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ABSTRACT
This study presents the experimental and analytical study of four 1/319-

scale circular flexural dominated and two 1/3"%-scale circular shear dominated
1971 Caltrans detailed bridge columns subjected to shake table loading. The
benchmark as-built flexural column reached it's design capacity but failed as
expected due to severe lap-splice failure at very low ductility. A second as-built
flexural column was retrofitted with a steel jacket and subjected to multiple El
Centro earthquake motions. The column performed well but the lap-splice slipped
before the full flexural capacity was reached. A third as-built flexural column was
retrofitted with a steel jacket and subjected to a large initial EI Centro motion with
subsequent aftershocks. The column performed well but failed to reach post
yielding strains in the lap-splice region. A fourth as-built column was retrofitted
with a carbon fiber wrap and subjected to multiple EI Centro amplitudes until fail-
ure. The carbon wrap performed significantly better than the steel jacket retrofits,
providing higher lap-splice bar strains and larger displacement ductility. Mea-
sured stiffness for all flexural columns were less than calculated using standard
moment curvature procedures. Non-linear time history analysis was performed to
compare the calculated and measured response, predicting force levels well but
under-predicting the higher displacement responses. The two shear-dominated
columns were tested in double curvature using a unique dual-link system. A
severe shear failure followed by total collapse occurred at 3.25 x El Centro for the

first column subjected to incremental earthquake motions. The second column



subjected to a large initial motion also failed at 3.25 El Centro but was not fol-
lowed by a total collapse. Current shear capacity equations were used to com-
pare measured versus calculated capacity. The Caltrans equation including the
effect of strain rate closely matched the measured shear capacity. Current shear
stiffness calculations matched well with measured stiffness. Non-linear time his-
tory analysis was performed using hysteretic models created from the shear
capacity equations. The non-linear dynamic models failed to capture the ultimate

conditions of the shear columns.
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1. INTRODUCTION

1.1  General Perspective

The California State Highway system has more than 12,000 bridges in it's

inventory and an additional 11,500 city and county bridgesz. The majority of
these bridges were constructed prior to the San Fernando Earthquake of 1971,
which initiated a major change in bridge design philosophy. Caltrans has been
involved in research and bridge retrofit programs since 1971, where single-col-
umn bridges were identified as the most vulnerable to earthquake damage. These
columns were generally deficient in two perspectives; low transverse steel caus-
ing either premature shear failures or low ductility, and lap spliced longitudinal
steel at the base of the columns causing premature bond failure. Research spon-
sored by Caltrans led to retrofit procedures using steel jackets to improve these
deficiencies. The 1989 Loma Prieta earthquake in the San Francisco Bay caused
further damage to bridge columns and systems. Similar deficiencies, including
lap splices and butt welds of longitudinal steel, caused failures at low displace-
ment ductilities. The 1995 Kobe earthquake caused severe bridge structure dam-
age again due to lap splices in high moment regions and shear failures due to low

transverse steel.

Although the retrofitted steel jacketed columns performed well in the 1994

Northridge earthquake, new technologies such as carbon fiber retrofitting had yet
to see wide-spread implementation'”. The application of carbon fiber retrofit for

lap splice enhancement has not yet been adopted by current Caltrans policy17.



Shear failures in bridge columns are undesirable because they are sudden
and brittle, potentially followed by complete collapse due to gravity loads. Since
most pre-1971 column had low transverse steel, these columns were susceptible
to both shear failures and low displacement performance levels. Although current
design procedures generally provide for a ductile flexural response, accurate

assessment of shear capacity is a necessity.

The purpose of the study described in this document was to evaluate some

of the critical issues related to circular column retrofit and shear performance.

1.2  Previous Work
1.2.1 As-Built Columns

In a study performed at the University of California at Irvine’, a 24-inch
diameter circular lap spliced column was tested to failure. The column had an
aspect ratio of 6 and longitudinal steel ratio of 0.16%. The transverse steel ratio
was 0.2% and lap splice length of 15 inches (20 bar diameters). This column was

the benchmark for the carbon fiber retrofit qualification.

Haroun and Feng tested two as-built 24-inch diameter columns with lap
splice lengths of 20dy, and transverse hoop spacing of 5 inches. Both columns
failed at displacement ductilities of 2 although the longitudinal bars achieved
strains above yield. Once these ductilities were reached, the lap splice fully
degraded and lateral strength dropped significantly. Gamble et. al.® tested two

full-scale in-situ as-built columns. The column diameters were 54 inches with lap



splice lengths of 32dy, and low transverse steel ratios. These columns also failed

at low displacement ductilities of approximately 2. Priestley et. al.*® has per-
formed various tests on as-built columns with lap splice longitudinal steel. These
columns all failed within displacement ductilities between 2 and 3. Once the
cover concrete spalled, the core rapidly degraded due to insufficient transverse

steel and complete lap splice failure occurred.

Chai et. al.# tested a 24-inch diameter as-built column as a benchmark for

a steel jacket retrofit study. The column had a longitudinal steel ratio of 2.5% and

a transverse steel ratio of 0.17%. The axial load ratio was 18% (P/ fC'Ag). The

lap splice length was 20dy,. Failure was caused by a complete loss of cover con-

crete and subsequent lap splice failure at a deflection ductility of 1.5.

1.2.2 Steel Jacketed Columns

A study by Chai et. al.* included 6 steel jacket retrofitted circular columns.

These were retrofitted as-built columns with a longitudinal steel ratio of 2.5% and

a transverse steel ratio of 0.17%. The axial load ratio was 18% (P/ fC'Ag). The

lap splice length was 20d,,. The steel jacket thickness was 3/16th inch with a 1/4-

inch gap between the column and jacket. Grout was pressure injected into the
gap. The jacketed columns demonstrated stable behavior between displacement
ductilities of 6 to 7, after which the extreme tensile bars fractured. The footing
cover spalled off adjacent to the column at lower ductilities, which enabled buck-

ling of the longitudinal steel at a higher ductility. The steel jackets also concen-



trated the curvatures near the base of the column, with peak curvatures on the
order of 6E® radians/inch. The steel jacket radial strains were as high as 1900 x

1078, indicating the jacket was performing as intended.

