameters that
require more investigation. Much of the previous research investigates re-centering
capabilities of unbonded post-tensioned columns with very little to 