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ABSTRACT
The severe traffic delays caused by traditional cast-in-place bridge construction can be reduced
by precasting components off site and assembling them rapidly on site. In seismic regions,
connecting precast concrete columns and beams creates difficulties because the connections
often occur at the locations of large, inelastic moment reversals. Previous researchers have
addressed this challenge through the development of a “Large-Bar, Large Duct” [Pang et al.
2008] and a “Socket” connection [Haraldsson et al. 2011]. Both connections are easy to construct
and robust under simulated seismic loading.
A new system is proposed that combines the existing connections with unbonded pretensioning in the columns, with the goal of improving seismic performance by re-centering the
column following an earthquake. Both a socket column-to-footing subassembly (PreT-SF) and a
grouted-bar column-to-cap beam subassembly (PreT-CB) were subjected to combined axial and
lateral loads. The test results for these subassemblies were compared with the results of tests of
subassemblies without prestressing.
The pre-tensioned specimens achieved the expected moment capacity and returned to
within approximately 1% of vertical even after excursions to 10% drift. However, the columns
experienced spalling, bar buckling, and bar fracture at lower drift ratios, and dissipated less
energy, than their reinforced concrete counterparts.
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Introduction

This report describes the development of a new bridge substructure system that can be
constructed rapidly, with superior durability and seismic performance compared with
conventional reinforced concrete (RC) substructures. This system combines unbonded
prestressing strands (to re-center the bridge) with accelerated bridge construction (ABC)
connections developed by Pang et al. [2008] and Haraldsson et al. [2011]. The system, illustrated
in Figure 1.1, includes: (1) precast columns and cross-beams to accelerate bridge construction;
(2) socket connections between columns and spread footings; (3) protruding column bars cast
into ducts in precast cross-beam; and (4) unbonded pre-tensioning to reduce seismic residual
displacements and to improve long term durability.

Figure 1.1

1.1

Overview of prestressed precast column concept.

PRECASTING TO ACCELERATE BRIDGE CONSTRUCTION

Cast-in-place concrete construction is the most common method used to construct bridge
substructures (e.g., foundations, columns, cross-beams) in the United States. Cast-in-place
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methods may be economical in some situations, but the severe traffic congestion caused by
construction activities imposes large costs on the travelling public. These costs can be reduced
with the development of rapid construction methods.
Precasting structural elements is one way to accelerate the construction of bridges.
Downtime can be reduced significantly by constructing some elements off site and then bringing
the individual pieces on site to be assembled. In regions of low seismicity, this strategy has been
used often to construct bridge girders and occasionally for bridge structures. In contrast,
substructures have rarely been precast in regions of moderate or high seismicity. Significant
challenges must be overcome when using precast substructures in seismically active regions.
The most convenient location (considering transportation and construction logistics) to
connect precast substructure elements is the beam-to-column and the column-to-footing
interfaces. These locations are also the regions that will have the highest moment and inelastic
demands during earthquakes. New systems are needed that are both seismically resistant and
convenient to construct.
Weinert et al. [2011] summarizes various systems that have been proposed for rapid
construction of bridge substructures in seismically active regions. For example, Restrepo et al.
[2010] and Matsumoto et al. [2009] considered a column-to-cap beam pocket connection. The
connection involved bars projecting from a column into a pocket created by a corrugated pipe in
the precast cap beam, as shown in Figure 1.2. Haraldsson et al. [2011] developed a socket detail
to connect precast columns with cast-in-place footings (see Section 1.2). Pang et al. [2008]
developed a large-bar, large-duct detail to connect precast columns and crossbeams (see Section
1.3).

Figure 1.2

1.2

Cap beam socket connection [Restrepo et al. 2010].

COLUMN−TO−FOOTING CONNECTION: SOCKET CONNECTION CONCEPT
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A socket connection has been developed to connect precast columns and the supporting spread
footings. The socket connection was developed at the University of Washington in collaboration
with Berger/ABAM Engineers, Concrete Technology Corporation, Tri-State Construction, and
the Washington State Department of Transportation. The connection involves a precast concrete
column embedded into a cast-in-place spread footing. The embedded portion has a roughened
surface to increase the load transfer between the column and footing.
As shown in Figure 1.3, the construction process for this system is simple. The location
of the footing is excavated and the precast column is brought in and leveled. The footing
reinforcement is then put in place and the concrete is cast securing the column in place.
Alternatively, the footing reinforcement could be placed before the column is set.

Figure 1.3

1.3

Socket connection construction method [Haraldsson et al. 2011].

COLUMN−TO−CAP BEAM CONNECTION: GROUTED BAR CONNECTION
CONCEPT

The socket connection concept is not practical for the column-to-cap beam, because the socket
connection’s protruding precast column would interfere with the reinforcement in the cap beam.
3

Another connection concept is needed at the beam to column interface. To facilitate precast
rapid construction, a new connection was developed at the University of Washington. The
connection involved column bars being grouted into corrugated metal ducts precast in the cap
beam [Pang et al. 2008]. Aligning a large number of small bars into pre-cast ducts in a cap beam
would be quite difficult, so instead, a small number of large bars and ducts were used in the
column to make the connection easier to assemble (see Figure 1.4). Larger bars require longer
development lengths. Steuck et al. [2007] evaluated the development length characteristics of the
larger bars in grouted ducts and found that there was sufficient depth in the cap beam to develop
large bars. Figure 1.5 shows the pullout test set up.

Figure 1.4

Figure 1.5

Large bar grouted duct connection [Pang et al. 2008].

Pullout test setup for large bars [Steuck et al. 2007].
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1.4

PRESTRESSING TO REDUCE RESIDUAL DISPLACEMENTS

Many researchers have used prestressed, unbonded, high-strength tendons, bars or strands to
reduce the residual displacement of systems after a seismic event (e.g., Cohagen et al. [2008]).
The tendons are designed to remain elastic when the system undergoes large displacements.
According to this concept, the elastic element will provide a restoring force that will return the
element to its original location [Stanton et al. 1997]. The unbonded length of the tendons is large
in comparison to the elongation expected in the tendons. Consequently, the deformations will be
distributed throughout the unbonded length, the strain increment will remain low and the tendons
will remain elastic.
A residual displacement is defined as the displacement of a system when the force returns
to zero after a load cycle. If there is no displacement when the force is removed from a system,
then it has perfectly re-centered. If there is still some displacement when the force is removed,
this is the residual displacement. In non-prestressed systems, the steel reinforcement will yield
while it is being cycled and cause large residual displacements. In the proposed system, the
tendons are designed not to yield, so they will continuously supply a re-centering force that will
bring the system back to its original position after a seismic event. Figure 1.6 compares the
hysteretic behavior of non-prestressed and unbonded prestressed systems. The tendons can be
post-tensioned or pre-tensioned. Pre-tensioning requires some portions of the tendons to be
bonded as a means of anchorage, whereas post-tensioning tendons can be unbonded throughout
the entire element and anchored at the ends using a mechanical anchor system.

Figure 1.6

Theoretic hysteresis for non-prestressed and prestressed systems
[Stanton et al. 1997].

Cohagen et al. [2008] tested a re-centering system at the University of Washington. The
system consisted of a single unbonded post-tensioning bar in the middle of a column. The
column was connected to a cap beam using both the unbonded bar tendon and the same large bar
connection developed by Pang et al. [2008]. Thus, it was composed of both prestressed and nonprestressed reinforcement. The system exhibited re-centering behavior better than that of a
reference, non-prestressed system, but did not behave as ideally as the theoretical system shown
in Figure 1.6. The actual behavior of the system can be seen in Figure 1.7.
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Figure 1.7

Moment drift response of post-tensioned column [Cohagen et al. 2008].

Pre-tensioning was ultimately chosen for a number of reasons. Post-tensioning would
slow down the construction by adding another step on site and would be difficult to anchor on
the bottom of the column. Post-tensioned strands are also susceptible to corrosion, and the wedge
portion of strand anchors must bite into the strand causing a weak point in the strand. Finally,
precasting and pre-tensioning can usually be performed within the same facility.

1.5

NEW HYBRID GROUTED BAR SOCKET CONNECTION

The pre-tensioned strand could easily be incorporated in the column-to-footing socket
connection, but it required a modification of the beam-to-column connection. Without the pretensioned strand, the connection could consist of just bars grouted into corrugated ducts, as was
used by Pang et al. [2008]. However, for the column to have un-bonded pre-tensioned strand
running from the beam-to-column interface to the column-to-footing interface, the column must
project into the cap beam to anchor the strands. Therefore, a simple grouted duct connection was
not possible.
The socket connection was not an option either due to the geometry of the connection.
The test cap beam was 28 in. wide and the column had a diameter of 20 in. For the cap beam to
be pre-cast and use the socket connection, the cap beam would need a corrugated duct
approximately 22 in. in diameter. This would only leave 3 in. on each side of the connection in
the cap beam, which would be unable to resist the shear demands placed on the system.
These considerations led to the development of a new hybrid grouted bar socket
connection. To facilitate the bonded strand in the cap beam, a duct was necessary to allow the
strand to project into the cap beam. To maximize the shear capacity of the cap beam and
minimize the possibility of punching shear failure, the duct needed to be as small as possible.
This meant that the ideal placement of the strands in the column was as close to the centroid as
possible, which worked out well because that is also the location that minimizes the strain
increase in the strand. With the strands placed near the centroid, the strands still provide a re-
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centering force, but yielding will occur at a large drift value because the strands experience less
strain closer to the centroid.
With the strand location determined, a system was developed to allow the strands to
project out of the main portion of the column into the cap beam, bond the strands, and hold the
bond of the strands sufficiently until the column and cap beam grouted together. To accomplish
this task, a reduced diameter section with the same roughened surface detail as the socket
connection was created around the pre-tensioned strands. This reduced diameter socket was
7.625-in. in diameter and contained the six strands configured in a 6-in.-diameter circle. The
strands were confined by three gauge smooth spiral at 1.25-in. spacing to prevent bond loss
before the column and cap beam were connected. A schematic of this this new hybrid connection
is shown in Figure 1.8.
This 7.625 in. reduced diameter section fit into an 8.5-in. corrugated duct located at the
center of the precast cap beam. An additional six 1.25-in. diameter corrugated ducts were cast
into the cap beam for the longitudinal bars of the column. The column and cap beam were
connected by fitting the reduced column section and longitudinal bars into their corresponding
ducts, and then grouted them in place.

Reduced section containing strands

Bars Projecting into ducts in the cap beam

Figure 1.8

1.6

Hybrid grouted bar socket connection.

RESEARCH OBJECTIVES AND SCOPE

The goal of this research was to evaluate the performance of the spread footing socket
connection and the grouted-bar column-to-cap beam connection, previously developed at the
University of Washington, used in combination with un-bonded pre-tensioned strands for recentering. Each type of connection had been tested previously in its non-prestressed form and
was found to have sufficient axial and moment capacity to be used in seismic regions. This
research took the concept one step further to determine the advantages and disadvantages of
adding prestressing strands to the system.
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The primary questions to be addressed were:



Does the system re-center? If so, to what degree? What are the limitations on its recentering?



What drift percentage can be achieved before the residual drift of the system is larger
than what is considered acceptable?



What effect does the prestressing strand have on the damage progression of the
system?



Does the system have any unexpected behavioral characteristics?

In order to answer these questions, two 42% scale test subassemblies were constructed:



One spread footing socket connection with the addition of pre-tensioned strand
(Specimen PreT-SF).



One grouted bar column to cap beam connection with the addition of pre-tensioned
strand (Specimen PreT-CB).

Chapter 2 discusses the design of the specimens, including a detailed description of the
connections. Chapter 3 describes the experimental set up. Chapters 4 and 5 present the data
collected during testing, and Chapter 6 contains the data analysis. Finally, Chapter 7 summarizes
the research findings and provides recommendations.
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2

Design of Test Specimens

For the purpose of designing the test specimens the pre-tensioned column shown conceptually in
Figure 1.1 was assumed to be one column in a prototype multi-column bent. Because such
columns are typically connected to a stiff foundation at the bottom and the cap beam at the top,
the system will behave similarly to a fixed-fixed column. Testing a complete bent is difficult and
expensive, so two cantilever specimens were constructed and tested, one representing the top
half of the column and cross-beam (PreT-CB) and the other one representing the bottom half of
the column and footing (PreT-SF), as shown in Figure 2.1. The shear span (distance from the
fixed end to the lateral load point) was taken as half of the clear height of the prototype column.
Detailed drawings of the two test specimens are presented in Appendix B.