1.2.3 Composite Jacketed Columns

A comprehensive pre-qualification study was performed by Haroun et. al.8
on circular columns retrofitted with carbon fiber sheets. Seven retrofitted circular
columns were tested. The column diameters were 24 inches with 2% longitudinal

steel and 0.16% transverse hoop steel. The lap splice length was 20d,,. The ret-

rofitted columns showed improvement over the as-built condition. The columns
reached peak lateral capacity at a displacement ductility of 4. The columns car-
ried 80% of the maximum load up to a displacement ductility of 6. All column
failed due to lap splice slippage. The radial jacket strains reached 0.0008, which
is less than the design strain of 0.001. The longitudinal steel reached strains of
0.006, similar to the as-built column tested in the un-retrofitted state. It was also
noted that the carbon fiber jackets did not enhance lateral stiffness of the col-

umns.

In a study authored by Seible!8, the displacement ductility of circular col-
umns confined with carbon fiber jacketing exceeded that of identical columns con-
fined using steel jackets. For flexural plastic hinge confinement, carbon fiber
jackets were very efficient with their large failure strain capacities. There was little
increase in flexural stiffness associated with the carbon fiber wrap versus using a

steel jacket shell.



Xiao and Ma?? tested 3 half-scale model circular columns. The columns
were 24 inches in diameter with an aspect ratio of 4. The columns had lap splice

lengths of 20d}, at the base of the column and utilized 2% longitudinal steel and

0.47% transverse steel ratio. One column was tested under the as-built condition
and the other two with pre-fabricated composite shells. The retrofitted columns
performed extremely well, achieving displacement ductilities of 8 at 80% of the

peak flexural strength.

1.2.4 Shear Dominated Columns
No previous studies involving shear dominated circular columns subjected
to earthquake loading on a shake table system was found, although many slow

cyclic tests have been performed on circular reinforced concrete columns.

The University of California, San Diego has conducted extensive research

on shear dominated columns. Kowalsky and Priestley® presented an analytical

model for determining shear capacity. Kowalsky compared different shear capac-

ity models with past shear column tests. The Caltrans equation® statistically
under-predicted the shear capacity with experimental to predicted capacity ratios
between 1.54 to 1.74 while the UCSD revised equations had ratios between 1.01
and 1.27. UCSD typically recommends using 30° shear crack inclinations while
Caltrans recommends 45° inclinations, producing significant differences in pre-

dicted capacity between the two methods.



Priestley et. al.1* compared various shear equations on their predictive
capabilities for columns from various studies. He noted a wide scatter but consis-
tently conservative prediction where the average ratio of measured to predicted
strength was high. The authors recommended using a 30° shear crack inclina-
tion for the steel truss mechanism in the proposed shear equation. Using the 30°

angle, a greatly improved prediction resulted.

Ang et. al. tested 25 circular columns of 15.75 in. (400 mm) diameter of
typical bridge columns. All columns were tested as simple cantilevers. Ang con-
cluded shear strength was dependant on axial load, column aspect ratio, amount
of transverse reinforcement and the flexural displacement ductility factor. The col-
umn behavior at low flexural ductilities was described well using the concrete con-

tribution plus a 45° truss mechanism and diagonal concrete compression struts.

1.3 Objective and Scope

The primary objective of this study was to experimentally validate predicted
performance of circular columns subjected to earthquake excitation on a shake
table by studying large-scale column specimens. The performance of carbon
fiber jacket and steel jacket retrofitting procedures were compared with an un-ret-
rofitted as-built column. The predicted performance of shear dominated columns

subjected to earthquake excitation was experimentally validated.

The experimental study was consisted of six 1/3"-scale circular reinforced

concrete bridge columns. Four of the columns were flexural dominated lap-



spliced columns and two were shear dominated non-lapped columns. Typical
materials and construction procedures were used to fabricate the columns. Cal-
trans retrofit procedures were used for the steel jacketed and carbon fiber retrofit-
ted columns. A unique dual link system was developed to test the shear
dominated columns in double curvature using the mass rig and shake table sys-

tem. All columns were subjected to the 1940 El Centro, Imperial Valley

Earthquake?® on the University of Nevada, Reno seismic shake table system.



2. EXPERIMENTAL SETUP

2.1 Introduction

The columns used in this study were all designed, constructed and tested at
the University of Nevada, Reno Large Scale Structures Laboratory. The experimental
setup varied among the different columns as did the instrumentation. The mass rig

setup is described below as is the lateral effective force calculation.

2.2 Shake Table System

The shake table system is shown in Figure 2.1. The top view of the deck sys-
tem is shown in Figure 2.2. The hole pattern is 12 x 12 inch (304.8 x 304.8 mm),
symmetric from the centerline of the shake table, with 1”-8 UNC (Unified Coarse
Thread) threaded inserts at the attachment points. A 1”-8 UNC to Dywidag coupler is
used to convert the attachment to 1-1/4 in. threaded post tensioning bars, which then
extend through the footing where they are post-tensioned at the top of the footing sur-
face. Various shake table capacities are shown in Table 2.1 and were used to deter-

mine the scale factor of the model columns.

2.3 Mass Rig Inertial System
The mass-rig system, shown in Figure 2.3, was designed for a previous test

series (Laplace, et. al.) and used for all the column tests in this study.

The mass rig is an eight pin translating frame that provides the inertial mass
for the column. The mass rig supports a predefined quantity of concrete reaction

blocks or lead bricks providing a portion of the inertial mass. The mass rig frame also



provides a portion of the inertial mass, as does the swiveled link system and column

axial load system.

The equation of motion for the mass rig system is defined as

.. _ W v (t) .. ,
m v(t) + cv + k(t)v(t) — . = —m vg(t) Equation 2.1
where the lateral effective mass is defined as
* a’ 1
m =m +m,+mg+=m,+ =i, +mg+mg Equation 2.2
d d
and the mass rig static effective weight as
W = g[mqu1 +mg+ m4gsin[3 + m5] Equation 2.3

where the masses are shown in Figure 2.4 and are defined below:

m, = mass of axial load system on column

m, = mass of swiveled link system

Y, = percentage of vertical component of swiveled link system on mass rig

m3 = mass of reaction blocks and lead

m,4 = mass of mass rig supporting columns



mg = mass of mass rig supporting deck

mg = a portion of the distributed mass of specimen contributing to effective

inertia
i4 = mass rotational inertia of supporting columns
d = mass rig base pin to deck pin height
a = mass rig base pin to mass rig column mass center

[ = angle of distance a from vertical

g = gravity = 386.1— (9.81 —-)
sec Ssec

The quantities of the above variables are listed in Table 2.2 and Table 2.3.

