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Abstract

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

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

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

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

1.2 Literature Review

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



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

1.2.1 Segmental Unbonded Post-Tensioned Columns

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

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



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

1.2.2 Partially Prestressed Columns

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

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

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

1.2.3 Segmental Hollow-Core Square Post-Tensioned Columns

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



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

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

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

1.2.4 Square Post-Tensioned Columns

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

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



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

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

1.2.5 Unbonded Prestressed Hollow Concrete Columns with Precast Segments

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

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

1.2.6 Unbonded Post-Tensioned Bridge Columns in Full System Simulation

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



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

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

1.2.7 Precast Columns with Energy Dissipating Joints

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

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

1.3 Motivation

Based on the literature review, it was noted that there are several parameters that
require more investigation. Much of the previous research investigates re-centering
capabilities of unbonded post-tensioned columns with very little to no longitudinal
reinforcement crossing the column footing interface. Reinforcement ratios greater than
1.0% should be tested to gain a better perspective of the effect of the reinforcement on re-
centering. Developing tendon details requires further investigation to develop a realistic
full-scale configuration. Prestress area and initial force has been tested with a wide range
of values without a definite value for the best all-around column performance. Not only



should re-centering be further investigated, but tendon strains at large lateral
displacements, even beyond column failure should also be looked at. A wide range of
axial dead load has been investigated because the axial load can vary significantly in
modern bridge columns. Axial load should be investigated to provide the best all-around
column performance, and an accurate unbonded post-tensioned analytical model is
required for further investigation, since only a few columns can be tested at a time.

1.3 Objectives & Scope

The primary objective of this research was to investigate the cyclic lateral load
performance of unbonded post-tensioned columns. It was critical to determine the effect
of the longitudinal reinforcement ratio on re-centering capabilities, and an appropriate
initial post-tensioning force that will not yield the tendons at large drift ratios. In addition,
the research was used to investigate new and improved construction methods for
unbonded post-tensioned concrete columns, specifically developing a constructible full-
scale column, including the tendon details. Anchoring the tendons at the corners of the
footing was introduced to evaluate the possibility of removing tendons, following a
seismic event. The tendons were also greased and sheathed to help protect the strands
against corrosion, of which bridges are highly susceptible.

To accomplish these objectives, two columns were constructed and tested under
cyclic loading. The columns were constructed side by side, and cast at the same time to
ensure similar properties between the two specimens. Throughout testing, strain gauges,
displacement transducers, and load cells were used to measure behavior.

An analytical model was developed to determine the column behavior. After the
experimental program, the analytical model was updated with the actual material
properties. The analytical model proved to be accurate. With an accurate correlation
between the measured and calculated results, a parametric study was conducted. The
parametric study was used to evaluate a wide range of parameters so design
recommendations could be made.



CHAPTER 2
Specimen Design and Construction
2.1 Introduction

Two columns were constructed and tested to better understand the performance of
unbonded post-tensioned columns using new construction methods for seismic
application. This chapter focuses on the selection, design, construction, and material
properties of the specimens. The one parameter varied between the two specimens was
the amount of longitudinal reinforcement crossing the interface between the column base
and footing. All the other parameters including the initial post-tensioned force were
specified to be the same for the two specimens so the effect on the amount of longitudinal
steel on re-centering could be investigated.

2.2 Selection of Experimental Specimens

Column dimensions were based on a (60”-diameter (1524 mm)) prototype
column. Columns of this size are typical for the state of Nevada and surrounding regions.
The specimens selected were 0.4-scale, leading to a scaled column diameter of 24” (610
mm) (Figure 2-1). The largest possible column diameter that testing equipment could
support was selected so a realistic tendon configuration would be possible. The aspect
ratio was chosen as 4.5, leading to a flexure dominated failure as opposed to shear failure.
The scaled column height was 108” (2743 mm) (Figure 2-2).

The first specimen was called “PT-LL,” for unbonded post-tensioned with low
longitudinal reinforcement. From the literature review, it was concluded that previously
tested post-tensioned columns for seismic application contained very little to no
longitudinal reinforcement crossing the joint between the column base and footing. The
low amounts of longitudinal reinforcement demonstrated excellent re-centering
capabilities. Columns without any longitudinal reinforcement crossing the joint between
the column base and footing also showed excellent re-centering capabilities, but did not
provide energy dissipation. To provide re-centering capabilities and some energy
dissipation, column PT-LL was designed with 10-#5 ASTM 706 grade 60 ksi (414 MPa)
reinforcing bars, resulting in a longitudinal reinforcement ratio of 0.685%.

The second specimen was called “PT-HL,” for post-tensioned with high
longitudinal reinforcement. To achieve a better understanding of the effect of longitudinal
reinforcement on column re-centering, PT-HL was selected with nearly twice the amount
of longitudinal reinforcement crossing the joint between the column base and footing.
Column PT-HL was designed with 10-#7 ASTM 706 grade 60 ksi (414 MPa) reinforcing
bars, resulting in a longitudinal reinforcement ratio of 1.33%. PT-HL cross section and
elevation are shown in Figure 2-3 and Figure 2-4, respectively. Column parameters for
both PT-LL and PT-HL are shown in Table 2-1.

The axial load index is defined as the axial load divided by the product of the
concrete compressive strength and column cross sectional area. The axial load index will
be referred to as a percentage of "cAg. Typical values for the axial load index range
between 0.05 and 0.1 for bridges. The dead load was set to be 6% of the axial load index,



or 6% of f*cAg, which is relatively small for typical bridges. This lower value was
selected because there would be an additional axial load from the post-tensioning force.
The initial post-tensioning force was selected based on the analytical model and literature
review. The initial post-tensioning force was set to be 10% of f*cAg. Initial post-
tensioning stress was selected to be around 20% of fpy to insure that the tendons would
not yield during testing. Concrete strength at test day was specified at 4500 ksi (31 MPa),
leading to an initial tendon force of 203.5 kips (905 kN) for 10% of f'cAg. Based on 0.6”
(15.2 mm) diameter 270 ksi (1862 MPa) low-relaxation strands, to achieve an initial
tendon stress of approximately 20% of o, the required tendon area was 3.769 in? (2432
mm?). The area of one 0.6” (15.2 mm) diameter 270 ksi (1862 MPa) low-relaxation
strand is 0.217 in? (140 mm?), therefore, 17.37 strands would be needed to satisfy this
requirement. For this experiment, to maintain a symmetrical layout, sixteen strands were
selected leading to an initial tendon stress of 21.7% of fpu.

The prototype column of 60” (1524 mm) diameter constructed with 4500 ksi (31
MPa) concrete would need one hundred strands to fulfill this same requirement. One
hundred strands would be far too many for one centrally located tendon. The most
realistic option would be to have four separate tendons evenly spaced around the center
of the column cross section. To determine how close the anchorages could be to the
center of the column cross section, a prototype anchorage was selected that could hold
twenty-five stands. Using four anchorages, each holding twenty-five strands, the one
hundred strand requirement would be satisfied. For the selected anchorage, the outer
diameter of the local reinforcing spiral was 17” (432 mm). With 2 (50.8 mm) of clear
cover between spirals, a distance of 13.5” (343 mm) out from the center of the column
cross section was calculated as the location for each of the four anchorages. For the scale
models, the scaled distance out from the center of the column cross section to the center
of the anchor was 5.4” (137 mm) (see Figure 2-1 and Figure 2-3). Each anchor contained
four 0.6” (15.2 mm) 270 ksi (1862 mm) low-relaxation strands. It was decided to use
unbonded tendons in this study because the literature review concluded that unbonded
tendons evenly distributes the strain over the entire length of the tendon, reducing
inelastic strains in the unbonded tendons.

Post-tensioned columns constructed for seismic application have the possibility of
damaging tendons during a seismic event. Therefore, it is necessary to be able to inspect,
and if needed, replace tendons. Replacing tendons requires having access to an anchored
end. Anchoring tendons in the base of the footing has been the traditional method in prior
research, but does not make it possible to replace or inspect the tendons if necessary. In
this project the tendons were anchored on the side of the footing as shown in Figure 2-5
and Figure 2-6, making it possible to access the tendons after construction is complete.
Additionally, to better protect the tendons from corrosion, greased and sheathed strands
were used.

2.3 Design of Experimental Specimens

Footing dimensions were governed by overturning, actuator height, and tendon
anchorage locations. The plan view footing dimensions were 84”x84” (2134 mm x 2134
mm), and the height of the footing was 32 (813 mm) (see Figure 2-5 and Figure 2-6).
Six 2-1/2” (64 mm) schedule 40 PVC pipes were used as tie down holes through the



footing, with three located at 24” (610 mm) away from the east side of the column, and
three located at 24” (610 mm) away from the west side of the column. One 2-1/2” (64
mm) schedule 40 PVC pipe was located 24” (610 mm) to the north and south of the
column to allow the axial load rods to pass through the footing and anchor in the strong
floor. All PVC pipe locations were selected according the available strong floor hole
locations. The overall hole pattern dimension in the strong floor used to tie down the
footing was 487x48” (1219 mm x 1219 mm). The additional length in the footing
dimensions was used to provide additional moment arm length to resist the predicted
overturning moment, and additional straight length for the tendon once it exits the bottom
of the steel pipe.

Tendons were designed to exit diagonally through the corners of the footing for
ease of replacement. Exiting the tendons to the north, east, south, and west sides of the
footing would not work since the footing tie down holes were directly in the way, so each
tendon was required to exit toward one of the four corners of the footing. Anchoring the
tendons in the corners of the footing also allows for a longer straight length between the
footing corner and the steel pipe, helping reduce any unwanted rotational forces at the
tendon anchor. Due to this configuration, 13-*/4"x13-%/4"x19.45” (349 mm x 349 mm x
494 mm) triangular sections were removed from each of the four corners in the footing
(see Figure 2-6). This allowed for a level interface between the footing and tendon anchor
head. Sending the tendons to the corners of the footing required using a 3” (76 mm)
diameter steel pipe with a 20” (508 mm) radius to complete a 90-degree bend that the
tendon could travel through. The tendons were anchored in the corners of the footing,
centered at a height of 5-1/, (140 mm) above the base of the footing.

The footings were designed to be very stiff and rigid. The footing reinforcement
consisted of two mats of 14-#6 grade 60 ksi (414 MPa) reinforcing bars spaced at
approximately 6” (152 mm) in each direction. Footing shear reinforcement was provided
by 58 vertical #3 grade 60 ksi (414 MPa) reinforcing bars. All concrete clear cover in the
footing was set at 1 (25.4 mm). Figure 2-7 shows the reinforcement layout with
anchorages.

Column PT-LL was reinforced with 10-#5 grade 60 ksi (414 MPa) reinforcing
bars evenly spaced in a circular pattern resulting in a longitudinal reinforcement ratio of
0.685%. The bars began near the top of the loading head, continued through the column,
and extended into the footing where they were fully developed with a 90-degree hook.
The transverse spiral reinforcement consisted of #3 grade 60 ksi (414 MPa) reinforcing
bars with a 2” (50.8 mm) pitch, resulting in a transverse reinforcement ratio of 1.00%.
The spiral reinforcement continued 23” (584 mm) into the footing with a double spiral at
the end. The steel pipes used to send the tendons out to the corners of the footing all
began inside the spiral reinforcement. The bottoms of the steel pipes were located 4 (102
mm) above the base of the footing to avoid interference with the bottom mat of footing
reinforcement.

Column PT-HL was identical to column PT-LL in design, except for the amount
of longitudinal reinforcement. Column PT-HL was reinforced longitudinally with 10-#7
grade 60 ksi (414 MPa) reinforcing bars, resulting in a longitudinal reinforcement ratio of
1.33%. All column concrete clear cover was 17 (25.4 mm). The tendon ducts within each
column consisted of 2-/2” (64 mm) diameter schedule 40 PVC pipe. Each duct was
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attached to the column rebar cage with tie wire to maintain proper positioning throughout
construction and pouring.

Loading heads for column PT-LL and column PT-HL were identical. The plan
view dimensions of the leading heads were 36”x40” (914 mm x 1016 mm), with an
overall depth of 30” (762 mm) as shown in Figure 2-8 and Figure 2-9. The loading head
dimensions were governed by the mid-stroke length of the actuator. Since the actuator
position was fixed due to the hole location in the reaction wall, and the column position
was fixed due to the hole location in the strong floor, the loading head was designed to
position the actuator right at mid-stoke when connected to the loading head and strong
wall. The actuator connects to the reaction wall and loading head by four threaded rods
on an 11-%/4” (298 mm) square pattern. Since the loading head in each column had four
tendons located in the direct path for actuator connection, a steel adapter plate was used.
The steel adapter plate connected to the actuator on one side, and the loading head on the
opposite side with a different hole pattern than that of the actuator. The threaded rod
pattern on the loading head side was spread out to a rectangular pattern of 11-3/5"x26”
(298 mm x 660 mm). The increase from 11-3/4” (298 mm) to 26” (660 mm) in the
horizontal direction allowed for the threaded rods to be sent through the column head
without interference from the tendons.

From the plan view of the loading head, a 22”x22” (559 mm x 559 mm) square
recess, with a depth of 5-1/5” (133 mm) was embedded to provide a space for the tendon
anchor heads (see Figure 2-9). This recess allowed for the spreader beam that carried the
axial load to be placed directly over the top of the column, without interference from the
anchor heads. A wood jig with the recess dimensions was made so each of the four
anchor heads could be bolted into their proper position. Once the anchor heads were
connected, the wood jig was coated in wax for easy release following the concrete pour.
The jig was fastened to the loading head formwork once it was centered in the proper
position.

The loading head general zone reinforcement was designed to withstand the gross
ultimate tensile strength from the tendons. The loading heads were reinforced with two
mats of 6-#7 grade 60 ksi (414 MPa) reinforcing bars in each direction. This
configuration was determined to be sufficient for the general zone reinforcement. The
four anchor heads were locally confined with supplied spirals and also received
additional confinement from the column spiral.

2.4  Construction of Test Specimens

The first step in constructing each test specimen was to assemble the column
reinforcement. The longitudinal and transverse reinforcements were connected using tie
wires to construct the column rebar cage. Once the rebar cage was complete, strain
gauges were applied to both longitudinal and transverse reinforcement. The strain gauges
were attached in the region of the lower quarter of the column, where maximum strains
were expected.

Once the column rebar cages were complete, footing construction began by
placing the plywood formwork. The lower mat of footing reinforcement was set into
place inside the formwork. Each of the four anchor heads with their local reinforcing
spiral were attached to the footing formwork as shown in Figure 2-10. At this point, the
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3” (76 mm) diameter steel pipes used to send the tendons to the corners of the footing
were set and secured into position as shown in Figure 2-11. The steel pipes were required
to be placed at this time because the placement of the column rebar cage and upper mat
of footing reinforcement would inhibit access to the location of the steel pipes. The steel
pipes were designed to terminate 2” (50.8 mm) below the top of the footing, underneath
the column. Tendon duct, consisting of 2-1/2” (64 mm) schedule 40 PVC pipe was then
placed inside the first two inches of steel pipe and secured with a coupler. The PVC duct
continued 24” (610 mm) out of the top of the footing, where it was outfitted with another
coupler. The reason for not continuing the PVC duct all the way to the top of the column
was because the equipment used to place the column rebar cage over the top of the duct
was unable to reach a height of that magnitude. The column rebar cage was then placed
over the steel pipes and duct where it was set into position. PVC duct was also connected
between the bottom of the steel pipes and the footing anchor heads with couplers.

Once the steel pipes and column rebar cage were in position, hairpin
reinforcement was placed throughout the curvature of each pipe for additional anchorage
as shown in Figure 2-12. In a full-scale column, the radius of curvature for each tendon
would be much greater and a standard bendable duct would be used in place of the steel
pipe which would require hairpin reinforcement. For this project, the steel pipes were
required due to the tight radius required by the footing dimensions. Footing
reinforcement was completed with the installation of the upper mat of reinforcement and
vertical shear reinforcement as shown in Figure 2-13. Upon completion of footing
construction, concrete was poured before column construction continued (see Figure
2-14).

Tendon duct was then placed in each of the couplers extending from the footing
and continuing up to a height above the top of the column. Each duct would later be cut
to its proper length, which had to be measured once the loading head was constructed.
Sonotube, used as formwork for the column, was placed over each rebar cage following a
7-day cure of the footing. Test results would later indicate that the rebar cage for PT-LL
was not exactly vertically straight. An exaggerated “S” would be descriptive in defining
the shape of the end result of the rebar cage in PT-LL. Due to this, cover concrete within
the first 24” (610 mm) of column above the top of the footing was 1”” (25.4 mm) on the
east side, and 2” (50.8 mm) on the west side, instead of the specified 1 (25.4 mm) on
both sides. Within the lower quarter of the column, it appeared that the rebar cage was
short by 17 (25.4 mm) in the transverse direction. Once the Sonotube was in place, a deck
was built and loading head construction began (see Figure 2-15).

Loading head construction began by placing and securing the bottom mat of
reinforcement. Due to heavy congestion in the loading head, this step took place before
the plywood formwork was placed. A plywood box with the anchor heads and spiral
reinforcement attached was placed and secured to the loading head formwork to provide
the recess for the anchor heads. At this point, the top mat of loading head reinforcement
was placed. Vertical shear reinforcement was then placed and concrete was placed in the
loading head and column.
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2.4.1 Tendon Installation

Strands were installed using two tools: Cable Gripper and Pushing Bullet. The
Cable Gripper is similar to a Chinese finger trap, when a strand is inserted into the
gripper, the opposite end of the gripper can be pulled with a large force without losing the
strand (see Figure 2-16). The Pushing Bullet is a 3” (76 mm) long steel tube with a round
end that fits snugly over the strand as shown in Figure 2-17.

Installing up to three strands in each duct was not a problem, but installing the
fourth required using the Cable Gripper due to the 90-degree turn each strand had to go
through. Prior to placing any of the strands through the duct, a /4" (6.4 mm) cable with
the Cable Gripper attached to one end was placed through the entire length of the duct
with the gripper end exiting the top of the column. Strands one through three were then
individually pushed through the duct from bottom to top with the Pushing Bullet. The
fourth strand was then connected to the /4" (6.4 mm) cable with the Cable Gripper. At
this point, the fourth and final strand was pulled through the duct from top to bottom.
Pulling the last strand from the top allowed for a connection between the end of the cable
and a forklift so the forklift could slowly drive away from the base of the footing, pulling
the strand through.

Strain gauges were then attached to the strands near the top of the column. Prior
to installing the strain gauges, a portion of the strand sheathing was removed so the strand
could be de-greased for the secure placement of strain gauges. Tendons were required to
have a minimum free length exiting the anchor head of 36” (914 mm) to allow space for
stressing. Strain gauges were placed 36” (914 mm) below the anchor head, so 72 (1829
mm) of sheathing was removed from each strand. The degreased installed strands are
shown in Figure 2-18.

2.4.2 Stressing of Tendons

The tendons were stressed in PT-LL and PT-HL on the same day. Column and
loading head concrete had cured for 28 days at the time of stressing. The tendons were
stressed in two stages. First, the tendons were stressed to 75% of their ultimate strength in
order to properly seat the wedges in the strands. Second, steel shims that were placed
under the anchor heads prior to stressing were removed in order to reach the proper initial
tendon stress.

Prior to stressing, two /2" (12.7 mm) thick steel shims were placed under each
anchor head as shown in Figure 2-19. Wedges were then set in place at each
strand/anchor head interface. A steel pipe was then place over the strand to deliver impact
to the wedge to help minimize the anchorage slip that would take place during stressing.
With all of the wedges in place, each strand was individually stressed to 75% of its
ultimate strength (see Figure 2-20). The stressing sequence began by stressing one strand
from tendon one using a monostrand jack. The tendon arrangement for each column was
identical, as shown in Figure 2-21. Following the stressing of one strand from tendon
one, one strand from tendon three was stressed. Following the stressing of one strand
from tendon three, one strand from tendon two was stressed, and then one strand from
tendon four was stressed. This circular pattern continued until all sixteen strands were
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stressed. The objective of this stressing sequence was to minimize the amount of elastic
shortening on the column and to also reduce unwanted moments on the column.

Following the initial tendon stressing to seat the wedges, steel shims had to be
removed to achieve the desired initial stresses for testing. To remove the steel shims, a
multistrand jack was placed on a jack chair which was placed over each anchor head one
by one (see Figure 2-22). Once the jack chair was in place, the stressed tendon with
anchor head was lifted so one of the /2" (12.7 mm) steel shims could be removed and
replaced with one /4" (6.4 mm) steel shim. At this point, the multistrand jack was
released so the anchor head could bear against the anchor plate. A second liftoff was then
performed at a very slow rate on the same anchor head until the point was reached when
the steel shims became movable, at which point the force required to hold the anchor
head in place was read from the multistrand jack gauge which corresponded to the force
in the tendon. Each tendon varied slightly from one another, so /s (3.2 mm) shims were
also available to try and make up for these differences. Once all four tendons had been
stressed, the remaining strand was removed.

2.5  Material Properties
2.5.1 Steel

The average tensile reinforcing bar stresses were measured by testing three #3, #5,
and #7 reinforcing bar samples. Reinforcement properties were determined by following
ASTM A706 testing standards. Each reinforcing bar was placed in an Instron tensile
testing machine controlled by the computer program Partner. While testing the
reinforcement, Partner recorded both the yield and ultimate stresses. The average yield
stress for the #3, #5, and #7 reinforcing bars were 71.3 ksi (491.6 MPa), 71.8 ksi (495.1
MPa), and 69.8 ksi (481.3 MPa), respectively. The specified yield strength was 60 ksi
(414 MPa). The reinforcement steel properties are shown in Table 2-2.

The properties of the 0.6” (15.2 mm) 7-wire 270 ksi (1862 MPa) low-relaxation
strand stresses were measured by testing three samples. Determining the yield and
ultimate strengths of the 0.6” (15.2 mm) 7-wire 270 ksi (1862 MPa) low-relaxation
strands followed ASTM A370-03a standards. The tensile test was carried out on an
Instron tensile testing machine run by the computer program Partner. An initial load of
10% of the minimum breaking load specified for the strands was applied, resulting in
58.6 kips (261 kN). A Class B-1 extensometer was then attached to the specimen and
adjusted until a gage length reading of 0.001 in./in. was attained. Once the extensometer
was adjusted, the load was then increased until an extension of 1.00% was read. The load
corresponding to this extension was then read as the yield strength which corresponded to
an average from the three specimens of 247 ksi (1703 MPa). The specified yield strength
of 0.6” (15.2 mm) 7-wire 270 ksi (1862 MPa) low-relaxation strand is 243 ksi (1675
MPa). The load continued to increase until the specimen reached failure, at which point
the ultimate load was taken. The average ultimate load from the three specimens was 281
ksi (1937 MPa). To increase the accuracy of the measured yield and ultimate stresses, a
micrometer was used to determine the exact area of the 0.6” (15.2 mm) 7-wire 270 ksi
(1862 MPa) strand. The end of the tested specimen was unwound so each of the seven
wires could individually be measured with the micrometer. Using the total measured area
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of the strand with the measured yield and ultimate strengths, the yield and ultimate
stresses were calculated. The measured strand properties are shown in Table 2-2, and the
average stress-strain curve is shown in Figure 2-23. The two column specimens both
contained steel from the same lot, so measured results represent that of both column PT-
LL and PT-HL.

2.5.2 Concrete

Column PT-LL and PT-HL were cast simultaneously. The footing for each
specimen was cast first. Once the footings were cast, the column formwork was placed
and the loading head construction began. Upon completion of the loading head
construction, the column and loading head of each specimen was cast in one lift.
Formwork for the footing, column, and loading head was removed after 7 days of curing
for both specimens.

The specified concrete strength was 4.5 ksi (31 MPa) with a maximum aggregate
size of 35" (9.5 mm). Slump was measured using a slump cone before each concrete
casting. The measured slump for the footing concrete was 3-%/4 (95.3 mm). Each
concrete pour had a specified amount of “trim” water that could be added to increase
workability without decreasing the specified strength. The footing concrete did not
require adding any trim water since workability was not an issue in the footing. The
measured slump for the column/loading head pour was 4” (102 mm). This measurement
was too low since the column and loading head were very congested and required more
workable concrete. Additionally, the column and loading head concrete was cast 17 days
after the footing was cast, and the 14-day compressive strength of the footing concrete
had already reached 4735 psi (32.6 MPa). Since the specified concrete compressive
strength was 4500 psi (31 MPa), and the mix design for the footing and column/loading
head were identical, it was considered safe to add as much of the trim water needed to
improve workability. Six out of the eleven allowed gallons of trim water were added to
the mix. Another slump test was measured at 4-3/s” (121 mm). This value was still too
low and trim water was available so another three gallons were added to the mix. Another
slump test was measured at 5-1/,” (140 mm). At this point, the concrete had become more
workable so it was placed in the columns and loading heads.

Eighteen 6” (152 mm) by 12” (305 mm) cylinders were taken from the footing
and column/loading head casting. Three cylinders were each tested on day 7, 14, 28, and
the test day of each column. This left extra cylinders in case of mishandling. Each
cylinder was tested on a SATEC MKIII-C testing machine. Table 2-3 shows the average
compressive strengths of three cylinders measured at day 7, 14, 28, and test day. The
table includes results for both the footing, and column/loading head of each specimen.
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CHAPTER 3
Experimental Procedure
3.1 Introduction

Two unbonded post-tensioned bridge columns using modified tendon details were
tested in the outdoor lab at UNR. The main focus was to investigate the seismic behavior
of these columns by subjecting them to cyclic loading. Throughout the experiment, data
was gathered through strain gauges, Novotechnik displacement transducers, string POTSs,
and load cells. The test setup consisted of a strong floor, 220-kip actuator, spreader beam
with hydraulic rams and accumulator, and a reaction block system. This chapter describes
the details of the instrumentation, test setup, and loading protocol.

3.2 Instrumentation

The first step in instrumentation was to strain gauge each column. A detailed
drawing of the strain gauge plan was developed to place the strain gauges on the
longitudinal and transverse reinforcement in the area where the highest strains were
expected. The instrumentation plan for conventional reinforcement is shown in Figure
3-1. A total of six layers of strain gauges in each column were installed. A plastic hinge
length was calculated using the California Department of Transportation Seismic Design
Criteria (2006). The plastic hinge length equation is shown here as Equation 3-1.

Lp = 0.08L + 0.15fyedo > 0.3fyedui (in, ksi) Eqn. 3-1
Lp = 0.08L + 0.022fyedpi > 0.044fyedbi (MM, MPa)

L, = plastic hinge length, in (mm)

L = column length, in (mm)

fye = yield stress of the longitudinal reinforcing bar, ksi (MPa)

dni = diameter of one longitudinal reinforcing bar, in (mm)

The calculated plastic hinge length for PT-LL and PT-HL was 14.3” (363.2 mm) and
16.5” (419.1 mm), respectively. The first layer was placed 4” (101.6 mm) below the
column footing interface, the second layer was placed /2" (12.7 mm) above the column
footing interface, and the next four layers were evenly spaced above the second layer at
6” (152.4 mm) intervals. This arrangement allowed for full coverage of the calculated
plastic hinge length. Column PT-LL and PT-HL used the same instrumentation plan for
ease of comparisons.

The loading direction of cyclic motion was to the east and west, bending the
column about the north-south axis. The east and west ends will be considered the extreme
ends of the column. Two longitudinal bars from each extreme end had one strain gauge
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attached at each layer. Starting with the first layer above the footing, the transverse
reinforcement from each layer had four strain gauges attached at the north, east, south,
and west locations. Each column had a total of forty-four TML YFLA-2-5LT strain
gauges attached to the conventional reinforcement. At the time of testing, column PT-LL
had two faulty gauges, #3 and #5, and column PT-HL had four faulty gauges, #4, #5, #24,
and #38. Most likely, these gauges were damaged while casting the column concrete.
Figure 3-2 shows strain gauges attached to the conventional reinforcement. The strain
gauge wires ran down the north and south face of the column to prevent any interference
they might have with the extreme longitudinal reinforcement.

Strain gauges were also attached to the post-tensioning tendons in each column to
monitor their behavior throughout testing. It was assumed that the strain in the tendons
near the top of the column and the plastic hinge region would be the same since the
tendons were unbonded. Therefore, a single layer of strain gauges were installed 36” (914
mm) below the anchor heads at the top of the column. The tendon strain gauge plan is
shown in Figure 3-3. The same configuration was used in each column for ease of
comparison.

Each tendon, consisting of four strands, had six gauges attached to two of the four
strands. Three gauges were placed on a strand on different wires so a more precise
average strain could be measured. This configuration resulted in a total of twenty-four
TML FLK-1-11-5LT strain gauges for tendon monitoring in each column. These strain
gauges were specified differently from the conventional reinforcement strain gauges due
the very small surface area on each of the seven wires that make up one strand. Since the
7-wire strands were encapsulated in a plastic sleeve and greased, application at the strain
gauges required the removal of sheathing and grease from the end of the strand at the top
of the column to the desired gauge location. In order to reach to proper desired strain
gauge location, the strand was pushed through the column until 108 (2743 mm)
extended beyond the loading head. Sheathing was then removed from the strand to a
distance of 72” (1829 mm) from the top of the strand. This allowed a 36” (914 mm) clear
length for stressing, and another 36” (914 mm) to the layer of strain gauges. Grease was
removed from the strand by unwinding the end of each strand to the location of strain
gauge placement. Large amounts of grease could then be effectively removed with a rag,
followed by several passes over each wire with a clean rag and Acetone until all grease
was removed. The strand was then wound back into its original shape and strain gauges
were applied to their designated locations as shown in Figure 3-4.

Following the installation of all tendon strain gauges, the strands were carefully
pulled back into the column until the gauges reached their specified depth of 36” (914
mm) below the top anchor heads. Strain gauge wires traveled through the grout tube
entrance on the anchor plate to avoid the possibility of being fractured by the anchor
head. Since the tendons were unbonded, the grout tube was free to use. Figure 3-5 shows
the strain gauge wires exiting the anchor plate in place of the grout tube.

Column curvature was measured by Novotechnik displacement transducers. Each
column utilized a total of ten transducers at five different layers. Five of the transducers
were placed on the east side of the column, and the other five were placed on the west
side of the column. The transducers were attached to the columns using °/16” (8 mm) all-
thread horizontal rods that ran in the east-west direction of the column, and were set prior
to casting. The threaded rods were only able to be embedded into the east and west sides
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of the column to a depth of 5-1/4” (133 mm), due to interference with the post-tensioning
ducts. The first transducer layer was located /2" (12.7 mm) above the column and footing
interface. The remaining four layers were equally spaced at 7 (178 mm) intervals above
the column and footing interface. Towards the end of each experiment, severe spalling at
the base of each column prevented further gathering of data from the first layer of
transducers. The instrumentation plan for the Novotechnik displacement transducers is
shown in Figure 3-6, and is identical for each column.

Three Unimeasure PA-40 stringpots were attached between the loading head and
a reference frame to measure the absolute lateral column displacement at the level of the
applied lateral load (Figure 3-6). The 220-kip (979 kN) actuator that was used to produce
the cyclic loading protocol was equipped with a load cell used to measure the magnitude
of the lateral force. A load cell was also used to measure the magnitude of the axial load
in each column. The load cell was placed between one of the vertical hydraulic rams and
the anchor plate at the end of the axial load rod. This configuration will be explained in
more detail in Section 3.3. Column drift levels were controlled by the actuator.