Figure 2.1

PreT-SF and PreT-CB assembly.
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2.1

GEOMETRY OF TEST SPECIMENS

The geometry of the test specimens was governed by that of the prototype bridge bent, which in
turn, was strongly influenced by the proposed construction procedure and the desired seismic
response. The column was reinforced with a combination of unbonded prestressing strand and
bonded reinforcing steel. This combination was intended to provide both re-centering from the
elastic response of the unbonded strands and energy dissipation by cyclic yielding of the
reinforcing bars. To maximize the cyclic strains and energy dissipation, the bonded bar
reinforcement was placed near the exterior of the column. The opposite consideration guided the
selection of the location of the unbonded prestressing strand. The strands were placed close to
the centroid of the column to minimize the cyclic strains and increases in stress. This strategy
made it possible to apply a higher initial stress to the strands without the strands yielding until a
large drift value was reached. A high initial stress increased the restoring force.
The column was connected to its foundation by casting the spread footing around the
precast column. The portion of the column surface cast into the footing was intentionally
roughened with a saw-tooth detail to facilitate shear transfer across the PC-CIP interface. No
reinforcing steel crossed the column-footing interface.
The top of the prototype column had to be connected to the cap beam. This could have
been achieved by forming a void in the cap beam large enough for the full diameter of the
column to fit into and then grouting the top of the column into the cap beam. However, this
would have resulted in an excessively wide and heavy cap beam. Instead, a reduced diameter
section was created around the strands that fit into a smaller void in the cap beam. Additionally,
the longitudinal reinforcing bars projected out of the column into ducts in the cap beam and were
grouted in place. The reduced diameter section of the column allowed the cap beam to be a
reasonable size and the shoulder of the column provided a convenient seat for the cap beam
during construction. The geometry of this connection is shown in Figure 2.2.

Figure 2.2

Column-to-cap beam connection.

In addition, the reduced diameter section allowed the strands to be bonded as high as
possible in the column, which maximized the unbonded length of strand in the central portion of
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the column. This configuration allows the column to reach a larger drift before the strands begin
to yield. The number of strands was determined by the need to re-center the column.
The diameter of the reduced section had to be large enough to sustain the required
compressive stress due to prestressing. With the total compressive force from the strand applied
to the smaller cross-section of the reduced section, the local stresses were higher. Heavy spiral
was added to the reduced section to provide confinement, help resist the locally high
compressive stress, and resist cracking and splitting to improve the bond.
The bonded bars projected out of the shoulder of the column into ducts in the cap beam.
The location of the bonded reinforcing bars allowed the cap beam to be approximately the same
diameter as the column. This width is the minimum used in typical cast-in-place construction, so
the proposed system imposed no additional constraints in that regard.
During lateral loading, unbonded prestressed members behave differently than members
with typical bonded reinforcement. Unlike the distributed cracking seen in members with only
bonded reinforcement, unbonded prestressed members have a tendency to form a single, large
crack. The proposed system was intended to crack at a location a short distance above the
footing. This location was chosen to prevent moisture from seeping into any cracks caused by
lateral loading. When the column is loaded laterally, the moment will be higher at the base of the
column than at the intended crack plane. To accommodate the higher base moment and
concentrate the damage at the crack plane, the bottom of the column was reinforced with
additional short bars. The crack at the top connection will naturally occur at the interface
between the column and cap beam. Moisture was not a concern here because this location is
already off the ground where ponding is not a concern, so no measures were taken to alter the
location of cracking.
In the prototype, the pre-tension strand was unbonded in the central region and only
bonded at the ends. It was designed to slip freely in the central region when subject to lateral
load. However, by symmetry there should be no slip at the mid-height of the column. This
allowed the strands in the cantilever test specimens to be bonded in the footing or cap beam and
at the load point, which was located at what would be the inflection point in the prototype. To
prevent slip of the strand, it has to be bonded over a certain length rather than at a single point. In
order to avoid a large extension of the column above the lateral load point, the unbonded length
of strand was reduced slightly and the bonded portion was centered on the lateral load point. This
reduction of unbonded length should cause the strands in the test specimen to yield at a slightly
lower drift ratio than the prototype.
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Figure 2.3

2.2

Bonded portions for prototype and test specimens.

PROPERTIES OF TEST COLUMNS COMMON TO BOTH SPECIMENS

Both test columns had the same octagonal cross section, 20 in. in diameter from flat face to flat
face. The number and configuration of bonded reinforcing bars and unbonded strand was
identical for both columns. The columns were designed to have approximately the same strength
as a conventional, cast-in-place RC column with a reinforcing ratio of 1%, but also to re-center
when lateral loads were removed. To achieve this goal, both test columns were designed on the
principle that approximately 40% of the flexural strength of the column would come from the
bonded bar reinforcement and 60% would come from the prestressing strand. The bonded bars
were chosen to provide a longitudinal reinforcement ratio, ρ, of approximately 0.4%. The strands
were designed to provide ρ of approximately 0.6%(fsy/fpy) = 0.15% with f sy being the yield
stress of the deformed bars and f py being the yield stress of the strand. The gross area of the
octagon was 331.4 in2, so the design steel areas for the mild and prestressed reinforcement were
As = 1.33 in.2 and Ap = 0.50 in.2, respectively.
Final areas were chosen based on the available bar and strand sizes. Six #4 bars resulted
in a total steel area As = 1.2 in.2, and six 3/8-in. diameter strands resulted in a total area of
prestressing strand, Ap = 0.51 in.2. Six #4 bars were used in a circular pattern with a 17.25-in.
diameter and six 0.375-in. diameter epoxy-coated strands were used in a circular 6 in. diameter
pattern as shown in Figure 2.4. Epoxy-coated strands were used to improve the bond and inhibit
corrosion.
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Figure 2.4

Cross section for test columns.

The transverse reinforcement was a circular spiral of three-gauge smooth wire, with a
pitch of 1.25 in. The spiral continued over the length of the column with the full 20-in. diameter
and provided a transverse reinforcement ratio, ρs, of 0.93%. Each strand was jacked to a stress of
180 ksi, which resulted in a computed effective stress of 178 ksi in the column after initial elastic
losses (assuming a nominal initial concrete strength of 5000 psi, resulting in a nominal elastic
modulus of 4000 ksi). The total force immediately after transfer was 90.8 kips, which was
calculated to cause a stress of 277 psi in the concrete. Creep loss was approximated as twice the
initial elastic loss (2 × 2ksi = 4 ksi). A shrinkage strain of 300 micro-strain was used as an
approximation resulting in a shrinkage loss of 9 ksi. Accounting for all these losses resulted in a
stress of approximately 165 ksi in each strand and an effective stress of 253 psi in the concrete.
The concrete strength at release was selected to be 5000 psi in order to be able to sustain this
loading.
The bonded length necessary to fully anchor the epoxy coated strands was uncertain. The
roughness of the epoxy coating on the strand was assumed to increase the friction bond between
the strand and concrete, but the magnitude was unknown. To investigate the bond characteristics
further, Moustafa tests [Logan 1997] were conducted performed on epoxy coated strand. The
results can be found in Appendix D.
2.3

DETAILED DESIGN OF PreT−SF COLUMN

Specimen PreT-SF differed from PreT-CB in that a crack plane was created 6 in. above the
interface between the column and footing. This crack plane concentrated the damage above the
footing at a location where it could be seen with the footing underground. Figure 2.5 shows the
layout of the reinforced base. The crack plane was created by reinforcing the base 30.5 in. of the
column. The reinforced base section contained a total of 14 #4 rebar. The six #4 bars used in the
main section of the column continued all the way to the bottom and eight additional #4 short bars
were added to extend from the crack plane to the bottom of the column. The spiral in the
reinforced base was continued from the main section of the column. Only the six continuous
longitudinal rebar were headed at the bottom. To create the socket connection, the outside of the
octagon in this section had a roughened surface detail for the bottom 24.5 in.
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Figure 2.5

Cross section and profile of reinforced base for PreT-SF.

Figure 2.6

Reduced section for actuator.

The column had 54 in. of unbonded strand. The strand was bonded in the footing for 24.5
in. (length extending into the spread footing), unbonded in the central portion, and then bonded
for the top 24 in. The column height was 66 in. from the top of the footing to the lateral load
point giving a height of 60 in. from the crack plane to the lateral load point. This 60 in. height
was used to compute the drift during testing, assuming that the reinforced base was rigid and
bending occurred only above the crack plane.
The top 21 in. of the column had a reduced section to accommodate attachment of the
horizontal load actuator as shown in Figure 2.6. The width of the octagonal column remained 20
in., but the depth had to be reduced to 13 in. so that a flat adaptor plate could be placed on the
face of the column to attach the actuator to the specimen. In this reduced section, there were
eight #4 bars confined by #3 stirrups spaced every 3 in. In addition to the eight reinforcing rebar,
the six prestressing strand continued through this section and were confined by three-gauge
spiral with a 1.25-in. pitch.

14

2.4

DETAILED DESIGN OF PreT−SF FOOTING

The design of the spread footing was designed according to the AASHTO Guide Specifications
for LRFD Seismic Design [2009], WSDOT Bridge Design Manual [2008], and Caltrans Seismic
Design Criteria [2006]. The general reinforcing layout can be seen in Figure 2.7 and detailed
drawings can be found in Appendix B.

Figure 2.7

Footing reinforcing layout.

The only difference was the void space underneath the column, which had to be increased
from 1.6875 in. to 7 in. to accommodate strand chucks at the bottom of the column. Although
similar to those seen in Figure 3.2, no load cells were placed here because the bonded length of
strand was longer on the bottom than on the top. Therefore, slip of strand only needed to be
measured at the top because it would be expected to slip first.
2.5

DETAILED DESIGN OF PreT−CB COLUMN

For the PreT-CB column, the six #4 rebar projected 15.5 in. out of the shoulder of the column
and were grouted into 1.25-in.-diameter corrugated metal ducts in the cap beam. The duct size
was chosen based on what was already available in structural laboratory. When the column and
cap beam were fitted together, the small ducts did not align correctly with the bars. Small
misplacements of the ducts caused the fit to be much tighter than desired and larger ducts should
have been used to allow for an easier connection. Additionally, the column had a 7.625-in.diameter octagonal section containing the prestressing strand with the same roughened surface
15

detail as the bottom socket connection, as shown in Figure 2.8. This section was 31.25 in. long
and was grouted into an 8.5-in.diameter corrugated metal duct. Three-gauge spiral with a 1.25-in.
pitch was added to this section to increase confinement and prevent the stress from the strands
from cracking and breaking the section before it could be grouted into the cap beam.
The strand was bonded for the bottom 31.25 in. (length of the reduced diameter section),
unbonded for 54 in., and then bonded for the top 18 in. of the column. The reason for PreT-CB
having 6 in. less bonded strand at the top than PreT-SF is the configuration of the two specimens.
The cap beam was deeper than the spread footing. To allow the two specimens to fit into the
reaction frame and keep the horizontal actuator at the same height for both tests, the bonded
length at the top of PreT-CB was reduced.
No crack plane was created in PreT-CB, because it was unnecessary. The connection
location created a natural crack plane; unlike PreT-SF, this location is already above ground
where moisture is less of a concern. Since there was no crack plane for this specimen, the
column extended 60 in. from the top of the cap beam to the lateral load point. To accommodate
attachment of the horizontal actuator, the top 21 in. of PreT-CB had the same reduced detail as
PreT-SF, as shown in Figure 2.6.

Figure 2.8

2.6

Reduced diameter section for PreT-CB.

DESIGN OF PreT−CB CAP BEAM

The cap beam was designed according to ACI 318-08 to meet the shear and moment demands of
the system. The cap beam was designed such that the damage from lateral loading would be
concentrated in the column rather than the cap beam. The cap beam was 28 in. wide, 78 in. long
and 31.5 in. deep. Figure 2.9 shows the basic reinforcing layout and detailed drawings can be
found in Appendix B. The primary flexural reinforcement consisted of a total of 16 #7 bars, eight
top bars and eight bottom bars, bundled in pairs of two with 90 degree hooks on each end. The
vertical distance between the bars was 35 in. center to center. The horizontal distance between
these reinforcing bars was controlled by the ducts in the cap beam. The large central duct
prevented the four rows of reinforcing bars from being evenly spaced. To accommodate the
central duct, two rows of reinforcement were placed on each side of the duct spaced 5 in. apart.
For testing, the portion of the cap beam below the column had to be raised up off of the
reaction block so that strand chucks could be attached to the pre-tensioned strands. This was
accomplished by increasing the depth of the cap beam to 38.5 in. for 28 in. on each end, leaving
a 22-in. void space.
The portion of the cap beam constructed to prevent the strand chucks attached to the
strands of the column from being crushed was only mildly reinforced with four #3 reinforcing
bars aligned with the primary reinforcement in the top portion of the cap beam. This portion was
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not designed to provide strength to the system and the reinforcement was only added to prevent
these portions from crushing during testing.
The PreT-CB specimen was constructed with the cap beam on top of the column as it
would be in practice and then flipped over so that it could be tested. The column was placed
upright in a scaffolding structure, and then the cap beam was lowered in place. Once the cap
beam was aligned correctly, the ducts were filled with grout.