2.4 Calculation of Lateral Force

2.4.1 Calculation of Measured Lateral Force on Specimen using Load Cell
The swiveled links were instrumented with a 150 kip (667 kN) Lebow Load Cell
which was connected to the data acquisition system. The link load cell measures the
lateral force due to the mass rig inertial force and mass rig P-4 force due to the over-
turning effect, but does not include the inertial mass of the swiveled link between the
load cell and specimen, the axial load system, and the contribution of the specimen

mass to the inertial force. The lateral effective force was defined as
Fea(t) = Fic(t) + \./labs(t)(ml + m,y, + mg) Equation 2.4

10



where

Feor (t) = total lateral force

Fic(t) = measured load from link load cell

Vabs(t) = mass rig acceleration

Y, = percentage of mass of link system between load cell and specimen

2.4.2 Calculation of Measured Lateral Force on Specimen using Accelerome-
ter

An accelerometer was used as a redundant transducer to the load cell, but the
lateral force acting on the column includes the P-A effect due to the mass rig not
measured by the accelerometer. The lateral force is then defined as:

*

Feoi(t) = M Vaps(t) + \%Vabs(t) Equation 2.5

where Vgps(t), V..(t), and F. (t) are positive in the direction towards the mass rig.

abs col

2.5 Calculation of Lateral Force Using the Equation of Motion

The equation of motion defined in Equation 2.1 was rearranged to form

i) + ov(®) + [k()) =2 oty = —me[ig() Mgt | Equation 2.6
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The right side of Equation 2.6 has the additional term (if mass is canceled out) of

*

V%vg(t) which combines the mass rig effective weight W*, mass rig rotational height

d and ground displacement vy(t). The effective acceleration of the mass rig system

under the applied ground excitation due to the overturning characteristics of the iner-

tial system is modified by this term.

To compare the measured response of the specimen with the calculated
response from RCShake, Equation 2.6 must be rearranged to correlate with the load
measured by the load cell in the swiveled link. Rearranging Equation 2.6 by collect-

ing mass, acceleration terms and P-A forces produces the following:

*

m* Vabs(t) _V%Vabs(t) = Fmeas Equat|0n 2.7

where Fegs i the spring and damping forces acting on the column, which are

equivalent to the modified load cell force F (t) from Equation 2.4. The left side of

Equation 2.7 is used to calculate the lateral column force based on the output of

RCShake.

2.6 Calculation of P-A Force

2.6.1 Calculation of P-A Force Due To Mass Rig
The P-A effect was defined as the equivalent lateral force due to the overturn-
ing moment that is equal to the vertical force multiplied by lateral drift. There are two

components contributing to the P-A in this study. The largest effect was created from

12



the overturning moment of the mass rig. For calculating the equivalent lateral force
due to the mass rig, the effect was defined as

*

PA, (1) = V%vabs(t) Equation 2.8

Since Equation 2.8 is included in the measured force from the link load cell, the total

lateral column force remains the same as Equation 2.4.

2.6.2 Calculation of P-A Force Due To Axial Load

The second P-A effect was due to the axial load system. The effect becomes
difficult to calculate due to the axial load line-of-force pivoting near the base of the
footing, shown in Figure 2.5. For purposes of estimating the maximum P-A moments
due to the axial load, the plastic hinge case was used, where the effect can be calcu-

lated by the following:

Mp, = PC Equation 2.9

where the perpendicular distance ¢ (shown in Figure 2.6) from the line of force to the

plastic hinge is

|
c= 2 (f + dh) Equation 2.10

and

P = axial load

13



0= column relative deflection
| = column height

dy, = distance from footing surface to bottom axial load connection point
|, = plastic hinge length

For this study, assuming P=80kip (355.9 kN), J=5in. (127 mm), I=72in. (1.83 m),

[,b=10in. (254 mm), and d,=20in. (508 mm), the maximum P-A moment generated by
the axial load system would be 130 kip-in. (14.7 kN-m) This compares to 1800 kip-in
(203.4 kN-m) approximate yield moment for the flexural columns, or a 7.2% increase
in the moment demand at a column displacement of 5 inches (127 mm). This effect

was negligible compared to the lateral inertial force and was thus ignored.

2.6.3 Calculation of P-A Force From Equation of Motion

The stiffness term in the left side of Equation 2.6 contains the reduction in stiff-

*

ness due to the P-A effect, \% . The magnitude of this expression is in terms of the

rotational height of the mass rig, d, whereas P-A moments are generally defined by
the height of the column. The mass rig P-A has less of a de-stiffening effect on the
specimen than if the mass was directly on the column. This is due to the height of the
mass rig d being 36% larger than the actual column height (97 inch (2.46 m) pin-to-
pin mass rig height versus a column height of 72 inches (1.83 m)). Therefore, the p-
delta effect for the mass rig system is less than the p-delta effect if the mass was

directly on the column.
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2.7 Calculation of Damping Coefficient
For the measured response history, the p-delta force term can be calculated
separate from the combined force, since the effective weight W*, mass rig height d,

and the absolute displacement v,,5(t) are known. The spring force and damping

force can not be separated from the measured response since both k(t) and c are

unknown.

Damping in usually represented by an equivalent viscous damping ratio for
calculating the elastic response of a column. Damping ratios for reinforced concrete
columns can be calculated from experimental testing using three methods: log dec-
rement, exponential regression or dissipated and strain energy. The log decrement
method is the simplest since it involves only two data points and the number of inter-
mediate cycles from a free vibration response. The damping ratio ( is calculated from

the definition of the logarithmic decrement:

5=In Vi _ 2mrtl

Vnem 12

Equation 2.11

where v,, and v, are the peak values of force, displacement or acceleration on the

first and mt" successive cycle respectively. An example of the method is shown in

Figure 2.8.