3.3  Test Setup

Reaction wall construction was the first step in preparing the outdoor lab for
testing. A total of seven 48”x48”x96” (1219 mm x 1219 mm x 2438 mm) concrete blocks
were used to assemble the reaction wall. Six out of the seven blocks were stacked on top
of each other side by side to form two columns, each three blocks tall. The final concrete
block was placed on top of the east side of the stack to reach the proper height for the
actuator to meet the loading head. The complete reaction wall is shown in Figure 3-7.
Between the strong floor and the first two concrete blocks, and between each concrete
block thereafter, 3/4" (19 mm) thick plywood pieces were placed along with numerous
5”x5” (127 mm x 127 mm) dollops of hydrostone between the concrete blocks. The
plywood and hydrostone were used to create a level surface between the blocks to
prevent any rocking that might occur throughout the experiment.

Once all blocks were in place, 1-/4” (32 mm) post-tensioning bars were placed in
the horizontal direction to hold the stack together throughout the experiment. Post-
tensioning bars also ran in the vertical direction and were anchored in the base of the 36”
(914 mm) deep strong floor to prevent the reaction wall from overturning. Each post-
tensioning bar was stressed to 100 kips (445 kN). Hole locations for securing the actuator
to the reaction wall were positioned at 24” (610 mm) on center, requiring an adapter plate
since the hole pattern on the actuator was set at 11-%/4” (298 mm).

Before each column was set into testing position, several 1-1/,” (38 mm) thick
wood blocks were set under the column footing footprint. Form release was then sprayed
on the strong floor where the footing would be placed. Once the column was set, a 2”’x4”
(51 mm x 102 mm) wood form was built around the base of the footing, leaving a 3” (76
mm) gap between the edges of the footing and the form. The form was sealed to the
strong floor using fast dry caulk. Grout was then poured in the gap between the formwork
and the footing until it reached a level of 1-1/,” (38 mm) above the base of the footing.
The grout was placed to ensure a level surface between the footing and strong floor to
prevent any rocking that might occur while testing. After allowing the grout to cure for
24 hours, six 1-1/4” (31.8 mm) post-tensioned bars connecting the footing to the strong
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floor were stressed to 100 Kips (445 kN). Each column was painted with white primer at
this time to help identify cracks throughout the experiment.

The axial dead load in each column was maintained by an accumulator, which
held equal and constant load between two hydraulic rams that rested on top of a 60”
(1524 mm) steel spreader beam. The spreader beam was bolted to the top of the loading
head with /2" (12.7 mm) threaded rods that were embedded into the loading head prior to
casting. The spreader beam extended beyond the loading head by 10” (254 mm) on the
north and south sides, allowing 1-%/g” (35 mm) high strength threaded rods to run through
the hydraulic rams, spreader beam, and footing to transfer the axial dead load from the
hydraulic rams to the column. Between one of the hydraulic rams and the anchor plate of
the high strength rod a load cell was placed, to measure the axial load representing the
gravity load on the column. The axial gravity load for this experiment was selected based
on the axial load index. The axial load index is defined as the axial load, divided by the
product of the concrete compressive strength and the gross cross-sectional area of the
column. For bridges, this value is typically between 0.05 and 0.1. A value from the lower
end of this range was selected, since the columns would undergo additional axial load
from the post-tensioning. Based on the specified concrete strength of 4500 psi (31 MPa),
and an axial load index of 0.06, the axial dead load resulted in a value of 122 kips (543
kN). While the axial dead load was specified to be 122 kips (543 kN), variations through
the experiment were observed, ranging from 95 Kips (423 kN) to 132 kips (587 kN) for
PT-LL, and 104 Kips (463 kN) to 134 kips (596 kN) for PT-HL. A leaking valve in the
hydraulic line was fixed between testing PT-LL and PT-HL, reducing the range in axial
dead load for PT-HL. The complete test setup is shown in Figure 3-8 and Figure 3-9.

3.4  Loading Protocol

The loading protocol for cyclic testing consisted of two push-pull cycles at
increasing drift ratios (defined as the lateral displacement at mid height of the loading
head, divided by the height above the footing to the lateral loading point). Drift ratios
were initially set at 0.25%, 0.5%, and 1%, then up to 6% in 1% intervals. Once a drift of
6% was attained, drift levels would continue in 2% increments up to failure. Column PT-
LL had a longitudinal reinforcing bar fail during the last cycle of 6% drift, leading to a
change the initial protocol to a drift of 7% for the next cycle. The modified loading
protocol for PT-LL and PT-HL is shown in Figure 3-10 and Figure 3-11, respectively,
and the displacement at each drift ratio is summarized in Table 3-1. The protocol change
from a 6% drift to a 7% drift was implemented to help build a smooth pushover curve
since the column had already had a longitudinal reinforcing bar fail at 6%. Following two
cycles at 7% drift, the column was pulled once to -10% from -7% drift, and then pushed
once to +10% drift. Even though the column had already failed, this additional pull and
push to 10% drift was used to see how the tendons would respond to a drift of that
magnitude. Due to the failure at 6% for column PT-LL, and to keep a consistent loading
program between the two specimens, column PT-HL followed the same modified loading
protocol. Column PT-HL failed at 8%, and again was pushed to a drift of 10% to monitor
tendon strains. The load rate for each specimen was 17 (25.4 mm) per minute through the
3% drifts, and increased to 5” (127 mm) per minute for all of the following drifts. These
values were essentially near static.
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CHAPTER 4
Experimental Results
4.1 Introduction

Two post-tensioned bridge columns were tested under cyclic loading. Column
PT-LL and PT-HL were nearly identical except for the amount of longitudinal
reinforcement crossing the joint between the column base and footing. This chapter
presents results that focus on the general test observations, hysteretic response, the
pushover curves, strains in reinforcing bars and post-tensioning strands, and column
curvature, and compares the two test specimen results.

4.2 PT-LL Results
4.2.1 General Observations

Cyclic testing consisted of a push and pull (referred to as a cycle) motion from an
actuator at a given drift ratio. Two cycles were applied at each drift ratio. The push was
toward the east direction and will be considered positive, and the pull was toward the
west direction and will be considered negative. Table 4-1 designates the load numbers
with the corresponding drift ratio. Each load number, corresponding either to a push or a
pull at a given drift ratio will be shown in the pictures presented in this chapter. The
height of the column is 108" (2743 mm), therefore £1% drift is +£1.08” (27.4 mm) of
displacement.

The first small cracks appeared after the first pull cycle to -0.25% drift as shown
in Figure 4-1. As loading continued, cracks increased in length and width, and many new
cracks formed within the lower fourth of the column. The first spalling at the base of the
column formed on the west side following the first pull to -2% drift, as shown in Figure
4-2. The first spalling on the east side of the column occurred shortly thereafter,
following the first push to 3% as shown in Figure 4-3. As mentioned in Chapter 2, cover
concrete on the east side of the column was 17 (25.4 mm) less than that on the west side,
leading to a visible spiral on the east side after the first push to 3% drift (see Figure 4-3).
At this point, it was apparent that the cover concrete on the east side of the column was
around 1” (25.4 mm). Roughly 1-3/4” (44.5 mm) of cover concrete had spalled on the
west side at this time, and the west spiral was still not visible. Spiral reinforcement
became visible on the west side after the second push to 3% drift, shown in Figure 4-4.
The visible spiral indicated that the cover concrete on the west side of the column was 2”
(50.8 mm). The first longitudinal bar began to buckle on the east side of the column after
the second push to 6% drift, as shown in Figure 4-5. Figure 4-6 shows the same
longitudinal reinforcing bar after fracture, which took place on the way to the second pull
of -6% drift. The longitudinal bar fractured at column displacement of -5.46 (-138.7
mm), equal to a drift of 5.1%. Loading continued up to 10% drift to attain a complete
pushover curve, and to monitor tendon strains at large drift levels.
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4.2.2 Hysteretic Response

The hysteretic response is shown in Figure 4-7. The force shown in the hysteresis
curve was measured directly from a load cell connected in line with the actuator. It is
assumed that the axial dead load force acts through the column base, at the point at which
the column is rotated about, creating no additional moments or base shear on the system.
The column displacement in the hysteresis curve was measured by the Unimeasure PA-
40 stringpots described in Chapter 2. Figure 4-8 shows the absolute force-displacement
values from the negative envelope of the hysteresis curve, superimposed over the positive
envelope of the hysteresis curve. From this figure, the maximum difference in lateral
force between the positive and negative envelope is nearly 10 kips (44.5 kN), at a
displacement of 6” (152.4 mm). Force-displacement relationships between the positive
and negative envelopes are very similar up to 2% drift. Around 2% drift and beyond,
severe spalling on the west side of the column begins. Once the severe spalling onset
occurs on the west side of the column, the center of gravity of the column section begins
to shift to the east. While the center of gravity of the section is shifting to the east, the
post-tensioning center of gravity stays at the location of the original center of gravity.
The difference between the centers of gravity creates a vertical force at an eccentricity.
The force is equivalent to the post-tensioning force, and the eccentricity is equivalent to
the distance between the columns new center of gravity and the post-tensioning center of
gravity. This force and eccentricity can be thought of as an equivalent horizontal force
acting towards the west at the top of the column. Therefore, more force is needed to push
the column towards the east, explaining why the positive (push) envelope has greater
forces compared to the negative (pull) envelope. This will be discussed further and
modeled in Chapter 5 (Analytical Model).

Table 4-2 displays the positive, negative, and average residual displacements from
the hysteresis curve at each drift level. The residual displacement is notably small for
drifts up to 3%, resulting in a residual displacement of less than 25% of the maximum
lateral column drift for each cycle. Continuing up to a drift of 7%, residual displacements
are still less than 40% of the maximum lateral drift. The small residual displacement
values indicate that the unbonded post-tensioning force helps reduce residual
displacements.

4.2.3 Cyclic Response

The pushover curve was created by averaging the positive and negative envelopes
of the hysteretic response (see Figure 4-8). The average pushover curve is shown in
Figure 4-9, where the “X” indicates the first reinforcing bar fracture, occurring at a
displacement of 6.6” (167.6 mm), at a drift of 6.1%. The maximum average lateral force
in the column was 53.4 kips (237.5 kN) at a drift of 6.6” (167.6 mm).

By evaluating the measured strains from the experimental results, strain gauge #6
was on the first longitudinal bar to yield, at a column displacement of 0.65” (16.5 mm).
This value was then used to plot a straight line on the average pushover curve, beginning
at zero force and displacement, and continuing through the point of force and
displacement at first yield. A horizontal line was then plotted near the top of the pushover
curve, where the area above the horizontal line bounded by the pushover curve was equal
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to the area under the horizontal line bounded by the pushover curve and the straight line

running through the point of first yield. The location where the two plotted straight lines
intersect is the effective yield displacement of the column (see Figure 4-9). The effective
yield displacement of the column was 0.95” (24.1 mm).

Two different ductility displacements were then defined. The first ductility was
termed “ductility displacement capacity,” and is defined as the ultimate displacement
(displacement at 80% of the peak lateral force in the column) divided by the effective
yield displacement. The ultimate displacement at 80% of the peak load was measured at
9.17(231.1 mm) at a drift of 8.4%, leading to a ductility displacement capacity of 9.6.
The second ductility was termed “ductility at first fracture,” and is defined as the lateral
column displacement at the time of the first longitudinal reinforcing bar fracture, divided
by the effective yield displacement. The column displacement when the first longitudinal
reinforcing bar fractured was measured at 6.6” (167.6 mm) at a drift of 6.1%, leading to a
ductility at first fracture of 6.9.

4.2.4 Measured Strains

Strain gauges were attached to the conventional reinforcement and post-
tensioning strand as shown in Chapter 3 in Figure 3-1 and Figure 3-3, respectively.
Material properties from Chapter 2 indicate that the yield strain in the longitudinal
reinforcement was 2480 microstrain. Strain-drift hysteresis curves for the longitudinal
reinforcing bars within the first two layers are shown in Figure 4-10 through Figure 4-15.
In all tables and figures presenting strain gauge results, negative strain corresponds to
tension. The first layer of strain gauges were located /2> (12.7 mm) below the column
footing interface, and the second layer of strain gauges were located 7-1/2” (190.5 mm)
above the column footing interface. Within the strain-drift hysteresis curves, the location
of longitudinal reinforcement fracture is shown as a deviation away from the smooth
strain-drift hysteresis curves. The first occurrence of this is shown in Figure 4-10. In this
figure, the reinforcement fractures on the way to its first push to 7% drift. Following the
7% drift, the reinforcing bar goes into compression for the first pull to -7%. From this
point on forward, it is shown in the figure that the strain does not go below zero
microstrain again, indicating that the reinforcement can no longer support tensile forces.
Strain-drift hysteresis curves for strain gauges 3 and 5 are not included since these strain
gauges were not functioning at the time of the experiment. All other conventional
reinforcing strain-drift hysteresis curves are shown in Appendix A.

Table 4-3 through Table 4-6 show the maximum strains at each drift level for the
conventional reinforcement. These figures will be referred to as “strain gauge charts.”
Several of the strain gauges were not functioning prior to testing, likely due to severed
wires from casting the column concrete. The non-functional gauges are marked as
“faulty” in the strain gauge charts. Additionally, several strain gauges became detached
during the experiment and are marked as “slipped” at the corresponding drift level in the
strain gauge charts. It was determined that a strain gauge had slipped when the recorded
data displayed a very large jump in value, at which point that value remained constant.

Strain-drift hysteresis curves from tendons 1 and 4 are shown in Figure 4-16
through Figure 4-25. Tendons 1 and 4, (Figure 2-21), do not show any yielding strains
from any of the measured strain gauge data. The tested strand results (see Table 2-2) and

22



measured modulus of elasticity (Eps=28,667 ksi, 197,700 MPa), indicate that the tendons
yield strain is 8600. Tendons 1 and 3 were on the east-west axis, where the highest
tendon strains were measured, and tendons 2 and 4 were on the north-south axis, where
lower maximum strains were measured. The strain-drift hysteretic curves of tendons 1
and 4 are representative of all four tendons since tendon number 1 is located on the east-
west axis, and tendon number 4 is located on the north-south axis. Strain-drift hysteresis
curves for tendons 2 and 3 are shown in Appendix A. Table 4-7 and Table 4-8 show the
maximum strains at each drift for the post-tensioning strands.

4.2.5 Moment Curvature Relationship

Column curvature was measured by Novotechnik displacement transducers. The
transducers were located across five different layers as shown in the curvature
instrumentation plan (Figure 3-6). To calculate the average curvature over the length of
each layer, Equation 4.1 was used.

AW AE

= (Eg. 4.1)
¢ = Average Curvature

AW, AE = Measured transducer displacement at the west and east locations, respectively
Iw, le = Gauge length of transducers at the west and east locations, respectively

la = Horizontal distance between the pair of transducers on opposite sides of the column

Moment was measured as the product of the horizontal force in the actuator and the
height from the top of the footing to the location of that force.

Moment curvature hysteresis curves are shown in Figure 4-26 through Figure
4-30. All of the curves are plotted with the same scale for ease of interpretation and
comparison. The graphs indicate that the majority of the columns curvature took place
within the bottom two layers. The bond slip layer shows the column curvature with
respect to the footing surface, and layers 1 through 4 show the column curvature of that
section. Bond slip and layer 1 both display a curvature greater than twice that of layer
two. Continuing up the column to the location of layer four, there is virtually no
curvature, with values less than 0.0006 /i, (0.00002 ™% /mm).

To summarize the curvature results, the average height of each layer above the
footing was plotted against the maximum curvature at each drift level. For ease of
interpretation, these results were broken up into two separate plots for drift ratios of
0.25% through 2%, and 3% through 7%, as shown in Figure 4-31 and Figure 4-32,
respectively. These two plots also indicate that the majority of the columns curvature
took place near the column base, and reduced significantly to nearly zero curvature in
layer four.
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4.3 PT-HL Results
4.3.1 General Observations

Table 4-9 designates the cycle number with the corresponding drift ratio. The
cycle numbers are shown in each of the experimental pictures presented in this section.
During one of the cycles, a reinforcing bar fractured; the test was momentarily stopped so
pictures could be taken along with notes and observations of the damage. This differs
from Table 4-1 representing PT-LL, where cycle numbers indicated the target drift ratio,
even if the test was stopped at mid drift to observe damage. The cycle numbers in Table
4-9 indicate the exact drift ratio when a picture was taken. The test cycles for PT-HL
followed that of PT-LL, beginning with a 0.25% drift ratio, and ending at a 10% drift
ratio. Following the two cycles at 8% drift, the column had reached failure. Testing
continued from the final pull at -8% drift, and went directly on to one pull to -10% drift,
and one push to 10% drift. The complete cycle at 10% drift was used to determine if the
initial tendon force was adequate to prevent tendon yielding at large drift ratios.

Figure 4-33 shows the first crack, which appeared after the second cycle of 0.25%
drift. As testing proceeded, the cracks grew in length and width while many new cracks
formed. The first spalling at the base of the east side of the column occurred after the first
cycle of 3% drift, as shown in Figure 4-34. Figure 4-35 shows the first spalling at the
base of the west side of the column after the first cycle of -3% drift. Figure 4-36 shows
the first visible spiral on the east side of the column, also taking place after the first cycle
of -3% drift. The first spiral to become visible on the west side of the column took place
after the second cycle to 3% drift, as shown in Figure 4-37. The first longitudinal
reinforcing bars to become visible on the west and east sides of the column appeared after
the first cycle to 5% and -5% drift, as shown in Figure 4-38 and Figure 4-39,
respectively. The first longitudinal reinforcing bar to buckle was on the west side of the
column after the second cycle of -7% drift, as shown in Figure 4-40. The first transverse
reinforcement to fracture occurred right at the end of the first cycle of 8% drift, as shown
in Figure 4-41. The west side longitudinal reinforcing bar that was beginning to buckle in
Figure 4-40, fractured at a drift of 2.92%, on the way to the second cycle of 8% drift, as
shown in Figure 4-42.

4.3.2 Hysteretic Response

The hysteretic response is shown in Figure 4-43. The force shown in the
hysteresis curve was measured directly from a load cell connected in line with the
actuator. It is assumed that the axial dead load force acts through the column base, at the
point at which the column is rotated about, creating no additional moments or base shear
on the system, similar to column PT-LL. The column displacement in the hysteresis
curve was measured by the Unimeasure PA-40 stringpots, also similar to column PT-LL.
Table 4-10 displays the positive, negative, and average residual displacements from the
hysteresis curve at each drift level. For drift ratios up to 3%, the average residual
displacement is less than 25% of the maximum lateral drift. Beyond drift ratios of 3%,
the average residual displacement increases quickly, up to 55% of the lateral drift at 10%
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drift. The increased longitudinal reinforcement ratio increases the magnitude of residual
displacement for drifts that exceed 3%.

4.3.3 Cyclic Response

The absolute force and displacement from the negative envelope of the hysteresis
curve was plotted and superimposed over the positive envelope, shown in Figure 4-44.
An average curve was then calculated from the positive and negative envelope of the
hysteresis curve and is considered the pushover curve, shown in Figure 4-45. The “X” on
the pushover curve represents the first reinforcing bar fracture, occurring at a
displacement of 8.56” (217.4 mm) at a drift of 7.9%.

Strain gauge 6 measured the first longitudinal reinforcing bar yield at a
displacement of 1.02” (25.9 mm). A straight line was then plotted on the pushover curve
beginning at zero force and zero displacement, and continuing through the force and
displacement at first yield. A straight horizontal line was then plotted near the top of the
pushover curve. This straight line was positioned such that the area above the straight line
bounded by the pushover curve was equal to the area under the straight line bounded by
the pushover curve and the straight line running through the point of first yield. The
intersection of the two straight lines is the effective yield displacement and was measured
at 1.42” (36.1 mm). Column displacement when the first reinforcing bar fractured was
8.56” (217.4 mm) at a drift ratio of 7.9%. Ultimate displacement was 9.87 (250.7 mm)
at a drift of 9.1% and was calculated as the column displacement at 80% of the peak
force.

Two ductility displacements were calculated from the pushover results; ductility
at first fracture, and ductility displacement capacity. Ductility at first fracture was 6.0 and
was calculated as the displacement at first fracture divided by the effective yield
displacement. Ductility displacement capacity was 7.0 and was calculated as the ultimate
displacement divided by the effective yield displacement.

4.3.4 Measured Strains

Strain gauges were attached to the conventional reinforcement and post-
tensioning strand with the identical layout of column PT-LL. Prior to testing, four strain
gauges on the conventional reinforcement were non-functional, and five strain gauges on
the post-tensioning strand were non-functional. Most likely, casting the column concrete
and stressing the strands damaged these gauges.

Figure 4-46 through Figure 4-51 show the strain-drift relationship of strain gauges
1 through 8 from the conventional reinforcement. These strain gauges measured the
highest strains and were located within the lower two strain gauge layers (Figure 3-1).
The first strain gauge layer was located /2" (12.7 mm) below the column footing
interface, and the second layer was located 7-1/2” (190.5 mm) above the column footing
interface. Strain gauges 4, 5, 24, and 38 were the four non-functional strain gauges on the
conventional reinforcement. All other conventional reinforcement strain-drift
relationships are shown in Appendix A. The yield strain was obtained from the measured
results presented in Chapter 2, and resulted in 2410 microstrains. Table 4-11 through
Table 4-14 display the maximum strains from the conventional reinforcement at each
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drift level. Strain values in the tables are displayed in bold print following yielding. Non-
functional strain gauges are marked as “faulty” in the tables. During the experiment,
specifically at high drift levels, several strain gauges slipped and are marked as “slipped”
in the tables at the corresponding location of slip. It was determined that a strain gauge
had slipped when the recorded data displayed a very large jump in value, at which point
that value remained constant.

Strain-drift relationships for tendons 1 and 4 are shown in Figure 4-52 through
Figure 4-60. Identical to column PT-LL, these two tendons represent the extreme east-
west axis, and the north-south axis. Tendon 1 is located on the west side of the column
and tendon 4 is located on the south side of the column (Figure 2-21). Strain-drift
relationships for the remaining two tendons are shown in Appendix A. Results from
testing the strand indicate that the strands yield at a microstrain of 8600. The strain-drift
relationships for the tendons indicate that all of the strands were well below this value
throughout testing. The maximum strain at each drift level for all strand strain gauges are
shown in Table 4-15 and Table 4-16. Strain gauges 5, 8, 12, 19, and 24 were non-
functional and are marked as “faulty” in the strain gauge tables. Strain gauge 6 was the
only strain gauge from the strand to slip during testing and is marked as “slipped” at the
corresponding location in the tables.

4.3.5 Moment Curvature Relationship

Column curvature was measured using Novotechnik displacement transducers.
The instrumentation plan for column PT-HL was identical to that of column PT-LL
(Figure 3-6). Equation 4.1 was used to calculate the average curvature over each gauge
length. Moment-curvature hysteresis curves are shown in Figure 4-61 through Figure
4-65, where all of the figures are plotted with the same scale limits for ease of
comparison and interpretation. A total of five layers were used to measure the column
curvature. The first layer, termed “bond slip” was used to measure the column curvature
with respect to the footing surface, and layers 1 through 4 were used to measure the
curvature of that section. From the figures, it is evident that the majority of the column
curvature was within the bond slip layer and layers 1 through 3. Layer 4 indicates nearly
zero curvature, with peak values of 0.0006 "*%/i, (0.00002 "2%/mm), even at the maximum
drift of 10% (Figure 4-61).

To summarize the moment-curvature results, the average height of each layer was
plotted against the curvature at each drift level. For ease of interpretation, Figure 4-66
displays the column height vs. curvature for drifts 0.25% through 2%, and Figure 4-67
displays the column height vs. curvature for drifts 3% through 8%. These figures also
show that nearly all column curvature took place at the bond slip and first three layer
levels. Layer 4 shows nearly zero curvature for all drift levels.

4.4 PT-LL and PT-HL Response Comparison
4.4.1 General Observations

Figure 4-68 through Figure 4-72 display pictures of column PT-LL and column
PT-HL throughout the experiment at various drift levels. In all of these figures, column
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PT-LL is displayed on the left hand side and column PT-HL is displayed on the right
hand side. The figures show damage for drifts of 3%, 4%, 5%, 6%, and 7%. Visible
damage is greater in column PT-LL at 3% drift, and seems to be similar for drifts of 4%,
5%, and 6%. At 7% drift, a larger amount of longitudinal reinforcement is visible in PT-
LL.

4.4.2 Cyclic Response

Effective yield displacement was greater for column PT-HL, resulting in a value
of 1.42” (36.1 mm), compared to 0.95” (24.1 mm) for column PT-LL. Column
displacement at first fracture was greater for column PT-HL, resulting in a value of 8.6”
(218.4 mm), compared to 6.6” (167.6 mm) for column PT-LL. Ultimate column
displacement capacity was also greater for column PT-HL, resulting in a value 0f 9.9”
(251.5 mm), compared to 9.1” (231.1 mm) for column PT-LL. While calculating the
displacement ductility capacities, column PT-LL had greater values than column PT-HL.
The ductility at first fracture was 6.9 for column PT-LL, and 6.0 for column PT-HL.
Ductility displacement capacity was 9.6 for column PT-LL, and 7.0 for column PT-HL.
While the damage levels were greater for column PT-LL, especially at lower drift levels,
the ductility capacities were also greater for column PT-LL.

4.4.3 Residual Displacement

Table 4-17 summarizes the residual displacement at each drift level for the two
columns. The average residual displacements for the two cycles at each drift level for the
positive side of the hysteresis curve are displayed under the positive table column. The
average of the two cycles at each drift level for the negative side of the hysteresis curve is
shown under the negative table column. The overall average residual displacement
between the positive and negative sides of the hysteresis curve is shown under the
average table column.

The results indicate that the uneven amount of cover concrete on column PT-LL
significantly affected the residual displacements, as they vary greatly between the
positive and negative side of the hysteresis curve. On the positive side of the hysteresis
curve, the residual displacement is nearly equal between the two columns for drifts up to
1%. Beyond drifts of 1%, the residual displacement for column PT-HL steadily increases,
to over double the residual displacement of column PT-LL at 7% drift. On the negative
side of the hysteresis curve, residual displacements for drifts of 0.25% and 0.5% are
identical for the two columns. For drifts of 1% to 6% the residual displacement in column
PT-LL is greater than that of column PT-HL. At 7% drift, the residual displacement for
column PT-LL is slightly less than that of column PT-HL. To make a reasonable
comparison due to the uneven cover concrete of column PT-LL, the average residual
displacement should be examined.

Average residual displacement of column PT-LL was slightly greater than or
equal to the residual displacement of column PT-HL for drifts of 0.25% to 2%. For drifts
of 3% to 7%, the average residual displacement for column PT-LL is less than that of
column PT-HL, by as much as 17 (25.4 mm) at a drift of 7%. The normalized residual
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displacement at 7% drift, taken as the ratio of the residual drift to the column
displacement at 7% drift, is 39% for column PT-LL and 52% for the column PT-HL.

4.4.4 Moment Curvature Relationships

Moment curvature results indicate that nearly all of the column rotation took place
near the column footing intersection for both columns. For each column, layer 4 was
located at a height of 25” (635 mm) above the column footing intersection. At this
location, the measured curvature at the largest drift was only 0.0006 /i, (0.00002
rad/ ) for each column. Moving down the column to the location of layer three at a
height of 18 (457.2 mm) above the column footing intersection, the curvature was
0.0007 "/i, (0.00003 "%/mm) for column PT-LL and 0.0023 "4/;, (0.00009 2%/mm) for
column PT-HL. At layer 2 at a height of 11” (279.4 mm) above the column footing
intersection, the curvature was 0.0019 /i, (0.000075 "%/;,) for column PT-LL and
0.0027 /i, (0.000011 "/ir) for column PT-HL. These comparisons indicate
substantially higher peak curvature in PT-HL than PT-LL throughout the 25” (635 mm)
height above the footing. These results indicate that the higher longitudinal reinforcement
ratio in PT-HL lead to a stronger section, and the post-tensioning force is not large
enough for rigid rotation.

4.45 Post-Tensioning Forces

Table 4-18 displays the initial post-tensioning forces for each tendon for the two
columns. Each tendon was to be stressed so that the final total tendon force would be
equal to 10% of f"cAg. As shown in the table, the measured initial tendon force was 7.7%
of £*cAg for column PT-LL, and 9.6% of f’cAg for column PT-HL. The stressing
procedure described in section 2.4.2 was followed. It was difficult to achieve an identical
overall tendon force between the two columns because the pressure gauge on the
stressing jack was used to determine the overall force, and this is not the most accurate
measurement. Variations in the steel shim size are most likely the cause of the difference
in tendon forces between the two columns. If room had allowed, load cells between the
bearing plates and anchor heads would have been the best source for measuring the force.

Table 4-19 displays the maximum tendon forces at each drift level. The values
were taken from tendons 1 and 3, since these two displayed the highest forces from the
four tendons. Each drift level alternates between tendon 1 and 3. For example, the push
portion of each cycle displays the tendon force from tendon 1, since this tendon was
located on the tension side of the column cross section for push cycles. The pull cycles
display the tendon force from tendon 3, since this tendon was located on the tension side
of the column cross section for pull cycles. The largest tendon force measured in column
PT-HL (which was stressed closest to the specified initial tendon force of 10% f’cAg) was
147.2 Kkips (654.8 kN), corresponding to 169.6 ksi (1169.3 MPa). The yield stress of each
tendon is 243 ksi (1675 MPa), and the measured maximum tendon stress of 169.6 ksi
(1169.3 MPa), measured at 10% drift is right at 70% of the yield stress. This indicates
that the initial tendon stress selected is very safe and will not yield the tendons, even at
large drift ratios.
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One tendon was removed from column PT-HL following testing, and is shown in
Figure 4-73 and Figure 4-74. The tendon selected was one of the extreme tendons that
experienced the most significant stresses. Column PT-HL was selected for tendon
inspection because the tendons from PT-HL were initially stressed closer to the specified
level compared to column PT-LL. As shown in the figure, the tendons experienced very
minor damage at the location of the bend in the steel pipe following twenty cycles of
various drift levels, all the way up to 10% drift. Only one of the four strands from the
tendon inspected showed minor damage, all other strands were essentially unaffected.
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CHAPTERS
Analytical Model
5.1 Introduction

The analytical model was initially created to assist in the selection of test
specimens. From the analytical model, projected column behavior, such as pushover
response and residual displacements from cyclic loading could be analyzed to help select
the test specimens. Once the experiment was complete, the analytical predictions were
compared with the experimental results. The computer program SAP2000 was used to
generate the analytical model. This chapter describes the modeling methods used,
pushover analysis, cyclic analysis, tendon forces, and the analytical model validation with
the experimental results.

5.2 Modeling Methods

Fiber models were used to model column PT-LL and PT-HL in the analytical
model as shown in Figure 5-1 and Figure 5-2, respectively. Within the fiber models, the
measured material data was used to define the steel and concrete properties. The fiber
model for each column consisted of a cross section, divided into six sections in the radial
direction, and twenty-four sections in the transverse direction. As shown in the figures
representing the fiber models, the only difference between the two models is the
longitudinal reinforcement. Each fiber within the section was modeled as either
unconfined or confined concrete. The unconfined concrete stress-strain curved used in the
model is shown in Figure 5-3, and the confined concrete stress-strain curve used in the
model is shown in Figure 5-4. The confined concrete stress-strain curve was developed
by Mander’s model, which is a built-in feature in SAP2000. The original column models
were created with a specified concrete strength of 4.5 ksi (31 MPa) for the unconfined
concrete. This value was later changed to the measured concrete strengths (shown in
Table 2-3) of each column following material testing.

Steel reinforcement properties were represented by a built-in model in SAP2000,
as shown in Figure 5-5. The initial specimen steel reinforcement model utilized the
default yield and ultimate stresses of 60 ksi (414 MPa) and 90 ksi (621 MPa),
respectively. Following material testing, the model was modified by inserting the
measured yield and ultimate stresses (shown in Table 2-2) for the steel reinforcement.

The two columns were modeled using nodes and frame elements. An elevation
view of the analytical model is shown in Figure 5-6. The plastic hinge length was
calculated using the California Department of Transportation Seismic Design Criteria
(2006). The plastic hinge length equation is shown here as Equation 3-1, previously
identified in Chapter 3 where it was used to determine instrumentation placement.