Figure 2.9

Cap beam reinforcing layout.
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3

Experimental Program

3.1

TEST SET UP

Both test specimens were tested using the self-reacting frame and 2.4-million-pound capacity
Baldwin Universal Testing Machine at the University of Washington. The test configuration is
shown in Figure 3.1.

Figure 3.1

Self-reacting frame and Baldwin Universal Testing Machine [Cohagen et
al. 2008].

The base of the frame consisted of a large concrete reaction block with W24x103 beams
post-tensioned to each side. The beams ran to the back of the frame and were connected to a pair
of W24x94 columns. Each column was stiffened by an HSS 6×6×3/8 diagonal brace connecting
the column to the base beams. The horizontal 220-kip-capacity servo-controlled actuator (MTS
actuator) was attached to a W14×90 crossbeam that was bolted to each column. The crossbeam
can be raised and lowered to accommodate many different sized specimens. Each specimen was
placed onto the concrete block, centered, and leveled under the Baldwin Universal Testing
Machine, and then hydro-stone was poured under the specimen to provide a smooth level testing
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surface. The specimens were then secured down to the reaction block using four 1.25-in.diameter Williams bars. Each Williams bar was stressed to 80 kips to prevent overturning and
sliding of the specimen.
Axial load was transferred to each specimen through the use of a spherical bearing that
was placed on top of the loading ring (see Section 3.2). The bottom of the bearing was secured to
the top of the specimen using hydro-stone, and the top of the bearing rested in a low friction
channel attached to the Baldwin head. To minimize friction, the portion of the bearing resting in
the channel was lined with greased polytetrafluoroethylene (PTFE) on the top and sides, which
slid against greased stainless steel plates attached to the insides of the channel.
3.2

INSTRUMENTATION

Described in greater detail below, the installed instrumentation consisted of load cells to monitor
the applied loads, load cells to monitor potential force demands at the ends of the prestressing
strands, displacement transducers, inclinometers, strain gauges on the longitudinal and transverse
reinforcing bars, and a motion-capture system.
3.2.1 Applied Loads
The Baldwin Universal Testing Machine was used to apply the axial load to the column and an
MTS horizontal actuator applied the lateral loads. Each had its own internal load cell to measure
the loads applied to the system.
3.2.2 Force Demands at Ends of Prestressing Strands
Six load cells were also placed on the strands projecting from the top of the column and
anchored using strand chucks (see Figure 3.2). These load cells allowed any slip of the bonded
strand to be measured to determine if the bonded length of strand was sufficient.

Figure 3.2

Adjustable anchor system.
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The anchor system consisted of an adjustable spacer, a load cell and a strand chuck. The
spacer, load cell and chuck were placed on the strand, and then the chuck was stressed using a
hydraulic ram. An adaptor piece (Figure 3.3) was constructed to allow a center-hole ram to pull
against the chuck. The right end of the adaptor in Figure 3.3 was screwed into the chuck on the
strand. A center-hole ram was then slipped over the adaptor and secured with a steel plate and
nut. Each chuck was stressed to a force of 18 kips to allow the teeth of the wedges in the chucks
to grip the strand. Stressing the chuck created a small gap between the load cell and chuck, so the
adjustable spacer was tightened until each load cell had a load of 1 kip to ensure that there was
no slack in the system.
The same system was placed on the strands beneath the footing/cap beam without the
load cell. This precaution was taken in case the bonded length was insufficient to fully anchor
the strand. Load cells were not placed in this location because the bonded length at the bottom of
each specimen was longer. Thus, any slip should occur at the top of the specimen first and
would have been detected by the top load cells.
To accommodate the load cells and chucks on the top of the column, a loading ring was
used to transfer the axial load to the top of the column without crushing the load cells. The
loading ring was a 20-in.-inside-diameter hollow steel cylinder with a concrete cylinder cast
inside it. To allow the strands and load cells to fit inside, the concrete cylinder had an outer
diameter of 20 in. and an inner diameter of 12 in. The cylinder was 20 in. tall with a 2 in. thick,
22-in. × 22-in. square steel plate on the top, as shown in Figure 3.4.

Figure 3.3

Figure 3.4

Adaptor piece for stressing strand chucks.

Loading ring [Cohagen et al. 2008].
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3.2.3 Displacement Transducers
Displacement transducers were used to capture the displacements and deformations of each
specimen during loading. The column and footing specimen (PreT-SF) had 11 linear
potentiometers, whereas the cap beam and column specimen (PreT-CB) had 20 linear
potentiometers.
Specimen PreT-SF had four curvature rods drilled into the column, two on the north side
and two on the south. The heights above the footing were 1.5 in. and 9.25 in. nominally.
Curvature rods were cast into columns on previous column tests at the University of Washington,
but could not be for this specimen. The column was cast horizontally on the south face of the
column and could not have curvature rods protruding outward. Since the rods were added to the
column after casting, the height of each rod had to be adjusted so that the confining spiral was
not broken during drilling. The relative displacements of the rods were measured using linear
potentiometers numbered 1 through 4 attached to an aluminum track system running between the
curvature rods (see Figure 3.6).

Figure 3.5

Linear potentiometers for PreT-SF.
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Figure 3.6

Curvature rod track system.

A total of three string potentiometers (numbers 5-7) were used to measure the lateral
displacements of the column. The string potentiometers were attached to a rigid reference tower
anchored to the floor on the north side of the test frame. For convenience, two of the string pots
were attached to the ends of the curvature rods on the north side of the column and the third was
attached to the column 60 in. above the crack plane at the center of the lateral load point to
measure the drift of the specimen during loading.
To measure the vertical displacements of the column and determine if punching shear
was a problem, a rocking rod system was constructed. The rod was a simple lever system with
the fulcrum placed out of center so that when placed under the specimen, one end of the rod
would always rest up against the underside of the column. The other end of the rod stuck out the
side of the footing where a linear variable differential transformer (LVDT), number 10, was
attached to measure the displacement of the rod. The specimen was stressed down to the reaction
block to prevent it from slipping against the reaction block. To ensure that this is true, two linear
potentiometers, numbers 8 and 9, were placed on top of the reaction block against the bottom of
the footing to measure any lateral displacements of the specimen. The final linear potentiometer,
number 11, was attached to a rigid reference frame on the south side of the test frame and
measured the lateral displacement of the beam attached to the MTS actuator.
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Figure 3.7

Rocking rod for measuring vertical displacement of PreT-SF.

Figure 3.8

Linear potentiometers for PreT-CB.

Specimen PreT-CB had a total of 8 curvature rods drilled into the column, four on the
north side and four on the south side. The heights above the cap beam were nominally 1.75 in.,
6.75 in., 11.75 in., and 18 in., but again were placed as close to these heights as the spiral in the
column would allow. Eight linear potentiometers, numbered 1 through 8, were used to measure
the relative movements of these rods. Five string potentiometers, numbered 9 through 13, were
used to measure the lateral deformation of the column, 4 were attached to the ends of the north
curvature rods and one at the center of the lateral load point to measure the drift of the system.
To measure deformations of the cap beam on top of the reaction block, 3 potentiometers
were used, numbered 14 through 16. Two were placed on the south side of the specimen with
one measuring vertical displacement and one measuring lateral displacement. The third
potentiometer measured the vertical displacement of the north side. The same set up was used to
measure the displacements of the block against the floor with two potentiometers on the south
side and one on the north side, numbers 17 through 19. The final linear potentiometer, number
20, was the same one used for PreT-SF to measure the displacement of the actuator beam.
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3.2.4 Inclinometers
Rotations of the columns were measured at heights of 10 in., 18 in., 30 in., and 40 in. These
rotations were monitored using four inclinometers attached to the east face of the column.
3.2.5 Strain Gauges
Strain gauges were added to the rebar in pairs so that the strain values could be averaged
between the two gauges. The north and south longitudinal rebar for PreT-SF had three strain
gauge locations for a total of six strain gauges per bar. The north and south bars had strain
gauges located 7 in. below the column-to-footing interface, at the interface, and 7 in. above the
interface by the crack plane. In addition to the north and south bars, the northeast and southwest
bars in the reinforced base section had strain gauges at the interface. The final four strain gauges
were placed on the spiral on the north and south sides of the column. The strain gauges are
indicated by the black rectangles in Figure 3.9.
The strain gauges for PreT-CB were also attached to the rebar in pairs. There were a total
of 16 strain gauges in this specimen. PreT-CB had the same three locations on the north and
south bars as PreT-SF (7 in. below interface, at the interface, and 7 in. above the interface). The
remaining four gauges were attached to the spiral at the interface. The strain gauges are
indicated by black rectangles in Figure 3.10.

Figure 3.9

Strain gauge locations for PreT-SF.
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Figure 3.10

Strain gauge locations for PreT-CB.

3.2.6 Motion Capture System
The Optotrak system consisted of LEDs attached to the face of the column and two cameras to
capture the motion of the LEDs, as shown in Figure 3.11. The LEDs were placed on the north,
west, and south faces of the column at a vertical spacing of 2 in. for the bottom third of the
column and 4 in. for the remaining height of the column. This was done because the majority of
the rotation of the column occurred at the interface and the tighter spaced LEDs would capture
the behavior more accurately. The two camera setup allowed for simultaneous monitoring of the
north and south side of the column. For specimen PreT-SF, there was a problem with one of the
cameras so data was only collected on the north side of the column.

Figure 3.11

Optotrak camera and LED.
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3.3

TESTING PROTOCOL

The specimens were subjected to both axial and lateral loads. An axial load of 159 kips was
applied to the specimen. This load was calculated as the un-factored dead load on the prototype
bridge according to the AASHTO LRFD Specifications [2009] and scaled to the 42% lab scale.
The lateral displacement history was a modified version of the NEHRP recommendation for
precast structural walls [Building Seismic Safety Council 2004]. Both the lateral displacement
history and the axial load were the same as Haraldsson et al. [2011].
A test cycle was run the day before each test. A reduced axial load of 90 kips was applied
to the specimen and it was displaced to a drift of 0.05%. This was done to ensure that all gauges
were working properly prior to the test. The lateral displacement history was composed of sets,
each containing four cycles (see Table 3.1). The four cycles had peak drift values of 1.2A, 1.4A,
1.4A, and 0.33A, with A being equal to the maximum drift from the previous cycle. The drift
was determined using a column height of 60 in. for both specimens. The height from the crack
plane to the center of the lateral load point for PreT-SF and the distance from the beam-tocolumn interface to the center of the lateral load point for PreT-CB was 60 in.
The small cycle at the end of each set was used to measure the residual stiffness of the
system. For the test, positive displacements were in the south direction and referred to as “peak”,
and negative displacements were in the north direction and referred to as “valley.” For the first
two cycles of each set, the specimen was held at the peak and valley positions so that it could be
inspected and the crack progression could be accurately mapped. The remaining two cycles of
each set were run completely without stops. For sets 1 through 6, the time to peak was 20
seconds, sets 7 through 9 had a time to peak of 30 seconds, and the final set had a time to peak of
60 seconds.
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Table 3.1

Set

1

2

3

4

5

Cycle

Drift (%)

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

±0.33
±0.40
±0.40
±0.13
±0.48
±0.58
±0.58
±0.19
±0.69
±0.83
±0.83
±0.28
±1.00
±1.19
±1.19
±0.40
±1.43
±1.72
±1.72
±0.57

Displacement history.

Displace
ment
(in.)
±0.20
±0.24
±0.24
±0.08
±0.29
±0.35
±0.35
±0.12
±0.41
±0.50
±0.50
±0.17
±0.60
±0.72
±0.72
±0.24
±0.86
±1.03
±1.03
±0.34
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Set

6

7

8

9

10

Cycle

Drift (%)

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

±2.06
±2.48
±2.48
±0.83
±2.97
±3.57
±3.573
±1.19
±4.28
±5.14
±5.14
±1.71
±6.16
±7.40
±7.40
±2.47
±8.87
±10.65
±10.65
±3.55

Displace
ment
(in.)
±1.24
±1.49
±1.49
±0.50
±1.78
±2.14
±2.14
±0.71
±2.57
±3.08
±3.08
±1.03
±3.70
±4.44
±4.44
±1.48
±5.32
±6.39
±6.39
±2.13
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Damage Progression

The damage to the two specimens (PreT-SF and PreT-CB) was recorded using crack-width
measurements, sketches of cracks, and numerous photographs, see Appendix C. This chapter
defines key damage states and documents the damage progression for both specimens.
4.1

DEFINITIONS OF DAMAGE STATES

The specimens were monitored closely to identify key damage states previously defined by the
UW/PEER Structural Performance Database [Berry and Eberhard 2004]; see Table 4.1. These
damage states have also been identified in previous experiments and allow for easy comparison
among experiments.
Table 4.1

Damage state definitions.