The exponential regression method is the same as the log decrement method
except that the exponential regression calculates a more exact equivalent damping

ratio by using all the free vibration response cycles.
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A better approximation of the damping factor is produced by calculating dissi-
pated and strain energy for an arbitrary elastic response. Using an energy approach,

the equivalent viscous damping factor can be calculated from:

E
Zeq - 120 Equation 2.12

-~ 2mEg,

where Ep and Eg, are the dissipated and strain energies respectively. The energy

calculation is simplified by linear interpolating the displacement at zero force at the
start and end of the half cycle. The area within the cycle was calculated by the trape-
zoidal area rule. The strain energy represents the area formed under a line from zero
strain energy to the point on the force-displacement curve occurring at zero velocity,

shown in Figure 2.9.

2.8 Axial Load System

A steel spreader beam was bolted to embedded 1"-8 UNC all-thread rods at
the top of the column, shown in Figure 2.10. This allowed the axial load to be applied
through two Innerpac RCH-3010 30-ton center hole rams, seen in Figure 2.10. The
rams were connected to a Reddick 2.5 gallon (9.46 L) 10-ksi (69 MPa) accumulator to
minimize the axial load fluctuations. The 1-%-inch Dywidag bars run from the rams
through the footing into the footing and attach to coupling plates, shown in
Figure 2.11. Two load cells between the rams and the spreader beam were used to

monitor axial load.
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2.9 Scaling Procedure

The model scale factors used in this study are shown in Table 2.4. The scale
factor chosen for this study was 1/3 of the full scale prototype. This scale factor was
primarily determined based on table and mass rig capacity. The corresponding col-
umn diameter was calculated and subsequent mass and axial load scaled down. If

the ratio between the applied axial load and lateral effective mass is 1, then the time
scale for the earthquake motion is ﬁ where |, is the length scale factor of 1/3.

Since the applied axial load and lateral effective mass did not have an exactly ratio of

, , M ,
1, the time scale factor for the motion becomes l—r where M, is the mass scale fac-
r

tor. For this study, M, was 0.10833. The effect of the slight difference in lateral

mass versus axial load produces a time scale factor of 0.570 instead of J% = 0.577.
2.10 Construction Procedures

All columns were constructed at the Large Scale Structures Laboratory at the
University of Nevada, Reno. Assembly of the column steel, construction of the form-
work and pouring of the concrete was done in the structures laboratory. This enabled
precise control of the design, construction and instrumentation of the model column.
Standard forming procedures were used for the footing and column stub and a sono-
tube form was used for the column form. Standard construction procedures were

used for assembly of the footing and column steel.
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2.11 Column Design

The column height and diameter were based on scaling the prototype dimen-
sions by the model scale factor of 1/3. Therefore, the required height and diameter
were 72 inches (1.829 m) and 16 inches (406.4 mm) respectively. The diameter of
the longitudinal steel pattern was 13.5 inches (342.9 mm) center-to-center of the
bars, based on using a cover-to-longitudinal steel distance of 1 inch (25.4 mm).
Each longitudinal column bar was placed to the side of the footing dowel bars on the
surface of the footing. A 20 x 20 x 20 inch (508 x 508 x 508 mm) reinforced concrete
stub was cast at the top of the column to allow attachment of the swiveled link. The
centerline of the swivel was at the column height of 72 inches (1.829 m). Four 2 inch
(50.8 mm) OD PVC tubes on an 11 x 11 inch (279.4 x 279.4 mm) square pattern were

placed through the stub to allow attachment of the swivel.

2.12 Footing Design

The footing was designed to rigidly attach the column to the shake table deck
and provide uplift restraint for the axial load system. The footing height was deter-
mined using the column and mass-rig height, shown in Figure 2.12. The distance
between the shake table deck and the center of mass of the mass rig is 100.5 inches
(2.578 m). Using a column height of 72 inches (1.829 m) and a grout thickness of 1.5
inches (38.1 mm) under the footing, the footing height was calculated to be 28 inches
(.711 m). The selected footing height provided an overly conservative footing design,
but prevented the re-configuration of the mass rig and swiveled link that would be

required for a shorter footing.
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The plan dimensions of the footing were based on the tie down grid spacing
on the shake table deck. To utilize two rows of tie down points without interference
with the column, a spacing of 48 inches (1.219 m) was required between the tie down
rows in the direction of loading. To provide cover and reinforcement around the tie
down ducts through the footing, an additional width of 6 inches (152.4 mm) was pro-
vided, producing a total plan dimension of 60 x 60 inches (1.524 x 1.524 m). Based
on the plan dimension, maximum column capacity and stress distribution between
the footing and table deck, 6 tie-downs post tensioned to 30 kips (133.45 kN) would

provide the required restraint from uplift.

2.13 Confinement Design

Since the inner concrete core was not well confined, the column was unable
to survive multiple inelastic cycles and strength would rapidly degrade. Typical
design plans used by Caltrans show lateral steel consisting of a #4 (#13 metric) hoop
spaced at 12 inches (304.8 mm) along the height of the column. For prototype col-
umn diameters ranging between 48 and 72 inches (1.22 m and 1.83 m), this pro-
duced confinement ratios between 0.15% and 0.1%. A 0.15% transvese steel ratio
was used for the model to represent the ratio in a 48 inch (1.22 m) diameter proto-

type. The transverse steel ratio is defined by

"
IN
L>
[9))

Ps Equation 3.1

o

sSh

where the area of the hoop cross section Ag, and the hoop spacing sy, are unknown

and the hoop diameter dg can be estimated for an initial solution. The hoop spacing
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can be scaled by the column length scale factor | and the hoop diameter dq. For

scale models, the hoop size can fall below standard rebar sizes. Deformed or
smooth wire can be used with similar results as standard deformed bar for circular
transverse steel. Smooth wire was used for this study due the wide availability of
diameters. A wire diameter of 0.176 inches (4.47 mm) and a 4.5 inch (114.3 mm)
hoop spacing was required to meet the 0.15% transverse steel ratio, for the 16 inch

(.4 m) diameter column.