Lp = 0.08L + 0.15fyedi > 0.3fedhi (in, ksi) Eqn. 3-1

Lp = 0.08L + 0.022fyedbi > 0.044fyedbr (MM, MPa)
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L, = plastic hinge length, in (mm)

L = column length, in (mm)

fye = yield stress of the longitudinal reinforcing bar, ksi (MPa)
dui = diameter of one longitudinal reinforcing bar, in (mm)

Plastic hinge length for column PT-LL and PT-HL was calculated as 14.3” (363 mm) and
16.5” (419 mm), respectively. Once the plastic hinge length was established, a frame
element with fiber hinge properties was inserted into the model over the plastic hinge
length. Another frame element was then attached to the top of the fiber hinge and
extended along the height of the column, to the location of horizontal actuator force (a
height of 108” (2743 mm), including the plastic hinge length). The overall column height
was the same for each specimen, 108 (2743 mm), including the difference in plastic
hinge length between the two. The base of the fiber hinge, also the location of the base of
the column, was assigned a fixed constraint. A vertical force at the top of the column was
assigned as the axial dead load. The dead load was specified at 0.06 of the axial load
index, defined earlier in Chapter 4, resulting in a force of 122 kips (543 kN).

Post-tensioned tendons were modeled using link elements. Figure 5-6 shows two
of the tendons. The other two are in line with the element representing the column itself
and are not shown for clarity. The parameters used to model the link elements were force
and displacement. The measured stress-strain curve for the 7-wire 270 ksi (1862 MPa)
strand was used to calculate the force-displacement curve for the link elements. The
stress was multiplied by the area of one tendon, 0.868 in? (560 mm?) to obtain the force,
and the strain was multiplied by the length of one tendon, 200” (5080 mm) to obtain the
displacement. A link element was then placed at the tendon location within the model.
The tendons began below the fixity representing the base of the column, at the
approximate location of the start of the bend in the steel pipe, located 5 (127 mm) below
the column-footing interface. The tendons continued along the length of the column and
were anchored at the location of the top of the loading head. A body constraint was then
used to connect the top of the column with the end of the four tendons, to insure that the
tendons and column moved together as one unit.

To initially stress the tendons (link elements), a frame element was created and
referred to as a “Tendon Bar” in the model (see Figure 5-6). The tendon bar was
connected between the base of each tendon, and a point 25” (635 mm) below the footing.
The base of this frame element was assigned a pinned constraint. To apply the initial
prestress force to the link element, the tendon bar was assigned a negative deformation in
the axial direction. To insure that the tendon bar would not elongate after the initial
deformation was specified, the area property modifier was greatly increased, producing a
very high axial stiffness.

5.3 Pushover Analysis

A pushover analysis was used to investigate the peak lateral force and
displacement each column would undergo. Tendon forces and stresses could also be
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monitored, and more specifically the displacement at which point the tendons would
yield. Prior research had shown that finite element models tend to over predict tendon
forces, so predicted tendon forces that were close to or at the yield point were not
considered a high risk.

Figure 5-7 and Figure 5-8 display the calculated pushover curve for column PT-
LL and PT-HL, respectively. The measured material properties were used in the analysis
(see Table 2-2 and Table 2-3). As described in Chapter 4, concrete cover was uneven in
PT-LL. This specimen was modified, adjusting the fiber element representing the column
cross section to correlate with the actual dimensions of the tested column. The modified
pushover response is shown in Figure 5-9. The modified pushover response of column
PT-LL was taken as the average of the positive and negative envelope of the hysteresis,
described in further detail in section 5.3.2, and shown in Figure 5-12. A more detailed
account of the modeling method used for the modified pushover response of PT-LL will
also be discussed in greater detail in section 5.3.2.

5.3.1 Pushover Validation with Experimental Results
5.3.2 Column PT-LL

Column PT-LL was constructed with a rebar cage of a diameter 1” (25.4 mm)
smaller than specified. The smaller rebar cage was found to be off-center in the plastic
hinge region during testing, resulting in 2 (50.8 mm) of cover concrete on the west side
of the column, and 1” (25.4 mm) of cover concrete on the east side of the column. Due to
the uneven concrete cover, the calculated analytical model pushover curve showed large
differences against the measured pushover curve as shown in Figure 5-10. A second
analytical model representing column PT-LL was created to better characterize the
specimen.

The second analytical model was developed with cover concrete (unconfined
concrete) to match the tested specimen. Additionally, the five longitudinal reinforcing
bars on the west side of the column were moved in closer to the core of the column,
representing the actual specimen. These modifications to the analytical model displayed
similar pushover results to that of the specimen. Figure 5-11 displays the positive and
negative envelopes from the measured hysteresis curve. Figure 5-12 displays the
modified calculated positive and negative envelopes from the hysteresis curve. From
these two figures, it can be seen that the positive and negative envelopes begin to deviate
from each other near a displacement of 2”” (51 mm), for both the calculated and measured
results. Figure 5-13 and Figure 5-14 display the positive measured and calculated
response, and the negative measured and calculated response, respectively. The modified
calculated analytical model displays more accurate results when the positive and negative
envelopes are averaged and plotted with the measured average pushover response, as
shown in Figure 5-15.

The original calculated analytical model of column PT-LL compared to the
measured results, displayed a maximum difference in lateral force of 10.7 kips (47.6 kKN).
The original analytical model maximum lateral force was 63.7 kips (283.4 kN), compared
to the measured maximum lateral force of 53.4 kips (237.5 kN). The modified calculated
analytical model compared to the measured results displays a maximum difference in
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lateral force of nearly half of the original analytical model comparison, with a maximum
difference in peak lateral force of 5.3 kips (23.6 kN). The modified analytical model
maximum lateral force was 50.3 kips (223.7 kN), compared to the measured maximum
lateral force of 53.4 kips (237.5 kN).

5.3.3 Column PT-HL

The calculated and measured pushover results for PT-HL are shown in Figure
5-16. The calculated pushover curve displays very similar results to the measured
pushover curve. In both cases, the column begins to yield near the same point, shows a
peak force at similar displacements, and has a lateral force difference of less than 5 kips
(22 kN) at peak force. This model appears to be more accurate than PT-LL, even though
identical modeling methods were used. Most likely, the cause of the difference is because
PT-LL did not have symmetrical cover concrete.

5.4  Cyclic Load Analysis

A cyclic displacement history identical to the cyclic loading protocol presented in
Chapter 3 was used in the analytical model to estimate energy dissipation and residual
displacements. Positive and negative lateral loads were created in the model. These
lateral loads were then assigned as forces near the top of the column at the location of the
horizontal actuator force, 108 (2743 mm) above the base of the column. To create a
displacement controlled analysis, each load case was assigned a displacement according
to the loading protocol. To reach the specified positive or negative displacement, the
positive and negative loads assigned near the top of the column were used to push and
pull the column.

The analytical hysteresis curves of column PT-LL and PT-HL are shown in
Figure 5-17 and Figure 5-18, respectively. Cyclic loading was created by first assigning a
load case called push 1 with a positive lateral load located at the top of the column. Push
1 was applied following the application of the axial dead load and initial tendon force,
which were both assigned to the dead load load case. Load case push 1 was the first step
in the loading protocol, pushing the column out to a displacement of 0.27” (6.9 mm), or
0.25% drift. The next load case was called push 2, which applied a negative lateral load
at the top of the column to pull the model to a displacement of -0.27” (-6.9 mm), or -
0.25% drift, following push 1. This sequence continued through the cyclic loading
protocol up to 10% drift.

Residual displacements from the analytical model of column PT-LL and PT-HL
were measured and recorded in Table 5-1 and Table 5-2, respectively. The tables display
the residual displacement from the positive and negative side of the hysteresis curve, as
well as the average residual displacement between the two following the first cycle at
each drift level. These values were recorded as the column displacement at zero force,
following the first push and first pull at each load cycle. The first push and pull at each
cycle was used for the residual displacement comparison between the analytical and
experimental results.

Tendon forces from column PT-LL and PT-HL at the peak push and pull
displacement during the first cycle of each drift ratio were recorded from the analytical
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model and are shown in Table 5-3 and Table 5-4, respectively. These tendon forces were
compared with the experimental first push and pull at each cycle. The tendon forces were
found by averaging the measured strains recorded by the strain gauges from each strand.
The average strain was multiplied by the measured strand modulus of elasticity and the
strand area to obtain the tendon force.

5.4.1 Comparison of Measured and Calculated Cyclic Load Results
5.4.2 ColumnPT-LL

Hysteretic behavior of the modified calculated analytical model was
superimposed over the measured results and is shown in Figure 5-19. The modified
calculated analytical model shows similar forces to the measured results, specifically on
the negative side of the hysteresis curve. The calculated forces do not quite reach the
measured forces on the positive side of the hysteresis curve. Average residual
displacements for drifts up to 7% are very similar between the calculated and measured
results and are shown in Table 5-5. The largest difference in residual displacement
between the calculated and measured results is only 0.48” (12.19 mm) at a drift of 7%,
corresponding to 16.3% difference. The calculated column forces and residual
displacements matched closely with measured results.

Measured tendon forces were monitored throughout testing and are compared
with the calculated tendon forces in Table 5-6. The tendon forces show close correlation
for small drift ratios. For drift ratios through 2%, the maximum difference between the
measured and calculated tendon forces is less than 10%. As the drift ratio increases, the
tendon force difference between the measured and calculated results also increases. At
maximum horizontal load, the difference in the analytical and experimental tendon force
was less than 15%. Note that the specimen reached its peak load at 6.1% drift, and was at
80% of its peak load at 8.4% drift. Considering these values, the difference between the
calculated and measured tendon forces were less than 25% throughout the ultimate
capacity of the column.

5.4.3 Column PT-HL

The calculated hysteretic response was plotted with the measured hysteretic
response in Figure 5-20. The calculated force envelope follows nearly exactly that of the
calculated force envelope. It can be seen that the residual displacements are also very
close, especially for smaller drift ratios. Average calculated residual displacements for
drifts up to 7% were recorded and compared with the measured residual displacements in
Table 5-7. The results in the table show a very close correlation of the maximum
difference between the calculated and measured residual displacements, where the
maximum difference is 0.69” (17.53 mm) occurring at a drift of 4%, corresponding to
46% difference.

Measured tendon forces were monitored throughout testing and compared with
the calculated tendon forces in Table 5-8. The difference between the calculated and
measured tendon force is minimal for small drifts through 2%, where the difference
between forces is less than 10%. As the drift ratio increases, differences between the
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calculated and measured tendon forces also increase. At maximum horizontal load, the
difference in the analytical and experimental tendon force was less than 35%. Note that
the specimen reached its peak load at 7.1% drift, and was at 80% of its peak load at 9.1%
drift. Considering these values, the difference between the calculated and measured
tendon forces was less than 36% throughout the ultimate capacity of the column.

This difference at ultimate capacity for PT-HL is higher than the maximum difference of
PT-LL, most likely because the initial tendon force in this column was higher. The
calculated and measured results of column PT-HL show close correlation.

35



CHAPTER 6
Parametric Study
6.1 Introduction

A parametric study was conducted using the prototype column to determine the
full-scale behavior. The basic geometric properties of the two columns, PT-LL and PT-
HL, were used as the basis for this study. The same loading protocol as the scaled models
was used to investigate the pushover response, hysteretic behavior, residual
displacements, and tendon stresses at various drift levels. An initial base model was
created to make comparisons with the scaled results. A parametric study was then
conducted, investigating changes in axial load, initial post-tensioning forces, concrete
strength, tendon location, and the longitudinal reinforcement ratio.

6.2  Prototype Modeling
6.2.1 Introduction

A column model was created following the prototype dimension. The prototype
dimensions resulted in a column of 60 (1524 mm) diameter with a height of 270 (6858
mm). Grade 60 ksi (414 MPa) steel was used for both longitudinal and transverse
reinforcement. Column PT-LL longitudinal reinforcement consisted of 12-#11’s resulting
in a reinforcement ratio of 0.66%, and column PT-HL longitudinal reinforcement
consisted of 24-#11’s resulting in a reinforcement ratio of 1.32%. Unconfined concrete
strength was set a 4500 psi (31 MPa). Axial dead load was maintained at 6% of the axial
load index (defined in Chapter 2), resulting in a value of 763 kips (3394 kN). Initial
tendon force was set at 10% of the axial load index (ALI), resulting in a total force of
1272 kips (5658 kN), or 318 kips (1415 kN) in each of the four tendons. Referring back
to section 2.2 of Chapter 2, in order to maintain an initial tendon stress of 21.7% of fpy,
one hundred strands would be needed to fulfill this requirement. Therefore, twenty-five
strands were used at each of the four tendon locations, resulting in a single tendon area of
5.43 in? (3503 mm?), and an area of 21.72 in? (14012 mm?) for all four tendons.

6.2.2 Pushover Response

The pushover responses of column PT-LL and PT-HL are shown in Figure 6-1
and Figure 6-2. Each column was pushed to a drift of 10%, similar to each scaled column
specimen. Since the column height of the prototype models was 270 (6858 mm), a drift
of 1% corresponded to a displacement of 2.7” (68.6 mm). Column PT-LL reached a peak
force of 350 kips (1557 kN) at a displacement of 13.05” (332 mm), corresponding to
4.8% drift. Column PT-HL reached a peak force of 435 kips (1935 kN) at a displacement
of 13.5” (343 mm), corresponding to 5% drift. The ultimate force and displacement of
column PT-LL, defined as the force and displacement at 80% of the peak force, was 280
kips (1246 kN) and 19.9” (506 mm), respectively. The ultimate force and displacement
for column PT-HL was 348 kips (1548 kN) and 22.5” (572 mm), respectively.
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6.2.3 Hysteretic Response

The hysteretic responses of column PT-LL and PT-HL are shown in Figure 6-3
and Figure 6-4. The figures reflect behavior for cycles through 8% drift. The residual
displacements for column PT-LL and PT-HL were measured during the first cycle at each
drift level, and are shown in Table 6-1 and Table 6-2. Residual displacements from the
positive and negative sides of the hysteresis curve are presented in the tables, as well as
the average. Column PT-LL shows strong re-centering capabilities, with a residual
displacement of 0.94” (23.88 mm) at 4% drift, and a residual displacement of 11.80”
(299.72 mm) at 8% drift. These calculated residual displacements correspond to 8.7% of
the lateral drift at 4% drift, and 54.6% of the lateral drift at 8% drift. Column PT-HL
showed a residual displacement of 4.53” (115.16 mm) at 4% drift, and a residual
displacement of 16.47” (418.25 mm) at 8% drift. These calculated residual displacements
correspond to 41.9% of the lateral drift at 4% drift, and 76.3% of the lateral drift at 8%
drift. Similar to the scaled models tested, the longitudinal reinforcement ratio plays a
significant role in re-centering capabilities.

6.2.4 Tendon Stresses

Tendon forces were measured in the model throughout the cyclic motion. The
forces were converted to stresses based on the area of each prototype tendon, 5.43 in?
(3500 mm?), and are presented in Table 6-3 and Table 6-4 for columns PT-LL and PT-
HL, respectively. The table displays the largest tendon stress following each push-pull
cycle. All values in the table corresponding to push cycles (positive), are recorded from
tendon 1, and all values in the table corresponding to pull cycles (negative), are recorded
from tendon 3. This approach was taken for ease of comparison with results presented in
Chapter 4. All tendon stresses in this chapter are presented in this manner. Tendons do
not begin to yield until a stress of 243 ksi (1675 MPa) is reached. From the tables, it can
be seen that all tendon stresses were kept below the yield stress.

6.2.5 Comparison with Scaled Model

The pushover and hysteretic behavior of each column follows a very similar trend
to the results presented in Chapters 4 and 5. Tendon stresses are also very close to the
scaled model results, but do show small differences. The scaled analytical tendon stresses
are higher than the prototype analytical stresses, indicating that the model is sensitive to
tendon length. As presented in Chapter 5, the analytical model over predicted the tested
tendon stresses by up to 25% for column PT-LL, and 34% for column PT-HL, through
drifts of 7%. The difference between the two tested specimens is caused by different
initial tendon forces. Column PT-LL had an initial tendon force of 7.7% of the ALI, and
column PT-HL had an initial tendon force of 9.6% of the ALI. The prototype models
presented within this section display tendon stresses slightly lower than that of the scaled
analytical models, bringing them closer to the measured stresses. The scaled stresses of
column PT-LL and PT-HL were 167.7 ksi (1156.3 MPa) and 168.5 ksi (1161.8 MPa),
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respectively, at 7% drift. The prototype stresses of column PT-LL and PT-HL were 166.1
ksi (1145.3 MPa) and 165.5 ksi (1141.1 MPa), respectively, at 7% drift.

With close correlation between the scaled and prototype analytical models, a
parametric study was conducted. The following sections in this chapter report the
prototype behavior when the axial load, initial post-tensioning force, concrete strength,
and tendon location is varied, while all other parameters are held constant. Table 6-5
shows the values used in each parametric study. Study I investigated the axial dead load
by varying the axial dead load from the original value of 6% of the ALI, to 10%, 15%,
and 20% of the ALI. Study Il investigated the initial post-tensioning force by varying the
original initial force of 10% of the AL, to 15% and 20% of the ALI. Study Il
investigated the concrete strength by increasing the concrete strength to 10 ksi (69 MPa).
In study 111, the axial dead load and initial post-tensioning force were increased according
to the ALI. The original axial dead load of 6% of fcAg was 763 Kkips (3396 kN), and the
initial post-tensioning force of 10% of f"cAg was 1272 Kkips (5660 kN). By increasing the
concrete strength from 4.5 ksi (31 MPa) to 10 ksi (69 MPa), this lead to an axial dead
load of 6% of f’cAg equal to 1696 kips (7546 MPa), and an initial post-tensioning force of
10% f°cAg equal to 2827 kips (12577 MPa). Study III” is an additional study on the
concrete strength, where the axial dead load and initial post-tensioning force were held at
the original values of 763 kips (3396 kN), and 1272 kips (5660 kN), respectively. Study
IV investigated the tendon location with respect to column diameter. The original tendon
location was set at 22.5% of the column diameter, resulting in a value of 13.5” (343 mm)
out from the center of the column cross section. The fourth study investigated increasing
this value to 30% of the column diameter, resulting in a location of 18” (457 mm) out
from the center of the column cross section. The fifth and final study investigated a
decrease in the longitudinal reinforcement ratio to 0.34%. The results are summarized in
the following sections, and recommendations are presented at the end of the chapter
based on the parametric study.

6.3 Axial Dead Load
6.3.1 Introduction

The axial dead load of the scaled and prototype columns was set at 6% of the
ALL. In practice, the ALI can have a wide range of values, and therefore was investigated
in the parametric study. Parametric study | investigated varying the axial dead load from
the tested 6%, to 10%, 15%, and 20% of the ALI. The pushover and hysteretic responses
are presented in this section, along with residual displacements and tendon stresses.

6.3.2 Pushover Response

The pushover response for column PT-LL and PT-HL with a dead load of 10%,
15%, and 20% of the (ALI) are shown in Figure 6-5, Figure 6-6, Figure 6-7, Figure 6-8,
Figure 6-9, and Figure 6-10, respectively. As the axial dead load increased, the column
displacement at the peak lateral force decreased. The peak lateral force and
corresponding displacement of column PT-LL and column PT-HL with a dead load of
10% of the ALI was 359 kips (1597 kN) at 12.6” (320 mm), and 444 kips (1975 kN) at
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12.2” (310 mm), respectively. Peak lateral force and corresponding displacement of
column PT-LL and PT-HL with a dead load of 15% of the ALI was 371 Kkips (1650 kN)
at 11.3” (287 mm), and 456 kips (2028 kN) at 11.3” (287 mm), respectively. Peak lateral
force and the corresponding displacement of column PT-LL and PT-HL with a dead load
0f 20% of the ALI is 384 kips (1708 kN) at 10.4” (264 mm), and 467 kips (2077 kN) at
11.3” (287 mm), respectively. The original prototype columns, PT-LL and PT-HL, with a
dead load of 6% of the ALI showed the best performance. Column PT-LL and PT-HL
reached the largest displacement at peak lateral force, resulting in values of 13.5” (343
mm) at 350 kips (1557 kN), and 13.1” (333 mm) at 435 kips (1935 kN), respectively.

6.3.3 Hysteretic Response

The hysteretic responses of column PT-LL and PT-HL with a dead load of 10%,
15%, and 20% of the ALI are shown in Figure 6-11, Figure 6-12, Figure 6-13, Figure
6-14, Figure 6-15, and Figure 6-16, respectively. As the dead load increased from the
original prototype value of 6% of the ALI, the column capacity decreased. The original
prototype columns were able to withstand cyclic loading through 8% drift. Each increase
of axial dead load resulted in failure at lower drifts. At a dead load of 10% of the ALI,
columns PT-LL and PT-HL failed after cycles of 7% drift. At a dead load of 15% of the
ALLI, columns PT-LL and PT-HL failed after cycles of 5% and 6% drift, respectively. At
a dead load of 20% of the ALI, columns PT-LL and PT-HL failed after cycles of 5% and
6% drift, respectively.

Residual displacements for column PT-LL and PT-HL at 10%, 15%, and 20% of
the ALI are presented in Table 6-6, Table 6-7, Table 6-8, Table 6-9, Table 6-10, and
Table 6-11, respectively. The tables show a large impact on residual displacement as the
ALLI increases. A drift level of 5% will be used for comparison purposes, since all
columns made it to this drift level. Column PT-LL had a residual displacement of 1.75”
(44.45 mm) at 5% drift for the original prototype model with an ALI of 6%. The residual
displacement at 5% drift increases as the ALI increases to 10%, 15%, and 20%, to
residual displacements of 2.22” (56.39 mm), 3.41” (86.69 mm), and 5.76” (146.36 mm),
respectively. Column PT-HL had a residual displacement of 6.43” (163.44 mm) at 5%
drift for the original prototype model with an ALI of 6%. The residual displacement at
5% drift increases as the ALI increases to 10%, 15%, and 20%, to residual displacements
of 6.45” (163.80 mm), 6.63 (168.45 mm), and 7.90” (200.59 mm), respectively. The
original prototype columns with a dead load of 6% of the ALI showed the best
performance, both in capacity and residual displacement.

6.3.4 Tendon Stresses

Tendon stresses from column PT-LL and PT-HL with an axial dead load of 10%,
15%, and 20% of the ALI are presented in Table 6-12, Table 6-13, Table 6-14, Table
6-15, Table 6-16, and Table 6-17, respectively. Tendons do not begin to yield until a
stress of at least 243 ksi (1675.5 MPa) is reached. For all cases presented in this section,
the tendons do not yield during the cyclic loading. In each case of increasing the dead
load, the tendon stress decreases. For comparison purposes, tendon stresses at 5% drift
will be examined. Tendon stresses for column PT-LL with a dead load of 10%, 15%, and
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20% of the ALLI, resulted in tendon stresses of 147.7 ksi (1018.7 MPa), 137.8 ksi (950.4
MPa), and 121.4 ksi (837.1 MPa), respectively. Tendon stresses for column PT-HL with
a dead load of 10%, 15%, and 20% of the AL, resulted in tendon stresses of 143.9 ksi
(992.2 MPa), 136.9 ksi (943.7 MPa), and 124.8 ksi (860.2 MPa), respectively. The only
benefit of increasing the axial deal load in the first parametric study is the decrease in
tendon stresses.

6.4 Initial Post-Tensioning Force
6.4.1 Introduction

The initial post-tensioning force in the scaled and prototype columns was set at
10% of the ALI. Parametric study Il investigated increasing the initial post-tensioning
force from 10%, up to 15% and 20% of the ALI. Pushover and hysteretic behavior is
presented in this section, along with residual displacements and tendon stresses
throughout testing.

6.4.2 Pushover Response

The pushover response for columns PT-LL and PT-HL with an initial post-
tensioning force of 15% and 20% of the ALI are presented in Figure 6-17, Figure 6-18,
Figure 6-19, and Figure 6-20, respectively. As the initial post-tensioning force increased,
the displacement at the peak lateral force decreased. The peak lateral force and
corresponding displacement of column PT-LL and PT-HL with an initial tendon force of
15% of the ALI was 363 kips (1615 kN) at 12.6” (320.0 mm), and 446 kips (1984 kN) at
12.2” (309.9 mm), respectively. Peak lateral force and corresponding displacement of
column PT-LL and PT-HL with an initial tendon force of 20% of the ALI was 374 kips
(1664 kN) at 10.4” (264.2 mm), and 458 kips (2037 kN) at 11.3” (287.0 mm),
respectively. Similar to the axial load parametric study, the original prototype columns
showed the best performance. The original prototype columns; PT-LL and PT-HL,
showed a peak lateral force and displacement of 350 kips (1557 kN) at 13.5” (342.9 mm),
and 435 kips (1935 kN) at 13.1” (332.7 mm), respectively.

6.4.3 Hysteretic Response

The hysteretic response of columns PT-LL and PT-HL with an initial post-
tensioning force of 15% and 20% of the ALI are presented in Figure 6-21, Figure 6-22,
Figure 6-23, and Figure 6-24, respectively. Similar to the axial dead load parametric
study, as the initial post-tensioning force increases, the columns hysteretic capacity
decreases. The original prototype columns were able to withstand cyclic loading through
drifts of 8%. At an initial post-tensioning force of 15% of the ALI, column PT-LL fails
after drifts of 7%, while column PT-HL was able to undergo drifts of 8%. At an initial
post-tensioning force of 20% of the ALI, column PT-LL and PT-HL both failed
following drifts of 6%.

Residual displacements of column PT-LL and PT-HL from cases with an initial
post-tensioning force of 15% and 20% of the ALLI are presented in Table 6-18, Table
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6-19, Table 6-20, and Table 6-21, respectively. The tables show a significant impact on
residual displacement as the initial post-tensioning force increases from 10% of the ALI
to 15% and 20% of the ALI. A drift level of 5% will be used for discussion comparison
purposes. Column PT-LL had a residual displacement of 1.75” (44.45 mm) at 5% drift
for the original prototype model with an initial post-tensioning force of 10% of the ALLI.
The residual displacement at 5% drift increases as the initial post-tensioning force
increases to 15% and 20% of the ALL to residual displacements of 2.46” (62.48 mm),
and 3.67” (93.22 mm), respectively. Column PT-HL had a residual displacement of 6.43”
(163.44 mm) at 5% drift for the original prototype model with an initial post-tensioning
force of 10% of the ALI. The residual displacement at 5% drift slightly decreases to
6.37” (161.80 mm) with an initial post-tensioning force of 15% of the ALI, and increases
to a residual displacement of 6.65” (168.91 mm) with an initial post-tensioning force of
20% of the ALI. Comparing all drift levels at each initial post-tensioning force gives a
better perspective of the residual displacement capabilities of each column. For column
PT-LL, the lowest residual displacements all occurred when the initial post-tensioning
force was set at 10% of the ALI. For column PT-HL, the lowest residual displacements
through 4% drift all occurred with an initial post-tensioning force of 20% of the ALI. At
5% drift, the lowest residual displacement occurred with an initial post-tensioning force
of 15% of the ALLI. Drifts of 6% and greater showed the lowest residual displacements
with an initial post-tensioning force of 10% of the ALI.

The original prototype columns with an initial post-tensioning force of 10% of the
ALLI showed the beast all-around performance, both in capacity and residual
displacement. Column PT-HL showed lower residual displacements with an increase in
the initial post-tensioning force at lower drift levels, but residual displacements quickly
increased at drifts beyond 4%. The increased initial post-tensioning force decreases each
columns capacity, especially column PT-LL, developing higher levels of damage at lower
drift levels, and therefore increases residual displacements.

6.4.4 Tendon Stresses

Tendon stresses from column PT-LL and PT-HL with an initial post-tensioning
force of 15% and 20% of the ALI are presented in Table 6-22, Table 6-23, Table 6-24,
and Table 6-25, respectively. Tendons do not begin to yield until a stress of at least 243
ksi (1675.5 MPa) is reached. For all cases presented in this section, the tendons do not
yield during the cyclic loading. For comparison purposes, tendon stresses at 5% drift will
be examined. Tendon stresses for column PT-LL with an initial post-tensioning force of
15% and 20% of the ALLI, resulted in tendon stresses of 175.0 ksi (1206.8 MPa), and
191.8 ksi (1322.4 MPa), respectively. Tendon stresses for column PT-HL with an initial
post-tensioning force of 15% and 20% of the AL, resulted in tendon stresses of 172.4 ksi
(1188.5 MPa), and 191.7 ksi (1321.8 MPa), respectively. The only benefit of increasing
the initial post-tensioning force in the second parametric study is the slight increase in
lateral force in the pushover curve. However, the displacement corresponding to the peak
lateral force in the pushover curve decreases from the original prototype model for both
columns.

41



6.5  Concrete Strength
6.5.1 Introduction

Concrete strength in the scaled and prototype columns was set at 4.5 ksi (31
MPa). In practice, this value can take on a wide range of values. Parametric study Il and
III” investigated the behavior of the columns where the concrete strength was increased to
10 ksi (69 MPa). As mentioned in section 6.2.5, parametric study 111 focuses on column
behavior with an increase in concrete strength and corresponding axial dead load and
initial post-tensioning force due to the concrete strength effect on the ALI. Parametric
study III” focuses on increasing only the concrete strength in each column, and leaving
the axial dead load and initial post-tensioning force at the same values of the original
prototype columns. Pushover and hysteretic responses are presented in this section, along
with residual displacements and tendon stresses throughout cyclic loading.

6.5.2 Pushover Response

The pushover response of columns PT-LL and PT-HL with a concrete strength of
10 ksi (69 MPa) for parametric study Il are presented in Figure 6-25, and Figure 6-26,
respectively. Pushover responses of column PT-LL and PT-HL with a concrete strength
of 10 ksi (69 MPa) for parametric study III’ are presented in Figure 6-27, and Figure
6-28, respectively. As previously stated, the difference between parametric study Il and
II’, is that study 111 follows an ALI corresponding to the increase in f’¢, and study III’
follows an ALI according to the original prototype. As the concrete strength, axial dead
load, and initial post-tensioning force increased in study I1l, the displacement at the peak
lateral force decreased. The peak lateral force and corresponding displacement of column
PT-LL and PT-HL with a concrete strength of 10 ksi (69 MPa) was 542 kips (2411 kN) at
8.6” (218.4 mm), and 622 kips (2766 kN) at 8.6” (218.4 mm), respectively. As only the
concrete strength increased in study III’, the displacement at peak force increased. Peak
lateral force and corresponding displacement of column PT-LL and PT-HL with an
increase in concrete strength was 411 kips (1828 kN) at 15.3” (388.6 mm), and 505 kips
(2244 kN) at 13.5” (342.9 mm), respectively. The original prototype columns; PT-LL and
PT-HL, showed a peak lateral force and displacement of 350 kips (1557 kN) at 13.5”
(342.9 mm), and 435 kips (1935 kN) at 13.1” (332.7 mm), respectively. Parametric study
I11 did not show any advantages of increasing the concrete strength, axial dead load, and
initial post-tensioning force. Parametric study III” did show performance improvements
from the original prototype columns, increasing the column displacement at peak lateral
force from 13.5” (342.9 mm) to 15.3” (388.6 mm) for column PT-LL, and 13.1” (332.7
mm) to 13.5” (342.9 mm) for column PT-HL.

6.5.3 Hysteretic Response
The hysteretic response of columns PT-LL and PT-HL from parametric study I,
with an increase in concrete strength, axial dead load, and initial post-tensioning force are

presented in Figure 6-29, and Figure 6-30, respectively. Hysteretic responses of column
PT-LL and PT-HL from parametric study III’, where only the concrete strength was

42



increased, is presented in Figure 6-31, and Figure 6-32, respectively. The original
prototype columns were able to withstand cyclic loading through drifts of 8%. Column
PT-LL and PT-HL from parametric study Il both failed following drifts of 6%. Column
PT-LL and PT-HL from parametric study III” were able to withstand the same cyclic
loading used with the original prototype columns, maintaining capacity through 8% drift.