Damage State

Description

First significant horizontal crack

Crack width ≥ 0.5 mm

First significant diagonal crack

Diagonal crack extends ¼ of column diameter. Crack
width ≥ 0.25 mm

First open residual crack

Residual crack width ≥ 0.25 mm

Fire yield of longitudinal reinforcement

First strain gauge that reaches yield strain (0.00212

First yield of transverse reinforcement

Observed spalling on surface

First spalling in footing

Observed flaking minor spalling

First spalling in column

Spalled height ≥ ¼ of column diameter

Significant spalling in column

Spalling height no longer increases with increasing
deformation

Fully spalled

First observation of column longitudinal reinforcement

Exposure of longitudinal
reinforcement

First observation of column longitudinal bar buckling

Buckling of longitudinal reinforcement

Crack width ≥ 2.0 mm

Large cracks in concrete core

Observation or sound

Fracture of transverse reinforcement

Observation or sound

Fracture of longitudinal reinforcement

Instability of member

Loss of axial capacity
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4.2

DAMAGE PROGRESSION

The day before the full test, each specimen was subjected to a preliminary cycle, and the
specimens were checked for damage. Small hairline cracks were observed at this time, but all of
these cracks closed completely after the cycle was completed. During the full tests, each
specimen was subjected to a total of 40 cycles. Table 4.2 contains the cycle and drift ratio at
which each damage state was reached in each specimen. The positive and negative drift values
correspond to the peak and valley drifts achieved in the cycle. The peak and valley drifts are not
exactly the same due to deflections of the test frame during testing.
Table 4.2

Summary of damage states for PreT-SF and PreT-CB.
Set

PreT‐SF
Cycle

Drift (%)

Set

First significant horizontal crack

3

1

0.52/‐.64

3

2

0.44/‐0.69

First significant diagonal crack

6

2

2.1/‐2.3

5

2

1.2/‐1.52

First open residual crack

4

2

0.89/‐.98

5

1

0.96/‐1.26

First yield of longitudinal reinforcement

2

1

‐0.28

1

3

‐0.33

First yield of transverse reinforcement

7

1

‐2.63

7

1

‐2.74

n/a

n/a

n/a

n/a

n/a

n/a

First spalling in column

5

1

1.1/‐1.2

5

1

0.96/‐1.26

Significant spalling in column

7

3

3.2/‐3.3

7

1

2.5/‐2.8

Fully spalled

9

3

7.4/‐7.3

9

1

6/‐6.1

Exposure of longitudinal reinforcement

7

3

3.2/‐3.3

7

2

3.1/‐3.4

Buckling of longitudinal reinforcement

7

3

3.2/‐3.3

7

3

3.1/‐3.3

Large cracks in concrete core

9

3

7.4/‐7.3

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

8

1

4.0/‐4.2

8

1

3.8/‐4.1

n/a

n/a

n/a

n/a

n/a

n/a

Damage State

First spalling in footing/cap beam

Fracture of transverse reinforcement
Fracture of longirudinal reinforcement
Loss of axial capacity

PreT‐CB
Cycle
Drift (%)

Both specimens behaved similarly. The first significant horizontal crack occurred at
approximately 0.6% drift for both specimens (Set 3). All horizontal cracks closed until
approximately 1%, at which point the first open residual cracks were noticed. The diagonal
cracks in the column took longer to develop, with the first significant diagonal crack occurring at
approximately 2.2% drift (Set 6 Cycle 2) for PreT-SF and slightly earlier for PreT-CB at a value
of 1.4% drift (Set 5 Cycle 2). Longitudinal reinforcement began yielding early in the test for both
specimens, at a drift ratio of approximately 0.3% in both specimens. Yielding of the longitudinal
bars was first detected in the South Bar. Figure 4.1 defines the naming convention for the
longitudinal reinforcing bars.
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Figure 4.1

North and south direction definition.

The next significant damage event was spalling. For both of the specimens, spalling only
occurred in the column. No spalling was observed in the footing or cap beam. Column spalling
began at approximately 1.1% drift (Set 5 Cycle 1) for both PreT-SF and PreT-CB. PreT-SF
spalled on both the north and south side above the crack plane during this cycle, while PreT-CB
spalled only the north side just above the interface. For PreT-CB, significant spalling occurred at
approximately 2.7% drift (Set 7 Cycle 1); the spalling stopped progressing upward at
approximately 6% drift (Set 9 Cycle 1). These damage states occurred slightly later in PreT-SF,
with the first significant spalling at approximately 3.2% drift (Set 7 Cycle 3); the specimen was
fully spalled at approximately 7.3% drift (Set 9 Cycle 3).
As the spalling progressed, the longitudinal reinforcement became exposed in the region
near the connection at cycles containing the same target drift for both specimens (3.25% Set 7).
PreT-SF buckled during the cycle when the longitudinal rebar became exposed. The south rebar
was the first to buckle in PreT-CB as well and also occurred at Set 7 Cycle 3.
Once the bars began to buckle, it was not long before they fractured as they underwent
cycles of compression buckling and tension straightening. The south bar broke in each specimen
at approximately 4% drift (Set 8 Cycle 1). Buckling and fracture of the remaining longitudinal
bars followed shortly after. For PreT-SF, the north bar fractured at approximately 7.3% drift (Set
9 Cycle 2), and the remaining four longitudinal bars had buckled. By Set 10 Cycle 1 (8.8% drift)
all of the longitudinal rebar had fractured, but the remaining three cycles of the set were run to
evaluate the strength remaining from the prestressing strand. PreT-CB proceeded in a similar
manner. The north bar began buckling in the same set and cycle as when the south rebar
fractured, and the north bar fractured at approximately 5% drift (Set 8 Cycle 3). The remaining
rebar were all exposed and buckled by Set 9 Cycle 2 (7.3% drift); all had fractured by Set 9
Cycle 3 (7.3% drift).
The spiral yielded in both specimens during Set 7 Cycle 1 (2.7% drift). Spiral fracture
was not observed in either specimen during the test. For PreT-SF, the spiral on the north side
pulled into the center of the column after the north side bar had fractured; see Figure 4.2. The
spiral was also strong enough to prevent the longitudinal bars from buckling out radially. Instead,
the longitudinal rebar buckled parallel to the spiral; see Figure 4.3.
The spiral in PreT-CB had an identical design detail as PreT-SF, but it was found to have
been constructed slightly differently. The spiral was terminated in PreT-CB approximately 4 in.
above the cap beam on the south side, leaving a large gap; see Figure 4.4.
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Figure 4.2

Figure 4.3

Spiral from PreT-SF.

Bar fracture for PreT-SF.
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Missing spiral

Figure 4.4

4.3

Spiral termination for PreT-CB.

COMPARISON OF DAMAGE PROGRESSION

Figure 4.5 compares the drift ratios at which the various damage states were reached in the two
specimens. The two specimens performed similarly with the most significant difference being
the drift at which the specimens became fully spalled.

Figure 4.5

Major damage state comparison.
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5

Measured Response

5.1

MATERIAL PROPERTIES

The prestressed columns were constructed by Concrete Technology Corporation in Tacoma,
Washington, and delivered to the University of Washington. The spread footing and cap beam
were constructed in the Structural Laboratory at the University of Washington. Concrete
cylinders were cast (4-in. × 8-in. cylinders for the columns; 6-in. × 12-in. cylinders for the
footing and cap beam) at the same time as the specimens. The cylinders were then stored in the
fog room at the University of Washington until testing. Samples of rebar were obtained for the
spread footing and cap beam, but not for the column. Material tests were performed on the
concrete, grout, and reinforcement used in the column, footing, and cap beam.
5.1.1 Concrete Strength
Compression tests for the spread footing and cap beam were performed on concrete cylinders at
7 days, 14 days, 28 days, and on test day. Due to a shortage of concrete cylinders for the column
and a mix up with the moisture room, cylinders for the column concrete were tested 62 days after
the test for PreT-SF and on test day for PreT-CB. Table 5.1 summarizes the concrete strengths
for each component. See Appendix A for the other concrete compressive strengths.
Table 5.1

Concrete strength on test day.
Column

Footing/Cap Beam

Specimen
Strength (psi)

Days

Strength (psi)

Days

PreT-SF

7125

188

8768

55

PreT-CB

7020

231

7835

189

5.1.2 Grout Strength
Target 1118 unsanded silica fume grout was used for the connection between the column and cap
beam for PreT-CB. The connection was grouted with the cap beam on top of the column in its
intended position and was then flipped over into the test position. A series of 2 in. × 2 in. grout
cubes were tested at 7 days, 28 days, and on test day to obtain their compressive strength. The
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test day strength of the grout mix was 9850 psi. Further details of the grout can be found in
Appendix A.
5.1.3 Mild Reinforcement
Tension tests were performed on rebar in the spread footing and cap beam. No samples of the
column bars were obtained and therefore could not be tested. Additionally, there were no
samples of the #7 bars in the cap beam. The #3, #4, and #5 bars were tested using an Instron
600DX testing machine. Stress was determined by dividing the load by the nominal bar area; the
strain was measured using an extensometer with a 2 in. gauge length. Two tests for each bar size
were performed; the averages of the rebar tests are summarized in Table 5.2. All of the bars
tested had yield stresses higher than the design yield stress of 60 ksi.
Table 5.2

5.2

Summary of reinforcing bar strengths.

Bar No.

fy (ksi)

fu (ksi)

Nominal Area (in.2)

3

71

104

0.11

4

68.4

108.6

0.2

5

66.5

108.2

0.31

MOMENT−DRIFT RESPONSE

The moment, including P-Δ effects, was calculated at the base of each column using Equation
5.1.
M = h1 ⋅ H + Δ1 ⋅ h2 h1 ⋅ P − F ⋅ Δ 2

(5.1)

The variables of this equation are defined in Figure 5.1, where M is the moment being
applied to the base of the column, h1 was taken as 60 in. (the distance from the crack plane to the
lateral load point in PreT-SF and the distance from the cap beam to the lateral load point in PreTCB), h2 was taken as 96.5-in. (h1 plus the height from the lateral load point to the spherical
bearing where the axial load was applied), Δ1 was the measured lateral deformation at the lateral
load point, Δ2 was the lateral deformation where the axial load was applied and was
approximated as Δ1(h2/h1), P was the axial load applied to the column, and F was the
approximated friction force of the spherical bearing in the channel. The data without any friction
correction is plotted in Figure 5.3. The friction force (F) was calculated using a friction model
developed by Brown et al. (2008) as seen in Figure 5.2.
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Figure 5.1

Variable definition for moment calculation.
Friction Force

Displacement

Figure 5.2

Friction correction model.

Although greased stainless steel was placed in the channel and greased PTFE was placed
on the spherical bearing to minimize friction, not all of the friction could be eliminated. The
approximated friction had two components: sliding in the channel and rotation of the spherical
bearing. The effective coefficient of friction was calculated using Equation 5.2.

μeff = μflat + μcurved ⋅

R

(5.2)

Ltotal

R is the radius of the spherical element, Ltotal is the height between the footing surface and the top
of the bearing (hs in Figure 5.1), µflat is for sliding in the channel and µcurved is for the rotation of
the spherical element. The model is bilinear (Figure 5.2) with a spring stiffness (k) of 60 kips/in.
and a maximum force of µeffP, where P is the axial load on the specimen; µeff was determined by
Brown [2008] to be 1.6% making the maximum friction force 2.54 kips.
The resulting plots for moment drift had an implausible shape. At the points on the
hysteresis loops where the specimen changed loading directions, there was a quick drop and rise
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in moment (see Figure 5.4). This behavior was unexpected and investigated to determine if it
reflected the true behavior of the system or was a result of the friction correction.
The uncorrected plot does not contain the quick drops and rises in moment, suggesting
that the spikes were a result of the friction correction and not actual behavior of the system. The
spikes were found to be caused by the stiffness of the elastic portion of the friction correction.
Because 60 kips/in. was too stiff to accurately capture the behavior of this system, the elastic
stiffness was reduced to 5 kips/in. to remove the anomalies created by the friction correction.
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Uncorrected moment-drift plot.
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Moment-drift plot with k=60 kips/in.
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The moment versus drift responses of the systems are shown in Figures 5.5 and 5.6. The
moment response of each specimen was similar, but the maximum moment for PreT-SF was
approximately 8% less than the maximum moment for PreT-CB. PreT-SF had a maximum
moment of approximately 2850 kip-in., and PreT-CB had a maximum moment of approximately
3100 kip-in. Table 5.3 provides a summary of the moment response of both systems.
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Moment-drift response for PreT-SF.
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Moment drift response for PreT-CB.
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Table 5.3

Summary of moment drift response.
Specimen PreT-SF

Point of Interest

Specimen Pre T-CB

North
Direction

South
Direction

North
Direction

South
Direction

Maximum Base Moment (kip-in.)