Although a wire size of 0.176 inches (4.47 mm) was available for this study,
the yield stress was much higher than the typical yield stress of standard deformed
bars used prior to 1971. To reduce the wire yield stress to acceptable levels, a series
of annealing tests were performed in the University of Nevada’s digitally controlled
oven furnace. A series of trial tests were made to determine the correct annealing
process to reduce the yield stress to an acceptable level of between 40 and 50 ksi
(276 and 345 MPa) (from a measured 66.7 ksi (460 MPa)). A typical annealing pro-
cess consists of a rise, soak and cooling ramps based on both time and temperature.

The final annealing process used for this wire is shown in Table 2.5.

Due to no standard concrete pull-out tests available for this wire, the lap splice

length for the hoop was estimated based on the following equation:

l4 an Equation 3.2
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where the bond stress p was 300 psi (2.07 MPa)?%, the wire yield stress fy was 46.3

ksi (320 MPa) and the bar diameter was 0.176 inch (4.47 mm). Based on
Equation 3.2, the required development length to prevent premature splice failure of

approximately 7 inches (178 mm) was used for this column.

2.14 Longitudinal Steel

Typical grade 40 longitudinal steel prior to 1971 had yield strengths between
40 and 50 ksi (276 and 345 MPa). To maintain similitude between the prototype and
model similar yield strengths were required. Grade 40 steel is still available and was

used in this study for the longitudinal column steel.

Typical values of longitudinal steel ratios for the prototype columns ranged
between 2% and 3%. For comparison purposes to a previous study (Laplace, 1999)
and to maintain typical ratios prior to 1971, a longitudinal steel ratio of 2% was cho-
sen for this column. Using this ratio and a similar quantity of longitudinal bars as in
the prototype, 20 #4 (#13 metric) bars were chosen for the model column. These bars

were arranged in a circular pattern with a concrete cover of 0.824 inch (21 mm).

2.15 Lap Splice

Typical columns built prior to 1971 used lap spliced longitudinal steel, called
starter bars, at the base of the column. This was to improve constructibility of a typi-
cal footing and column. The idea of plastic hinging was not well developed or under-
stood at that time, and the lap spliced bars were used for many of the bridge columns.

The design standards prior to 1971 specified lap splice lengths between 20 and 30
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times the longitudinal bar diameter. For the flexural columns, a lap splice of 24db (12

inches (305 mm)) was chosen.

2.16 Material Properties

All material used for the construction were available locally. The concrete was
designed and supplied by Reno-Sparks Ready Mix. Longitudinal and footing steel
was supplied by both Steel Engineers Inc. and Nevada Rebar. Steel tests and con-
crete cylinder tests were performed at the University of Nevada, Reno. An Instron
testing machine was used for steel tensile tests while a Satek concrete compression

unit was used for concrete cylinder tests.

2.16.1 Concrete Mix Design

The concrete mix design was based on modeled properties of the prototype
column. To maintain approximate similitude between the prototype and model, 3/8
inch (9.5 mm) aggregate was used in the mix design. The required 28 day strength of
5000 psi (34.5 MPa) was used since columns constructed prior to 1971 would have
comparable current strengths. The mix design used for this column is shown in

Table 2.6.

2.16.2 Concrete Strength
Three concrete cylinder tests were performed for all columns; 7 day, 28 day
and day of test. The cylinder tests were conducted on the SATEK compressive test-

ing machine in the concrete laboratory.
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2.17 General Instrumentation

2.17.1 Strain Gaging

Multiple strain gages were placed on the longitudinal and confinement steel.
All gages were TML YFLA-2-5L post-yield gages from Texas Measurements. The
surface of each bar was lightly sanded using a 200 grit paper and etched with 0.05%
molar hydrochloric acid. CN adhesive from TML was used to adhere the gage to the
bar. The gage was then covered with multiple layers of electrical tape to prevent
abrasion of the gage by the surrounding concrete. The coverage of the gage and
surrounding bar by the electrical tape was limited to as small an area as possible on

the bar to prevent a loss in bond between the bar and the surrounding concrete.

To improve the life-cycle of each gage, a tubing method was developed to
encase the gage wires from the gage to the exit point of the footing and column. Sev-
eral sizes of heat shrink tubing ranging from 1/8 to 1/2 inch (3.2 to 13 mm) were used.
The heat shrink tubing was ideal for this purpose due to the thin wall and flexibility of
each tube. Each gage was tubed and collected in subsequently larger tubes until
multiple gages had been passed through the column (Figure 2.7). The tubes were
not placed adjacent to the bar due to the possibility of loss of bond between the rebar

and surrounding concrete, which is critical in the lap splice region of the column.

2.17.2 Typical Curvature Measurements
A series of Novotechnik TR-50 2 inch (50 mm) displacement transducers were
used to measure curvature in the plastic hinge region for the flexural columns. The

instrumentation for the as-built column is shown in Figure 2.13. Each instrument
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measured displacement across an approximate distance of 4 inches in a region span-
ning from the footing surface to a height of 20 inches. For the flexural columns, the
transducers were placed on 5/16th inch diameter rods cast integral to the column,
passing through the column core. For the shear columns, the transducers were
placed on two 1/4 inch diameter rods to allow the additional connection of the shear

panel instruments.

Curvature is calculated based on the deflections recorded from the vertical dis-
placement instruments (Figure 2.14). If A; ; and 4, , are the recorded curvature
deflections |; ; and |; , are the gage lengths, shown in Figure 2.14, then the average

strain along the gage length becomes

€ -Ai—‘l € —Ai—‘z E tion 2.1
P T 2 =T guation 2.
i,1 i,2

The average column curvature over the gage length is then equal to:

L R Equati
| = quation 2.2
X1 ¥ D+X 5

In Figure 2.2, D is the column diameter X; ;and x; , are the distances from

the potentiometer axis to the column surface, respectively. Column average surface

strains are

€ =€ Xi'l(ai‘l_si’z) € =€ Xi’z(si‘l_ai‘zlquation 2.3
. p— . —_— ’ - — B -_ | - .
si, 1 i1 Xi1+D+Xi2 si, 2 i,2 Xi1+D+Xi2
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To determine column deflection from curvature, the curvature results were
integrated from the footing surface to the height of the top instrument. The distance

from the top instrument to the top of the column was assumed to deflect elastically.