Residual displacements of column PT-LL and PT-HL from parametric study 1l1
are presented in Table 6-26, and Table 6-27, respectively. Residual displacements of
column PT-LL and PT-HL from parametric study III’ are presented in Table 6-28, and
Table 6-29, respectively. The tables show a significant impact on residual displacement
from the increase in concrete strength. A drift level of 5% will be used for discussion
comparison purposes. Column PT-LL had a residual displacement of 1.75” (44.45 mm) at
5% drift for the original prototype model with a concrete strength of 4.5 ksi (31 MPa).
The residual displacement at 5% drift increased in parametric study Il to a residual
displacement of 2.37” (60.24 mm). Residual displacement for column PT-LL in
parametric study III” showed an improvement, decreasing to 1.68” (42.79 mm). Column
PT-HL had a residual displacement of 6.43” (163.44 mm) at 5% drift for the original
prototype model with a concrete strength of 4.5 ksi (31 MPa). The residual displacement
at 5% drift in parametric study 111, decreased to a residual displacement of 4.30” (109.33
MPa). Residual displacement for column PT-HL in parametric study III” also showed an
improvement, decreasing to a residual displacement to 4.57” (116.08 MPa). Column PT-
LL and PT-HL both show all-around reductions in residual displacement from an
increase in concrete strength.

6.5.4 Tendon Stresses

Tendon stresses from column PT-LL and PT-HL from parametric study Il were
calculated and are presented in Table 6-30, and Table 6-31, respectively. Tendon stresses
from column PT-LL and PT-HL in parametric study III” (increased concrete strength
only) are presented in Table 6-32, and Table 6-33, respectively. Tendons do not begin to
yield until a stress of at least 243 ksi (1675.5 MPa) is reached. For all cases presented in
this section, the tendons do not yield during the cyclic loading. For discussion
comparison purposes, tendon stresses at 5% drift from the tables will be examined.
Tendon stresses for column PT-LL and PT-HL in parametric study Ill, resulted in tendon
stresses of 170.9 ksi (1178.1 MPa), and 166.0 ksi (1144.6 MPa), respectively. Tendon
stresses for column PT-HL in parametric study III’, resulted in tendon stresses of 137.2
ksi (946.2 MPa), and 137.7 ksi (949.3 MPa), respectively. The original prototype
columns, PT-LL and PT-HL, resulted in stresses of 154.4 ksi (1064.6 kN) and 149.9 ksi
(1033.4 kN), respectively. There is no tendon stress benefit from parametric study 11, as
the tendon stresses increased in the study. However, parametric study III” presents several
benefits; tendon stresses decrease in each column compared to the original prototype
columns, residual displacements decrease in each column, and column displacement at
peak force increased in each column.
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6.6 Tendon Location
6.6.1 Introduction

Tendon location in the scaled and prototype columns was set at 22.5% of the
column cross section diameter, resulting in a location 13.5” (343 mm) out from the center
of the column cross section. This value was initially chosen as the closest location the
four tendons could be placed to the center of the column cross section. For parametric
study 1V, the four tendons were moved out to a location of 30% of the diameter of the
column cross section. This resulted in a location 18 (457 mm) out from the center of the
column cross section. The pushover and hysteretic behavior, as well as residual
displacements and tendon stresses throughout cyclic loading are presented in this section.

6.6.2 Pushover Response

The pushover responses of columns PT-LL and PT-HL, with four tendons located
at 30% of the column diameter, are presented in Figure 6-33, and Figure 6-34,
respectively. As the tendon location out from the center of the column cross section
increased, the displacement at the peak lateral force slightly increased. The peak lateral
force and corresponding displacement of column PT-LL and PT-HL with a tendon
location of 30% of the column diameter was 372 kips (1655 kN) at 14.0” (356 mm), and
459 kips (2042 kN) at 14.0” (356 mm), respectively. The original prototype columns; PT-
LL and PT-HL, showed a peak lateral force and displacement of 350 kips (1557 kN) at
13.5” (342.9 mm), and 435 kips (1935 kN) at 13.1” (332.7 mm), respectively.

6.6.3 Hysteretic Response

The hysteretic response of columns PT-LL and PT-HL, with four tendons located
at 30% of the column diameter, are presented in Figure 6-35, and Figure 6-36,
respectively. The original prototype columns were able to withstand cyclic loading
through drifts of 8%. Increasing the tendon location reduced the cyclic capacity of
column PT-LL, producing failure following 7% drift. Column PT-HL was able to
withstand cyclic loading through drifts of 8%.

Residual displacements of column PT-LL and PT-HL from the change in tendon
location are presented in Table 6-34, and Table 6-35, respectively. The tables show a
small impact on residual displacement as the tendon location out from the center of the
column cross section is increased. A drift level of 5% will be used here for discussion
comparison purposes. Column PT-LL and PT-HL had a residual displacement of 1.75”
(44.45 mm) and 6.43” (163.44 mm) at 5% drift for the original prototype models,
respectively. The residual displacement at 5% drift for each column decreased as the
tendon location out from the center of the column cross section was increased to 30% of
the column diameter. Column PT-LL and PT-HL showed residual displacements of 1.57”
(39.86 mm), and 5.71” (145.05 mm), respectively. Increasing the distance out from the
center of the column cross section shows an improvement by slightly reducing the
residual displacements.

44



6.6.4 Tendon Stresses

Tendon stresses from column PT-LL and PT-HL were calculated from the models
with an increased distance out from the center of the column cross section to each tendon
and are presented in Table 6-36 and Table 6-37, respectively. Tendons do not begin to
yield until a stress of at least 243 ksi (1675.5 MPa) is reached. For all cases presented in
this section, the tendons do not yield during the cyclic loading, although they do become
very close. For discussion comparison purposes, tendon stresses at 5% drift will be
examined. Tendon stresses from column PT-LL and PT-HL with an increased tendon
location resulted in stresses of 174.0 ksi (1199.7 kN) and 169.5 ksi (1168.5 kN),
respectively. The original prototype columns; PT-LL and PT-HL, showed tendon stresses
at 5% drift of 154.4 ksi (1064.6 kN) and 149.9 ksi (1033.4 kN). Increasing the distance of
the tendon location from the center of the column cross section shows benefits in re-
centering capabilities, but results in tendon stresses that are very close to the yield stress.

6.7  Extra Low Longitudinal Reinforcement
6.7.1 Introduction

Column PT-LL was designed with a longitudinal reinforcement ratio of 0.69%. A
parametric study was conducted on a specimen named PT-EL (post-tensioned extra low
longitudinal reinforcement) with a reinforcement ratio of 0.34%. This parametric study
was used to determine if a very low reinforcement ratio would help reduce residual
displacements even greater than column PT-LL. The pushover and hysteretic behavior, as
well as residual displacements and tendon stresses throughout cyclic loading are
presented in this section.

6.7.2 Pushover Response

The pushover response of column PT-EL, with a longitudinal reinforcement ratio
of 0.34% is presented in Figure 6-37. As the longitudinal reinforcement ratio decreased,
the displacement at the peak lateral force remained the same as column PT-LL, and
increased slightly from that of column PT-HL. The peak lateral force and corresponding
displacement of column PT-EL with a reinforcement ratio of 0.34% was 296 kips (1317
kN) at 13.5” (343 mm). The original prototype columns; PT-LL and PT-HL, showed a
peak lateral force and displacement of 350 kips (1557 kN) at 13.5” (342.9 mm), and 435
kips (1935 kN) at 13.1” (332.7 mm), respectively.

6.7.3 Hysteretic Response

The hysteretic response of column PT-EL with a longitudinal reinforcement ratio
of 0.34% is presented in Figure 6-38. The original prototype columns were able to
withstand cyclic loading through drifts of 8%. Decreasing the longitudinal reinforcement
ratio produced failure following the first push to 8% drift.

Residual displacements of column PT-EL from the change in longitudinal
reinforcement ratio is presented in Table 6-38. The tables show a small impact on
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residual displacement as the longitudinal reinforcement ratio is decreased. A drift level of
5% will be used here for discussion comparison purposes. Column PT-LL and PT-HL
had a residual displacement of 1.75” (44.45 mm) and 6.43” (163.44 mm) at 5% drift for
the original prototype models, respectively. The residual displacement at 5% drift for
column PT-EL decreased with the reduction in longitudinal reinforcement. Column PT-
EL showed a residual displacement of 0.81” (20.45 mm). It should be noted that there
was a large increase in residual displacement from 5% drift to 6% drift. At 6% drift,
column PT-EL had a residual displacement of 2.15” (54.61 mm), compared to 3.72”
(94.49 mm) and 9.21” (233.97 mm) for the original columns PT-LL and PT-HL,
respectively.

6.7.4 Tendon Stresses

Tendon stresses from column PT-EL were calculated from the model with a
decreased amount of longitudinal reinforcement and is presented in Table 6-39. Tendons
do not begin to yield until a stress of at least 243 ksi (1675.5 MPa) is reached. For all
cases presented in this section, the tendons do not yield during the cyclic loading. For
discussion comparison purposes, tendon stresses at 5% drift will be examined. Tendon
stresses from column PT-EL with a decrease in longitudinal reinforcement resulted in a
stress of 154.9 ksi (1067.7 kN). The original prototype columns; PT-LL and PT-HL,
showed tendon stresses at 5% drift of 154.4 ksi (1064.6 kN) and 149.9 ksi (1033.4 kN).
Decreasing the amount of longitudinal reinforcement reduced residual displacements at
low drift levels, but decreased the columns cyclic capacity.

6.8  Design Recommendations

Based on the parametric study, the original prototype columns and the columns
from parametric study 111’ showed the best overall performance. These observations are
based on an overall assessment of ductility, tendon stresses, and re-centering capabilities,
and do not go to great lengths to distinguish one parametric study from the other. The
columns from parametric study III’, increasing the concrete strength to 10 ksi (69 MPa)
from 4.5 ksi (31 MPa) displayed two benefits; a reduction in residual displacement, and
an increase in column displacement at peak lateral force. The original columns were able
to maintain lower tendon stresses throughout cyclic loading. Parametric study I, varying
the axial dead load from 6% of the ALI up to 10%, 15%, and 20% of the AL, displayed
the benefit of a reduction in tendon stresses throughout testing. Parametric study II,
varying the initial post-tensioning force from 10% of the ALI up to 15% and 20% of the
AL, showed the benefit of an increase in the lateral force on the column from the
pushover response. Parametric study Il1, increasing the concrete strength to 10 ksi (69
MPa) from 4.5 ksi (31 MPa), along with the axial dead load and initial post-tensioning
force corresponding to the ALI, did display any benefits. Parametric study IV, increasing
the distance out from the center of the column cross section to the tendons from 22.5% to
30% of the column diameter, showed a slight improvement on residual displacements,
but resulted in a large increase in tendon stresses, bringing them very close to the yield
stress a drift of 8%. Parametric study V, decreasing the amount of longitudinal
reinforcement to 0.34% did reduce residual displacements but did not have as much
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cyclic capacity as the original columns. Column PT-EL failed following the first push to
8% drift during cyclic loading.

Based on these observations, the axial dead load and initial post-tensioning force
should be set at 6% and 10% of the ALLI, respectively, the values of the original prototype
columns. Increasing the amount of axial dead load and initial post-tensioning force in
parametric study I and Il, respectively, resulted in columns with less cyclic capacity,
lower column displacements at peak lateral force, and increased residual displacements
from the overall results, looking at all drift levels. The ALI should use a concrete strength
of 4.5 ksi (31 MPa) while considering the magnitude of the axial dead load and initial
post-tensioning force according to the ALI. The actual concrete strength for the column
construction can be increased, up to 10 ksi (69 MPa) to improve overall performance,
based on the results presented from parametric study III’. Although column performance
was not checked with a concrete strength between 4.5 ksi (31 MPa) and 10 ksi (69 MPa),
it is assumed that a concrete strength between these values will produce reasonable
results, within the performance values of the results from 4.5 ksi (31 MPa) concrete and
10 ksi (69 MPa) concrete.
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CHAPTER 7
Summary and Conclusions
7.1 Summary

During large earthquakes, bridge columns undergo large lateral displacements.
These large displacements can cause damage and residual displacements that require
closure of the bridge until repairs can be made. In order to reduce damage and residual
displacements in bridge columns, unbonded post-tensioned tendons have been introduced
to promote a re-centering in the columns. A reduction in residual displacement helps
reduce the damage level in bridge columns, therefore shortening the amount of time
required for repairs. Two similar unbonded post-tensioned bridge columns were tested
using cyclic loading, each column having a different longitudinal reinforcement ratio.

The primary objective of this study was to investigate the re-centering capabilities
of two unbonded post-tensioned columns under cyclic loading with an improved tendon
design. The 0.4-scale columns, PT-LL and PT-HL, had longitudinal reinforcement ratios
of 0.69% and 1.33%, respectively. Aside from the longitudinal reinforcement ratio, each
column maintained similar properties. Each column had a diameter of 24” (610 mm), and
a height of 108 (2743 mm). The concrete strength was specified as 4.5 ksi (31 MPa),
and reinforcing steel was specified as Grade 60 ksi (414 MPa). Each column was subject
to a cyclic motion, beginning with two cycles at 0.25% and 0.5% drift. Cyclic motion
then increased to 1% drift, and continued in 1% increments to failure.

The large tendon force required for re-centering capabilities can be provided with
one tendon in a scaled column, but will result in too large of a tendon area and force for a
single tendon when designed at prototype dimensions. To account for this, four separate
tendons were located around the center of the column cross section. This configuration
allowed for the required re-centering force and high tendon area to be equally spread out
to four separate tendons, making a realistic design for a full-scale column. Following a
large seismic event, there is a possibility of the tendons yielding due to large lateral
displacements. To provide access to the tendons, each of the four tendons were anchored
in the four corners of the footing. This configuration allows for access to the anchor
heads following construction. To help prevent any corrosion in the tendons, each strand
was encapsulated in a greased plastic sleeve. Following testing, one of the extreme
tendons was removed for inspection and showed no serious damage, proving that the
sheathing provides a sufficient protection for severe shaking.

Pushover and hysteretic responses, as well as residual displacements and tendon
stresses were analyzed from each column following testing. The results were used to
analyze the column behavior from the varying amount of longitudinal reinforcement
within each column. Tendon stresses were measured and used to determine if the initial
tendon force and stress were appropriate for large lateral displacements.

Following experimental testing, it was determined that the analytical model gave
a close prediction of the measured results. Using the analytical model, a parametric study
was conducted. The parametric study consisted of four separate studies: Study | varied
the amount of axial dead load while all other parameters were held constant. Study 11
varied the initial post-tensioning force while all other parameters were held constant.
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Study I11 increased the concrete strength and corresponding axial load and initial post-
tensioning force, according to the axial load index (ALI). Study III’ increased the
concrete strength and held the axial dead load and initial post-tensioning force at the
original values used in the test. Study IV, the final study, investigated the column
behavior when the distance to the tendon from the center of the column cross section was
increased. The parametric study was used to determine design recommendations for
unbounded post-tensioned bridge columns.

7.2 Conclusions

Experimental and analytical results were used to determine the following
conclusions:

1) Constructing each column with four separate tendons centrally located within the
column cross section provided sufficient area and spacing for the tendons in the
experimental specimens. The area and spacing of tendons would also work in a full-
scale design. Exiting the tendons out of the corners of the footing provided the
possibility of removing the tendons, and did not display any negative effects.
Encapsulating the tendons in greased sleeves provided corrosion protection and held up
well with minimal damage following many cycles at large drift ratios. Therefore, the
encapsulated tendons should be sufficient in preventing corrosion.

2) Selecting an initial tendon force of 10% of the axial load index (ALI), and an initial
tendon stress of 21% of fpu, provided re-centering capabilities and did not yield the
tendons. Once the columns reached failure (8.4% drift for PT-LL, and 9.1% drift for
PT-HL at 80% of maximum load), they were pushed to a drift ratio of 10% (10.8” (274
mm) of displacement) to measure the tendons stresses. At a large drift ratio of 10%, the
tendon stresses remained below the yield stress, with a maximum stress of 151 ksi
(1041 MPa) for column PT-LL, and 169 ksi (1165 MPa) for column PT-HL. The yield
stress of the tendons was 247 ksi (1703 MPa), and 70% of the yield stress (a good
target to stay below) was 173 ksi (1192 MPa). These maximum stresses were measured
in the tendons located on the extreme sides of the column, where the highest tendon
stresses were measured. The initial post-tensioning force in column PT-LL resulted in a
force of 7.7% of the ALI, and the initial post-tensioning force in column PT-HL
resulted in a force of 9.6% of the ALI. Since column PT-HL was initially stressed to a
force (9.6% ALLI) that was very close to the specified initial force (10% ALI), the
specified initial tendon force of 10% of the ALI would be recommended. Even at large
column displacements of 10% drift, the maximum tendon stress in column PT-HL
remained just under 70% of fp..

3) Minimizing column residual displacements was the primary motive of using unbonded
post-tensioning. Using unbonded tendons in each column helped minimize residual
displacements. Column PT-LL showed an average residual displacement between the
positive and negative sides of the hysteresis response of 0.32” (8.0 mm) at a drift ratio
of 2% (2.16” (54.9 mm)). At larger drift ratios, the residual displacement remained low,
with measured residual displacements of 1.85” (47.0 mm) at 5% drift (5.4” (137 mm)),
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2.50” (63.6 mm) at 6% drift (6.48” (165 mm)), and 2.94” (74.6 mm) at 7% drift (7.56”
(192 mm)). These residual displacements corresponded to 34.3% of the lateral drift at
5% drift (5.4” (137 mm)), 38.6% of the lateral drift at 6% drift (6.48” (165 mm)), and
38.9% of the lateral drift at 7% drift (7.56” (192 mm)). Column PT-HL showed an
average residual displacement between the positive and negative sides of the hysteresis
response of 0.30” (7.7 mm) at a drift of 2% (2.16” (54.9 mm)). At larger drift ratios, the
residual displacement increased beyond the values of column PT-LL, with measured
residual displacements of 2.26” (57.4 mm) at 5% drift (5.4” (137 mm)), 3.07” (77.9
mm) at 6% drift (6.48” (165 mm)), and 3.94” (100.0 mm) at 7% drift (7.56” (192 mm)).
These residual displacements corresponded to 41.9% of the lateral drift at 5% drift
(5.4” (137 mm)), 47.4% of the lateral drift at 6% drift (6.48” (165 mm)), and 52.1% of
the lateral drift at 7% drift (7.56” (192 mm)). Note the lower residual displacements of
column PT-LL compared to column PT-HL, even when column PT-LL had an initial
tendon force of 7.7% of the ALI, and PT-HL had an initial tendon force of 9.6% of the
ALL. The longitudinal reinforcement ratio had a large impact on the column re-
centering capabilities, and the lower reinforcement ratio resulted in significantly
smaller residual displacements.

4) Pushover curves were created by averaging the positive and negative envelopes of the
hysteresis curve of each column. The pushover curve from each column was then used
to calculate the elasto-plastic column behavior, from which ductility capacities were
determined. Two separate ductility capacities were established: ductility at first fracture
and ductility displacement capacity. The ductility at first fracture was defined as the
column displacement when the first longitudinal rebar fractured, divided by the
effective yield displacement. Column PT-LL and PT-HL resulted in a ductility at first
fracture of 6.9 and 6.0, respectively. Ductility displacement capacity was defined as the
column displacement at 80% of the peak lateral force, divided by the effective yield
displacement. Column PT-LL and PT-HL resulted in a ductility displacement capacity
of 9.6 and 7.0, respectively. Visible damage was greater in column PT-LL compared to
PT-HL for drifts up to 3%. Visible damage was similar between the two columns for
drifts of 4%, 5%, and 6%. At a drift of 7%, the visible damage became slightly greater
in column PT-LL. While damage was similar and slightly higher in column PT-LL,
column PT-LL had a greater ductility for both the ductility at first fracture, and the
displacement ductility capacity.

5) Column PT-LL contained a longitudinal reinforcement ratio of 0.69%, and column PT-
HL contained a longitudinal reinforcement ratio of 1.33%. The benefits of the lower
reinforcement ratio are; smaller residual displacements, and larger ductility
displacement capacity and ductility at first fracture. The benefits of having a higher
longitudinal reinforcement ratio are; a slight reduction in damage compared to the
lower reinforced column, and a larger column displacement at the first longitudinal
reinforcement fracture. Column PT-LL had a column displacement at first fracture of
6.6” (168 mm), corresponding to a drift ratio of 6.1%, and column PT-HL had a column
displacement at first fracture of 8.56” (217 mm), corresponding to a drift ratio of 7.9%.
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6) Using fiber elements to model each column, with link elements used to model the
tendons, provided a close correlation between the measured and calculated results.
Measured pushover and hysteretic responses of each column matched up well with the
analytical model, indicating that the model can be used to make close predictions of
actual column behavior. Column PT-LL was found to have uneven concrete cover
following testing. When the column was modified with uneven concrete cover, the
model showed a close correlation to the actual column behavior. Residual
displacements also showed a close correlation between the measured and calculated
results. Column PT-LL had a maximum difference in residual displacement between
the analytical and measured results of 0.48 (12.19 mm) at 7% drift, corresponding to
16.3% difference. Column PT-HL had a maximum difference in residual displacement
between the analytical and measured results of 0.69” (17.53 mm) at 4% drift,
corresponding to 46% difference.

7) Close correlation between the analytical and measured results allowed for a parametric
study to be conducted on the prototype columns to gain a perspective of full-scale
behavior. Parametric study | focused on increasing the axial dead load, while all other
parameters maintained original values. Increasing the axial dead load to 10%, 15%, and
20% of the ALI did not show any benefits. Parametric study Il investigated each
columns behavior following an increase in the initial post-tensioning force from 10% of
the ALLI, up to 15% and 20% of the ALI. Increasing the initial post-tensioning force did
not improve the re-centering capabilities of column PT-LL for drifts of 1% through 8%.
Increasing the initial post-tensioning force reduced the ductility, and therefore brought
on failure at an earlier point, allowing cycles only through 7% drift when the initial
force was increased to 15% of the ALI. When the initial force was increased to 20% of
the ALLI, failure initiated following cycles of 6% drift. The original initial post-
tensioning force of 10% of the ALI provided the best overall behavior for column PT-
LL. Increasing the initial post-tensioning force did improve the re-centering capabilities
of column PT-HL at certain drift levels. An initial post-tensioning force of 20% of the
AL provided the best re-centering capabilities for drifts through 4%. An initial post-
tensioning force of 15% of the ALI provided the best re-centering capabilities at 5%
drift. The original initial post-tensioning force of 10% of the ALI provided the best re-
centering capabilities for drifts of 6% and higher. Based on parametric study II, the
original initial tendon force of 10% of the ALI provided the best all around re-centering
capabilities for both columns. Parametric study Il investigated the column behavior
when the concrete strength was increased from 4.5 ksi (31 MPa) to 10 ksi (69 MPa),
and the axial dead load and initial post-tensioning force increased according to the ALI.
This study did not show any benefits, making each column less ductile, and increasing
residual displacements. Parametric study III’ investigated the column behavior when
the concrete strength was increased from 4.5 ksi (31 MPa) to 10 ksi (69 MPa), and the
axial dead load and initial post-tensioning force remained at their original values of 6%
and 10% of the ALI (f’c = 4.5 ksi (31 MPa)), respectively. Increasing only the concrete
strength showed several benefits, including a reduction in residual displacements,
increased column displacement at the peak lateral force, and a decrease in tendon stress
at high drift levels. Parametric study IV investigated the column behavior when the
tendon location was increased to 30% of the column diameter out from the center of the
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column cross section. Increasing the distance out from the center of the column cross
section improved column performance. The displacement at peak lateral force
increased, residual displacements decreased, but the tendon forces increased to values
very close to the tendon yield stress at high drift ratios. With tendon stresses nearly
reaching their yield stress, the tendon location increase to 30% of the column diameter
Is not recommended. Based on the parametric study, the original columns showed the
best overall performance, aside from increasing the concrete strength. Increasing the
original concrete strength showed improvements in the residual displacements and an
increase in the column displacement at peak lateral force, all without increasing the
tendon stresses.

7.3 Design Recommendations

Based on the analytical and test results, the following design recommendations have been
made:

1) Four separate tendons shall be used and located at 22.5% of the column diameter out
from the center of the column cross section. Tendons should be composed of
encapsulated greased and sheathed strands and should be anchored in the corners of the
footing.

2) The overall initial tendon force should be set at 10% of the axial load index (ALI). The
tendon area should be selected by dividing the initial tendon force (10% ALI) by 20%
of fou.

3) The longitudinal reinforcement ratio should be kept below 1.0%. The lower
reinforcement ratio tested (0.69% as opposed to 1.33%) provided lower residual
displacements and larger ductility levels.

4) Columns should be modeled using fiber elements, and tendons should be modeled
using link elements. Tested material properties and actual column geometries can be
used for more accurate modeling.

5) Columns should be designed to have a maximum axial dead load of 6% of the AL, as
this showed the best ductility and re-centering capabilities in a parametric study. The
ALLI used to determine the initial post-tensioning force and dead load should assume a
concrete strength of 4.5 ksi (31 MPa). The actual concrete strength used in the columns
can be increased up to 10 ksi (69 MPa) to improve re-centering capabilities.
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Table 1-1: Literature Review Parameters

section| Colurmn Height, in | Diameter, Initial PT, kips Dead Load, kips |Concrete Strength,
(mm) in (mm) P (kN), %f' A, (kN), %f' Aq psi (MPa)
604.5 (2689), 18.8%| 200 (890), 6.2% | Test1:7.1 (48.7)
JH1 [145 (3683)| 24 (610 0%
( ) (610) ° |7345 (3267), 19.6%| 200 (890), 5.3% | Test 2:8.3 (57.0)
479.9 (2135), 14.3%| 200 (890), 6.0% | Test 1: 7.4 (50.8)
H2 |14 24 (61 %
121 ) 5 (3683) (610) 0% 566.8 (2521), 15.7%| 200 (890), 5.5% | Test 2:8.0 (55.5)
- 463.1 (2060), 12.3%| 200 (890), 5.3% | Test 1:8.3 (57.3)
JH3 |72.5(1842)| 24 (610 0%
( ) (610) ° 611.1 (2718), 16.3%| 200 (890), 5.3% | Test2:8.3 (57.1)
466.7 (2076), 12.3%| 200 (890), 5.3% | Test 1:8.4 (58.1)
H4 725 (1842)| 24 (61 %
) 5(1842) (610) 0% 16003 (2670), 15.8%| 200 (890), 5.3% | Test 2:8.4 (57.8)
PRC-2 |203 (2440)| 16 (406) | 0.66% | 49.4 (220),5.6% | 54.0 (240), 6.0% 4.7 (32.6)
PRC-U |203 (2440)| 16 (406) | 0.66% | 46.6 (207),5.3% | 54.0 (240), 6.0% 4.7 (32.2)
122
PRC-U2|203 (2440)| 16 (406) | 0.66% | 77.9 (346),8.8% | 54.0 (240), 6.0% 4.7 (32.5)
PRC-UJ|203 (2440)| 16 (406) | 0.66% | 48.7 (217),5.5% | 54.0 (240), 6.0% 4.7 (32.1)
COC |160 (4064) (Szggg 2 0% 234.3 (1042), 7% |327.3 (1456), 10% 4.6 (32)
C5C [160 (4064) (823222 5 0.50% | 234.3 (1042), 7% |327.3 (1456), 10% 4.6 (32)
123
C8C |160 (4064) (82323 2 1.0% | 234.3(1042), 7% |327.3 (1456), 10% 4.6 (32)
CsC-1 |160 (4064) (822222 g |050% | 70112, 2% [s273 (1456, 10%| 46 (2)
MONT1 | 63 (1600) 1?3;22207)5 1.0% 0 45.0 (200), 2.5% 9.6 (65.9)
PTL | 63 (1600) lé;;ggggs 0.0% 0 45.0(200),3.1% | 7.8 (54.1)
1.24 | PT2 | 63(1600) 1?3;82207)5 0.0% | 22.5(100),1.5% | 45.0 (200), 3.1% 7.8 (54.1)
HBD1 | 63 (1600) 15’3222207)5 0.66% 0 45.0 (200), 3.1% 7.8 (54.1)
HBD2 | 63 (1600) 15’3232207)5 1.0% | 22.5(100), 1.5% | 45.0 (200), 3.1% 7.8 (54.1)
1.25 | HRU | 72 (1829) (1;106)()(14857) 0.0% | 400 (1779), 21.1% | 95 (423), 5% 5 (35)
1.2.6 [PTBent| 72(1829) | 12(305) | 0.78% | 55 (245),9.2% | 50.4 (224) 8.4% 5.3 (36.5)
SC-2 | 72(1829) | 16 (406) 1.0% | 100 (444.8), 11% 80 (356), 9% 4.5 (31)
SBR-1 | 72(1829) | 16 (406) | 1.2% | 100 (444.8), 11% 80 (356), 9% 4.5 (31)
127
SE-2 | 72(1829) | 16(406) | 1.0% | 100 (444.8),11% | 80 (356), 9% 45 (31)
SF-2 | 72(1829) | 16(406) | 1.0% | 100 (444.8),11% | 80 (356), 9% 45 (31)
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Table 2-1:

Column Parameters

C Initial PT, | Dead Load, | Height, [Diameter,| Aspect |Concrete
olumn P Ps . . . . . .
Kips (kN) Kips (kN) |in(mm) | in(mm) | Ratio |Cover, in
pT.LL | 0-685% |1 0g0s| 7-7%fcAg, |6%fcAg, 122| 108 |, 610) | 45 |1(54)
(10 #5's) 157 (698) (543) (2743)
PT-HL 1.33% 1.00% 9.6%fcAg, |6%fcAg, 122 108 24 (610) 45 1(25.4)
(10 #'7's) 194 (868) (543) (2743)
Table 2-2: Steel Properties
Tested Bar Sample | f, ksi (MPa) | f, ksi (MPa) | Elongation (%)
1 68.4 (471.6) | 98.4 (678.5) 17
2 71.3 (491.6) | 110.3 (760.5) 15
Transverse Bars: #3
v 3 74.2 (511.6) | 104.7 (721.9) 16
Average:| 71.3(491.6) | 104.5 (720.3) 16
1 71.5(493.0) | 95.8 (660.5) 19
- 2 71.8 (495.1) | 111.7 (770.2) 15
Longitudinal Bars: #5
ongildinal Bars 3 | 721(497.1) | 97.4(6716) 17
Average:| 71.8(495.1) | 101.6 (700.8) 17
1 69.3 (477.8) | 112.1 (772.9) 20
- 2 70 (482.7) | 112.1 (772.9) 18
Longitudinal Bars: #7
grtuct 3 | 70.1(4833) | 112.3 (774.3) 14
Average:| 69.8 (481.3) | 112.2 (773.4) 17.3
1 245.9 (1695.5)|281.6 (1941.6) 7.1
- " 2 247.7 (1707.9)| 281.1 (1938.2) 6.8
Post-Tensioning Strand: 0.6
9 3 |247.7 (1707.9)| 280.4 (1933.4) 6.4
Average:|247.1 (1703.8)|281.0 (1937.7) 6.8
Table 2-3: Average Concrete Compressive Strengths
Column Segment 7-Day, psi |14-Day, psi|28-Day, psi| Test Day, psi
(MPa) (MPa) (MPa) (MPa)
PT-LL Footing 4361 (30.1)[4735 (32.6) | 5384 (37.1) | 5384 (37.1)
Column & Loading Head | 3380 (23.3)| 3746 (25.8) | 4489 (31.0)| 4510 (31.1)
PT-HL Footing 4361 (30.1)[4735 (32.6) | 5384 (37.1) | 5384 (37.1)
Column & Loading Head | 3380 (23.3)| 3746 (25.8) | 4489 (31.0)| 4570 (31.5)
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Table 3-1: Drift Displacements