-2533

2843

-2957

3085

Drift Ratio at Maximum Base Moment
(%)

-2.25

1.38

-2.76

1.55

80% of Maximum Base Moment (kipin.)

-2027

2274

-2366

2468

Drift Ratio at 80% of Maximum Base
Moment (kip-in.)

-4.94

6.1

-4.1

3.84

The maximum base moment was reached at approximately 1.8% drift for PreT-SF and
approximately 2.2% drift for PreT-CB. Failure of the specimens was defined as the point at
which the base moment decreased to 80% of its maximum value. This state was achieved at
approximately 5.5% drift for PreT-SF and approximately 4% drift for PreT-CB. For PreT-CB,
this state occurred at the same time that the first longitudinal bar fractured. However, the strength
of PreT-SF decreased more slowly and did not reach 80% of its maximum until the specimen
reached a drift approximately 140% larger than the bar fracture drift.
5.3

EFFECTIVE FORCE

The effective force acting on the specimen was approximated by dividing the base moment by
h1, the height from the point of fixity to the point of load application (Equation 5.3).

Feff = M h1

(5.3)

Figures 5.7 and 5.8 show the cyclic response of the two specimens in terms of Feff and
displacement, Δ1 as previously defined. The maximum effective force (MEF), 80% of the MEF,
and the corresponding displacements when each occurred are summarized in Table 5.4.
Table 5.4

Summary of effective force displacement response.
Specimen PreT-SF

Point of Interest

Specimen Pre T-CB

North
Direction

South
Direction

North
Direction

South
Direction

MEF (kips)

-42.2

47.4

-49.3

51.4

MEF Displacement (in.)

-1.35

0.83

-1.64

0.93

80% of MEF (kips)

-33.8

37.9

-39.4

41.1

80% of MEF
Displacement (in.)

-2.96

3.66

-2.46

2.31
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Effective force versus displacement for PreT-SF.
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Effective force versus displacement for PreT-CB.

COLUMN ROTATIONS

Rotations of the columns at various drift levels were calculated using data from three different
types of instruments: inclinometers, the Optotrak LED system, and linear potentiometers
attached to curvature rods. The inclinometers directly measure rotations, which are plotted in
Figures 5.9 and 5.10. These instruments show that the rotations were nearly constant for the
column above an elevation of 10 in.
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40
0.3%
-0.3%
0.7%
-0.7%
1.2%
-1.2%
2%
-2%

35
30

Height [in.]

25
20
15
10
5
0
-0.025 -0.02 -0.015 -0.01 -0.005
0
0.005
Rotation [rad]

Figure 5.10

0.01

0.015

0.02

0.025

Rotation profile from inclinometers for PreT-CB.

To determine the rotations of the columns using the Optotrak, vectors between LEDs
were calculated. Unit vectors between LEDs were calculated at the beginning of the test and
when the columns were subjected to certain drift values. The rotation was determined by taking
the inverse cosine of the dot product of corresponding vectors. Figures 5.11 and 5.12 show
rotation profiles determined using the Optotrak system. The gaps in Figures 5.11 and 5.12 are
due to LEDs from the Optotrak being blocked during portions of the test. As the column
deformed, LEDs moved in and out of view, and could not always be seen and produce data. The
final method of determining rotations of each specimen was through the linear potentiometers
attached to the curvature rods. The rotation was calculated using Equation 5.4.
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θi =

δ i, N − δi, S

(5.4)

Li

where θi is the rotation at a specified height, δi is the displacement measured by the linear
potentiometer on the north or south side, and Li is the horizontal distance between the linear
potentiometers.
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Rotation profile from Optotrak for PreT-SF.
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Rotation profile from Optotrak for PreT-CB.

The linear potentiometers for PreT-CB did not produce reliable data for most of the test
and their rotation profiles are not shown here. For PreT-CB, the two potentiometers on the
lowest curvature rod generated consistent data throughout the test, but the remaining
potentiometers produced data that would suggest that the column was permanently bent during
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the test and when pushed laterally never returned to the upright position. This could not be the
case because the horizontal actuator deforming the specimen pushed the specimen in both
directions and forced the column to return to the upright position. Additionally, this behavior was
contradicted by the other gauges on the column thus confirming the inaccuracy of the
potentiometer readings.
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Rotation profile from curvature rods for PreT-SF.

40
35
30

Optotrack 2%
Optotrack -2%
Inclinometers 2%
Inclinometers -2%
Curvature Rods 2%
curvature Rods -2%

Height [in.]

25
20
15
10
5
0
-0.025 -0.02 -0.015 -0.01 -0.005
0
0.005
Rotation [rad]

Figure 5.14

0.01

0.015

0.02

0.025

Comparison of three rotation methods for PreT-SF.
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Comparison of inclinometers and Optotrack for PreT-CB.

To compare the different rotation measurements, the rotations measured from each
system were plotted together at a value of +/-2% drift for each specimen. Figures 5.14 and 5.15
show that the different measurements are quite similar for all three methods. The only difference
comes from PreT-SF at the interface between the column and footing. The Optotrack system
showed a larger rotation at the column to footing interface than the other measurements.
From these rotation profiles it can be seen that both specimens behaved similarly. Both
specimens experienced little to no rotation at the point of fixity (crack plane for PreT-SF and
connection interface for PreT-CB). The close spacing of the Optotrack sensors (2 in. to 4 in.)
showed that above the point of fixity, there was a region of approximately 10 in. where most of
the bending occurred; this can be seen from the fact that the rotation was changing from a height
of about 0 to 10 in. for PreT-CB and 6 in. to 16 in. for PreT-SF.
The rotations are as expected because much of the column was linear. This is confirmed
by the rotations in the upper portion of the column. The rotations did not change significantly,
and the value of rotation was similar to the drift experienced by the column. At a value of 2%
drift, the rotation that much of the column experienced was approximately 0.02 radians, which
was the case for the other values of drift.
5.5

DISTRIBUTION OF COLUMN CURVATURES

Average column curvatures and curvature profiles up the height of the column were created for
various drift levels. The curvatures were calculated based on column relative rotations measured
for various segments of the column. The curvatures were calculated in two ways. The first
method was from relative displacement measurements obtained from the curvature rods drilled
into the columns using Equation 5.5.
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φi =

δi, N − δ i, S
Li

Hi

(5.5)

where φi is the calculated average curvature at a given height, δ i is the displacement measured
between two curvature rods on the north or south side, Li is the horizontal distance between the
north and south displacement gauges, and H i is the vertical distance between the successive sets
of curvature rods.
The second method used for determining curvatures was the Optotrak system. Sets of
Optotrak LEDs located on the side of the column were used to determine rotations by calculating
unit vectors between LEDs initially and at selected drift values. The rotation between these
vectors was determined by taking the inverse cosine of the dot product between the vectors. The
curvature was then calculated by taking the difference in rotation and dividing by the height
between the rotations.
Figure 5.16 presents the curvature profiles for PreT-SF, which are a combination of data
obtained from the curvature rods and Optotrak. Two sets of curvature rods were placed on the
lower portion of the column near the crack plane and column-to-footing connection to determine
rotations near the base, and the Optotrak was used to capture the curvature above the crack plane.
From Figure 5.16, it appears that the point of highest curvature for PreT-SF occurred slightly
above the crack plane; however, this is because of the location of the gauges used to measure
curvature. The Optotrak system was intended to be used to capture more information about the
curvature of the column, but one of the cameras was malfunctioning on test day, and data from
the LEDs on the south side of the specimen was not collected. With the data available, the value
of curvature closer to the crack plane could not be calculated. What can be seen from Figure 5.15
is that the curvature was highest near the crack plane and then decreased away from the crack
plane.
For PreT-CB, the curvature profiles were created using the Optotrak only. This was done
for two reasons: (1) the Optotrak LEDs were placed closer together for this specimen than for
PreT-SF, allowing the curvature profile to be more accurately captured; and (2) some of the
linear potentiometers attached to the curvature rods provided inaccurate readings during the test.
Figure 5.17 shows the curvature distribution for PreT-CB. The Optotrak system was functioning
correctly for this specimen so curvature could be calculated at more points along the column and
at a location very near the cap beam surface where curvature was expected to be the highest. The
curvature was the highest at the connection and decreased rapidly up the column.
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STRAINS IN COLUMN BARS

5.6.1 Strain Profiles
Strain profiles at various drifts were assembled for the north bar in each specimen from strain
gauges attached to the bars. Each location on the rebar had two strain gauges, and the presented
value is the average of the two gauges. In Figures 5.18 through 5.21, the negative heights
correspond to locations below the connection interface, and positive values correspond to
locations above the interface.
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For PreT-SF, it is believed that the strain gauges were mislabeled. Figure 5.18 shows the
as-labeled strain gauge profile for PreT-SF. The strains appeared larger at the connection
interface than was observed at the crack plane. This was unexpected because most of the
deformation and bending of the column occurred at the crack plane. The crack plane is also the
location where bar buckling and bar fracture occurred. Finally, even though the moment at the
interface was slightly greater than at the crack plane, the interface contained more than twice as
much bar steel. To determine if this was actual behavior, the strain versus time was plotted and is
shown in Figure 5.19.
Figure 5.19 shows that the as-labeled strain gauge at the crack plane always read a
smaller strain than the strain gauge labeled at the interface, which is unlikely. It is assumed that
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the strain gauges labeled as at the interface and at 7 in. above the interface were switched during
construction or when they were connected to the computer for the test. The modified strain
profile for PreT-SF is shown in Figure 5.20. This strain profile is more logical, because the
strains are largest at the crack plane and decrease below that.
There were no problems with the labels for PreT-CB, and its strain profile is shown in
Figure 5.21. This profile is consistent with what was expected with the largest strain values
occurring at the connection interface where the damage was concentrated. The profiles also are
logical because the tensile strains are much larger than the compressive strains. Longitudinal
reinforcing bars provide most of the tensile strength for reinforced concrete, but both concrete
and steel contribute to the compressive strength. Thus, it makes sense that the compressive
strains were smaller than the tensile strain.
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5.6.2 Strain versus Drift Plots
The strain versus drift was plotted for the north bars of each specimen. Figures 5.22 and 5.23
show the strain versus drift at three locations in the column (7 in. below the interface, at the
interface, and 7 in. above the interface). The location above the interface is labeled as at the
crack plane for PreT-SF. The gauges can only read a maximum strain of approximately 0.03, so
no gauges were plotted above this strain value. The strain versus drift plots at the interface for
PreT-CB and at the crack plane for PreT-SF show similar behavior. These locations are where
the majority of the deformation occurred in each specimen; therefore, the behavior should be
similar in these two locations.
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North bar strain versus drift for PreT-SF.
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North bar strain versus drift for PreT-CB.

For specimen PreT-SF, the bars yielded in tension at all three of these locations.
Yielding occurred first at the crack plane at a drift value of -0.28% drift. The next location to
yield was the interface and finally the location 7 in. below the interface. PreT-CB showed bar
yielding at the interface and above the interface, but yielding was not observed below the
interface. Below the interface, the strain gauges measured small strains and clearly show the
location of bar fracture. On a cycle of approximately 5% drift, fracture of the north bar was
observed in the test, and it can be seen from the plot below the interface that after a cycle of 5%
drift there is a sudden drop in strain, indicating bar fracture.
5.6.3 Strains in Reinforced Base Column for PreT-SF
Strain gauges were attached to the short bars in the reinforced base section at the interface for
PreT-SF; Figures 5.24 and 5.25 show strain versus drift plots for those bars. Although these two
plots are for similar locations, they demonstrate very different results. The southwest bar
experienced much more compressive strain than tensile strain, while the northeast bar had the
opposite response. The response for the southwest bar indicates that that bar was not contributing
much to the flexural strength of the column. The bar was not being pulled much causing tensile
strain, but the rocking of the column pushed down on this bar at positive drift values and
produced compressive strains in the bar. The northeast bar strain indicates that the northeast bar
was contributing to the flexural strength of the column. The strain versus drift response for the
northeast bar was similar to that of the continuous longitudinal rebar. The difference in response
of these two bars could be caused by differing damage between the south and north sides of the
specimen. There was more damage of the reinforced base section on the south side of the column
than on the north.
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(a)

Figure 5.26

(b)

Damage of PreT-SF at 6% drift.