2.17.3 Displacement

One Temposonic LA-Series 36-inch (.91 m) stroke displacement transducer
was used to measure top column displacement at the centerline of the rigid link for
the flexural columns. Multiple displacement transducers were used for the shear col-
umns. These transducers were located off the shake table on a vertical steel column
attached to the lab wall. The wall location was treated as a fixed reference relative to
the shake table. A table displacement transducer internal to the table actuator was

used to measure the table displacement response.

2.17.4 Acceleration

One Kinemetrics FBA-11g accelerometer was placed on the end of the swiv-
eled link to measure the horizontal acceleration. The accelerometer passes through
a Kinemetrics Signal Conditioning Strongmotion Accelerograph Model SMA-3 condi-

tioner.
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3. AS-BUILT COLUMN 6F

3.1 Introduction

The term as-built defines typical bridge columns designed and constructed
prior to 1971. These columns had both inadequate and undependable strength
due to insufficient confinement and lap-spliced longitudinal bars. Low confinement
ratios did not provide the level of ductility needed to survive most earthquake
events. Although there has been detailed investigations by past researchers into
the performance of as-built columns, the primary purpose of this test was to
bench-mark the retrofit schemes used as part of this study and to examine

dynamic effects by testing them on the shake table system.

3.2  Column Design

Column 6F in this study represented a typical circular bridge column con-
structed in California prior to 1971. The final details selected for construction are
shown in Figure 3.1 and Figure 3.2 and listed in Table 3.1. Two critical design
parameters in this column were the lap-spliced longitudinal starter bars in the foot-
ing and low confinement steel throughout the column, typical of pre-71 bridge col-

umns. The design was previously discussed in Section 2.11.

3.3  Material Properties
Concrete compressive strengths are shown in Table 3.2. The steel
strength and strain values for the longitudinal and confinement steel are shown in

Table 3.3.
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3.4  Testing Protocol
The loading motions applied to column 6F are shown in Table 3.4. The

testing protocol was based on the calculated response from RCShake using the
El Centro motion and estimated column properties. The acceleration magnitude
for each event was scaled incrementally to represent a typical static testing proto-
col. The time axis was scaled by the square root of the length scale factor. This
time axis was used for all the earthquake events. The smaller scale motions were
used to determine elastic response and incremented higher to determine effective
yield. After effective yield is reached the scale factors were incremented until fail-

ure.

3.5 Observed Performance

Visual inspection of the damage levels sustained during testing was facili-
tated by applying a lime and water mixture to the surface of the column. During
testing, flexural cracks become visible due to the micro-flaking of the coating. For
this test, a new crack-detection paint manufactured by Aervoe-Pacific was used
on one side of the column. The paint was a two-part epoxy base with micro-beads
of red dye. After the paint is applied and set, a clear polyurethane top coat is
applied to the surface. Any crack in the epoxy during testing causes the dye to
bleed into the polyurethane top coat. This application worked well by showing
flexural and splitting cracks. The cracks remain visible after the crack closed, thus
allowing a more detailed observation of the damage. Visual observations of the

cumulative damage levels in the column were recorded after each motion.
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Figure 3.3 and Figure 3.4 show essentially elastic performance for the 1/4
and 1/3 scale El Centro motions. There was minor flexural cracking near the base
of the column. Figure 3.5 shows an increase in the flexural cracking along the
height of the column for the 1/2 El Centro motion. No spalling is visible after this
motion. Figure 3.6 (2/3 x El Centro) shows the first vertical splitting cracks along
the lap splice at the base of the column. The flexural cracking has increased and
the crack at the top of the lap splice has propagated around the circumference of
the column. The peak lateral capacity for column 6F was recorded during the 1.0 x
El Centro. Figure 3.7 shows the damage after this motion. The splitting cracks
along the lap splice were now well defined and slippage likely occurred during this
motion. The flexural cracks are concentrated at the base and at the top of the lap
splice. Figure 3.8 shows the damage after the 1.25 x ElI Centro motion. There
was little increase in damage to the column due to lower measured force levels
and a concentrated rotation at the top of the lap splice. No spalling was observed
for any of the motions. Table 3.5 quantifies the performance of column 6F for

each event.

3.6 Target versus Achieved

Table 3.6 shows the achieved and target values of acceleration, velocity
and displacement for each shake table motion and the target and achieved elastic
response spectras are shown in Figure 3.9 through Figure 3.14. A computer pro-
gram was written in Matlab to calculate the elastic response using the Newmark-
Beta time step method. The damping value chosen for the calculations was 0% of

critical since the elastic response spectras were used to compare the frequency
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and energy performance of the shake table system, not the response of the col-
umn. The recorded (achieved) table acceleration time history for each motion
was used to calculate the spectra and the target motion was used for the perfor-
mance comparison. A period range from 0.1 to 1.0 sec is shown in the figures
since the elastic period of column 6F before each event ranged between 0.47 sec
and 0.66 sec. Although there are variations in the target and achieved response
for all the motions, these discrepancies are near the low period portion of the
spectrum seen in the figures. These discrepancies have little impact on the
potential column response due to the lower frequency of column 6F. The table
performance was acceptable for all the motions for the period range of interest.
Table 3.7 shows the ratios of achieved and target PGA's and elastic responses. In
this table the ratios for elastic response are better indicators for determining shake
table performance than using the PGA for each motion. The PGA does not cap-
ture the frequency content of the motion and thus performance of the earthquake

in duplicating the response period range of interest.

3.7 Measured Performance

3.7.1 Axial Load
The accumulated hydraulic axial load system performed well during the
test with minimal hysteresis, shown in Figure 3.15. The axial load fluctuated

between -77.0 and -81.6 kips of the target -80.0 kip axial load.
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3.7.2 Force-Displacement

Figure 3.16 shows the cumulative hysteresis for column 6F. “Link Force” is
the summation of the reactive lateral forces present in the column and mass rig
system. This force is measured in the load cell in the link between the mass rig
and column. Figure 3.17 through Figure 3.19 show a general elastic response for
each motion with no noticeable loss in stiffness. Figure 3.20 shows the response
to the 2/3 EI Centro motion. This response shows some strength loss likely due to
the lap splice slippage. The maximum lateral force was recorded during this
motion. Figure 3.21 shows a significant strength loss during the 1.0 El Centro
response. The peak strength dropped to 81% of the peak strength recorded in
the previous motion. The final response for 1.25 El Centro is shown in
Figure 3.22. The column period has moved beyond the higher energy portion of
the spectrum, essentially isolating the column from a strong response and subse-

guent lateral instability.