Drift A, in (mm)

0.25% 0.27 (6.9)

0.50% 0.54 (13.7)
1% 1.08 (27.4)
2% 2.16 (54.9)
3% 3.24 (82.3)
4% 4.32 (109.7)
5% 5.40 (137.2)
6% 6.48 (164.6)
8% 8.64 (219.5)
7% | 7.56 (192.0)
10% 10.80 (274.3)
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Table 4-1: PT-LL Load Numbers

Load No. | Drift Ratio (%)| Load No. | Drift Ratio (%)]Load No. | Drift Ratio (%)
1 0.25 14 -2 27 5
2 -0.25 15 2 28 -5
3 0.25 16 -2 29 6
4 -0.25 17 3 30 -6
5 0.5 18 -3 31 6
6 -0.5 19 3 32 -6
7 0.5 20 -3 33 7
8 -0.5 21 4 34 -7
9 1 22 -4 35 7
10 -1 23 4 36 -7
11 1 24 -4 37 7
12 -1 25 5 38 9
13 2 26 -5 39 10

Table 4-2: PT-LL, Residual Displacements

PT-LL, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0.05 (1.27)

0.03 (0.76)

0.04 (1.02)

0.5

0.06 (1.52)

0.06 (1.52)

0.06 (1.52)

0.08 (2.03)

0.12 (3.05)

0.10 (2.54)

0.20 (5.08)

0.43 (10.92)

0.32 (8.12)

0.37 (9.40)

1.00 (25.40)

0.69 (17.53)

0.66 (16.76)

1.84 (46.74)

1.25 (31.75)

0.98 (24.89)

2.71 (68.83)

1.85 (46.99)

1.51 (38.35)

3.50 (88.90)

2.50 (63.50)

~N|ojof~|lwN|(F

1.84 (46.74)

4.04 (102.62)

2.94 (74.68)
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Table 4-3: PT-LL Maximum Microstrains, Longitudinal Reinforcement

Strain Gauge| Cycle | 0.25% |0.50% | 1% 2% 3% 4% 5% 6%0 7% 10%

Push 1 -203 -858 | -1945 | -2828 | -7196 [-10404 | -13992 | -17612 | -9579

SGOL Pull 1 674 1008 | 1709 | 2403 | 3719 | 4511 | 4832 | 5120 | 4157 | 3627
Push 2 -236 -864 | -1971 | -3005 | -7876 |-11274 | -14941 | -18372 -20 537
Pull 2 681 1021 | 1774 | 2508 | 3771 | 4518 | 4734 | 4924 | 3365
Push 1 -125 -583 | -1618 | -2495 | -2921 | -5612 | -8833 |[-12219 | -14209

SGO2 Pull 1 648 753 1126 | 2010 2331 | 4033 | 4662 | 4616 | 4210 | 3817
Push 2 -118 -622 | -1670 | -2593 | -3117 | -6751 | -9842 |[-13227 | -12461 | -3575
Pull 2 655 772 1165 | 2089 | 2606 | 4387 | 4610 | 4263 | 3739
Push 1
Pull 1

SG03 bueh 2 Faulty
Pull 2
Push 1 623 958 1549 | 2238 | 2940 | 4751 | 5604 | 6004 | -2605

SGo4 Pull 1 -171 -748 | -1824 | -2586 | -4502 [ -7579 |-10828 [ -16038 | -4541 | -4370
Push 2 689 997 1706 | 2526 | 3983 | 5125 | 5899 | 5617 | -3767 | -4010
Pull 2 -190 -768 | -1811 | -2605 | -5276 | -8327 | -12140 | -8196 | -4377
Push 1
Pull 1

SGO05 Push 2 Faulty
Pull 2
Push 1 -636 | -2031 | -8871 | -22289 |-28991|-36951 | -36067 | -21208 | -9546

SGO6 Pull 1 662 904 | -1841 | -4305 | -4737 | -1409 | -4953 | -2097 | -1022 | -3053
Push 2 -813 | -1926 | -8517 | -21109 [-28179|-36709 | -25754 | -15049 | -7384 | -7744
Pull 2 662 904 | -1992 | -4573 | -3250 | -2601 | -4147 | -550 | -2837
Push 1 811 1177 | 1903 | 3642 | 4244 | 6461 | 9096 | 10391 [ 19696

SGO7 Pull 1 -667 | -1576 | -6944 | -15353 |-18976|-26143 | -25521 | -6395 | 1759 |-18401
Push 2 844 1210 | 759 2335 | 4434 | 6977 | 8573 | 7252 | 19329 | 16688
Pull 2 -614 | -1478 | -6480 | -13287 |-18891|-24521 | -17452 | -1497 | -20349
Push 1 857 1348 | 2310 | 6693 | 9846 | 14132 | 15610 | 14897 [ -16624

SGo8 Pull 1 -975 | -1969 | -8387 | -16153 |-20150|-27223 | -32155 | -39509 | -15656 | -13359
Push 2 923 1354 | 1479 | 5816 |10546 | 13935 | 14910 | 2689 |-11966 | -13405
Pull 2 -916 | -1858 [ -7870 | -14007 [-19699]|-25875| -32142 | -16716 | -13556
Push 1 -137 -648 | -2787 | -13851 | -7302 | -4881 | -4966 | -5143 | -2460

sG13 Pull 1 726 1047 | 2179 | 5614 | -3762 | -4842 | -4933 | -4940 | -2146 | -7380
Push 2 -124 -713 | -2931| -11483 | -5162 | -4842 | -5064 | -5267 | -8493 | -7629
Pull 2 733 1047 | 2414 | 5686 | -3873 | -4842 | -5005 | -5241 | -7648
Push 1 -66 -472 | -2207 | -11546 [-20000]-25580 | -31310 | -36228 | -45724

sc14 Pull 1 511 609 1074 | 1205 | 4080 | 6824 | 9542 | 8297 |-21651 |211777
Push 2 -72 -511 | -2299 | -11565 |-18795(-24093 | -29562 | -35940 | -41284 | -69523
Pull 2 517 616 1126 | 1984 | 4453 | 7636 | 8992 | 3654 |-95620
Push 1 707 1092 | 1760 | 4860 | 8334 | 12134 | -2845 | -5567 | -5528

SG15 Pull 1 -203 | -1047 |-2473 | -11552 [-20789|-22797 | -6188 | -6038 | -6070 | -6025
Push 2 700 1119 | 1910 | 3860 | 8040 | 3925 | -5639 | -5501 | -6031 |212611
Pull 2 -216 | -1034 | -2479 | -12233 |-19317|-14097 | -6051 | -5822 | -6103
Push 1 732 1184 | 2001 | 5192 |[11318| 16569 | 22526
Pull 1 -363 | -1432 [ -2746 | -10233 [-15863|-20440 | -24892 "

SG16 Slipped
Push 2 713 1197 | 2086 | 4584 |11044 | 16772 |-215494
Pull 2 -353 | -1393 | -2779 | -10076 [-14803|-20093 |-215494

58




Table 4-4: PT-LL Maximum Microstrains, Longitudinal Reinforcement

Strain Gauge| Cycle | 0.25% |0.50% | 1% 2% 3% 4% 5% 6%0 7% 10%
Push1 | -510 [ -2002 |-3952 |-13309 [-21508|-26592 | -5372 | -4908 | -3632
sG21 Pull 1 733 1224 | 2179 | 3481 | 10018 | 9933 | -4312 | -3049 | -2225 | -1590
Push2 | -589 | -1989 |-4018 | -12890 [-20088|-10901 | -5182 | -4018 | -2572 | -1832
Pull 2 720 1224 | 2316 | 6262 |[10744 | -1250 | -4050 | -2565 [ -2401
Push1 | -373 [ -1663 |-3110 | -11110 |-17944|-22409 | -26998 | -29983 | -18101
SG22 Pull 1 556 884 | 1191 | 1277 | 4903 | 7332 | 10645 | 8229 | -8249 [-10926
Push2 | -439 | -1663 |-3018 | -11070 [-16785|-21859 | -26704 | -20825 | -16759 | -11313
Pull 2 583 897 | 1218 | 3123 | 5473 | 7790 | 11411 | -4229 |-10894
Push 1 674 1047 | 1635 | 2689 | 4396 | 3847 | 5574 | 7229 [ 12809
sG23 Pull 1 -203 -942 | -2322 | -7863 |-16289(-22301 | -29183 | -35522 | -35247 | -47153
Push 2 661 1086 | 1734 | 3186 | 3500 | 3500 | 5436 | 7602 | 14778 | -30079
Pull 2 -216 -935 | -2250 | -8969 |-16217|-22451 | -28954 | -34377 | -36503
Push 1 818 1348 | 2206 | 4569 | 5564 | 6015 | 8522 | 10656 |-15147
sc2a Pull 1 -203 | -1132 | -2415 | -10486 [-21280|-28788 | -37429 | -45578 | -18210 | 6788
Push 2 916 1407 | 2297 | 4287 | 4680 | 5682 | 8765 | 7744 |-16253 | Slipped
Pull 2 -216 | -1146 | -2389 | -11743 |-21005|-29122 | -37416 | -27106 | -18119
Pushl | -190 -982 | -2756 | -8164 |-11915|-15156 | -18894 | -23038 | -12459
SG29 Pull 1 700 995 | 1630 | 1905 | 4164 | 5787 | 6822 | 7980 | 4465 | 3987
Push2 | -190 [ -1061 |-2750 | -8354 [-12040]-15424|-19752 | -23817 | -1152 98
Pull 2 714 1015 | 1663 | 2422 | 4517 | 5918 | 6966 | 7162 | 3817
Push 1 -98 -753 | -2153 | -3508 | -5091 | -7434 | -9947 |-11766 | -10477
SG30 Pull 1 471 615 955 1394 | 2650 | 3959 | 4685 | 5569 | 6263 | 5661
Push 2 -98 -785 | -2068 | -3632 | -5818 [ -7977 |-10235 [ -11688 | -9607 | -1283
Pull 2 471 622 975 1636 | 2997 | 4149 | 4895 | 5693 | 5575
Push 1 752 1125 | 1635 | 2433 | 2746 | 1785 | 1824 | 1988 | 1648
sG31 Pull 1 -314 | -1151 | -2550 | -9645 |[-14621|-17387 | -20408 | -22415 | -17766 | -18596
Push 2 785 1112 | 1661 | 2027 | 1517 | 1563 1746 1883 2210 | -7748
Pull 2 -301 | -1098 | -2491 | -10089 |-13836|-17504 | -19708 | -19028 | -15942
Push 1 772 1250 | 1957 | 3507 | 3416 | 2958 | 2833 | 2519 [ -4705
SG32 Pull 1 -497 | -1381 | -3023 | -8788 |[-14972|-18506 | -21614 | -24316 | -9573 | -8592
Push 2 798 1250 | 1983 | 2807 | 2585 | 2598 | 2473 | 2343 | -5817 | -6053
Pull 2 -465 | -1341 [ -3095 | -9390 |-14507|-18388|-21241 | -14664 | -8500
Push1l | -255 [ -1315 [-2793 | -8400 ([-10134]-11920 |-14026 |-16146 [ -9362
sG37 Pull 1 720 1047 | 1531 | 1629 | 1747 | 2309 | 2486 | 2637 | 1753 | 1151
Push2 | -255 [ -1308 |-2735| -8204 | -9905 |-12195 | -14569 | -16486 | -3507 | -2159
Pull 2 693 1047 | 1524 | 1125 | 1793 | 2283 2316 2296 962
Pushl | -222 -955 | -2224 | -3055 | -4894 | -7177 | -9415 |-11103 | -9565
sG3s Pull 1 406 595 870 1354 | 1701 | 1780 1780 1904 1531 1524
Push2 | -229 -994 | -2211 | -3036 | -5842 [ -7995 | -9951 [-11325| -7596 | -2885
Pull 2 412 595 890 1348 | 1636 | 1668 1695 1688 1367
Push 1 602 883 | 1295 | 1825 | 2119 | 2426 | 2995 | 3571 | 3342
$G39 Pull 1 -6 -464 | -1347 | -1903 | -2321 | -2688 | -3518 | -4505 | -3956 | -4002
Push 2 602 883 | 1328 | 1851 | 2204 | 2583 | 3283 | 3590 | 3159 | 1942
Pull 2 -6 -464 | -1334 | -1909 | -2302 | -2877 | -3780 | -4205 | -3753
Push 1 798 1191 | 1826 | 2539 | 3063 | 4397 | 4888 | 5202 | 3200
Pull 1 -65 -608 | -1721 | -2231 | -3089 | -4672 | -5536 | -6701 | -1093 .
SG40 Slipped
Push 2 792 1211 | 1845 | 2500 | 3599 | 4496 | 4960 | 5189 | 2055
Pull 2 -59 -608 | -1701 | -2290 | -3468 | -4751 | -5667 | -2984 | -314
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Table 4-5: PT-LL Maximum Microstrains, Transverse Reinforcement

Strain Gauge | Cycle | 0.25%]0.50% | 1% | 2% | 3% 4% 5% 6% 7% | 10%

Push1| -7 -46 -52 -52 -85 -98 -59 0 46

SG09 Pull1 13 20 33 -46 | -105 | -105 | -157 | -157 131 124
Push2| -13 -39 -46 -33 -65 -91 20 7 92 124
Pull 2 0 26 39 -39 -65 -78 -111 -20 157
Push1| 118 249 | -308

SG10 Pull 1 0 =72 | -229 Slipped
Push2| 144 262 | -334
Pull 2 7 -59 | -216
Pushl]| -26 -26 -46 -20 -26 -46 -39 -72 -72

SGI1 Pull 1 -39 -52 -20 7 0 -7 -7 -13 -33 -33
Push2| -26 -46 -46 -46 -33 -52 -52 -79 -85 -72
Pull 2 -33 -46 -20 -13 -20 -20 -26 -46 -20
Pushl]| 52 33 7 -39 98 124 92 52 -229

SG12 Pull 1 39 26 105 | 111 105 190 281 288 150 | -150
Push2| 46 46 20 0 124 144 111 98 -85 209
Pull 2 33 39 105 | 105 111 209 242 196 33
Pushl| -7 13 0 -79 -46 26 59 105 98

SG17 Pull'1 -13 -7 -111 | -26 39 7 20 111 98 -157
Push2| -13 20 -20 -33 -33 33 105 92 131 | -340
Pull 2 -26 -7 -118 -7 13 20 111 334 -72
Pushl1l]| -92 -124 | -216 | -458 | -366 | -308 | -550

SG18 Pull'1 -39 -157 | -275 | -465 | -517 | -595 | -870 Slipped
Push2| -92 -124 | -216 | -373 | -294 | -432 | -694
Pull 2 -33 -164 | -281 | -275 | -465 | -635
Push1| -59 -13 -26 | -183 | -360 | -556 | -530 | -301 | -700

SG19 Pull'l -26 -59 -98 | -216 | -242 | -314 | -347 | -327 -13 268
Push2| -46 -20 -46 | -229 | -419 | -543 | -419 | -406 | -308 700
Pull 2 -46 -72 | -111 | -118 | -249 | -347 | -327 | -183 229
Pushl| 78 72 52 26 -222 -98 -59 157 | -203

SG20 Pull1 -33 -20 -65 | -307 | -516 | -798 | -830 | -1203 | -889 163
Push2| 65 78 33 | -150 | -144 -85 124 -26 | 1151 | 1288
Pull 2 -20 -46 -65 | -294 | -490 | -758 | -726 | -954 543
Push1| -52 -33 -26 -39 | -111 | -170 | -170 | -137 | -118

SG25 Pull 1 -59 -33 -20 | -111 | -111 | -209 | -530 | -746 | -628 | -641
Push2| -59 -26 -26 -92 | -137 | -164 | -111 | -131 | -301 | -648
Pull 2 -59 -33 -39 | -105 | -118 | -308 | -556 | -595 [ -504
Pushl| -137 | -177 | -249 | -386 | -412 | -373 | -936 | -1204 | -1001

SG26 Pull 1 -92 -137 | -144 | -92 | -373 | -458 | -981 | -870 | -870 [ -896
Push2| -137 | -157 | -249 | -360 | -504 | -432 | -1060 | -1152 | -857 | -1001
Pull2 | -105 | -137 | -164 | -20 | -412 | -465 | -962 | -975 | -877
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Table 4-6: PT-LL Maximum Microstrain, Transverse Reinforcement

Strain Gauge | Cycle | 0.25%]0.50% | 1% | 2% | 3% 4% 5% 6% 7% | 10%

Push1| -105 | -105 | -170 | -177 | -334 | -373 | -524 | -602 | -674

SG27 Pull1 -98 -92 | 137 | -85 13 144 288 321 268 -33
Push2| -98 -131 | -170 | -242 | -347 | -491 | 517 | -759 | -805 | -471
Pull2 | -118 98 | -124 | -39 13 183 288 268 170
Push1| -52 -242 | -321 | -360 | -366 | -386 | -327

SG28 Pulll | -118 | -151 | -209 | -432 | -890 | -1093 Slipped
Push2| -79 -236 | -281 | -327 | -347 | -347
Pull2 | -118 | -164 | -216 | -517 | -831 | -1034
Pushl]| -137 | -105 [ -111 | -72 -13 -20 -7 -98 -59

SG33 Pulll | -131 | -111 -85 -98 | -164 | -170 | -170 | -203 | -170 | -170
Push2 | -118 -92 | -118 | -66 -20 -20 -52 -170 -59 -281
Pull2 | -137 | -105 -79 | -118 | -151 | -164 | -177 | -170 | -151
Push1l]| -210 | -262 | -367 | -511 | -635 | -766 | -851 | -930 | -943

SG34 Pull1 | -183 | -288 | -432 | -589 | -818 | -930 | -805 | -799 | -517 | -543
Push2| -223 | -288 | -399 | -563 | -668 | -766 | -845 | -1034 | -858 | -1218
Pull2 | -210 | -314 | -426 | -556 | -851 | -818 | -746 | -478 | -530
Push 1 7 39 52 -13 13 20 20 0 0

SG35 Pull'1 7 0 -85 | -236 | -432 | -491 | -530 | -582 | -334 [ -262
Push 2 0 20 13 20 20 20 13 13 -65 -196
Pull 2 33 7 -111 | -294 | -393 | -478 | -497 | -366 | -222
Pushl| -7 -7 -85 | -105 | -294 | -464 | -667 | -831 | -746

SG36 Pull'1 -85 -98 | -157 | -229 | -484 | 674 | -798 | -889 | -778 | -634
Push 2 7 -26 -78 | -157 | -353 | -510 | -713 | -961 | -425 [ -229
Pull 2 -85 -98 | -150 | -288 | -504 | -687 | -765 | -759 | -628
Push1| -13 -33 -26 -59 -59 -124 | -170 | -216 -98

sca1 Pull'l -20 13 0 7 -46 -26 -26 -13 52 46
Push2| -20 -20 -7 -65 -79 -131 | -177 | -268 20 46
Pull 2 -13 7 20 0 -13 -20 -13 46 65
Push1| -164 | -196 | -262 | -334 | -366 | -393 | -458 | -478

SGa2 Pull1 -52 -59 | -105 | -131 | -150 | -170 | -170 | -196 Slipped
Push2| -124 | -183 | -255 | -347 | -360 | -412 | -458 | -497
Pull 2 -52 -59 | -118 | -150 | -157 | -177 | -190 | -209
Push1| -39 -52 | -151 | -242 | -268 | -334 | -367 | -399 | -321

sGa3 Pull 1 -26 0 -26 -46 -52 -59 -39 -33 0 0
Push2| -33 -52 | -157 | -262 | -275 | -334 | -360 | -419 | -242 | -137
Pull 2 -13 -7 -33 -39 -65 -52 -33 -13 -7
Push1l]| -33 -46 -13 0 -13 -98 -177 | -255 | -288

SGa4 Pulll | -105 | -105 | -131 | -183 | -236 | -288 | -321 | -360 | -373 | -327
Push2| -39 -20 -26 -13 =72 -151 | -229 | -301 | -295 | -262
Pull 2 -92 -124 | -137 | -177 | -236 | -281 | -321 | -327 | -327
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Table 4-7: PT-LL Maximum Microstrain, Post-Tensioning

Strain Gauge| Cycle [0.25%]0.50%] 1% [ 2% [ 3% [ 4% [ 5% [ 6% [ 7% [ 10%

Push 1

PT-01 PPuuslrI112 Faulty
Pull 2
Push 1| -1067 | -1218 | -1519 | -2095 | -2508 | -2888 | -3261 | -3608

PT-02 Pull1| -878 | -845 | -799 | -766 | -642 | -517 | -380 | -262 Slipped
Push 2| -1067 | -1218 | -1519 | -2076 | -2495 | -2875 | -3235
Pull2| -891 | -838 | -792 | -714 | -590 | -472 | -341
Push 1| -1035 | -1199 | -1507 | -2070 | -2503 | -2883 | -3282 | -3610 | -3872

PT-03 Pull1| -839 | -819 | -767 | -734 | -616 | -491 | -367 | -256 | -144 111
Push 2| -1029 | -1179 | -1494 | -2064 | -2476 | -2876 | -3230 | -3590 | -3610 | -4527
Pull2| -845 | -819 | -753 | -681 | -583 | -459 | -341 | -210 [ -105
Push 1

PT-04 PPuuslrI112 Faulty
Pull 2
Push 1| -1993 | -2137 | -2464 | -3087 | -3454 | -3834 | -4227 | -4587 | -4882

PT-05 Pulll| -1822 | -1763 | -1737 | -1665 | -1482 | -1324 | -1134 | -938 | -748 | -256
Push 2| -1986 | -2150 | -2478 | -3028 | -3415 | -3814 | -4161 | -4581 | -4568 | -5505
Pull2| -1822 | -1783 | -1731 | -1606 | -1442 | -1272 | -1075 | -898 | -663
Push 1| -1689 | -1833 | -2166 | -2781 | -3193 | -3592 | -4031 | -4456 | -4796

PT-06 Pull 1| -1499 | -1479 | -1420 | -1355 | -1178 | -1028 | -871 | -720 | -570 | -243
Push 2| -1695 | -1865 | -2179 | -2768 | -3161 | -3586 | -4018 | -4476 | -4528 | -5706
Pull 2 | -1505 | -1473 | -1420 | -1303 | -1146 | -982 | -838 | -688 [ -511
Push1| -946 | -986 | -1095 | -1352 | -1550 | -1729 | -1872 | -2011 | -2060

PT-07 Pull1| -951 | -976 | -1055 | -1229 | -1288 | -1367 | -1417 | -1456 | -1456 | -1605
Push2| -951 | -986 | -1095 | -1337 | -1521 | -1704 | -1833 | -1981 | -1852 | -2021
Pull2| -946 | -971 | -1045 | -1174 | -1224 | -1323 | -1347 | -1412 | -1382
Push 1| -1000 | -1019 | -1150 | -1438 | -1654 | -1869 | -2033 | -2190 | -2236

PT-08 Pull1| -974 | -1019 | -1124 | -1294 | -1359 | -1444 | -1510 | -1556 | -1575 | -1732
Push 2| -987 | -1033 | -1163 | -1405 | -1621 | -1824 | -1994 | -2144 | -2020 | -2190
Pull2| -987 | -1013 | -1111 | -1248 | -1301 | -1405 | -1451 | -1503 | -1477
Push1| -439 | -511 | -641 | -982 | -1257 | -1499 | -1728 | -1905 | -1964

PT-09 Pull1| -452 | -484 | -589 | -818 | -903 | -1034 | -1087 | -1139 | -1172 | -1375
Push?2| -439 | -491 | -641 | -962 | -1231 | -1460 | -1669 | -1872 | -1702 | -1912
Pull2| -445 | -478 | -576 | -766 | -851 | -969 | -1015 | -1106 | -1087
Push 1| -2828 | -2867 | -2979 | -3280 | -3470 | -3686 | -3804 | -3928 | -3928

PT-10 Pull 1| -2861 | -2920 | -3083 | -3391 | -3588 | -3764 | -3869 | -3961 | -3915 | -4157
Push 2| -2835 | -2867 | -2966 | -3260 | -3450 | -3646 | -3745 | -3882 | -3607 | -3607
Pull 2 | -2861 | -2920 | -3070 | -3339 | -3509 | -3705 | -3771 | -3843 | -3823
Push 1| -2454 | -2493 | -2592 | -2880 | -3076 | -3253 | -3364 | -3508 | -3495

PT-11 Pull 1 | -2461 | -2533 | -2696 | -2997 | -3168 | -3325 | -3449 | -3514 | -3469 | -3691
Push 2| -2448 | -2480 | -2579 | -2860 | -3010 | -3194 | -3331 | -3442 | -3207 | -3161
Pull 2 | -2480 | -2520 | -2683 | -2925 | -3096 | -3266 | -3318 | -3423 | -3370
Push 1| -2675 | -2715 | -2826 | -3107 | -3310 | -3500 | -3644 | -3775 | -3775

PT-12 Pull1| -2708 | -2760 | -2931 | -3245 | -3422 | -3585 | -3683 | -3788 | -3749 | -3978
Push 2| -2675 | -2708 | -2813 | -3081 | -3271 | -3448 | -3579 | -3716 | -3448 | -3435
Pull2 | -2701 | -2754 | -2885 | -3160 | -3350 | -3526 | -3592 | -3670 | -3638
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Table 4-8: PT-LL Maximum Microstrain, Post-Tensioning

Strain Gauge| Cycle [0.25%]0.50%] 1% [ 2% [ 3% [ 4% [ 5% [ 6% [ 7% [ 10%

Push 1

PT-13 PPuuslrI112 Faulty
Pull 2
Push 1| -1421 | -1362 | -1316 | -1329 | -1309 | -1283 | -1192 | -1100 | -897

PT-14 Pull1 | -1578 | -1722 | -2023 | -2507 | -2906 | -3240 | -3541 | -3796 | -3985 | -4888
Push 2| -1408 | -1355 | -1303 | -1303 | -1264 | -1218 | -1120 | -1009 | -642 | -158
Pull2 | -1578 | -1722 | -1996 | -2448 | -2847 | -3200 | -3442 | -3691 | -3881
Push 1| -1315 | -1283 | -1237 | -1250 | -1224 | -1184 | -1119 | -1021 | -824

PT-15 Pull 1 | -1499 | -1662 | -1950 | -2448 | -2861 | -3221 | -3515 | -3817 | -4000 | -4936
Push 2| -1328 | -1269 | -1217 | -1217 | -1184 | -1145 | -1047 | -949 | -602 | -163
Pull 2 | -1505 | -1662 | -1931 | -2402 | -2802 | -3168 | -3417 | -3679 | -3902
Push 1| -1742 | -1683 | -1630 | -1545 | -1434 | -1329 | -1198 | -1067 | -844

PT-16 Pull 1| -1938 | -2069 | -2416 | -2979 | -3379 | -3726 | -4046 | -4374 | -4564 | -5553
Push 2| -1742 | -1683 | -1591 | -1467 | -1381 | -1277 | -1139 | -975 | -668 | -196
Pull 2 | -1931 | -2095 | -2403 | -2907 | -3293 | -3680 | -3942 | -4269 | -4479
Push 1

PT-17 ppuil:]lz Faulty
Pull 2
Push 1| -1479 | -1426 | -1348 | -1276 | -1151 | -1046 | -902 | -772 | -549

PT-18 Pull1l| -1681 | -1832 | -2153 | -2696 | -3076 | -3423 | -3724 | -4031 | -4221 | -5203
Push 2| -1479 | -1413 | -1328 | -1197 | -1073 | -988 | -844 | -673 | -372 47
Pull2 | -1668 | -1812 | -2120 | -2618 | -2997 | -3370 | -3626 | -3914 | -4136
Push 1| -1466 | -1519 | -1656 | -1996 | -2219 | -2448 | -2585 | -2716 | -2749

PT-19 Pull1| -1493 | -1565 | -1761 | -2121 | -2376 | -2579 | -2723 | -2860 | -2919 | -3344
Push 2| -1473 | -1532 | -1663 | -1964 | -2199 | -2389 | -2500 | -2657 | -2461 | -2657
Pull 2 | -1499 | -1578 | -1748 | -2062 | -2317 | -2513 | -2644 | -2762 | -2867
Push 1| -1407 | -1453 | -1584 | -1905 | -2140 | -2356 | -2500 | -2644 | -2684

PT-20 Pull 1| -1421 | -1493 | -1669 | -2042 | -2311 | -2513 | -2664 | -2808 | -2860 | -3286
Push 2| -1401 | -1440 | -1578 | -1879 | -2101 | -2317 | -2435 | -2585 | -2383 | -2599
Pull 2 | -1427 | -1486 | -1682 | -1983 | -2232 | -2448 | -2585 | -2723 | -2795
Push 1| -1479 | -1532 | -1656 | -1964 | -2206 | -2402 | -2533 | -2684 | -2743

PT-21 Pull1| -1486 | -1558 | -1741 | -2095 | -2383 | -2553 | -2703 | -2841 | -2874 | -3306
Push 2| -1473 | -1519 | -1643 | -1944 | -2160 | -2343 | -2487 | -2625 | -2442 | -2644
Pull 2 | -1512 | -1558 | -1735 | -2049 | -2284 | -2474 | -2605 | -2749 | -2841
Push 1| -1951 | -1997 | -2134 | -2455 | -2704 | -2914 | -3110 | -3254 | -3352

PT.22 Pull 1| -1971 | -2049 | -2200 | -2547 | -2743 | -2894 | -2979 | -3071 | -3084 | -3470
Push 2| -1951 | -1984 | -2128 | -2429 | -2665 | -2900 | -3044 | -3215 | -3090 | -3418
Pull 2 | -1957 | -2043 | -2193 | -2475 | -2665 | -2822 | -2907 | -2999 | -3025
Push 1

PT-23 Ppu‘ilr']lz Faulty
Pull 2
Push 1| -1538 | -1591 | -1722 | -2049 | -2298 | -2514 | -2677 | -2848 | -2946

PT-24 Pull 1| -1545 | -1604 | -1794 | -2141 | -2330 | -2468 | -2573 | -2651 | -2684 | -3064
Push 2| -1525 | -1584 | -1715 | -2016 | -2272 | -2481 | -2638 | -2808 | -2671 | -2998
Pull 2 | -1551 | -1610 | -1787 | -2049 | -2265 | -2409 | -2481 | -2579 | -2619
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Table 4-9: PT-HL Load Numbers

Load No. | Drift Ratio (%)| Load No. | Drift Ratio (%)|Load No. | Drift Ratio (%6)
1 0.25 16 -2 31 6
2 -0.25 17 3 32 -6
3 0.25 18 -3 33 7
4 -0.25 19 3 34 -7
5 0.5 20 -3 35 7
6 -0.5 21 4 36 -7
7 0.5 22 -4 37 8
8 -0.5 23 4 38 -8
9 1 24 -4 39 2.92
10 -1 25 5 40 8
11 1 26 -5 41 -8
12 -1 27 5 42 -10
13 2 28 -5 43 10
14 -2 29 6
15 2 30 -6

Table 4-10: PT-HL, Residual Displacements

PT-HL, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0.04 (1.02)

0.03 (0.76)

0.04 (1.02)

0.5

0.06 (1.52)

0.06 (1.52)

0.06 (1.52)

0.11 (2.79)

0.09 (2.29)

0.10 (2.54)

0.30 (7.62)

0.31 (7.87)

0.30 (7.62)

0.75 (19.05)

0.85 (21.59)

0.80 (20.32)

1.42 (36.07)

1.58 (40.12)

1.50 (38.10)

2.17 (55.12)