Figure 5.26(a) shows the northeast portion of PreT-SF with minimum damage to the
reinforced base section. Figure 5.26(b) is of the west side of the column, showing that the south
side (right side of the picture) has more spalling of concrete than the north side in the reinforced
base. The damage to the concrete in the reinforced base section could have caused the southwest
rebar in the reinforced base to have a weak bond and prevent it from developing tensile strains.
This could explain why the column had more strength when displaced in the south direction than
in the north direction. If the north short bars were contributing to the flexural strength and the
south short bars were not, the column would be stronger in the south direction than the north.
5.7

STRAINS IN SPIRAL

The strains in the spiral were also recorded throughout the test and are plotted in Figures 5.27
and 5.28. Both specimens had a similar and expected response in the spiral. The spiral had very
small strain when the column was at zero displacement and then increased when the column
went through positive and negative drifts. The spiral yielded in both specimens at cycles of
approximately 3% drift.
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STRAND LOAD CELLS

The load cells placed on the strands were monitored throughout the test to determine whether or
not the bonded length of the strands in each specimen was sufficient to prevent the strands from
slipping. No measured load on the load cells would indicate that the strands were not slipping,
but any amount of load would indicate slip of the strand. No load cells registered load in PreTSF, but in PreT-CB, one single load cell (out of six total load cells) registered some load.
Figure 5.29 shows the load versus drift response of a load cell that did not register any
slip during the test. The load cells started at a value of approximately -1 kip, because the
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adjustable spacers were tightened before the test until the load cells read -1 kip to ensure that
everything was tight and any slip of the strand would be immediately recorded. This figure is
representative of all of the load cells for PreT-SF and all but one of the load cells for PreT-CB.
The only load cell that registered load for PreT-CB was located on the northwest strand of the
strand circle. The response is plotted in Figure 5.30 and shows that no slip of the strand occurred
until approximately 4% drift. Once the specimen went beyond 4% drift, the strand began to slip,
and there was a small increase in load every time the specimen went to its peak in the positive
direction. Since the strand was located on the north portion of the column, the strand should be at
its maximum load and slip when the column is displaced in the south direction, which
corresponds to positive displacement.
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6

Analysis of Measured Response

In this chapter, the overall force-displacement responses are processed to evaluate the strength
degradation, energy dissipation, viscous damping, re-centering ratio, and cross-over
displacement characteristics of the two tested subassemblies. The processed results are also
compared with the results of tests by on a post-tensioned subassembly (LB6-PT) [Cohagen et al.
2008] on a precast reinforced concrete column without prestressing (SF-2) [Haraldsson et al.
2011] and on a reference cast-in-place column (DB5-RE) [Pang et al. 2008]. In addition, the
measured effective stiffness, maximum shear, maximum moment, slip and yield of anchored
strand, and drift ratios at significant spalling, bar buckling, and fracture are compared with the
results of analysis.
6.1

STRENGTH DEGRADATION

The response envelopes of effective force versus drift ratio for both specimens (PreT-SF
and PreT-CB) are plotted in Figure 6.1. The envelopes for PreT-SF and PreT-CB were nearly
identical until a drift ratio of approximately 6%. Both specimens peaked in strength at
approximately 2% drift and then began to lose strength at the same rate. At a drift ratio of 6%,
PreT-SF continued to decrease in strength until the maximum drift ratio of 10% was reached at
the end of the test. For PreT-CB, the rate of degradation slowed after a drift ratio of
approximately 6% such that, at a drift ratio of 10%, its strength was higher than that of PreT-SF.
The strength degradations of PreT-SF and PreT-CB were compared to the strength
degradation of SF-2[Haraldsson et al. 2011], LB6-PT [Cohagen et al. 2008] and DB5-RE [Pang
et al. 2008]. All five tests had the same span-to-depth ratio (3), column diameter (20 in.), similar
axial load ratios (8-12%), and the same applied deformation histories. Column LB6-PT was a
post-tensioned cap beam connection with six #6 reinforcing bars and a single 1.42-in. diameter
post-tensioning bar in the center, stressed to 140 kips. SF-2 was a spread footing connection that
contained only mild steel reinforcement and was reinforced longitudinally, with eight #6
reinforcing bars. DB5-RE was a cast-in-place cap beam connection with 16 #5 longitudinal
rebar.
Cohagen and Haraldsson both tested multiple columns, but for clarity of presentation,
only one column from each experiment was plotted here. Additionally, Haraldsson’s two
columns performed similarly to each other so plotting both would not show any different
behavior. The same was true for Cohagen’s columns. Since the columns all had different peak
strengths, the data was normalized by its maximum measured effective force. Figure 6.2 shows a
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comparison of the strength degradation of PreT-SF and PreT-CB with SF-2, LB6-PT, and DB5RE.
The peak resistance for all five subassemblies occurred at drift ratios in the range of 2%
to 2.5%. After that, SF-2 and DB5-RE maintained their strength better than the prestressed
columns. In SF-2 and DB5-RE, the lateral resistance remained close to its peak value up to
approximately 7% drift before strength degradation became apparent. PreT-SF, PreT-CB, and
LB6-PT began losing strength shortly after the peak value was reached; by 6% drift, the lateral
resistance had decreased to below 70% of its peak.
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For many bridges, the drift ratio expected to be reached in the design basis earthquake
(DBE) is approximately 1.5% to 2%. In the maximum considered earthquake (MCE), it might be
3%. At that drift ratio, the lateral resistance of each of these columns was still above 90% of its
peak values; therefore, their ability to maintain strength under cyclic loading can be considered
satisfactory. The fact that both connections maintained strength so well suggests that a column
built using PreT-SF at the footing and PreT-CB at the top would maintain its flexural strength at
both ends, without failing prematurely.
6.2

ENERGY DISSIPATION

Energy dissipation was determined by calculating the area inside the effective force versus
displacement loops. The integration was done using the trapezoidal method.
6.2.1 Energy Dissipation of Pre-Tensioned Specimens
Figures 6.3 through 6.5 show the energy dissipation per cycle for the pre-tensioned
subassemblies. As shown in Figure 6.3 cycle 23 was not recorded during the testing of PreT-SF.
To compare the cumulative energy dissipation of PreT-SF and PreT-CB with that of SF-2
[Haraldsson et al. 2011], the energy dissipation of cycle 23 was approximated. The test loading
was run in sets of four cycles, with the second and third having the same drift ratio, which was
20% higher than the first. This caused the energy dissipation to be approximately the same in the
first and third cycles. Accordingly, the energy dissipation of cycle 23 was approximated by the
energy dissipation of cycle 21. Figure 6.4 shows the modified energy dissipation per cycle (the
drift plotted is the maximum achieved in each 4 cycle set).
Specimens PreT-SF and PreT-CB had very similar energy dissipation per cycle except for
cycles 33 through 35, during which PreT-SF displayed approximately 20% higher energy
dissipation capacity. Figures 6.6 through 6.7 show the corresponding cumulative energy
dissipation for PreT-SF and PreT-CB. Both specimens had nearly identical cumulative energy
dissipations: 1492 kip-in. for PreT-SF and 1496 kip-in. for PreT-CB at the end of the tests.
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6.2.2 Comparison of Energy Dissipation with Non-Prestressed Columns
The energy dissipation capacities of PreT-SF and PreT-CB were compared to SF-2 to evaluate
the difference in performance of similar columns. The cumulative energy dissipation of SF-2 was
approximately 3000 kip-in., which is about twice the value achieved in the PreT specimens. This
was expected because the re-centering from the prestressing decreases the size of the force
displacement hysteresis loops.
To compare the energy dissipation of PreT-SF, PreT-CB, and SF-2 with LB6-PT and
DB5-RE, the energy dissipation was normalized because LB6-PT and DB5-RE were designed to
have different overall strength. As shown in Figure 6.8, the energy dissipation was normalized
by dividing the energy dissipation per cycle by the area of a rectangular box defined by Fmax,
Fmin, Δmax, and Δmin. Figure 6.9 demonstrates that the responses of each specimen were similar
until cycle 25 (approximately 2.5% drift ratio) and then had different responses. LB6-PT and
DB5-RE began increasing in energy dissipation faster than the other columns, but ultimately SF2 had the largest normalized energy dissipation.
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Figure 6.8

Normalization method for energy dissipation [Pang et al. 2008].
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EQUIVALENT VISCOUS DAMPING

Related to the energy dissipation of a particular system is the equivalent viscous damping. The
equivalent viscous damping was calculated using Equation 6.1.

ζ =

2 Aloop
⋅
π Abox

(6.1)

Aloop is the energy dissipated in a particular cycle, and Abox is the area of a rectangular box
circumscribing the force-displacement loop. Figures 6.10 and 6.11 show the equivalent viscous
damping for PreT-SF and PreT-CB. Both specimens had a consistent equivalent viscous
damping coefficient of between 0.1 and 0.15 up to a value of 6% drift ratio, at which point the
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equivalent damping decreased. Figures 6.12 and 6.13 show the equivalent viscous damping of
PreT-SF, PreT-CB, SF-2 and LB6-PT.
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The equivalent viscous damping of PreT-SF and PreT-CB was higher than that of SF-2
and LB6-PT for drift values below 1.5% drift and 2.5% drift, respectively, which was
unexpected. However, yielding of the longitudinal reinforcement is a major contributor to
damping, and PreT-SF and PreT-CB had yielding of longitudinal reinforcement at approximately
0.3% drift, whereas SF-2 and LB6-PT did not yield until approximately 0.5% drift. This could
explain the larger damping value at smaller drift values. At drift values larger than 2.5%, the data
is consistent with what was expected with SF-2 and LB6-PT having more damping that PreT-SF
and PreT-CB.
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Figure 6.14 shows a comparison of equivalent viscous damping values for PreT-SF and
PreT-CB with predicted values from Priestley et al. [2007] based on the Thin Takeda model
which represents a partially prestressed column. Before 1% drift, the model did not predict the
damping very well, but is closer after 1% drift. By 1.6% drift, the model had mostly leveled off,
and if continued would probably peak at a value of 0.15 to 0.16 similar to PreT-SF and PreT-CB.
Unfortunately, the predicted values from Priestley et al. [2007] stop at 1.6% drift.
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COLUMN RE−CENTERING

6.4.1 Re−Centering Ratio

To analyze the expected re-centering ability of reinforced concrete columns, Hieber et al. [2005]
developed a “re-centering ratio.” This ratio compares the restoring forces with the resisting
forces to determine if the specimen is expected to re-center. The restoring force consists of the
force from the prestressing strand and the axial load, and the resisting force comes from the
bonded steel reinforcement; αD was defined as the distance from the center of the column to the
centroid of the compression block. It was also assumed that the compression steel would be fully
yielded at this location resulting in Fs = As * f y . The force in the strand was assumed to be the
initial stress, Fp = Ap * f p 0 . The forces used to compute the re-centering ratio are shown in
Figure 6.15.
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Figure 6.15

Figure 6.16

Forces used to calculate re-centering ratio [Cohagen et al. 2008].

Crossover displacement definition [Haraldsson et al. 2010].

By summing moments about the centroid of the compression block, the resisting and recentering moments become:

(

)

M re-centering = Pcol + Fp ⋅ α D

(6.2)

M resisting = Fs ⋅ α D

(6.3)
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The re-centering ratio, λre , is then:

λre =

M re-centering
M resisting

=

Pcol + Fp Pcol + Ap ⋅ f p 0
=
Fs
As ⋅ f y

(6.4)

PreT-SF and PreT-CB had the same axial load, prestressing, and reinforcing steel, resulting in a
re-centering ratio of 3.5. Section 6.4.2 has a comparison of the re-centering ratios of specimens
PreT-SF and PreT-CB with other columns previously tested at the University of Washington.
6.4.2 Cross-Over Displacements

Crossover displacements were computed as a way of evaluating the re-centering capability of the
specimens. The crossover displacement was defined as the displacement value where the
effective force returns to 10% of the yield force following an excursion to a larger displacement
[Haraldsson et al. 2010]. Both positive and negative cross-over displacements were determined,
Δcross1 and Δcross2, and normalized by the maximum displacements achieved in each cycle, Δpeak1
and Δpeak2 , according to Equation 6.5.
Δ
− Δ cross2
Normalized Crossover Displacement = cross1
Δ peak1 − Δ peak2

(6.5)

Figure 6.17 shows the normalized cross-over displacements for PreT-SF, PreT-CB, DB5RE and a theoretically elastic-perfectly plastic column. Residual drifts for the elastically
perfectly plastic model were calculated as Δmax – Δyield. Then, various values of Δmax were chosen
and normalized crossover displacements were calculated to develop the EPP curve. The
normalized crossover displacements are significantly lower for the pre-tensioned columns than
for column DB5-RE and the elastically perfectly plastic column, but it can be seen that DB5-RE
does re-center to a small degree. All three columns re-centered to approximately the same degree
at a cycle of 1% drift, but for cycles with larger drift ratios the cast-in-place column quickly lost
its ability to re-center. PreT-SF and PreT-CB re-centered to within at most 20% of the maximum
drift experienced, while the cast-in-place column had increasing crossover displacement with
increasing drift, indicating that the pre-tensioned strands performed as expected and provided a
restoring force to the column. The normalized crossover displacements for PreT-SF and PreTCB were also compared to the post-tensioned specimens, LB6-PT and LB7-PT. Table 6.1
contains a summary of the columns compared.
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Table 6.1