3.7.3 Ductility and Drift

Table 3.8 shows measured values of peak deflection, ductility and drift. To
calculate ductility, the force-deformation envelope was plotted in Figure 3.23. The
displacement at a peak lateral force reduction of 20% was used as the failure
point for this column. An equal energy (area) method was used to calculate the
yield force and deflection assuming an elasto-plastic idealization. The elastic ide-
alized slope passes through the point where the first yielding of the longitudinal
steel occurred. The plastic slope is zero for this idealization. The measured yield

deflection for the column is 0.50 inches. This value was used to compute the duc-
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tility values in Table 3.8. Figure 3.24 plots the measured displacement ductility
values. This figure also plots the points of peak displacement for each motion.
Note the peak displacement does not always occur at the peak force. Although
the measured failure ductility was approximately 2.1 based on the 20% reduction
in peak lateral force, column deflection ductility reached 3.5 without lateral insta-

bility and complete collapse.

3.7.4 Strain

The strain gage locations on the longitudinal steel and transverse steel are
shown in Figure 3.25 and Figure 3.26. The strain envelopes from the recorded
strain-displacement hysteresis are shown in Figure 3.27 through Figure 3.33.
The data for each longitudinal bar is individually plotted using all the strain gages
on that specific bar. All of the longitudinal bars showed some level of yielding fol-
lowed by a quick drop in strain near a relative column displacement of 1 inch
(deflection ductility of 2). This drop in strain coincides with the lap splice failure for
the starter bars and the location of the strength reduction in the capacity envelope.
This correlation between strain loss and strength loss verify the point at which the
lap fails in the column. The hoop strains, shown in Figure 3.32 and Figure 3.33,
did not reach strain values much higher than yield. The high strains were not
reached until later in the test. Without significant hoop strain and thus confine-
ment, the lap spliced bars could not develop significantly past yield, and subse-

guent column strength loss was great.
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3.7.5 Curvature

The curvature instrument locations are shown in Figure 3.34. The curva-
ture profile for column 6F is plotted in Figure 3.35. The curvature points represent
the average measured curvature at the specific level for the peak column dis-
placement in both directions. The high curvature value at the base of the column
and at the top of the lap splice occurs due to the high moment and slippage at the
base and the high rotation due to slippage at the top of the lap splice. The area

between the lap splice remains fairly rigid with a low measured curvature.

3.7.6 Stiffness

Free vibration of the column generated by a pulse motion is the general
method for calculating elastic stiffness. Due to lower cracking of a concrete sec-
tion at low amplitudes, the pulse motion tends to produce a stiffer response under
free vibration. This is turn produces higher measured stiffness for the pulse. A
more accurate method of measuring stiffness is by using the low level elastic
response for each event. The 0.25 x El Centro through the 0.50 x El Centro
motion show elastic response with damping hysteresis. The elastic tangent stiff-
ness in Table 3.9 for these three motions was calculated by a curve fit (first order)
of the recorded force-displacement data. The 0.66 through 1.25 x El Centro
responses had hysteretic energy dissipation and could not be curve fitted with a
first order polynomial. The response for the motions did have an initial elastic
response during the first few seconds of the motion. This initial elastic response
was curve fitted to determine elastic stiffness prior to the inelastic cycles.

(Table 3.9).
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Figure 3.36 plots the elastic stiffnesses from Table 3.9 with the secant stiff-
ness for each motion. A standard procedure was used to determine the initial
measured elastic stiffness for each response. This was accomplished by deter-
mining the first hysteretic cycle that exceeded 20% of the measured yield force. A
secant slope was then calculated using 20% of the measured lateral yield force.
This value was chosen arbitrarily to set a standard method and provide the best

estimate of initial elastic stiffness. This calculation was done for each motion.

The secant stiffness was defined as:

= — Equation 3.1

where F2x and J,,,« are the peak force and displacement respectively and & is

the initial residual column displacement at the start of each motion. Once the lap

splice failed, both the elastic and secant stiffness drop significantly.

3.7.7 Damping

The results of using the log decrement method are shown in Table 3.10.
Typical values for the equivalent damping ratio for column 6F were between 2 and
3.5%. The exponential regression method and the log decrement method results
are also shown in Table 3.10. The equivalent viscous damping ratio is calculated
for 9 different elastic cycles for the 0.25 x El Centro motion. Each damping ratio is

shown in Table 3.11. The average damping ratio across the 9 cycles is 11.6%.
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This value is substantially higher than that produced using the standard free-vibra-

tion log decrement method or regression analysis.



4. STEEL JACKET RETROFIT COLUMNS 6FS1 AND 6FS2

4.1 Introduction

Caltrans initiated a seismic retrofit program starting in 1986 to upgrade
deficient bridge columns to improve seismic performance. A common retrofit
technique for deficient bridge columns is to apply a circular or oval steel jacket
shell around these columns, improving confinement and preventing premature lap
splice failure. Much research has been done using the steel jacket retrofit to
determine the performance enhancement of the lap splice and column ductility
due to the confining effect of the steel shell. Limited columns have been tested
under dynamic loading. The steel jacket retrofit scheme was chosen for these
columns since it has been a widely used method on many columns by Caltrans

throughout California.

Two columns, 6FS1 and 6FS2 were designed and constructed to compare
the performance of steel shell retrofitting to a carbon fiber retrofit and the un-retro-
fitted as-built column. Two columns were studied to include the effect of load path

on the performance of the columns.

4.2  Column 6FS1 Design

The steel jacket retrofit column was identical to the as-built column 6F
described in Section 3.2. Footing and column dimensions were the same, as was
all steel detailing. Column 6FS1 is shown in Figure 4.1 and the design details are

listed in Table 4.1.
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4.2.1 Steel Jacket Design

The purpose of the steel jacket retrofit was to improve confinement in the
plastic hinge zone and prevent premature lap splice failure. The steel jacket
design was based on the Caltrans Memo To Designers, 1998. The design

requirements for the steel jacket were:

o, = 300psi Equation 4.1

and

Emax = 0.001 Equation 4.2

where o, is the maximum confinement stress applied to the column cross section
and g, IS the maximum circumferential steel strain in the steel jacket. The

required thickness of the steel jacket shell, t;is

_.D :
t = pj4 Equation 4.3
where the jacket volumetric ratio p; is
L Equation 4.4
p; = quation 4.
I Eg

where E is the steel jacket elastic modulus. The required jacket thickness based
on a column diameter of 16 inches and grout thickness of 1/2 inch was 0.044

inches, approximately an 18 gauge thickness (Table 4.2). This small thickness
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requirement was impractical for fabrication as a circular steel shell. The steel

jacket thickness was increased to 0.125 inch to improve fabrication and weldabil-

ity.