2.35 (59.69)

2.26 (57.40)

2.94 (74.68)

3.19 (81.03)

3.07 (77.98)

N[O~ IWIN |-

3.80 (96.52)

4.08 (103.63)

3.94 (100.08)
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Table 4-11: PT-HL Maximum Microstrain, Longitudinal Reinforcement

Strain Gauge| Cycle |0.25%]0.50%] 1% | 2% | 3% | 4% | 5% | 6% | 7% | 8% | 10%

Push 1| -302 | -1043 | 2387 | -7724 |-13488|-19062|-25475|-10039] -5685 | -5554

scor | PUIL| 616 | 077 | 1650 | 4262 | 4793 | 6065 | 6892 | -3679 | -3180 | -4151 | -4629
Push 2| -315 | -1049 | -2636 | -8203 |-13718|-19554|-26163| -6183 | -5456 | -4701 | -4747
Pul2| 616 | 1003 | 1902 | 4367 | 4990 | 6151 | 6557 | -3364 | -3449 | -4603
Push 1| -177 | -726 | -1865 | -3410 | -9797 |-16590|-18331|-23940|-22245|-24248

sapp | PUIL| 452 | e6L | 095 | 1774 | 1806 | 857 | 3063 | 2251 | 151 | -52 | -4007
Push 2| -183 | -713 | -2304 | -3763 |-12487|-15890]-19110]-23907|-20949]-21937| -9457
Pul2| 452 | 681 | 1224 | 1846 | 111 | 3043 | 2775 | 1531 | -92 | -3658
Push1| 471 | 746 | 1197 | 1805 | 2080 | 2341 | 3250 | 3276 | 3133 | 2930

ooz | PUIL| 65 | -425 | -1347 | 2106 | -2805 | -8018 |-10974|-14342]-17834]-20034] -22281
Push2| 504 | 798 | 1478 | 1942 | 2126 | 3191 | 3257 | 3205 | 3133 | 2322 | -11091
Pul2| -65 | -432 | -1347 | -2151 | -2975 | -8417 |-11458|-15048|-18305|-20110
Push 1

SGO4 PPuL;IrI112 Faulty
Pull 2
Push 1

SGO5 PPUL;':]Z Faulty
Pull 2
Push 1| -425 | -1256 | -2459 |-12282]-17154]-22660]-27814]-31790]-33255]-23380

scos | PUIL| 464 | 713 [1151 | -333 | 65 | 4284 | 7645 [11026 [11229 5062 | -3610
Push 2| -432 | -1210 | -7416 |-12066|-16958|-22000|-27016[-30626|-28389|-18161| -13727
Pull2| 464 | 719 | -922 | -471 | 1092 | 4473 | 7410 | 10444 | 7946 | -4486
Push 1| 838 | 1283 | 2127 | 7167 | 5276 | 7292 | 9039 | 8738 | 13876 | 7206

ooy | PulL] -308 | -1003 | 2330 |-12073|-17273-23328|-20081|-12344] 2769 | -2153 | -4058
Push2| 903 | 1348 | 3417 | 3358 | 6218 | 6467 | 6774 | 12672 |10119| -59 | 43409
Pull2| -308 | -1021 | -2448 |-12161|-16894|-21842|-14576| -6670 | -563 | -4006
Push 1| 687 | 1139 | 1970 | 4051 | 5222 | 6656 | 8122 | 9470 | 4457 | -9712

scos | PUlL| -406 | -1054 | 2277 | 7788 |-11675|-17578|-22598-25104| 18658 -21884| -11623
Push2| 733 | 1165 | 2232 | 3861 | 5615 | 6760 | 8423 | 8521 | -6976 |-11145| -10818
Pull2 | -406 | -1027 | -2140 | -7663 |-11917|-17401|-22054]|-20667|-21982|-11610
Push 1| -281 | -831 | -2165 | -2813 | -9576 |-15293|-19793|-24117|-29147|-36322

sey3 | PUIL| 471 | 805 | 1504 | 2878 | 8000 | 9910 |12349 14024 [13710 | 3085 | -12912
Push 2| -275 | -883 | -2250 | -3768 |-10341|-15090]-19257|-24110|-29716|-20004| 27583
Pull2| 471 | 824 | 1629 | 3656 | 7607 | 9707 | 12022 | 13272 | 6868 |-11859
Push 1| -216 | -694 | -1813 | -2415 | -8863 |-13910| -8398 | -2952 | -2985 | -2887

o4 | PulL] 358 | 517 [ 1028 [ 1879 | 4949 | 6856 [ 3332 | 275 | 20 | -700 | 8985
Push 2| -216 | -733 | -2121 | -2533 | -9151 |-13877| -2939 | -2756 | -2651 | -2690 | -4104
Pul2| 353 | 537 | 1145 | 2010 | 4831 | 5662 | 975 | 347 | -275 | -7593
Push 1| 792 | 1139 | 1806 | 7232 | 9745 | 7205 | -2834 | -2794 | -3122 | -4686

sops | PUlL| 131 | -674 | 2055 | 0077 |-14967| -5216 | -3423 | 3300 | -3442 | -3612 | 6268
Push2| 707 | 1099 | 2559 | 5792 | 8344 | -2271 | -2520 | 2722 | -3593 | -5196 | -4555
Pull2| -131 | -667 | 2022 | -8586 |-12899| -3698 | -3429 | -3396 | -3429 | -5314
Push 1| 812 | 1237 | 2174 | 9965 | 13631 | 18757 | -3392 | -3457 | -3025 | -5434

sorg | PUlL| -249 | -864 | 2250 | 7431 |-13010| -7464 | -4662 | -4570 | -4563 | -4708 | -4825
Push2| 720 | 1231 | 4760 | 8852 | 13834 | -3110 | -3536 | -3339 | 5676 | -5264 | 211982
Pull2| -249 | -884 | -2193 | -7313 |-13762| -4740 | -4596 | -4563 | -4832 | -4832
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Table 4-12: PT-HL Maximum Microstrain, Longitudinal Reinforcement

Strain Gauge| Cycle |0.25%]0.50%] 1% | 2% | 3% | 4% | 5% | 6% | 7% | 8% | 10%

Push 1| -308 | -1158 | -2493 | -7447 |-11413|-15294]-18972|-14927| -3855 | -3711

scz | PWIL| 609 | o8 | 1577 | 2965 | 5936 | 8368 [13095| 3202 | 3363 | 2038 o o
Push 2| -321 | -1165 | -2978 | -7120 |-10791|-14633|-17853| -3697 | -3796 | -3815
Pul2| 609 | 975 | 1643 | 2880 | 6165 | 9110 | 11112 | -3351 | -3023 | -3220
Push 1| -242 | -1093 | -2336 | -7492 |-11568|-15331|-19276|-22960|-25950]-27704

oepp | PUIL| 530 | 831 | 1263 | 1950 | 3226 | 4050 | 4894 | 6079 | 9213 |12792] 3383
Push 2| -262 | -1066 | -2794 | -7525 |-10940|-15016|-18916|-22201|-24812|-28122| 26526
PUl2| 530 | 811 | 1322 | 1858 | 3252 | 3978 | 4816 | 6144 | 9874 | 0
Push 1| 654 | 988 | 1446 | 2773 | 5226 | 7051 | 8412 | -1681 | -3297 | -3467

sop3 | PUlL] -100 | -844 [ 1949 | 6626 |-10374-13186|-10433| 3774 | -3938 | -3944 | -4108
Push2| 628 | 955 | 1851 | 2440 | 5037 | 7326 | 497 |-3388 | -3427 | -3624 | -3728
Pull2| -190 | -818 | -1923 | -6384 | -9752 |-12460| -6430 | -3846 | -3957 | -3970
Push 1

SG24 PPuL;IrI112 Faulty
Pull 2
Push 1| -249 | -1028 | -2495 | -5167 |-12068]-16279-12075] -5442 | -5337 | -5252

sozo | PUNL| 71 [ 1113 [1807 | 3608 | 4577 | 6625 | 1652 | 4204 | 4780 [ 4872] o,
Push 2| -262 | -1028 | -3097 | -5965 |-12009|-15722| -7851 | -5180 | -5199 | -5147
PUll2| 714 | 1106 | 1866 | 3948 | 4394 | 5101 | -3169 | -4256 | -4918 | -5167
Push1| 942 | 255 | -878 | -1899 |-10062|-12438|-12988| -7084 | -4027 | -3712

sego | PUIL| 1675 | 1957 | 2434 | 3253 | 4117 | 2925 | 994 | 2104|1847 |-1519 ] 2770
Push2| 935 | 241 |-1362 | -2063 |-10121|-11136|-12216] -4131 | -3791 | -3267 | -4020
Pull2| 1675 | 2035 | 2480 | 3390 | 3868 | 2094 | 97 | -2253 | -2037 | -2456
Push1| 635 | 920 | 1407 | 2087 | 2499 | 2833 | 3252 | 3985 | 4292 | 3841

ez | PUIL| -39 | -628 | -1760 | 3167 | -8152 | -9572 |-11973|-14918|-18739|-22607| -23881
Push2| 648 | 949 | 1695 | 2081 | 2486 | 2800 | 3481 | 4174 | 4181 | 2748 | -12536
Pul2| -39 | -615 | -1747 | -3232 | -7969 | -9631 |-12085|-15258]-19543[-20675
Push1| 615 | 988 | 1557 | 2368 | 3264 | 4860 | 6090 | 6783 | 7064 | 2714

sozp | PWIL| 18 | 667 | 1604 | 2656 | 6691 | 9262 [-13513|-16947|-20649| -226%0] o o
Push2| 608 | 968 | 1930 | 2296 | 3689 | 5135 | 6011 | 6731 | 6639 | -7483
Pull2| -131 | -674 | -1642 | -2845 | -6861 | -9641 |-13494|-17176|-20656
Push 1| -203 | -988 | -2455 | -3136 | -6062 | -9380 |-12248|-15553|-18578|-21046

segy | PUlL] 563 | 903 [ 1470 | 2049 | 2867 | 4072 | 5204 | 5813 | 5963
Push 2| -200 | -1034 | -2802 | -3266 | -6684 | -9767 |-12680|-16005]-18990|  Slipped
Pull2| 563 | 890 | 1447 | 2134 | 3018 | 4229 | 5276 | 5649 | 5040
Push 1

SG38 PPuusI:112 Faulty
Pull 2
Push 1| 569 | 883 | 1322 | 1878 | 2114 | 2186 | 2821 | 2343 | 2094 | 1754

sago | PUIL| 79 | 517 | 1420 [ 2415 | 2749 | -7552 |-10827|-12768|-14783-15087| -14345
Push2| 569 | 851 | 1577 | 1898 | 2061 | 2742 | 2343 | 2160 | 1937 | 1132 | -4849
Pul2| -79 | -524 | -1427 | -2389 | -2847 | -8023 |-10667|-12977|-14960|-13304
Push1| 485 | 773 | 1166 | 1651 | 1637 | 1657 | 1382 | 1159 | 2476

sow | PUNL] 46 [ 373 [ 1092 [ 18e1 | 276 | 6511 | 9013 |-10775]-12007] o
Push2| 491 | 714 | 1552 | 1520 | 1592 | 1421 | 1068 | 989
PUl2| 46 | -406 | -1120 | -1854 | -2339 | -6891 | -9105 | -9354
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Table 4-13: PT-HL Maximum Microstrain, Transverse Reinforcement

Strain Gauge| Cycle |0.25%]0.50%] 1% | 2% | 3% | 4% | 5% | 6% | 7% | 8% | 10%

Push1| -39 | 92 | -131 | -124 | -144 | 131 | -98 | -65 | 52 | -3

scos | PUIL| 26 | 59 | 79 | -o8 | -131 | -1p4 | i | 72 | 59 | 46 | 255
Push2| -72 | -85 | -131 | -124 | -137 | -105 | -65 | 52 | -39 | -72 | -281
Pul2| 26 | -46 | -79 | -118 | -131 | -124 | -105 | -46 | -72 | -111
Pushi| 46 | 59 | 4 | 0 | 138 | 20 | 138 | 7 | 138 | -3

soro [P a8 |7 |26 [ 72 | o | 46 [ 20 | 9 | 137 | 301 | 190
Push2| 33 | 52 | 59 | 20 | -7 | 39 | -7 | 52 | 26 | 406 | 157
Pal2| 13 | 26 | 59 | 39 | 20 | 7 | 72 | 98 | 308 | 229
Pushi| 20 | 33 | 78 | 52 | 13 | -13 | -33 | 59 | 131 | 118

sy | PWIL] 20 |7 | 33 | 137 | 177 | 360 | 307 | -222 | -150 | -170 | 523
Push2| 7 | 46 | e | 46 | 26 | -26 | 13 | 144 | 137 | 131 | -78
Pul2| 20 | 0 | -26 | -144 | 235 | -281 | -222 | -157 | -216 | -255
Puish1| 7 | 33 | 7 | 26 | 46 | 33 | 7 | 33 | -18 | -170

oy |PWL| 7 |33 [0 [105 | 98 | 78 | 65 | 52 | -118 | 547 | 438
Push2| 7 | 33 | 26 | 33 | 46 | 13 | -13 | 20 | -124 | -177 | -105
Pal2| 7 | 20 | 33 | & | 105 | 98 | 46 | -39 | -183 | -386
Pushi| 7 | 65 | -85 | -164 | -59 | -190 | -308 | -380 | -497 | -700

oy |PUL] 7 | 26 | 13 | 72 | -4 | -100 | 314 | 419 | -604 | 72 | 2618
Push2| 7 | 59 | -137 | -157 | -118 | -262 | -327 | -393 | -59 | -537 | -504
Pal2| 7 | 18 | 7 | 65 | -98 | -223 | -308 | -a45 | -615 | 1708
Push1| 59 | -92 | -183 | -445 | -1027 | -1576 | -2322 | -2486 | -2564 | -11094

sig  |PUNL] 13 |7 | 26 | a6 | -262 | -641 | 1100 | -1504 | -1003 |-11270 -6456
Push2| -72 | -111 | -235 | -497 | -962 | -1629 | -2244 | -2316 | -2558 | -9380 | -8078
PUl2| -13 | 20 | 33 | 46 | -301 | -700 | -1249 | -1531 | -2309 | -6260
Pushi| 13 | 59 | 239 | 13 | -33 | -150 | -164 | -301 | -484 | -706

sre | PUIL] 46 | 52 | -85 | 200 | -204 | -aon | 726 | -6v4 | -562 | -347 | -693
Push2| 26 | 39 | 7 | 33 | -78 | -105 | -170 | -419 | -458 | -654 | -556
PUl2| 46 | 39 | -85 | -183 | -281 | -497 | -693 | -595 | -412 | -523
Push1| 13 | -7 | 20 | -39 | -65 | -216 | -223 | -216 | 262 | -380

scoo |PUIL| Be |70 | o | 25 | 7o | epe | err | aoea | a2s6 | 62 |
Push2| 7 | -13 | 39 | 59 | -170 | -236 | -183 | -255 | -458 | -13
PUl2| 59 | -92 | -124 | 275 | -733 | -805 | -844 | -1054 | -1348
Push1| -7 | 20 | 52 | -183 | -353 | -511 | -517 | -530 | -550 | -295

saps | PWL] 20 | 13 | 0 | -50 | 131 | -pel | -360 | -465 | -609 | -936 | -1034
Push2| 7 | -3 | -65 | -223 | -393 | -491 | -484 | -478 | -399 | -137 | -825
Pal2| 20 | -7 | 20 | -79 | -183 | -275 | -373 | -491 | -700 | -877
Push1| -46 | -72 | -111 | -190 | -373 | -556 | -766 | -903 | -962 | -995
Pall| 13 | 0 | 46 | 59 | 131 | 144 | 111 | 170 | 216 | 393 | ..

SG26  Toih2| 52 | 65 | 124 | 203 | 393 | 582 | 792 | -851 | -877 | -ag7 |°'PPed
PUl2| -13 | 13 | 39 | 46 | 124 | 124 | 92 | 151 | 19
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Table 4-14: PT-HL Maximum Microstrain, Transverse Reinforcement

Strain Gauge| Cycle |0.25%]0.50%] 1% | 2% | 3% | 4% | 5% | 6% | 7% | 8% | 10%

Push1| -39 | 33 | 0 | -85 | -151 | -327 | -386 | -452 | -478 | -491

sy | PUIL| -3 | 62 | 72 | -190 | -281 | -321 | 373 | -432 | -a78 | -667 | -6eL
Push2| 26 | -13 | 33 | 98 | -183 | -308 | -399 | -406 | -380 | -353 | -294
PUl2| -39 | -46 | -85 | -190 | -268 | -294 | -366 | -419 | -537 | -543
Push1| -13 | -65 | 92 | 92 | -137 | -216 | -294 | -216 | -131 | -308

scos | PUNL| 72 | 02 |10 | 1o | aen | 635 | mea [don|mon] oo
Puish2| 0 | 59 | 79 | 98 | -164 | -236 | -196 | -105 | -59
PUl2| 72 | -79 | -118 | -177 | 458 | -667 | -870 | -1008 | -1374
Push1| 46 | 0 | 46 | -262 | -511 | -661 | -655 | -59 | -583 | -805

scgs | PUIL| 52 | 46 | -157 | 281 | -550 | -720 | -687 | -73 | -785 | -910 | -910
Push2| -39 | -7 | -177 | -275 | -511 | -687 | -563 | -504 | -576 | -844 | -1008
PUl2| 52 | -46 | -183 | -334 | -609 | -713 | -648 | -707 | -759 | -812
Push1| -72 | -98 | -137 | -216 | -308 | -373 | -432 | -471 | -491 | -445

scar |PUIL| 20 |26 |50 [ 106 | 124 [ 190 | 160 | a3 [ 100 [ 22 |
Push2| -65 | -92 | -164 | 222 | -294 | 360 | -406 | -419 | -445 | -334
Pal2| 20 | 33 | 79 | 92 | -131 | -177 | -157 | -170 | -196
Push1| 20 | -13 | -124 | -177 | -262 | -275 | -288 | -360 | -393 | -386

sz | PUWL| 0 | 13 | -105 | 23 | -393 | -419 | -406 | -439 | -425 | -aa5 | 5%
Push2| -13 | -13 | -137 | -203 | -262 | -262 | -314 | -340 | -353 | -255 | -275
PI2| 0 | 20 | 79 | 242 | 309 | -386 | -419 | -412 | -393 | -439
Push1| 26 | 26 | 59 | 59 | -33 | -85 | 222 | -380 | -432 | -445
Pul1| 65 | -85 | -111 | -98 | -124 | 222 | -347 | -399 | -327 | -170 | ..

SG6  Toh2| 26 | 39 | 65 | 26 | 13 | 124 | 275 | 347 | -373 | 131 |°Pped
PUl2| -65 | 92 | 92 | 65 | -98 | -203 | -327 | -334 | 222 | -164
Push1| -39 | -13 | 33 | -105 | -236 | -308 | -353 | -406 | -497 | -582

soqy | PUIL] -3 | 33 | 13 | 13 | -0 | -170 | 203 | -262 | -353 | -458 | 48
Push2| -33 | 33 | -39 | -131 | -249 | -301 | -353 | -432 | -517 | -530 | -543
Pul2| 39 | -6 | -7 | 20 | -124 | -183 | -249 | 301 | -386 | -471
Push1| -39 | 52 | 92 | -131 | -157 | -196 | -282 | -301 | -308 | -249
Pall| -7 | 13 | 20 | -6 | 52 | 9 | 13 | 79 | 157 | 190 |..

SG422  Toishz| 33 | 59 | 111 | 138 | 144 | 242 | 288 | 295 | -275 | -z16 |°'PPed
Pal2| 7 | 7 | 30 | 52 | 72| 0 | 20 | 124 | 177
Pushi| 52 | 26 | -13 | 92 | -223 | -334 | -399 | -452 | -504 | -602

saqs | PUIL] 33 | 0 | 33 | 203 | -3o7 | -419 | -4o7 | 556 | -5% | -615 | -615
Push2| 52 | -46 | -20 | -124 | -268 | -334 | -412 | -458 | -543 | -622 | -648
PUl2| 33 | 0 | 59 | -236 | -367 | -439 | -504 | -563 | -602 | -583
Push1| 20 | -72 | -177 | -288 | -327 | -367 | -354 | -399 | -432 | -432

sou |PUIL| 92 | 105 | a5 [ 210 | 260 w4 | sa0 | 386 | 426 | a0 |
Push2| -39 | -85 | -242 | -308 | -334 | -334 | -367 | -373 | -439 | -203
PUll2| -92 | -118 | -111 | 203 | -242 | -301 | -347 | -393 | -426 | -373
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Table 4-15: PT-HL Maximum Microstrain, Post-Tensioning
Strain Gauge| Cycle [0.25%|0.50%| 1% 2% 3% 4% 5% 6% 7% 8% | 10%

Push 1| -2089 | -2246 | -2554 | -3006 | -3412 | -3778 | -4125 | -4452 | -4714 | -4865

PT-01 Pull 1| -1912 | -1834 | -1768 | -1585 | -1441 | -1304 | -1212 | -1048 | -891 | -695 | -394
Push 2| -2089 | -2246 | -2711 | -2993 | -3372 | -3739 | -4086 | -4367 | -4596 | -4708 | -5127
Pull2 | -1912 | -1847 | -1723 | -1585 | -1402 | -1277 | -1146 | -996 -845 -616
Push 1| -1689 | -1833 | -2101 | -2494 | -2867 | -3175 | -3463 | -3731 | -3967 | -4085

PT-02 Pull 1| -1532 | -1493 | -1427 | -1290 | -1152 | -1041 | -943 | -799 | -661 | -498 | -255
Push 2| -1689 | -1840 | -2245 | -2481 | -2841 | -3155 | -3430 | -3646 | -3843 | -3941 | -4255
Pull 2 | -1532 | -1499 | -1381 | -1277 | -1133 | -1021 | -890 -766 -622 -419
Push 1| -1930 | -2074 | -2394 | -2813 | -3199 | -3552 | -3860 | -4147 | -4409 | -4533

PT-03 Pull1| -1746 | -1681 | -1596 | -1432 | -1282 | -1131 | -1007 | -857 | -693 | -477 | -202
Push 2| -1923 | -2087 | -2545 | -2793 | -3147 | -3513 | -3814 | -4082 | -4291 | -4370 | -4789
Pull2 | -1746 | -1688 | -1544 | -1406 | -1223 | -1086 | -961 | -817 | -634 | -392
Push 1| -1951 | -2101 | -2383 | -2841 | -3188 | -3535 | -3862 | -4137 | -4425 | -4563

PT-04 Pull1| -1767 | -1735 | -1649 | -1558 | -1446 | -1361 | -1276 | -1152 | -1021 | -825 | -445
Push 2| -1944 | -2101 | -2559 | -2828 | -3155 | -3483 | -3803 | -4091 | -4321 | -4406 | -4779
Pull2 | -1767 | -1721 | -1623 | -1545 | -1420 | -1348 | -1224 | -1093 | -955 | -694
Push 1

PT-05 PPuusI:]12 Faulty Gauge
Pull 2
Push 1| -2107 | -2244 | -2545 | -2970 | -3324 | -3677 | -3998 | -4279 | -4574 | -4691

PT-06 Pull1| -1943 | -1878 | -1819 | -1721 | -1636 | -1577 | -1465 | -1354 | -1223 | -1027 Slipped
Push 2| -2120 | -2244 | -2715 | -2957 | -3298 | -3644 | -3959 | -4220 | -4462 | -4534
Pull2 | -1943 | -1891 | -1793 | -1727 | -1596 | -1524 | -1433 | -1308 | -1158
Push 1| -2310 | -2323 | -2447 | -2742 | -2977 | -3160 | -3285 | -3402 | -3487 | -3435

PT-07 Pull 1| -2303 | -2342 | -2454 | -2715 | -2918 | -3056 | -3193 | -3285 | -3350 | -3350 | -3370
Push 2| -2297 | -2329 | -2539 | -2735 | -2938 | -3121 | -3252 | -3337 | -3389 | -3311 | -3239
Pull 2 | -2303 | -2342 | -2441 | -2715 | -2846 | -3010 | -3121 | -3232 | -3291 | -3213
Push 1

PT-08 Ppuitlz Faulty Gauge
Pull 2
Push 1| -1541 | -1551 | -1655 | -1873 | -2051 | -2170 | -2259 | -2343 | -2402 | -2363

PT-09 Pull 1| -1546 | -1566 | -1640 | -1848 | -1982 | -2081 | -2185 | -2254 | -2303 | -2294 | -2303
Push 2| -1536 | -1556 | -1724 | -1843 | -2016 | -2140 | -2219 | -2294 | -2328 | -2269 | -2219
Pull 2 | -1546 | -1556 | -1635 | -1823 | -1932 | -2046 | -2130 | -2194 | -2239 | -2190
Push 1| -1957 | -1970 | -2048 | -2251 | -2421 | -2487 | -2513 | -2526 | -2533 | -2362

PT-10 Pull 1| -1976 | -2009 | -2153 | -2519 | -2801 | -3036 | -3213 | -3357 | -3495 | -3527 | -3619
Push 2| -1950 | -1970 | -2133 | -2245 | -2317 | -2389 | -2415 | -2415 | -2382 | -2205 | -1937
Pull 2 | -1976 | -2022 | -2146 | -2513 | -2749 | -2991 | -3174 | -3298 | -3423 | -3396
Push 1| -1355 | -1355 | -1440 | -1611 | -1774 | -1827 | -1853 | -1866 | -1872 | -1709

PT-11 Pull 1| -1355 | -1395 | -1539 | -1879 | -2154 | -2357 | -2540 | -2684 | -2802 | -2815 | -2920
Push 2| -1342 | -1362 | -1506 | -1597 | -1670 | -1728 | -1761 | -1755 | -1728 | -1558 | -1329
Pull2 | -1355 | -1388 | -1539 | -1866 | -2075 | -2305 | -2494 | -2625 | -2724 | -2691
Push 1

PT-12 Ppuusl:]12 Faulty Gauge
Pull 2
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Table 4-16: PT-HL Maximum Microstrain, Post-Tensioning

Strain Gauge| Cycle |0.25%]0.50%| 1% 2% 3% 4% 5% 6% 7% 8% | 10%

Push 1| -2402 | -2330 | -2239 | -2127 | -1931 | -1748 | -1551 | -1342 | -1113 | -779

PT-13 Pull 1| -2585 | -2729 | -3030 | -3561 | -3947 | -4320 | -4693 | -5059 | -5419 | -5622 | -6198
Push 2| -2402 | -2324 | -2180 | -2023 | -1826 | -1650 | -1460 | -1250 | -1028 | -655 | -125
Pull 2 | -2585 | -2729 | -3037 | -3508 | -3868 | -4274 | -4647 | -5013 | -5314 | -5478
Push 1| -2546 | -2487 | -2389 | -2265 | -2114 | -1937 | -1754 | -1571 | -1374 | -1080

PT-14 Pulll| -2716 | -2854 | -3122 | -3632 | -3999 | -4313 | -4712 | -5046 | -5393 | -5609 | -6126
Push 2| -2526 | -2480 | -2337 | -2186 | -2022 | -1865 | -1675 | -1492 | -1276 | -942 | -366
Pull2 | -2716 | -2854 | -3128 | -3587 | -3920 | -4313 | -4653 | -4994 | -5308 | -5452
Push 1| -2900 | -2855 | -2724 | -2619 | -2442 | -2246 | -2056 | -1853 | -1624 | -1317

PT-15 Pull 1| -3084 | -3228 | -3515 | -4032 | -4418 | -4778 | -5164 | -5524 | -5871 | -6087 | -6643
Push 2| -2881 | -2815 | -2691 | -2534 | -2338 | -2174 | -1971 | -1762 | -1539 | -1160 | -545
Pull 2 | -3084 | -3221 | -3515 | -3987 | -4347 | -4733 | -5106 | -5472 | -5780 | -5937
Push 1| -1709 | -1637 | -1552 | -1427 | -1296 | -1159 | -1015 | -844 | -667 | -458

PT-16 Pull 1| -1905 | -2036 | -2305 | -2822 | -3261 | -3660 | -4027 | -4401 | -4741 | -4977 | -5540
Push 2| -1702 | -1650 | -1493 | -1368 | -1244 | -1100 | -943 | -766 | -602 | -340 | -150
Pull 2 | -1905 | -2023 | -2318 | -2816 | -3202 | -3608 | -3994 | -4355 | -4656 | -4852
Push 1| -1446 | -1394 | -1296 | -1171 | -1008 | -857 | -706 | -510 | -346 | -163

PT-17 Pull1| -1630 | -1774 | -2029 | -2527 | -2926 | -3299 | -3666 | -4026 | -4360 | -4655 | -5244
Push 2| -1446 | -1394 | -1230 | -1086 | -936 | -785 | -621 | -458 | -300 | -111 -25
Pull2 | -1630 | -1761 | -2036 | -2507 | -2867 | -3253 | -3633 | -3980 | -4308 | -4530
Push 1| -1932 | -1866 | -1775 | -1650 | -1480 | -1375 | -1186 | -1009 | -793 | -551

PT-18 Pull 1| -2128 | -2265 | -2553 | -3057 | -3508 | -3875 | -4281 | -4647 | -4987 | -5197 | -5753
Push 2| -1912 | -1873 | -1703 | -1559 | -1421 | -1271 | -1120 | -930 | -734 | -420 | -211
Pull 2 | -2128 | -2259 | -2547 | -3037 | -3430 | -3862 | -4235 | -4601 | -4889 | -5046
Push 1

PT-19 Ppuilr:lz Faulty Gauge
Pull 2
Push 1| -1512 | -1538 | -1623 | -1833 | -2029 | -2206 | -2271 | -2304 | -2343 | -2245

PT-20 Pull1 | -1551 | -1604 | -1767 | -2140 | -2415 | -2651 | -2828 | -2965 | -3043 | -3050 | -3089
Push 2| -1499 | -1545 | -1695 | -1826 | -1983 | -2094 | -2160 | -2199 | -2199 | -2016 | -1937
Pull2 | -1551 | -1604 | -1754 | -2121 | -2369 | -2612 | -2775 | -2886 | -2958 | -2867
Push 1| -2208 | -2221 | -2319 | -2529 | -2732 | -2902 | -2981 | -3027 | -3060 | -2955

PT-21 Pull 1| -2234 | -2280 | -2444 | -2811 | -3106 | -3348 | -3545 | -3643 | -3748 | -3748 | -3787
Push 2| -2201 | -2241 | -2391 | -2503 | -2673 | -2791 | -2870 | -2915 | -2948 | -2745 | -2680
Pull 2 | -2234 | -2286 | -2437 | -2804 | -3066 | -3296 | -3459 | -3590 | -3656 | -3564
Push 1| -2095 | -2121 | -2232 | -2448 | -2684 | -2834 | -2913 | -2946 | -2992 | -2861

PT-22 Pull1| -2081 | -2121 | -2278 | -2658 | -2952 | -3181 | -3384 | -3509 | -3607 | -3601 | -3633
Push 2| -2081 | -2108 | -2304 | -2435 | -2605 | -2730 | -2808 | -2848 | -2854 | -2638 | -2514
Pull2 | -2081 | -2134 | -2278 | -2638 | -2900 | -3155 | -3312 | -3443 | -3502 | -3417
Push 1| -1944 | -1970 | -2075 | -2324 | -2514 | -2677 | -2769 | -2815 | -2854 | -2723

PT-23 Pull1| -1951 | -1997 | -2134 | -2507 | -2782 | -3024 | -3227 | -3352 | -3456 | -3437 | -3483
Push 2| -1944 | -1970 | -2167 | -2291 | -2461 | -2573 | -2664 | -2704 | -2704 | -2494 | -2383
Pull2| -1951 | -1997 | -2141 | -2501 | -2736 | -2998 | -3155 | -3286 | -3371 | -3267
Push 1