Characteristics of PreT-SF, PreT-CB, LB6-PT, LB7-PT, and DB5-RE.
PreT-SF

PreT-CB

LB6-PT

LB7-PT

DB5-RE

7.125

7.02

6.53

6.58

6.83

P axial (kips)

159

159

106

100

240

As (in2)

1.2

1.2

2.64

3.6

4.96

Ap (in2)

0.51

0.51

1.58

1.58

n/a

Initial prestress (kips)

84.15

84.15

140.3

141.3

n/a

Re-centering ratio

3.5

3.5

1.6

1.2

0.81

fc′ (ksi)

Figure 6.18 shows that PreT-SF and PreT-CB re-centered much better than LB6-PT and
LB7-PT. This is the expected response because PreT-SF and PreT-CB have a re-centering ratio
approximately three times larger than LB6-PT and LB7-PT. This is consistent with the data since
PreT-SF and PreT-CB had approximately one-third of the normalized crossover displacement of
LB6-PT and LB7-PT throughout the test.
6.5

INITIAL COLUMN STIFFNESS

The secant stiffnesses of PreT-SF and PreT-CB were calculated at first yield from the test as
follows.
Initial Secant Stiffness =

Feff , y

(6.6)

Δy

where Feff , y is the calculated effective lateral force at first yield and Δ y is the measured
displacement at that same force. The yield point was defined by Elwood and Eberhard [2009] as
the point at which the first longitudinal rebar yielded or the concrete reached a strain of 0.002,
whichever occurred first. Table 6.2 shows the initial secant stiffness values for PreT-SF and
PreT-CB, where PreT-CB had a slightly higher stiffness than PreT-SF, but both had larger secant
stiffness values than SF-2.

Table 6.2

Summary of column secant stiffness at first yield.

Specimen

North direction
stiffness (kips/in.)

South direction
stiffness (kips/in.)

Average
(kips/in.)

PreT-SF

180

175

177.5

PreT-CB

225

199

212

SF-2

127

149

138
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The modulus of rigidity of the column was then calculated using Equation 6.7.
EI eff,meas =

Fy ⋅ l 3

(6.7)

3⋅ Δ y

where Fy is the effective force at first yield, l is the cantilever length, and Δ y is the
displacement at first yield. These values were compared with the recommendations of Elwood
and Eberhard [2009] using Equation 6.8.
EI eff,calc =

0.45 + 2.5 ⋅ P Ag ⋅ f c′
⎛ d ⎞⎛ D ⎞
1 + 110 ⎜ b ⎟ ⎜ ⎟
⎝ D ⎠⎝ a ⎠

(6.8)

where P is the axial load on the column, Ag is the gross area of the column, f′c is the compressive
strength of the concrete, db is the bar diameter, a is the cantilever length, and D is the column
diameter. E was calculated using the recommendation of ACI 318-08. The axial load was taken
as the dead load plus the initial prestress force. The prestress force increased as the column was
displaced, but the yield displacement was so small that any increase in prestress force was
ignored. The measured and calculated stiffness values are compared in Table 6.3.

Table 6.3

6.6

Comparison of measured and calculated EI.

Specimen

EI/EIg measured (kip-in2)

EI/EIg calculated (kip-in2)

Difference (%)

PreT-SF

0.31

0.39

25

PreT-CB

0.36

0.39

8

SHEAR STRENGTH

The shear strength of PreT-SF and PreT-CB was calculated in two ways. First, the shear strength
was calculated using Equations 6.9 through 6.11 from ACI 318-08.
Vn = Vc + Vs
⎛
Nu
Vc = 2 ⋅ ⎜ 1 +
⎜ 2000 ⋅ Ag
⎝
Vs =

(6.9)
⎞
⎟ ⋅ f c′ ⋅ bw ⋅ d
⎟
⎠

Av ⋅ f yt ⋅ d
s

(6.10)

(6.11)
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where Vn is the nominal shear strength, Vc is the concrete contribution, Vs is the spiral
contribution, Nu is the axial load, Ag is the gross area of the column, f′c is the compressive
strength, bw is the column diameter, d is the depth from the extreme compression face to the
centroid of the tension steel, Av is the area of the spiral, fyt is the yield strength of the spiral, and s
is the spiral spacing. Nu was taken as the sum of the applied load and the force from the strand.
As for the damage progression models, Vc was calculated in two ways: first using the applied
load plus the initial prestress force and second using the applied load and the yielded prestress
force, which produced shear strengths of 199.7 kips and 202.1 kips, respectively.
The second method was taken from Priestley et al. [1994] and used Equations 6.12
through 6.15.
Vn = Vc + V p + Vs

(6.12)

Vc = k ⋅ fc′ ⋅ Ac

(6.13)

Vp =
Vs =

D−c
⋅P
2a

(6.14)

π Ash ⋅ f yh ⋅ D′
2

⋅

s

⋅ cot 30o

(6.15)

where Vp is the axial load component, k varies depending on the displacement ductility of the
member, Ac is taken as 0.8Ag, D is the diameter, c is the depth of the compression zone, a is the
length of the cantilever, P is the axial load, Ash is the area of the spiral, fyh is the yield strength of
the spiral, and D′ is the center to center diameter of the spiral.
The shear strength was calculated with the two different axial loads as before and with
the maximum and minimum k value to get the maximum and minimum shear strength. The shear
strength was calculated to be between 473 kips and 528 kips. The methods produce two very
different shear strengths, but both are above the maximum shear of 51.4 kips that was placed on
the column. Consistent with these calculations, shear failure was not observed in either of these
columns.
6.7

FLEXURAL STRENGTH

The moment strength of the column was approximated using moment curvature analysis in
OpenSees. The program used a zero length element to model the column. Even though the
column was octagonal, a circular fiber section was defined to model the cross section to simplify
the model. Three materials were defined to model the concrete and reinforcing steel: unconfined
concrete, confined concrete, and reinforcing bars. The unconfined and confined concrete was
modeled using the concrete04 material with f′c taken as the test day compressive strength and Ec
taken as 57, 000* fc′ . The reinforcing bars were modeled using the steel02 material based on
the Menegotto Pinto model, with fy taken as 68.4 ksi and E taken as 29,000 ksi. Since the strands
were unbonded, the strain was distributed throughout the entire unbonded length making it
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difficult to model. Instead of defining a material for the strands, the effect was modeled as an
additional axial load. The column was modeled in three ways: constant dead load only, constant
dead load plus initial prestress, and constant dead load plus yielded prestress. The results of the
analysis are shown in Figure 6.19. The results of the OpenSees model are compiled in Table 6.4.
PreT-SF: Dead+Initial PT
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0
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Figure 6.19

Results of OpenSees model.

Table 6.4

Results of OpenSees model.

1
1.5
Curvature [1/in.]

2

2.5
-3

x 10

Moment
(kip*in.)

Observed/predicted (PreTSF)

Observed/predicted (PreTCB

Dead load only

1885

1.43

1.59

Dead + initial PT

2439

1.11

1.23

Dead + yielded PT

2623

1.03

1.14

Axial load

6.8

STRAND SLIP AND YIELD

6.8.1

Strand Slip

Each of the twelve strands was anchored at the top and bottom of the column with a strand
chuck, in addition to the concrete bond, but only the top anchorages had load cells to monitor
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potential strand slip. Of these twelve load cells, only one load cell (in PreT-CB) registered any
load (maximum of 4.1 kips). It is possible that strand slip occurred at the unmonitored bottom
anchorages, but would be unlikely, because the anchorage length was 31.5 in. at the bottom
compared with 18 in. at the top.
In addition, in the strand pullout tests (Appendix D, summarized in Figure D.18) with a
bonded length of 18 in., the epoxy coated strand was fully developed for five out of six tests,
with some slip measured in the sixth test. Therefore, the fact that one of the 18-in. bonded
strands in PreT-CB slipped is not completely unexpected. Additionally, from the results of the
pullout tests, it is unlikely that any slip occurred in the anchored portions of strand without load
cells, because they all had more than 18 in. of bonded length.
6.8.2 Strand Yield

No gauges were attached to the unbonded portions of the strand, so yield could not be measured
directly. Instead, strand yield could only be approximated by calculating the elongation
according to Equation 6.16.
Δ ⋅ e + Δ 2 ⋅ e2
Elongation = 1 1
e1 + e2

(6.16)

where Δ1 and Δ2 are the measurements from the linear potentiometers on the north and south
curvature rods, and e1 and e2 are the distances from the center of the column to the linear
potentiometer. The elongation versus drift ratio is shown in Figure 6.20. Since the gauges on the
curvature rods for PreT-CB were not working properly, the data is only shown for PreT-SF.
Based on the initial strand stress and a yield stress of 240 ksi, the strands should have begun
yielding at an elongation of approximately 0.15 in. which occurred at approximately 4% drift.
From this approximation it is clear that the strands yielded during testing.

0.2
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0.15

0.1

0.05
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-0.05
-6

Figure 6.20
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Elongation versus drift for PreT-SF.
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6.9

DAMAGE PROGRESSION MODELS

Berry and Eberhard [2004; 2005] proposed a set of equations to predict the drift ratios at which
reinforced concrete columns would reach various damage states. Equations 6.17 through 6.19
were used to predict concrete spalling, longitudinal rebar buckling and longitudinal rebar
fracture. Those predicted values were compared with the observed values.
Spalling:

Δ calc, sp
L

Bar Buckling:

⎛

( % ) = 1.6 ⎜⎜1 −
⎝

Δ calc,bb
L

P ⎞⎛
L ⎞
⎟ ⎜1 +
⎟
Ag ⋅ f c′ ⎠⎟ ⎝ 10 D ⎠

( % ) = 3.25 ⎛⎜1 + 150 ⋅ ρeff
⎝

(6.17)

db ⎞ ⎛
P ⎞⎛
L ⎞
⎜1 −
⎟ ⎜1 +
⎟
⎟
D ⎠ ⎝⎜ Ag ⋅ fc′ ⎠⎟ ⎝ 10 D ⎠
(6.18)

Bar Fracture:

Δ calc,bb
L

( % ) = 3.5 ⎛⎜1 + 150 ⋅ ρeff
⎝

db ⎞ ⎛
P ⎞⎛
L ⎞
⎜1 −
⎟ ⎜1 +
⎟ (6.19)
⎟
D ⎠ ⎜⎝ Ag ⋅ fc′ ⎟⎠ ⎝ 10 D ⎠

where L is the distance between points of contraflexure, db is the longitudinal bar diameter, D is
the diameter of the column, P is the axial load, Ag is the gross area of the column, ρeff is ρsfys/ f′c,
ρs is the spiral reinforcement ratio, fys is the yield strength of the spiral, and f′c is the compressive
strength of the concrete. The original formulation of the model contains no allowance for
prestressing, so it was included by treating it as an externally applied axial load, which was
added to the true axial load. Therefore, the axial load term, P, increases as the drift increases
until the strand reaches its yield point. In the interest of simplicity, calculations were performed
taking P equal to the axial load plus the initial strand force and P equal to the axial load plus the
fully yielded strand force. The results of these assumptions are compiled in Table 6.5 and Table
6.6. The difference in axial force made very little difference in the predicted values for each
damage state. For each damage state, the predicted drift value was significantly larger than the
observed value. The equations over-predict the drift value for spalling and buckling by
approximately 50%, and bar fracture by approximately 30%.
Table 6.5

Comparison of damage prediction with test observations using initial
strand force.
PreT-SF

PreT-CB

Predicted
(%)

Observed
(%)

Observed/
predicted

Predicted
(%)

Observed
(%)

Observed/
predicted

Spalling

1.86

1.15

0.62

1.86

1.11

0.60

Bar
buckling

5.00

3.25

0.65

5.00

3.20

0.64

Bar
fracture

5.43

4.10

0.76

5.43

3.95

0.73
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Table 6.6

Comparison of damage prediction with test observations using yield
strand force.
PreT-SF

PreT-CB

Predicted
(%)

Observed
(%)

Observed/
predicted

Predicted
(%)

Observed
(%)

Observed/
predicted

Spalling

1.83

1.15

0.63

1.83

1.11

0.61

Bar
buckling

4.97

3.25

0.65

4.97

3.20

0.64

Bar
fracture

5.35

4.10

0.77

5.35

3.95

0.74

Table 6.7

Comparison of observed values/predicted values for damage states.
Specimen/Bar Size and Number

PreT-SF
(six #4)

PreT-CB
(six #4)

LB6-PT
(six #6)

LB7-PT
(six #7)

SF-1
(eight #6)

SF-2
(eight #6)

DB5-RE
(sixteen #5)

Spalling

0.63

0.61

0.78

1

1.23

1.47

1.27

Bar buckling

0.65

0.64

0.71

0.7

1.1

1.1

1.32

Bar fracture

0.77

0.74

1.26

1.22

1.52

1.52

1.52

Equations 6.16 through 6.18 were also used for the columns tested by Haraldsson et al.
[2011], Cohagen et al. [2008], and Pang et al. [2008]. Table 6.7 notes the observed
values/predicted values for each damage state. Values for the PreT columns using the yielded
strand force are also shown. The results contain considerable variation. The equations
consistently over-predicted the measured drift values for PreT-SF and PreT-CB, and underpredicted the measured values for SF-1, SF-2, and DB5-RE. For the LB-PT columns, some drifts
were over-predicted and some were under-predicted. These results suggest that there is some
behavior, possibly associated with prestressing, that the equations fail to capture. The damage
state equations consist of three terms: longitudinal reinforcing bar term, an axial load term, and a
span-to-depth ratio term. The main difference among these columns was the diameter of the
longitudinal reinforcement, so the bar diameter and amount of bonded longitudinal reinforcement
may have a stronger influence on the damage states than the equations show.
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7

Summary and Conclusions

7.1

SUMMARY

Two cantilever concrete subassemblies that included unbonded prestressed reinforcement were
tested under constant axial load and cyclic lateral loading. The test specimens represented the top
and bottom connections for a new bridge column concept that is intended to re-center the bridge
after an earthquake. Previous researchers have used post-tensioning for that purpose, but posttensioning has significant drawbacks in terms of construction speed and quality control. The new
system uses precast columns with pre-tensioned strands that are bonded at the ends and
unbonded over the central portion of the column.
The external configuration of the columns and the details of the connections drew on
previous work at the University of Washington on precast concrete columns [Pang et al. 2008,
Haraldsson et al. 2011]. Each cantilever column represented one half of a prototype column,
which was assumed to be fully fixed against rotation at the top and bottom.
The column-to-spread footing connection (PreT-SF) was a socket system in which a
spread footing is cast in place around a previously erected precast column. The spread footing
socket connection used the same overall geometry as Haraldsson’s [2011] specimen SF-2, but
had two main differences: (1) PreT-SF was reinforced with a combination of bonded deformed
bars and unbonded pre-tensioned strands; and (2) the PreT-SF specimen had an octagonal cross
section whereas SF-2 was circular.
The column connection to the precast cap beam (PreT-CB) was made with longitudinal
bars grouted into ducts. In the top connection, both strands and bars were anchored into the cap
beam. A socket connection like the one at the footing was not possible because it would require
too large an opening in the cap beam. Thus, the strands were placed in the central core of the
column and a reduced diameter section was created at the top of the column to anchor the
strands. This core was grouted into an opening in the cap beam and provided a shoulder on the
column on which the precast cap beam could rest during construction. The deformed bars were
placed around the perimeter of the column and projected out of the shoulder. The bars were
grouted into ducts in the cap beam using the same procedure as that used by Pang et al. [2008].
Both pre-tensioned columns had the same reinforcing layout, which consisted of six #4
rebar and six 3/8-in. diameter epoxy-coated strands. The strand was unbonded for 54 in. to
minimize the strain increase in the strand and delay yielding. The resulting elastic behavior
provided a restoring force to the columns. The responses of PreT-SF and PreT-CB were
compared with similar columns to evaluate the effects of the unbonded pre-tensioned strands.
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7.2

CONCLUSIONS

The following conclusions were drawn from the study.
1. The response of both specimens was controlled by the column properties. Essentially
no damage occurred in the connection region. Therefore the two specimens had
nearly identical force-displacement responses and damage progressions.
2. The loading curves for the specimens were similar to those of previously tested
specimens that had the same design strength but contained only deformed bar
reinforcement. The measured column stiffnesses at first yield were similar to those
calculated based on a procedure developed for conventional reinforced concrete
columns.
3. The unloading curves showed that the pre-tensioned specimens would be likely to recenter better, and have lower residual drifts than the previously tested RC specimens
without pre-tensioning. Both pre-tensioned columns returned to within approximately
1% of vertical after being displaced laterally to a drift ratio of 10%.
4. The pre-tensioned specimens dissipated less energy per cycle than did the previously
tested RC specimens. At a drift ratio of 4%, the equivalent viscous damping values
were approximately 15% and 22%, respectively.
5. The pre-tensioned specimens suffered spalling and bar buckling at lower drift ratios
than did the previously tested RC specimens and at lower drift ratios than predicted
for conventional RC columns. This difference was also observed for previously tested
post-tensioned specimens of comparable size and strength. It is possible that these
differences were attributable to differences in the size of longitudinal bars. However,
despite their earlier onset of damage, the pre-tensioned specimens still maintained
80% of their lateral strength to a drift ratio of approximately 5%.
6. The presence of prestressing in the columns did not affect the constructability of the
connections. The socket connection has essentially infinite capacity for adjustment
and is easy to construct. The cap beam connection requires bars to be aligned with
ducts at the same time that the projecting core of the column is fitted into its matching
opening in the cap beam. The precasting, and absence of post-tensioning on site,
means that the system is suitable for rapid construction techniques.
7.3

RECOMMENDATIONS

7.3.1 Recommendations for Practice

The socket connection is simple to construct, but the cap beam connection can create some
difficulty if the ducts are too small. The difficulty in construction of PreT-CB came from the size
of ducts used in the cap beam. Specifically, #4 column bars were fitted into 1.25-in. diameter
ducts in the cap beam which left little room for error during construction. Steuck et al. [2007]
found that much larger ducts could be used for this connection. Larger ducts should be used to
simplify the construction process.

78

7.3.2 Recommendations for Future Research

Additional research is needed to develop a method of delaying the onset of bar buckling and
fracture in similar columns. The pre-tensioned columns had the appropriate moment capacity but
the strength degraded quickly, and bar buckling and fracture occurred shortly after the maximum
moment was reached. Delaying bar buckling and fracture would increase the ductility of the
columns.
One possibility for improving the columns is the use of fiber reinforced concrete. Fiber
reinforced concrete has a much greater tensile capacity than standard concrete and can delay
spalling in the column. The delay in concrete spalling might in turn delay bar buckling, and in
turn bar fracture.
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Appendix A: Materials
CONCRETE STRENGTHS

The columns were constructed by Concrete Technology Corporation in Tacoma, Washington.
Cylinders were delivered to the University of Washington with the columns, but only enough to
report the test day strength of the columns. The test day strength of each column is summarized
in Table A.1 as the average strength from two cylinders.
Table A.1

Column cylinder strengths.

Column

Specimen

Strength (psi)

Days

PreT‐SF

7125

188

PreT‐CB

7020

231

Cylinders for the concrete in the footing and cap beam were prepared when the
specimens were cast at the University of Washington and tested at 7, 14, 28 days, and on test
day. The results are summarized in Table A.2 as the average from two cylinders.
Table A.2

Footing/Cap Beam strengths.

Days

Strength (psi)
Footing
Cap Beam

7

5583

4334

14

5948

5765

28
test day

6922
8768

6325
7835

GROUT STRENGTH

Target 1118 unsanded silica fume grout was used for the connection between the column
and cap beam for PreT-SF. 2-in. by 2-in. grout cubes were made for testing and the results are
shown in Table A.3. Three cubes were tested on each day and the table contains the average.
Table A.3

Grout strengths.
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Days
7

Strength (psi)
7083

14

8900

test day

9850

REBAR STRENGTH

The reinforcing bars in both specimens conformed to ASTM Standard A706 except for the
smooth spiral which conformed to ASTM Standard A82. The smooth spiral was only used in the
columns of each specimen. Additionally, no sample bars were obtained from the bars used by
Concrete Technology to construct the columns and therefore could not be tested. Table A.4
summarizes the strength of the footing and cap beam rebar which is the average of two tests.
Table A.4

Reinforcing bar strengths.

Bar No.

fy (ksi)

fu (ksi)

3
4
5

71
68.4
66.5

104
108.6
108.2

Nominal
2

Area (in )
0.11
0.2
0.31

The stress versus strain curve for each rebar was also obtained. The reinforcing bars were tested
on an Instron 600DX testing machine with a 2-in. gauge length. The following plots show the
stress-strain curve for each test.
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Appendix B: Specimen Drawings
SPECIMEN PreT-SF

Figure B.1

PreT-SF column elevation.

87

Figure B.2

PreT-SF column cross sections.

88

Figure B.3

PreT-SF footing top view.

89

Figure B.4

PreT-SF footing cross sections.
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SPECIMEN PreT--CB

Figure B.5

PreT-CB column elevation.

91

Figure B.6

PreT-CB column cross sections.

92

Figure B.7

PreT-CB cap beam top view.

93

Figure B.8

PreT-CB cap beam cross sections.

94

Table B.1

Rebar types.

Bar Label Bar size
F101
#3
F111
#5
F102
#3
F103
#5
F113
#3
F104
#5
F114
#5
F105
#3
F115
#4
F106
#3
F108
#6
F109
#4
B701
#7
B702
#7
B301
#3
B302
#3
B303
#3
B304
#3
B305
#3
B306
#3
B307
#3
B308
#3
B309
#3
B310
#3
B311
#3
B312
#3

Drawings and specimen construction were performed by Todd Janes.
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Appendix C: Test Photos
SPECIMEN PRET-SF

Figure C.1

First significant horizontal cracking (Set 3 Cycle 1 0.6% drift).
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Figure C.2

First significant spalling in the column (Set 7 Cycle 3 3.25% drift).

Figure C.3

First bar buckling (Set 7 Cycle 3 3.25% drift).

98

Figure C.4

Figure C.5

First bar fracture (Set 8 Cycle 1 4.1% drift).

Damage after testing was complete (Northwest side).

99

Figure C.6

Damage after testing was complete (South side).

SPECIMEN PreT-CB

Figure C.7

First significant horizontal cracking (Set 3 Cycle 2 0.57% drift).

100

Figure C.8

First significant spalling in the column (Set 7 Cycle 1 2.65% drift).

Figure C.9

First bar buckling (Set 7 Cycle 3 3.2% drift).

101

Figure C.10

Figure C.11

First bar fracture (Set 8 Cycle 1 3.95% drift).

Damage after testing was complete (Northeast side).

102

Figure C.12

Damage after testing was complete (South side).
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Appendix D: Pull Out Tests
The pullout tests were performed according to the Moustafa Method [Logan 1997] with a slight
variation. For these tests, the same size blocks and number of strands per block were used, but
the bonded length was varied and the strands were allowed to project out the bottom of the
blocks. This was done in order to measure the displacement at the back end of the strand in
addition to the displacement at the front.
The specimens were loaded at a rate of 20 kips per minute using a 50 kip ram placed on
top of a stand to elevate the ram off the top of the block. This was done for two reasons: (1) to
prevent the reaction force of the ram from adding additional confining pressure to the concrete;
and (2) to allow the displacement of the strand to be measured. A load cell and strand chuck was
placed on top of the ram to measure the load placed on the strand. Figure D.1 shows the test set
up used.

Figure D.1

Pullout test set up.
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The load displacement curve for each test can be seen in the following figures. The load versus
bottom displacement was not plotted for the 36-in. bonded lengths because no slip was recorded
there.
PULL OUT TEST RESULTS

Figure D.2

36-in. bonded length epoxy strand.
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Figure D.3

Figure D.4

36-in. bonded length black strand.

18-in. bonded length epoxy coated top displacement.
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Figure D.5

Figure D.6

18-in. bonded length epoxy coated bottom displacement.

18-in. bonded length black strand top displacement.
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Figure D.7

Figure D.8

18-in. bonded length black strand bottom displacement.

6-in. bonded length epoxy strand top displacement.
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Figure D.9

Figure D.10

6-in. bonded length epoxy coated bottom displacement.

6-in. bonded length black strand top displacement.

110

Figure D.11

6-in. bonded length black strand bottom displacement.

Test 4 was broken during construction and is not plotted here.

Figure D.12

3-in. bonded length epoxy coated top displacement.
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Figure D.13

3-in. bonded length epoxy coated bottom displacement.

Tests 1 and 2 were broken during construction and are not plotted here.

Figure D.14

3-in. bonded length black strand top displacement.

112

Figure D.15

3-in bonded length black strand bottom displacement.

Test 2 was broken during construction and is not plotted here.

Figure D.16

3-in. bonded length clean strand top displacement.
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Figure D.17

3-in. bonded length clean strand bottom displacement.

The following plot compares the average maximum load of each test versus the bonded length
expressed as a number of bar diameters.
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