PT-24 PPul;I:112 Faulty Gauge
Pull 2
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Table 4-17: Residual Displacement Comparison

PT-LL, in (mm) PT-HL, in (mm)
Drift (%)| Positive |Negative | Average | Drift (%)| Positive [Negative | Average
0.95 0.05 0.03 0.04 0.95 0.04 0.03 0.04
(1.27) (0.76) (1.02) (1.02) (0.76) (1.02)
05 0.06 0.06 0.06 05 0.06 0.06 0.06
(1.52) (1.52) (1.52) (1.52) (1.52) (1.52)
1 0.08 0.12 0.10 1 0.11 0.09 0.10
(2.03) (3.05) (2.54) (2.79) (2.29) (2.54)
5 0.20 0.43 0.32 5 0.30 0.31 0.30
(5.08) | (10.92) | (8.12) (7.62) (7.87) (7.62)
3 0.37 1.00 0.69 3 0.75 0.85 0.80
(9.40) | (25.40) | (17.53) (19.05) | (21.59) | (20.32)
4 0.66 1.84 1.25 4 1.42 1.58 1.50
(16.76) | (46.74) | (31.75) (36.07) | (40.12) | (38.10)
5 0.98 2.71 1.85 5 2.17 2.35 2.26
(24.89) | (68.83) | (46.99) (55.12) | (59.69) | (57.40)
5 1.51 3.50 2.50 5 2.94 3.19 3.07
(38.35) | (88.90) | (63.50) (74.68) | (81.03) | (77.98)
; 1.84 4.04 2.94 7 3.80 4.08 3.94
(46.74) | (102.62) | (74.68) (96.52) | (103.63) | (100.08)

Table 4-18: Post-Tensioning Forces

PT-LL Tendon Force, Kips (kN)

PT-HL Tendon Force, Kips (KN)

Tendon 1 | Tendon 2 | Tendon 3 | Tendon 4 | Tendon 1 | Tendon 2 | Tendon 3 | Tendon 4
33.2 39.1 39.3 45.5 46.4 48.5 54.3 44.9
(147.7) | (173.9) | (174.8) | (202.4) | (206.4) | (215.7) | (241.5) | (199.7)
Total Tendon Force=  157.1  Kips Total Tendon Force=  194.1  Kips

698.8 kN 868.4 kN
fc= 4489 psi fc= 4489 psi
31.0 MPa 31.0 MPa
%fcAg= 7.7 %fcAg= 9.6
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Table 4-19: Post-Tensioning Maximum Forces at Each Drift Level

PT-LL PT-HL
Drift | Tendon Force, | Drift | Tendon Force,| Drift | Tendon Force, | Drift | Tendon Force,
(%0) Kips (kN) (%) Kips (kN) (%) Kips (kN) (%) Kips (kN)

1 48 (212) -4 83 (371) 1 59.6 (265.1) -5 | 110.1 (489.7)

-1 53 (236) 5 92 (410) -1 68.7 (305.4) 5 95.0 (422.6)
1 48 (212) -5 92 (410) 1 63.6 (282.8) -5 | 108.9 (484.6)
-1 53 (234) 5 91 (405) -1 68.8 (305.9) 6 103.3 (459.3)
2 62 (278) -5 90 (399) 2 70.3 (312.7) -6 | 119.0 (529.5)
-2 66 (294) 6 101 (450) -2 81.4 (362.1) 6 101.6 (451.8)
2 62 (275) -6 100 (443) 2 69.9 (311.1) -6 | 117.8(524.2)
-2 65 (287) 6 105 (467) -2 80.6 (358.6) 7 109.9 (488.9)
3 73 (323) -6 97 (430) 3 79.6 (353.9) -7 | 127.6 (567.7)
-3 76 (338) 7 112 (500) -3 91.5 (406.9) 7 107.1 (476.2)
3 72 (319) -7 104 (464) 3 78.7 (350.0) -7 | 125.5(558.1)
-3 74 (330) 7 105 (469) -3 89.7 (399.1) 8 113.2 (503.4)
4 82 (365) -7 102 (454) 4 88.2 (392.2) -8 | 133.3 (593.0)
-4 85 (377) -10 128 (569) -4 | 100.6 (447.3) 8 109.3 (486.1)
4 82 (364) 10 131 (581) 4 87.3(388.2) -8 | 129.8 (577.3)
-4 99.7 (443.5) | -10 | 147.2 (654.9)

5 96.1 (427.4) 10 | 117.9 (524.3)
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Table 5-1: PT-LL Analytical Residual Displacements

PT-LL, in (mm)

Drift (%)| Positive | Negative | Average
0.25 |0.01(0.21) {0.01 (0.21)| 0.01 (0.21)
0.5 0.02 (0.52) {0.01 (0.21)| 0.01 (0.21)

0.04 (1.1) ]0.01 (0.21)| 0.03 (0.68)

0.18 (4.5) | 0.11 (2.8) | 0.14 (3.7)

0.62 (15.7) [0.77 (19.6)| 0.69 (17.6)

1.27 (32.2) [1.48 (37.6)| 1.38 (34.9)

1.95 (49.6) [2.28 (57.8)| 2.11 (53.7)

2.65 (67.2) [2.93 (74.4)| 2.79 (70.8)

3.32(84.4) [3.51 (89.2)| 3.42 (86.8)

~N|ofof~|wN|(F-

Table 5-2: PT-HL Analytical Residual Displacements

PT-HL, in (mm)

Drift (%)| Positive | Negative | Average
0.25 0.06 (1.5) | 0.05 (1.3) | 0.055 (1.4)
0.5 0.09 (2.3) | 0.08 (2.0) | 0.085 (2.2)
0.18 (4.6) | 0.16 (4.1) | 0.17 (4.35)
0.96 (24.4) (0.44 (11.2)] 0.70 (17.8)
1.81 (46.0) |1.12 (28.4)| 1.47 (37.2)
2.66 (67.6) [1.72 (43.7)] 2.19 (55.7)
3.39 (86.1) [2.09 (53.1)| 2.74 (69.6)

4.16 (105.7)[2.47 (62.7)] 3.32 (84.2)

4.96 (126.0)(3.08 (78.2)|4.02 (102.1)

N~ |WIN|F
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Table 5-3: PT-LL Tendon Forces

Drfit (%) | Force, kips (kN)|Drfit (%) | Force, Kips (kN)
1 47 (209) -4 93 (414)
-1 53 (236) 5 103 (458)
1 47 (209) -5 106 (472)
-1 53 (236) 5 101 (449)
2 64 (285) -5 103 (458)
-2 70 (311) 6 114 (507)
2 64 (285) -6 115 (512)
-2 70 (311) 6 114 (507)
3 80 (356) -6 113 (503)
-3 84 (374) 7 128 (569)
3 78 (347) -7 126 (560)
-3 83 (369) 7 131 (583)
4 93 (414) -7 126 (560)
-4 95 (423) -10 160 (712)
4 91 (405) 10 180 (801)

Table 5-4: PT-HL Tendon Forces

Drfit (%) | Force, Kips (KN)|Drfit (%0)| Force, Kips (KN)
1 60 (267) -5 131 (584)
-1 68 (302) 5 121 (537)
1 60 (267) -5 129 (575)
-1 68 (302) 6 135 (602)
2 76 (340) -6 144 (641)
-2 85 (377) 6 133 (592)
2 77 (341) -6 141 (629)
-2 85 (377) 7 146 (650)
3 93 (414) -7 154 (684)
-3 101 (450) 7 143 (637)
3 93 (411) -7 151 (670)
-3 101 (447) 8 152 (678)
4 109 (483) -8 159 (708)
-4 117 (519) 8 148 (659)
4 108 (479) -8 154 (685)
-4 116 (515) -10 169 (751)
5 123 (547) 10 180 (799)
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Table 5-5: PT-LL Average Residual Displacement Comparison

PT-LL, in (mm)
Drift (%) Average Average Difference
Calculated | Measured

0.25 0.01 (0.2) 0.04 (1.0) | 0.03 (0.76)
0.5 0.01 (0.2) 0.06 (1.5) | 0.05(1.27)
1 0.03 (0.7) 0.10 (2.6) | 0.07 (1.78)
2 0.14 (3.7) 0.32 (8.0) | 0.18 (4.57)

3 0.69 (17.6) | 0.69 (17.5) 0 (0)
4 1.38 (34.9) | 1.25(31.8) | 0.13 (3.30)
5 2.11(53.7) | 1.85(47.0) | 0.26 (6.60)
6 2.79 (70.8) | 2.50 (63.6) | 0.29 (7.37)
7 3.42(86.8) | 2.94 (74.6) ({0.48 (12.19)
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Table 5-6: PT-LL Tendon Force Comparison

Drift (%) Calculateq Tendon Measure(_j Tendon % Difference
Force, Kips (kN) | Force, Kips (KN)
1 47 (209) 48 (212) 1.3
-1 53 (236) 53 (236) 0.3
1 47 (209) 48 (212) 1.5
-1 53 (236) 53 (234) 0.8
2 64 (285) 62 (278) 2.5
-2 70 (311) 66 (294) 5.9
2 64 (285) 62 (275) 3.6
-2 70 (311) 65 (287) 8.5
3 80 (356) 73 (323) 10.3
-3 84 (374) 76 (338) 10.5
3 78 (347) 72 (319) 8.6
-3 83 (369) 74 (330) 11.8
4 93 (414) 82 (365) 13.3
-4 95 (423) 85 (377) 12.2
4 91 (405) 82 (364) 11.2
-4 93 (414) 83 (371) 11.4
5 103 (458) 92 (410) 11.9
-5 106 (472) 92 (410) 14.9
5 101 (449) 91 (405) 10.9
-5 103 (458) 90 (399) 14.8
6 114 (507) 101 (450) 12.7
-6 115 (512) 100 (443) 15.4
6 114 (507) 105 (467) 8.7
-6 113 (503) 97 (430) 16.8
7 128 (569) 112 (500) 13.9
-7 126 (560) 104 (464) 20.8
7 131 (583) 105 (469) 24.3
-7 126 (560) 102 (454) 23.5
-10 160 (712) 128 (569) 25.0
10 180 (801) 131 (581) 37.9
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Table 5-7: PT-HL Average Residual Displacement Comparison

PT-HL, in (mm)
Drift (%) Average Average Difference
Calculated | Measured

0.25 0.06 (1.5) | 0.03(0.88) | 0.03 (0.76)
0.5 0.09 (2.3) 0.06 (1.5) | 0.03(0.76)
1 0.17 (4.4) 0.10 (2.6) | 0.07 (1.78)
2 0.70 (17.8) | 0.30(7.7) {0.40(10.16)
3 1.47 (37.2) | 0.80(20.4) |0.67 (17.02)
4 2.19 (55.7) | 1.50(38.1) {0.69 (17.53)
5 2.74 (69.6) | 2.26 (57.4) {0.48 (12.19)
6 3.32(84.2) | 3.07 (77.9) | 0.25 (6.35)
7 4,02 (102.1) | 3.94 (100.0) | 0.08 (2.03)
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Table 5-8: PT-HL Tendon Force Comparison

Calculated Tendon

Measured Tendon

Drift (%0) ) . % Difference
Force, Kips (KN) Force, Kips (KN)
1 60 (267) 60 (265) 0.8
-1 68 (302) 69 (305) 1.1
1 60 (267) 64 (283) 5.5
-1 68 (302) 69 (306) 1.3
2 76 (340) 70 (313) 8.7
-2 85 (377) 81 (362) 4.0
2 77 (341) 70 (311) 9.7
-2 85 (377) 81 (359) 5.2
3 93 (414) 80 (354) 16.9
-3 101 (450) 91 (407) 10.5
3 93 (412) 79 (350) 17.5
-3 101 (448) 90 (399) 12.1
4 109 (483) 88 (392) 23.1
-4 117 (519) 101 (447) 16.1
4 108 (479) 87 (388) 23.3
-4 116 (515) 100 (444) 16.0
5 123 (547) 96 (427) 27.9
-5 131 (585) 110 (490) 19.4
5 121 (537) 95 (423) 27.1
-5 129 (575) 109 (485) 18.7
6 135 (602) 103 (459) 31.0
-6 144 (641) 119 (530) 21.1
6 133 (592) 102 (452) 31.0
-6 141 (629) 118 (524) 19.9
7 146 (650) 110 (489) 32.9
-7 154 (684) 128 (568) 20.4
7 143 (637) 107 (476) 33.8
-7 151 (670) 125 (558) 20.0
8 152 (678) 113 (503) 34.7
-8 159 (708) 133 (593) 19.4
8 148 (659) 109 (486) 35.5
-8 154 (685) 130 (577) 18.7
-10 169 (751) 147 (655) 14.6
10 180 (799) 118 (524) 52.4
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Table 6-1: PT-LL Prototype Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average

0.25 0 (0) 0(0) 0 (0)

0.5 0.02 (0.51) 0 (0) 0.01 (0.25)
1 0.12 (3.05) | 0.02(0.51) 0.07 (1.78)
2 0.30(7.62) | 0.25 (6.35) 0.27 (6.89)
3 0.56 (14.22) | 0.46 (11.68) | 0.51 (13.11)
4 1.11(28.19) | 0.78(19.81) | 0.94 (23.88)
5 1.80 (45.72) | 1.70 (43.18) | 1.75 (44.45)
6 3.70(93.98) | 3.74(95.0) | 3.72(94.49)
7 6.17 (156.72)| 6.27 (159.26) | 6.22 (157.99)
8 10.76 (273.30) 12.83 (325.88)[ 11.80 (299.72)

Table 6-2: PT-HL Prototype Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0(0)

0(0)

0(0)

0.02 (0.47)

0.01 (0.13)

0.01 (0.30)

0.10 (2.66)

0.03 (0.67)

0.07 (1.67)

151 (38.48)

158 (40.11)

1.55 (39.29)

3.21 (81.57)

3.18 (80.83)

3.20 (81.20)

4.61 (117.10)

4.46 (113.23)

4.53 (115.16)

6.46 (164.06)

6.41 (162.82)

6.43 (163.44)

9.19 (233.34)

9.24 (234.61)

9.21 (233.97)

12,51 (317.78)

12.55 (318.66)

12.53 (318.22)

16.26 (412.92)

16.68 (423.58)

16.47 (418.25)
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Table 6-3: PT-LL Prototype Tendon Stresses

Drift (%)

Tendon Stress,

Drift (%)

Tendon Stress,

ksi (MPa) ksi (MPa)
1 75.6 (521.5) 5 154.4 (1064.6)
-1 75.9 (523.6) -5 154.9 (1068.1)
1 75.8 (522.5) 5 151.2 (1042.7)
-1 75.8 (522.7) -5 151.5 (1044.6)
2 97.6 (672.9) 6 165.5 (1140.8)
-2 98.1 (676.3) -6 164.8 (1136.4)
2 97.5 (672.3) 6 161.0 (1109.9)
-2 97.7 (673.9) -6 159.5 (1099.9)
3 118.6 (817.5) 7 170.5 (1175.6)
-3 119.1 (821.0) -7 168.5 (1161.8)
3 117.2 (808.3) 7 163.2 (1125.4)
-3 117.8 (812.0) -7 162.0 (1116.7)
4 137.6 (948.5) 8 170.4 (1175.1)
-4 138.7 (956.4) -8 175.3 (1208.9)
4 135.6 (934.7) 8 167.6 (1155.7)
-4 136.3 (940.0) -8 173.1 (1193.7)

Table 6-4: PT-HL Prototype Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%0)) i mpay [P0 ki (vipay
1| 752(182) | 5 | 149.9 (1033.4)
1 | 754(5197) | -5 |150.1(103438)
1| 752(187) | 5 | 147.2 (1015.0)
1 | 753(193) | -5 | 147.3(1015.6)
2 | 96.1(6629) | 6 | 1600 (1109.2)
2 | 968(667.3) | -6 |160.7 (1107.9)
2 | 965(6655) | 6 | 1568 (1081.2)
2 | 96.7(6666) | -6 |156.6(1079.9)
3 | 1165(8034) | 7 | 167.9 (1157.9)
3 | 1168(8052) | -7 | 167.7 (1156.1)
3 | 1152 (7964) | 7 | 1620 (1116.8)
3 | 1156(7972) | -7 | 164.5(1134.2)
4 | 1349(9302) | 8 | 172.1(1186.6)
4 | 1352(9324) | -8 | 180.6 (12453)
4 | 1325(0138) | 8 | 1706 (1176.0)
4 | 1330(9170) | -8 | 1648 (1136.1)
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Table 6-5: Parametric Study

Study | Column Initial PT,| Axial Dead Tendon |Concrete Strength,
%f'cAg |Load, %f'cAg| Location ksi (MPa)

PT-LL 10% 10% 22.5% of d 4.5 (31)

PT-LL 10% 15% 22.5% of d 4.5 (31)

| PT-LL 10% 20% 22.5% of d 4.5 (31)
PT-HL 10% 10% 22.5% of d 4.5 (31)

PT-HL 10% 15% 22.5% of d 4.5 (31)

PT-HL 10% 20% 22.5% ofd 4.5 (31)

PT-LL 15% 6% 22.5% of d 4.5 (31)

I PT-LL 20% 6% 22.5% of d 4.5 (31)
PT-HL 15% 6% 22.5% of d 4.5 (31)

PT-HL 20% 6% 22.5% of d 4.5 (31)

m PT-LL 10% 6% 22.5% of d 10 (69)
PT-HL 10% 6% 22.5% ofd 10 (69)

n PT-LL 10% 6% 22.5% of d 10 (69)
PT-HL 10% 6% 22.5% of d 10 (69)

v PT-LL 10% 6% 30% of d 4.5 (31)
PT-HL 10% 6% 30% of d 4.5 (31)

\Y PT-EL 10% 6% 22.5% of d 4.5 (31)

Table 6-6: PT-LL 10%fcAq Axial Load, Residual Displacements

PT-LL Residual Displacements, in (mm)
Drift (%) Positive Negative Average

0.25 0 (0) 0 (0) 0 (0)

0.5 0.02 (0.56) 0 (0) 0.01 (0.29)
1 0.11 (2.86) 0.01 (0.19) 0.06 (1.53)
2 0.34 (8.56) 0.25 (6.24) 0.29 (7.40)
3 0.59 (15.08) | 0.55(14.00) | 0.57 (15.54)
4 1.15(29.10) | 1.05(26.73) | 1.10(27.92)
5 2.23 (56.76) | 2.21 (117.90) | 2.22 (56.39)
6 4.82 (122.43) | 4.64 (117.90) | 4.73 (120.17)
7 10.19 (258.76) | 13.64 (346.45)[11.91 (302.61)
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Table 6-7: PT-HL 10%f°cAq Axial Load, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0(0)

0(0)

0(0)

0.5

0.02 (0.46)

0.01 (0.15)

0.01 (0.31)

0.10 (2.45)

0.02 (0.46)

0.06 (1.46)

1.20 (30.55)

1.13 (28.66)

1.17 (29.60)

2.76 (70.22)

2.72 (69.09)

2.74 (69.66)

4.47 (113.44)

4.32 (109.70)

4.39 (111.57)

6.47 (164.21)

6.43 (163.39)

6.45 (163.80)

9.41 (239.02)

9.53 (242.16)

9.47 (240.59)

N|ojo|f~|wIN|(F

13.77 (349.71)

14.54 (369.25)

14.15 (359.48)

Table 6-8: PT-LL 15%1fcAg Axial Load, Residual Displacements

PT-LL Residual Displacements, in (mm)
Drift (%), Positive Negative Average
0.25 0.00 (0.05) 0.00 (0.00) 0 (0)
0.5 0.02 (0.53) 0.00 (0.11) 0.01 (0.32)
1 0.12 (3.08) 0.02 (0.52) 0.07 (1.80)
2 0.51 (12.96) | 0.35(8.88) | 0.43(10.92)
3 0.84 (21.42) | 0.74 (18.68) | 0.79 (20.05)
4 1.72 (43.75) | 1.45(36.84) | 1.59 (40.29)
5 3.41(86.49) | 3.42(86.89) | 3.41(86.69)

Table 6-9: PT-HL 15%f°cAq Axial Load, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.04) 0.00 (0.02) 0.00 (0.03)
0.5 0.02 (0.58) 0.00 (0.07) 0.01 (0.33)

1 0.11 (2.84) 0.02 (0.45) 0.06 (1.65)
2 1.09 (27.67) | 1.00 (25.43) | 1.05 (26.55)
3 2.63 (66.71) | 2.60 (66.12) | 2.61 (66.42)
4 4.28 (108.76) | 4.17 (105.94) | 4.23 (107.35)
5 6.56 (166.63) | 6.70 (170.28) | 6.63 (168.45)
6 11.32 (287.41)|12.22 (310.29)| 11.77 (298.85)
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Table 6-10: PT-LL 20%f’cAg Axial Load, Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0.00 (0.06)

0.00 (0.00)

0.00 (0.03)

0.5

0.02 (0.55)

0.00 (0.03)

0.01 (0.29)

0.13 (3.21)

0.02 (0.42)

0.07 (1.82)

0.54 (13.77)

0.46 (11.80)

0.50 (12.78)

1.04 (26.42)

0.93 (23.55)

0.98 (24.98)

2.21 (56.15)

1.95 (49.52)

2.08 (52.84)

O[N]

5.39 (137.02)

6.13 (155.71)

5.76 (146.36)

Table 6-11: PT-HL 20%f’:Ag Axial Load, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.06) | 0.00(0.00) | 0.00 (0.03)
0.5 0.02 (0.58) | 0.00(0.12) | 0.01(0.35)

1 0.11 (2.67) | 0.01(0.32) | 0.06 (1.49)

2 1.04 (26.43) | 1.00 (25.34) | 1.02 (25.89)
3 2.49 (63.33) | 2.50 (63.55) | 2.50 (63.44)
4 4.30 (109.17) |4.23 (107.48)| 4.26 (108.32)
5 7.80 (198.07) |8.00 (203.10)| 7.90 (200.59)
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Table 6-12: PT-LL 10%f’cAq Axial Load, Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)

1 74.9 (516.4) -4 134.2 (925.3)
-1 75.1 (517.8) 4 130.9 (902.3)
1 74.9 (516.6) -4 130.9 (902.5)
-1 75.0 (517.4) 5 147.7 (1018.7)
2 95.6 (659.0) -5 147.7 (1018.6)
-2 96.1 (662.4) 5 144.0 (992.8)
2 95.4 (657.9) -5 144.0 (992.9)
-2 95.7 (659.8) 6 154.5 (1065.5)
3 116.0 (799.7) -6 153.1 (1055.7)
-3 116.1 (800.2) 6 147.4 (1016.5)
3 114.5 (789.5) -6 145.1 (1008.8)
-3 114.5 (789.1) 7 149.5 (1030.8)
4 134.0 (923.9) -7 | 152.4 (1051.0)

Table 6-13: PT-HL 10%f°cAg Axial Load, Tendon Stresses

Drift (%) Tendpn Stress, Drift (%) Tenden Stress,
ksi (MPa) ksi (MPa)

1 74.6 (514.4) 4 128.1 (883.3)
-1 74.7 (515.4) -4 128.6 (887.0)
1 74.7 (514.7) 5 143.9 (992.2)
-1 74.7 (515.0) -5 144.1 (993.8)
2 94.2 (649.7) 5 141.1 (972.5)
-2 95.3 (657.3) -5 140.5 (968.6)
2 94.7 (652.6) 6 153.4 (1057.4)
-2 95.1 (655.4) -6 152.5 (1051.2)
3 114.0 (786.0) 6 146.7 (1011.6)
-3 114.4 (789.0) -6 145.5 (1003.6)
3 112.6 (776.4) 7 152.3 (1050.1)
-3 112.9 (778.6) -7 156.6 (1080.1)
4 130.3 (898.3) 7 148.6 (1024.7)
-4 130.8 (901.8) -7 152.4 (1050.8)
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Table 6-14: PT-LL 15%f’cAq Axial Load, Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,

ksi (MPa) ksi (MPa)
1 74.6 (514.6) -3 110.4 (760.9)
-1 74.8 (515.5) 4 127.4 (878.5)
1 74.7 (515.0) -4 127.8 (881.4)
-1 74.8 (515.5) 4 124.2 (856.5)
2 93.6 (645.7) -4 124.4 (857.5)
-2 94.1 (648.7) 5 137.8 (950.4)
2 93.3 (643.4) -5 136.9 (943.7)
-2 93.5 (644.5) 5 131.5 (906.7)
3 112.1 (773.3) -5 129.5 (892.9)
-3 112.2 (773.6) 6 128.9 (889.0)
3 110.3 (760.3)

Table 6-15: PT-HL 15%f:Ag Axial Load, Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)
1 74.5 (513.6) 4 126.0 (869.1)
-1 74.6 (514.5) -4 126.2 (870.5)
1 74.5 (514.0) 4 123.2 (849.6)
-1 74.6 (514.4) -4 123.3 (850.4)
2 92.8 (640.2) 5 136.9 (943.7)
-2 93.6 (645.3) -5 136.2 (939.1)
2 92.8 (639.6) 5 131.5 (907.0)
-2 93.1 (641.7) -5 130.0 (896.7)
3 111.0 (765.4) 6 135.4 (933.4)
-3 111.1 (766.1) -6 133.6 (921.5)
3 109.2 (753.0) 6 127.0 (875.8)
-3 109.5 (754.7) -6 113.6 (783.2)
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Table 6-16: PT-LL 20%f’cAq Axial Load, Tendon Stresses

Table 6-17: PT-HL 20%f°cAg Axial Load, Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)

1 74.2 (511.7) 3 106.2 (732.3)
-1 74.3 (512.3) -3 106.2 (732.1)
1 74.2 (511.8) 4 121.7 (839.1)
-1 74.3 (512.3) -4 121.4 (837.2)
2 92.0 (634.5) 4 116.7 (804.6)
-2 91.6 (633.7) -4 115.9 (798.8)
2 91.3 (629.6) 5 121.4 (837.1)
-2 91.1 (628.2) -5 112.9 (778.6)
3 108.8 (750.0) 5 93.9 (647.6)
-3 108.7 (749.2)
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. Tendon Stress, | ~ .. Tendon Stress,
Prift %0 sivea) [P0 i mpay

1 74.0 (510.4) -3 105.5 (727.6)
-1 74.1 (510.9) 4 121.0 (834.5)
1 74.1 (510.7) -4 120.8 (832.7)
-1 74.1 (510.9) 4 116.6 (804.3)
2 91.3 (629.4) -4 116.2 (801.3)
-2 91.6 (631.4) 5 124.8 (860.2)
2 90.8 (626.2) -5 121.5 (837.4)
-2 90.8 (625.8) 5 107.9 (743.8)
3 108.0 (744.8) -5 106.7 (735.6)
-3 107.9 (743.9) 6 65.2 (449.8)
3 105.6 (728.3)




Table 6-18: PT-LL 15%f’cAg Initial Post-Tensioning, Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.03) 0.00 (0.02) 0.00 (0.03)
0.5 0.02 (0.57) 0.00 (0.09) 0.01 (0.33)

1 0.12 (2.97) 0.01 (0.37) 0.07 (1.67)
2 0.37 (9.31) 0.38 (9.75) 0.38 (9.53)
3 0.56 (14.13) | 0.67 (16.99) | 0.61 (15.56)
4 1.27 (32.13) | 1.14(29.00) | 1.20 (30.57)
5 2.48 (62.88) | 2.44 (61.86) | 2.46 (62.37)
6 5.46 (138.57) | 5.42 (137.74) | 5.44 (138.15)
7 10.74 (272.77)|11.35 (288.22)[ 11.04 (280.49)

Table 6-19: PT-HL 15%f’:Ag Initial Post-Tensioning, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0.00 (0.06)

0.00 (0.01)

0.00 (0.03)

0.02 (0.53)

0.00 (0.12)

0.01 (0.32)

0.10 (2.65)

0.02 (0.56)

0.06 (1.60)

1.18 (30.07)

1.14 (29.08)

1.16 (29.58)

2.77 (70.39)

2.78 (70.60)

2.78 (70.49)

4.29 (108.92)

4.30 (109.31)

4.30 (109.11)

6.39 (162.32)

6.34 (161.07)

6.37 (161.69)

9.76 (247.87)

9.87 (250.73)

9.82 (249.30)

14.41 (366.09)

14.82 (376.31)

14.61 (371.20)

19.13 (485.94)

20.77 (527.48)

19.95 (506.71)

87




Table 6-20: PT-LL 20%f’cAg Initial Post-Tensioning, Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.05) | 0.00 (0.00) 0.00 (0.03)
0.5 0.02 (0.57) | 0.00(0.09) 0.01 (0.33)

1 0.12 (3.17) | 0.02 (0.40) 0.07 (1.79)
2 0.50 (12.72) | 0.39 (9.79) | 0.44 (11.26)
3 0.88 (22.47) | 0.77 (19.65) | 0.83(21.06)
4 1.80 (45.63) | 1.57 (39.84) | 1.68 (42.73)
5 3.72 (94.51) | 3.61(91.75) | 3.67 (93.13)
6 9.21 (233.84)[11.06 (280.91)[10.13 (257.37)

Table 6-21: PT-HL 20%f’cAq Initial Post-Tensioning, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.04) 0.00 (0.00) 0.00 (0.02)
0.5 0.02 (0.55) 0.00 (0.08) 0.01 (0.31)

1 0.10 (2.50) 0.01 (0.36) 0.06 (1.43)
2 1.02 (26.01) | 0.96 (24.41) | 0.99 (25.21)
3 2.53 (64.35) | 2.52(64.07) | 2.53 (64.21)
4 4.20 (106.67) | 4.11 (104.39) | 4.15 (105.53)
5 6.65 (168.95) | 6.65 (168.95) | 6.65 (168.95)
6 11.87 (301.60)|12.30 (312.42)| 12.09 (307.01)
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Table 6-22: PT-LL 15% of ALI Initial Post-Tensioning, Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%) ) Drift (%) )
ksi (MPa) ksi (MPa)
1 104.4 (719.6) 4 158.9 (1095.8)
-1 104.6 (721.0) -4 159.2 (1097.6)
1 104.4 (720.1) 5 175.0 (1206.8)
-1 104.5 (720.5) -5 175.0 (1206.5)
2 124.8 (860.7) 5 170.6 (1176.3)
-2 124.8 (860.8) -5 170.4 (1175.0)
2 124.8 (860.7) 6 179.9 (1240.3)
-2 124.4 (857.4) -6 179.1 (1235.1)
3 144.9 (991.1) 6 171.5 (1182.8)
-3 144.4 (995.9) -6 169.7 (1170.3)
3 143.0 (985.8) 7 168.9 (1164.5)
-3 142.9 (985.4) -7 161.7 (1115.1)
4 161.9 (1116.2) 7 145.3 (1001.5)
-4 162.1 (1117.9) -7 113.7 (783.9)

Table 6-23: PT-HL 15% of ALI Initial Post-Tensioning, Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%0) ) Drift (%0) .

ksi (MPa) ksi (MPa)
1 104.1 (718.1) -4 156.8 (1081.2)
-1 104.3 (719.0) 5 172.4 (1188.5)
1 104.2 (718.4) -5 172.5(1189.1)
-1 104.2 (718.7) 5 168.6 (1162.8)
2 123.6 (852.4) -5 168.6 (1162.7)
-2 124.4 (857.4) 6 179.6 (1238.2)
2 123.8 (853.7) -6 178.8 (1232.7)
-2 123.9 (854.2) 6 172.8 (1191.5)
3 142.9 (985.5) -6 171.4 (1181.5)
-3 142.9 (985.1) 7 174.6 (1203.6)
3 141.5 (975.5) -7 169.1 (1166.1)
-3 141.4 (975.1) 7 156.1 (1076.1)
4 159.3 (1098.5) -7 153.0 (1054.6)
-4 159.3 (1098.2) 8 138.5 (955.3)
4 156.8 (1081.1)
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Table 6-24: PT-LL 20% of ALI Initial Post-Tensioning, Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%) ) Drift (%) )
ksi (MPa) ksi (MPa)
1 133.1 (918.0) -3 168.2 (1159.8)
-1 133.3 (919.0) 4 184.2 (1269.8)
1 133.2 (918.3) -4 184.4 (1271.3)
-1 133.3 (918.9) 4 180.8 (1246.3)
2 152.0 (1048.0) -4 180.8 (1246.6)
-2 152.2 (1049.6) 5 191.8 (1322.4)
2 151.5 (1044.9) -5 190.9 (1316.5)
-2 151.6 (1045.5) 5 184.5 (1272.0)
3 170.0 (1172.5) -5 182.2 (1256.2)
-3 170.2 (1173.2) 6 179.3 (1236.5)
3 168.2 (1159.5) -6 165.3 (1139.9)

Table 6-25: PT-HL 20% of ALI Initial Post-Tensioning, Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)
1 133.0 (917.1) 4 183.2 (1263.5)
-1 133.1 (917.9) -4 183.3 (1264.0)
1 133.1 (917.5) 4 180.3 (1243.1)
-1 133.1 (917.8) -4 180.1 (1241.7)
2 151.2 (1042.2) 5 191.7 (1321.8)
-2 151.7 (1046.3) -5 191.3 (1318.8)
2 151.0 (1041.2) 5 185.7 (1280.5)
-2 | 151.2(1042.4)] -5 | 184.6(1272.6)
3 169.0 (1165.5) 6 186.9 (1288.6)
-3 169.1 (1166.0) -6 179.6 (1238.4)
3 167.2 (1152.6) 6 165.0 (1137.9)
-3 167.4 (1153.9) -6 146.9 (1012.8)
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Table 6-26: PT-LL Study III, =10 ksi (69 MPa), Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.01) | 0.00(0.00) | 0.00 (0.01)
0.5 0.02 (0.49) | 0.00(0.10) | 0.01(0.30)

1 0.09 (2.20) | 0.03(0.81) | 0.06 (1.51)
2 0.19(4.93) | 0.12(3.08) | 0.16 (4.01)
3 0.28 (7.14) | 0.24(6.18) | 0.26 (6.66)
4 0.74 (18.89) | 0.67 (17.04) | 0.71 (17.96)
5 2.38 (60.53) | 2.36 (59.94) | 2.37 (60.24)
6 8.26 (209.71)|10.09 (256.22)[9.17 (232.96)

Table 6-27: PT-HL Study II1, =10 ksi (69 MPa), Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.02) 0.00 (0.01) 0.00 (0.02)
0.5 0.02 (0.48) 0.00 (0.11) 0.01 (0.29)

1 0.09 (2.33) 0.03 (0.80) 0.06 (1.56)
2 0.34 (8.62) 0.28 (7.08) 0.31 (7.85)
3 0.72 (18.29) | 0.70 (17.73) | 0.71(18.01)
4 1.81(46.04) | 1.69(42.94) | 1.75 (44.49)
5 4.26 (108.23) | 4.35(110.43) | 4.30 (109.33)
6 10.22 (259.70)|11.77 (299.08) [ 11.00 (279.39)

Table 6-28: PT-LL Study III’, £c=10 ksi (69 MPa), Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.01 (0.16) | 0.00(0.04) | 0.00 (0.10)
0.5 0.02 (0.43) | 0.01(0.24) | 0.01(0.34)

1 0.06 (1.63) | 0.03(0.66) | 0.05(1.15)
2 0.06 (1.41) | 0.06 (1.51) | 0.06 (1.57)
3 0.12 (2.93) | 0.23(5.83) | 0.17 (4.38)
4 0.65 (16.50) | 0.89 (22.61) | 0.77 (19.56)
5 1.70 (43.14) | 1.67 (42.43) | 1.68 (42.79)
6 3.11 (79.00) | 3.31(84.16) | 3.21 (81.58)
7 5.83 (147.98) | 6.09 (154.65)|5.96 (151.32)
8 8.58 (217.92) | 8.60 (218.39)|8.59 (218.15)
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Table 6-29: PT-HL Study III, =10 ksi (69 MPa), Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.01 (0.13) 0.00 (0.06) 0.00 (0.10)
0.5 0.01 (0.31) 0.01 (0.21) 0.01 (0.26)

1 0.08 (2.14) 0.04 (0.97) 0.06 (1.56)
2 0.81 (20.66) | 0.99 (25.04) | 0.90 (22.85)
3 1.52 (38.49) | 1.54(39.20) | 1.53(38.84)
4 2.76 (70.20) | 2.68 (68.05) | 2.72(69.13)
5 4.61 (117.18) | 4.53 (114.97) | 4.57 (116.08)
6 6.98 (177.18) | 7.09 (179.97) | 7.03 (178.58)
7 10.64 (270.38)[10.39 (264.03)[ 10.52 (267.20)
8 14.51 (368.57)|13.31 (338.02) [ 13.91 (353.30)

Table 6-30: PT-LL Study III, £c=10 ksi (69 MPa), Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)

1 75.9 (523.2) -3 115.6 (797.3)
-1 76.0 (524.1) 4 131.4 (905.7)
1 76.0 (523.7) -4 130.7 (901.4)
-1 76.0 (524.0) 4 128.1 (883.1)
2 97.4 (671.4) -4 128.1 (883.3)
-2 97.6 (673.1) 5 137.2 (946.2)
2 97.4 (671.7) -5 137.0 (944.7)
-2 97.4 (671.3) 5 131.4 (906.2)
3 116.8 (805.5) -5 130.4 (898.9)
-3 116.9 (805.8) 6 126.6 (872.9)
3 115.4 (795.6) -6 118.3 (815.7)
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Table 6-31: PT-HL Study III, £c=10 ksi (69 MPa), Tendon Stresses

Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)

1 75.5 (520.7) 4 129.4 (892.5)
-1 75.7 (521.8) -4 129.6 (893.6)
1 75.6 (521.4) 4 127.0 (875.3)
-1 75.6 (521.5) -4 127.0 (875.4)
2 96.4 (664.8) 5 137.7 (949.3)
-2 96.9 (668.4) -5 136.9 (944.2)
2 96.6 (665.9) 5 132.7 (914.9)
-2 96.7 (666.6) -5 131.2 (904.6)
3 115.4 (795.7) 6 132.5 (913.6)
-3 115.5 (796.0) -6 130.2 (897.8)
3 114.2 (787.2) 6 107.9 (744.2)
-3 114.2 (787.7)

Table 6-32: PT-LL Study III’, £c=10 ksi (69 MPa), Tendon Stresses
Drift (%) Tend_on Stress, Drift (%) Tend_on Stress,
ksi (MPa) ksi (MPa)

1 77.6 (535.2) 5 170.9 (1178.1)
-1 77.9 (537.0) -5 171.2 (1180.3)
1 77.8 (536.6) 5 168.3 (1160.1)
-1 77.9 (537.1) -5 168.8 (1163.8)
2 103.5 (713.6) 6 183.1 (1262.6)
-2 103.5 (713.9) -6 182.9 (1261.1)
2 103.6 (714.7) 6 177.3 (1222.5)
-2 103.4 (713.3) -6 177.3 (1222.8)
3 128.0 (882.3) 7 184.9 (1275.0)
-3 127.5 (879.4) -7 183.6 (1265.8)
3 127.4 (878.7) 7 177.0 (1220.5)
-3 127.2 (877.1) -7 175.5 (1210.0)
4 150.6 (1038.1) 8 180.9 (1247.1)
-4 150.9 (1040.4) -8 188.2 (1297.4)
4 149.7 (1032.4) 8 179.8 (1240.0)
-4 149.3 (1029.6)
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Table 6-33: PT-HL Study III’, £c=10 ksi (69 MPa), Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%) ) Drift (%) )
ksi (MPa) ksi (MPa)
1 76.8 (529.4) 5 166.0 (1144.6)
-1 77.1 (531.4) -5 167.3 (1153.4)
1 77.0 (530.6) 5 163.5 (1127.3)
-1 77.1 (531.5) -5 164.2 (1131.9)
2 102.0 (703.2) 6 179.7 (1239.1)
-2 102.0 (703.1) -6 178.6 (1231.2)
2 102.3 (705.5) 6 175.3 (1208.9)
-2 101.8 (701.7) -6 172.9 (1192.0)
3 125.7 (866.4) 7 182.5 (1258.5)
-3 125.5 (865.1) -7 182.3 (1256.9)
3 125.1 (862.9) 7 177.3 (1222.3)
-3 125.0 (862.0) -7 176.4 (1216.1)
4 147.6 (1017.7) 8 183.8 (1267.5)
-4 148.3 (1022.7) -8 190.0 (1310.0)
4 146.5 (1010.2) 8 182.0 (1255.0)
-4 146.9 (1012.6) -8 191.4 (1319.5)

Table 6-34: PT-LL 30% of Diameter Tendon Location, Residual Displacements

PT-LL Residual Displacements, in (mm)

Drift (%)

Positive

Negative

Average

0.25

0.00 (0.06)

0.00 (0.04)

0.00 (0.05)

0.5

0.02 (0.55)

0.01 (0.19)

0.01 (0.37)

0.11 (2.77)

0.04 (1.11)

0.08 (1.94)

0.30 (7.58)

0.29 (7.48)

0.30 (7.53)

0.45 (11.56)

0.50 (12.66)

0.48 (12.11)

0.98 (24.81)

0.77 (19.67)

0.88 (22.24)

1.63 (41.29)

151 (38.43)

1.57 (39.86)

3.20 (81.31)

3.33 (84.53)

3.26 (82.92)

N[O~ WIN |-

6.39 (162.18)

6.73 (170.84)

6.56 (166.51)
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Table 6-35: PT-HL 30% of Diameter Tendon Location, Residual Displacements

PT-HL Residual Displacements, in (mm)

Drift (%)| Positive Negative Average
0.25 0.00 (0.10) 0.00 (0.02) 0.00 (0.06)
0.02 (0.46) 0.01 (0.18) 0.01 (0.32)
0.11 (2.76) 0.04 (1.00) 0.07 (1.88)

1.53(38.89) | 1.59(40.30) | 1.56 (39.60)
3.12 (79.23) | 3.11(78.90) | 3.11 (79.06)

4,37 (111.10) | 4.18 (106.17) | 4.28 (108.64)

5.74 (145.71) | 5.68 (144.38) | 5.71 (145.05)

7.81(198.46) | 7.80 (198.21) | 7.81 (198.33)

11.09 (281.79)(11.14 (282.99)[ 11.12 (282.39)

16.94 (430.28)|17.97 (456.55)[17.46 (443.42)

Table 6-36: PT-LL 30% of Diameter Tendon Location, Tendon Stresses

Tendon Stress, Tendon Stress,

Drift (%0) . Drift (%0) .
ksi (MPa) ksi (MPa)
1 80.4 (554.3) 4 151.1 (1041.8)
-1 80.6 (555.8) -4 151.7 (1045.8)
1 80.5 (555.0) 5 174.0 (1199.7)
-1 80.5 (555.2) -5 174.6 (1204.1)

2 106.0 (730.6) 5 |170.7 (1177.0)
2 | 106.1(731.4) | -5 [171.2(1180.3)
2 106.0 (731.1) 6 | 187.6(1293.3)
2 | 1057(7286) | -6 |187.8(1295.0)
3 130.7 (901.4) 6 | 189.4 (1306.0)
-3 | 13058995 | -6 [191.8(1322.3)
3 129.5 (892.7) 7 | 200.9 (1385.1)
3 | 1203(891.3) | -7 | 208.8(1440.0)
4  ]1531(1055.9)] 7  |208.0(1434.9)
-4 |153.8(1060.6)] -7 | 209.6 (1445.5)
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Table 6-37:

PT-HL 30% of Diameter Tendon Location, Tendon Stresses

Drift Tend_on Stress, Drift Tend_on Stress,
ksi (MPa) ksi (MPa)
1 79.9 (550.7) -4 148.9 (1026.8)
-1 80.1 (552.1) 5 169.5 (1168.5)
1 80.0 (551.6) -5 | 169.9 (1171.3)
-1 80.0 (551.9) 5 167.2 (1152.9)
2 104.5 (720.8) -5 | 167.1(1152.0)
-2 105.1 (724.8) 6 184.0 (1268.8)
2 104.8 (722.8) -6 187.7 (1294.4)
-2 105.0 (723.9) 6 188.1 (1296.9)
3 128.6 (886.8) -6 193.0 (1331.0)
-3 128.7 (887.5) 7 202.0 (1393.0)
3 127.5 (879.0) -7 210.2 (1449.0)
-3 127.6 (880.1) 7 208.9 (1440.5)
4 11501 (1035.2) -7 | 210.2(1449.2)
-4 150.7 (1039.1) 8 210.7 (1452.5)
4 |148.4(1023.4)| -8 |213.7(1473.2)

Table 6-38: PT-EL 0.34% Longitudinal Reinforcement Residual Displacements

PT-EL Residual Displacements, in (mm)

Drift (%) Positive Negative Average
0.25 0 (0) 0 (0) 0 (0)
0.5 0.02 (0.51) 0 (0) 0.01 (0.25)

1 0.11 (2.71) 0.03 (0.69) 0.07 (1.78)

2 0.15 (3.90) 0.10 (2.59) 0.13 (3.18)

3 0.25 (6.40) 0.15 (3.70) 0.20 (5.08)

4 0.46 (11.67) | 0.30(7.69) 0.38 (9.65)

5 0.88 (22.33) | 0.73(18.57) | 0.81 (20.45)
6 2.20 (55.96) | 2.10(53.32) | 2.15(54.61)
7 5.08 (129.11) | 5.13(130.42) | 5.11 (129.67)
8 12.32 (312.95)
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Table 6-39: PT-EL 0.34% Longitudinal Reinforcement Tendon Stresses

Tendon Stress,

Tendon Stress,

Drift (%) ) Drift (%) )
ksi (MPa) ksi (MPa)
1 76.2 (525.4) -4 136.4 (940.8)
-1 76.4 (526.9) 5 154.1 (1062.5)
1 76.3 (526.3) -5 154.9 (1067.7)
-1 76.4 (526.6) 5 150.3 (1036.2)
2 98.6 (680.0) -5 150.6 (1038.1)
-2 98.8 (681.2) 6 161.7 (1114.9)
2 98.3 (677.9) -6 160.4 (1106.3)
-2 98.5 (678.8) 6 155.2 (1070.4)
3 119.5 (824.1) -6 154.2 (1062.9)
-3 119.8 (826.1) 7 162.5 (1120.7)
3 118.2 (815.3) -7 160.9 (1109.2)
-3 118.5 (816.7) 7 153.5 (1058.6)
4 138.4 (954.4) -7 156.9 (1082.1)
-4 138.7 (956.7) 8 151.9 (1047.7)
4 136.1 (938.2) -8 148.0 (1020.5)
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Figure 2-14: Poured Footing
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Figure 2-15: Sonotube and Deck

Figure 2-16: Cable Gripper
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Figure 2-17: Pushing Bullet

Figure 2-18: Complete Construction
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Figure 3-5: Strain Gauge Wires Exiting Anchor Plate
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Figure 4-2: PT-LL Initial Spalling on West

116



AD NO. 19

Figure 4-4: PT-LL Visible Spiral on West
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Figure 4-5: PT-LL Buckling Longitudinal Reinforcing Bar, East
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Figure 4-6: PT-LL Fractured Longitudinal Reinforcing Bar, East
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Figure 4-11: PT-LL Strain vs. Drift, Strain Gauge 2
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121



10000

-10000

-20000 -

T

Microstrain

-30000 A

T

N
\
N\

N

Z/ﬂ/U {

-2 0 2 4
Drift (%)

(o))
(e0)

10 12
Figure 4-13: PT-LL Strain vs. Drift, Strain Gauge 6

30000
20000 /
10000

-10000 /

-20000 =

/

Microstrain
o
N

-30000
-12 10 8 6 -4 -2 O 2 4 6 8 10 12

Drift (%)

Figure 4-14: PT-LL Strain vs. Drift, Strain Gauge 7
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Figure 4-15: PT-LL Strain vs. Drift, Strain Gauge 8
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Figure 4-16: PT-LL Strain vs. Drift, Strain Gauge PT-02, Tendon 1
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Figure 4-18: PT-LL Strain vs. Drift, Strain Gauge PT-05, Tendon 1
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Figure 4-19: PT-LL Strain vs. Drift, Strain Gauge PT-06, Tendon 1
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Figure 4-20: PT-LL Strain vs. Drift, Strain Gauge PT-07, Tendon 4
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Figure 4-21: PT-LL Strain vs. Drift, Strain Gauge PT-08, Tendon 4
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Figure 4-22: PT-LL Strain vs. Drift, Strain Gauge PT-09, Tendon 4
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Figure 4-23: PT-LL Strain vs. Drift, Strain Gauge PT-10, Tendon 4
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Figure 4-24: PT-LL Strain vs. Drift, Strain Gauge PT-11, Tendon 4
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Figure 4-25: PT-LL Strain vs. Drift, Strain Gauge PT-12, Tendon 4
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Figure 4-26: PT-LL Moment Curvature, Layer 4
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Figure 4-28: PT-LL Moment Curvature, Layer 2
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Figure 4-30: PT-LL Moment Curvature, Layer 4
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Figure 4-31: PT-LL, Column Height vs. Curvature, 0.25% to 2% Drift
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Figure 4-32: PT-LL, Column Height vs. Curvature, 3% to 7% Drift
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Figure 4-34: PT-HL, First Spalling, East Side
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Figure 4-36: PT-HL, Visible Spiral, East Side
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Figure 4-38: PT-HL, Visible Longitudinal Reinforcement, West Side
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Figure 4-40: PT-HL, Longitudinal Reinforcing Bar Buckling, West Side
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Figure 4-42: PT-HL, First Longitudinal Reinforcing Bar Fracture
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Figure 4-43: PT-HL Hysteresis
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Figure 4-44: PT-HL Positive and Negative Hysteretic Envelope
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Figure 4-46: PT-HL Strain vs. Drift, Strain Gauge 1
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Figure 4-47: PT-HL Strain vs. Drift, Strain Gauge 2
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Figure 4-48: PT-HL Strain vs. Drift, Strain Gauge 3
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Figure 4-49: PT-HL Strain vs. Drift, Strain Gauge 6
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Figure 4-50: PT-HL Strain vs. Drift, Strain Gauge 7
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Figure 4-51: PT-HL Strain vs. Drift, Strain Gauge 8
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Figure 4-52: PT-HL Strain vs. Drift, Strain Gauge PT-01, Tendon 1
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Figure 4-53: PT-HL Strain vs. Drift, Strain Gauge PT-02, Tendon 1
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Figure 4-54: PT-HL Strain vs. Drift, Strain Gauge PT-03, Tendon 1
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Figure 4-55: PT-HL Strain vs. Drift, Strain Gauge PT-04, Tendon 1
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Figure 4-56: PT-HL Strain vs. Drift, Strain Gauge PT-06, Tendon 1
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Figure 4-57: PT-HL Strain vs. Drift, Strain Gauge PT-07, Tendon 4
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Figure 4-58: PT-HL Strain vs. Drift, Strain Gauge PT-09, Tendon 4
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Figure 4-59: PT-HL Strain vs. Drift, Strain Gauge PT-10, Tendon 4
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Figure 4-60: PT-HL Strain vs. Drift, Strain Gauge PT-11, Tendon 4
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Figure 4-61: PT-HL Moment Curvature, Layer 4
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Figure 4-62: PT-HL Moment Curvature, Layer 3
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Figure 4-63: PT-HL Moment Curvature, Layer 2
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Figure 4-64: PT-HL Moment Curvature, Layer 1

147



Curvature (rad./mm)
-8.E-04-6.E-04-4.E-04-2.E-040.E+00 2.E-04 4.E-04 6.E-04 8.E-04

10000 11,298,484
8000 9,038,787
= 6000 L 6,779,000 E
"T 4000 7T 4519394 £
= 2000 AP 2259697 Z
= 0 7 s 0 ~
é -2000 /// G ‘;i;_,-*"/”/ 2,259,697 €
S -4000 //’ — -4519,394 &
= 6000 Al [ < 6779000 <
-8000 et < 9,038,787
-10000 -11,298,484

-0.02-0.015 -0.01-0.005 0 0.005 0.01 0.015 0.02
Curvature (rad./in)

Figure 4-65: PT-HL Moment Curvature, Bond Slip
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Figure 4-66: PT-HL Column Height vs. Curvature, 0.25% to 2% Drift
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Figure 4-67: PT-HL Column Height vs. Curvature, 3% to 8% Drift

Figure 4-68: 3% Drift Damage Comparison
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Figure 4-70: 5% Drift Damage Comparison

150



HL

PT

LOAD NO 33

Figure 4-72: 7% Drift Damage Comparison
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Figure 4-74: Strand Damage
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Figure 5-17: PT-LL Analytical Hysteresis
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Figure 5-18: PT-HL Analytical Hysteresis
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Figure 6-15: PT-LL 20%fcAg Axial Load, Hysteresis
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Figure 6-16: PT-HL 20%f’cAg Axial Load, Hysteresis
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Figure 6-17: PT-LL 15%f’:Ag Initial Post-Tensioning, Pushover
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Figure 6-18: PT-HL 15%f°cAg Initial Post-Tensioning, Pushover
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Figure 6-19: PT-LL 20%f’:Ag Initial Post-Tensioning, Pushover
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Figure 6-20: PT-HL 20%f°cAg Initial Post-Tensioning, Pushover
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Figure 6-21: PT-LL 15%fcAg Initial Post-Tensioning, Hysteresis
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Figure 6-22: PT-HL 15%f°cAgq Initial Post-Tensioning, Hysteresis
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Figure 6-23: PT-LL 20%f:Ag Initial Post-Tensioning, Hysteresis
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Figure 6-24: PT-HL 20%f°cAgq Initial Post-Tensioning, Hysteresis
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Figure 6-25: PT-LL Study III, =10 ksi (69 MPa), Pushover
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Figure 6-26: PT-HL Study III, =10 ksi (69 MPa), Pushover
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Figure 6-27: PT-LL Study IID’, =10 ksi (69 MPa), Pushover

600
525
450
375
300
225
150

75

Displacement (mm)
76 152 229 305 381 457

533 610 686

/A\

/

9 12 15 18

Displacement (in)

21

24

27

2,669
2,335
2,002
1,668
1,334
1,001
667
334
0

Figure 6-28: PT-HL Study III’, =10 ksi (69 MPa), Pushover
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Figure 6-29: PT-LL Study III, c=10 ksi (69 MPa), Hysteresis
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Figure 6-30: PT-HL Study III, =10 ksi (69 MPa), Hysteresis
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Figure 6-32: PT-HL Study III’, =10 ksi (69 MPa), Hysteresis
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Figure 6-33: PT-LL 30% of Diameter Tendon Location, Pushover
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Figure 6-34: PT-HL 30% of Diameter Tendon Location, Pushover
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Figure 6-35: PT-LL 30% of Diameter Tendon Location, Hysteresis
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Figure 6-36: PT-HL 30% of Diameter Tendon Location, Hysteresis
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Figure 6-37: PT-EL 0.34% Longitudinal Reinforcement Pushover

400
300

=N
o o
o o

Force (Kkips)
S o

-200
-300
-400

Displacement (mm)
-508 -406 -305 -203 -102

0 102 203 305 406 508

1,779

1,334

4

445

i\
\

-445

Force (kN)

L7 AA

-890

-1,334

20 -16 -12 -8 -4
Displacement (in)

-1,779
0 4 8§ 12 16 20

Figure 6-38: PT-EL 0.34% Longitudinal Reinforcement Hysteresis
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APPENDIX A

(strain-drift hysteresis of conventional reinforcement and tendons)
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Figure A-1: PT-LL Strain vs. Drift, Strain Gauge 9
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Figure A-2: PT-LL Strain vs. Drift, Strain Gauge 10
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Figure A-3: PT-LL Strain vs. Drift, Strain Gauge 11
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Figure A-4: PT-LL Strain vs. Drift, Strain Gauge 12
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Figure A-5: PT-LL Strain vs. Drift, Strain Gauge 13
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Figure A-6: PT-LL Strain vs. Drift, Strain Gauge 14
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Figure A-7: PT-LL Strain vs. Drift, Strain Gauge 15
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Figure A-8: PT-LL Strain vs. Drift, Strain Gauge 16
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Figure A-9: PT-LL Strain vs. Drift, Strain Gauge 17
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Figure A-10: PT-LL Strain vs. Drift, Strain Gauge 18
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Figure A-11: PT-LL Strain vs. Drift, Strain Gauge 19
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Figure A-12: PT-LL Strain vs. Drift, Strain Gauge 20
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Figure A-15: PT-LL Strain vs. Drift, Strain Gauge 23
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Figure A-16: PT-LL Strain vs. Drift, Strain Gauge 24

190

10



Microstrain

Microstrain

600
400
200

-200
-400
-600
-800

1000

-200

-400

-600

-800

-1000

-1200

-1400

[N
AN
s o
;’M’W‘; et i
™ N
I Mo [
L?" W S
[
-12 -9 -6 -3 0 3 6 9 12
Drift (%)
Figure A-17: PT-LL Strain vs. Drift, Strain Gauge 25
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Figure A-18: PT-LL Strain vs. Drift, Strain Gauge 26
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Figure A-19: PT-LL Strain vs. Drift, Strain Gauge 27
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Figure A-20: PT-LL Strain vs. Drift, Strain Gauge 28
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Figure A-21: PT-LL Strain vs. Drift, Strain Gauge 29
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Figure A-22: PT-LL Strain vs. Drift, Strain Gauge 30
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Figure A-23: PT-LL Strain vs. Drift, Strain Gauge 31
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Figure A-24: PT-LL Strain vs. Drift, Strain Gauge 32
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Figure A-25: PT-LL Strain vs. Drift, Strain Gauge 33
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Figure A-26: PT-LL Strain vs. Drift, Strain Gauge 34
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Figure A-27: PT-LL Strain vs. Drift, Strain Gauge 35
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Figure A-28: PT-LL Strain vs. Drift, Strain Gauge 36
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Figure A-29: PT-LL Strain vs. Drift, Strain Gauge 37
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Figure A-30: PT-LL Strain vs. Drift, Strain Gauge 38
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Figure A-31: PT-LL Strain vs. Drift, Strain Gauge 39
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Figure A-32: PT-LL Strain vs. Drift, Strain Gauge 40
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Figure A-33: PT-LL Strain vs. Drift, Strain Gauge 41
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Figure A-34: PT-LL Strain vs. Drift, Strain Gauge 42

199



Microstrain

Microstrain

100

-100 ’MWH

-200

-300

—
3

-400

-500
-12 -9 -6 -3 0 3 6 9

Drift (%)

Figure A-35: PT-LL Strain vs. Drift, Strain Gauge 43
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Figure A-36: PT-LL Strain vs. Drift, Strain Gauge 44
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Figure A-37: PT-LL Strain vs. Drift, Strain Gauge PT-14, Tendon 3
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Figure A-38: PT-LL Strain vs. Drift, Strain Gauge PT-15, Tendon 3
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Figure A-39: PT-LL Strain vs. Drift, Strain Gauge PT-16, Tendon 3
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Figure A-40: PT-LL Strain vs. Drift, Strain Gauge PT-18, Tendon 3
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Figure A-41: PT-LL Strain vs. Drift, Strain Gauge PT-19, Tendon 2
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Figure A-42: PT-LL Strain vs. Drift, Strain Gauge PT-20, Tendon 2
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Figure A-43: PT-LL Strain vs. Drift, Strain Gauge PT-21, Tendon 2
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Figure A-44: PT-LL Strain vs. Drift, Strain Gauge PT-22, Tendon 2
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Figure A-45: PT-LL Strain vs. Drift, Strain Gauge PT-24, Tendon 2
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Figure A-46: PT-HL Strain vs. Drift, Strain Gauge 9
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Figure A-47: PT-HL Strain vs. Drift, Strain Gauge 10
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Figure A-48: PT-HL Strain vs. Drift, Strain Gauge 11
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Figure A-49: PT-HL Strain vs. Drift, Strain Gauge 12
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Figure A-50: PT-HL Strain vs. Drift, Strain Gauge 13
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Figure A-51: PT-HL Strain vs. Drift, Strain Gauge 14
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Figure A-52: PT-HL Strain vs. Drift, Strain Gauge 15
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Figure A-53: PT-HL Strain vs. Drift, Strain Gauge 16
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Figure A-54: PT-HL Strain vs. Drift, Strain Gauge 17
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Figure A-56: PT-HL Strain vs. Drift, Strain Gauge 19
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Figure A-57: PT-HL Strain vs. Drift, Strain Gauge 20
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Figure A-58: PT-HL Strain vs. Drift, Strain Gauge 21
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Figure A-59: PT-HL Strain vs. Drift, Strain Gauge 22
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Figure A-60: PT-HL Strain vs. Drift, Strain Gauge 23
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Figure A-62: PT-HL Strain vs. Drift, Strain Gauge 26
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Figure A-63: PT-HL Strain vs. Drift, Strain Gauge 27
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Figure A-64: PT-HL Strain vs. Drift, Strain Gauge 28
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Figure A-65: PT-HL Strain vs. Drift, Strain Gauge 29
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Figure A-66: PT-HL Strain vs. Drift, Strain Gauge 30
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Figure A-67: PT-HL Strain vs. Drift, Strain Gauge 31
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Figure A-68: PT-HL Strain vs. Drift, Strain Gauge 32
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Figure A-69: PT-HL Strain vs. Drift, Strain Gauge 33
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Figure A-70: PT-HL Strain vs. Drift, Strain Gauge 34
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Figure A-71: PT-HL Strain vs. Drift, Strain Gauge 35
600
400
200
0

-200
-400
-600

-12 -9 -6 -3 0 3 6 12

Drift (%)

Figure A-72: PT-HL Strain vs. Drift, Strain Gauge 36
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Figure A-73: PT-HL Strain vs. Drift, Strain Gauge 37

5000
0 2
=
7 =
-5000 ??—
P
-10000 ////
A7
-15000 J;f//
-20000
12 9 6 3 0 3 6 9 12

Drift (%)

Figure A-74: PT-HL Strain vs. Drift, Strain Gauge 39
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Figure A-75: PT-HL Strain vs. Drift, Strain Gauge 40
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Figure A-76: PT-HL Strain vs. Drift, Strain Gauge 41
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Figure A-77: PT-HL Strain vs. Drift, Strain Gauge 42
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Figure A-78: PT-HL Strain vs. Drift, Strain Gauge 43
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Figure A-79: PT-HL Strain vs. Drift, Strain Gauge 44
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Figure A-80: PT-HL Strain vs. Drift, Strain Gauge PT-13, Tendon 3
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Figure A-81: PT-HL Strain vs. Drift, Strain Gauge PT-14, Tendon 3
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Figure A-82: PT-HL Strain vs. Drift, Strain Gauge PT-15, Tendon 3
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Figure A-83: PT-HL Strain vs. Drift, Strain Gauge PT-16, Tendon 3

-1000

-2000

-3000

Microstrain

-4000

-5000

-6000
-12 10 8 6 4 -2 0 2 4 6 8 10 12

Drift (%)

Figure A-84: PT-HL Strain vs. Drift, Strain Gauge PT-17, Tendon 3
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Figure A-85: PT-HL Strain vs. Drift, Strain Gauge PT-18, Tendon 3
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Figure A-86: PT-HL Strain vs. Drift, Strain Gauge PT-20, Tendon 2
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Figure A-87: PT-HL Strain vs. Drift, Strain Gauge PT-21, Tendon 2
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Figure A-88: PT-HL Strain vs. Drift, Strain Gauge PT-22, Tendon 2
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Figure A-89: PT-HL Strain vs. Drift, Strain Gauge PT-23, Tendon 2
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