A 1 inch gap was required at the base of the jacket to prevent bearing of
the jacket on the footing due to large column rotations. A 1/2 inch gap was formed
between the shell and the column surface to allow for the application of the grout.
The length of the steel shell was based on covering a portion of the column equal

to 2 times the column diameter, which was equal to 32 inches (see Figure 4.2).

4.3  Steel Jacket Application

The steel shell was fabricated in two split sections by a local machine shop,
McBride Machinery. The sections were placed around the column and field
welded by a certified welder using 70 ksi 0.035 diameter wire with 50-50 Argon-

CO, shielding gas. The gap of 1 inch was formed at the base of the jacket and

Conspec 100 metallic non-shrink grout was applied from the top of the shell. The

final test setup for column 6FS1 is shown in Figure 4.3.

4.4  Column 6FS1 Material Properties

All material used for the construction were available locally. The concrete
was designed and supplied by Reno-Sparks Ready Mix using the mix design in
Table 2.6. Longitudinal and footing steel was supplied by both Steel Engineers
Inc. and Nevada Rebar. The confinement steel was annealed according to the

procedures in Section 2.13. Steel tests and concrete cylinder tests were per-
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formed at the University of Nevada, Reno. Concrete and steel strengths are

shown in Table 4.3 and Table 4.4.

45 Column 6FS1 Repair Procedure

The method for loading the top of the column both laterally and axially was
used in previous studies. A failure occurred at the top of the column shown in
Figure 4.4. This failure was due to localized stress concentrations and weak con-
crete at the top of the column possibly from over-vibration during pouring. Once
the failure occurred, the test was stopped and the following repair procedure was

implemented.

The cover concrete was removed to the depth of the longitudinal steel at
the top of the column. There was a severe crack through the core of the concrete
passing from the top of the column to the end of the embedded all-thread used for
attaching the spreader beam to the column. The cracks in the core concrete were
blown clean using compressed air and epoxy injected by an professional contrac-

tor.

A second steel shell was constructed and welded to the original shell using
the same dimensions as in Section 4.3 and shown in Figure 4.5. This provided a
continuous jacket from the bottom to the top of the column. The gap around the
new shell was filled with Conspec 100 metallic non-shrink grout to complete the

repair (Figure 4.6).
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4.6 Testing Protocol

The loading motions applied to column 6FS1 are shown in Table 4.5. The
testing protocol for column 6FS1 was based on incrementally scaled ground
acceleration that were increased in amplitude until failure of the column occurred.
The pulse motions in Table 4.5 are extremely low level square wave accelera-
tions. These provide enough excitation to determine stiffness and damping from
the response of the column without causing any damage. Predicted responses
were calculated from RCShake using the El Centro motion and calculated column
properties. The scale factor for each event was scaled incrementally by the accel-
eration amplitude factors in Table 4.5 to capture the behavior at different input

acceleration levels.

4.7 Observed Performance
Visual inspection of the damage levels sustained during testing were diffi-
cult to observe due to the steel shell obscuring any damage in the plastic hinge

zone. Only the 1 inch gap and the upper portion of the column were visible.

Table 4.6 lists the observed column performance for each earthquake
event. The 0.33 x El Centro motion produced the first yield response in the
extreme longitudinal bar. Flexural cracking occurred above the steel shell on the
top half of the column after the 0.33 x El Centro motion, shown in Figure 4.7. The
1.0 x El Centro motion produced severe spalling at the top of the column at the

point of connection between the spreader beam and column surface, shown in
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Figure 4.8. The 1.5 x El Centro motion produced a severe failure of the connec-

tion at the top of the column, seen in Figure 4.9.

The test was stopped after the 1.5 x El Centro motion to allow for a repair
of the connection at the top of the column by continuing the steel jacket to the top
of the column. The test was restarted with two initial low level motions to verify

the integrity of the repair.

Table 4.6 lists the observed column performance for each event after the
repair. The two low level motions produced no increase in observed damage.
The 1.5 x EI Centro motion produced minor spalling at the base of the column,
shown in Figure 4.10. The column began to spall some of the grout between the
steel shell and the column surface during the 2.0 x EI Centro motion (Figure 4.11).
The cover concrete at the base of the column between the gap and foting surface
spalled during the 2.5 x El Centro motion, shown in Figure 4.12. Figure 4.13
shows the cover at the lap splice completely spalled after the final 3.0 El Centro
motion. There was no significant core damage visible, but two longitudinal bars
were visible. No buckling or fracture of the bars were visible. The test was
stopped due to the low lateral capacity measured during the last motion and

before complete column collapse could occur.

4.8 Target versus Achieved Table Motions
Table 4.8 lists the achieved and target values of acceleration, velocity and
displacement for each shake table motion and the target and achieved elastic

response spectras are shown in Figure 4.14 through Figure 4.25. The damping



value chosen for the calculations was 0% of critical since the elastic response
spectras were used to compare the frequency and energy performance of the
shake table system, not the response of the column. Table 4.8 lists the ratios of
achieved and target PGA's and elastic responses. The shake table performed

well for all the earthquake motions used in this test.

4.9 Measured Results

4.9.1 Axial Load
The accumulated hydraulic axial load system performed well during the
test with minimal hysteresis, as shown in Figure 4.26 and Figure 4.27. The axial

load fluctuated between -73.0 and -78.0 kips of the target -80.0 kip axial load.

4.9.2 Force-Displacement

Figure 4.28 shows the cumulative hysteresis for column 6FS1. Figure 4.29
through Figure 4.31 show a general elastic response with no noticeable loss in
stiffness. Figure 4.32 shows the 2/3 x El Centro response with slight inelastic
deformation and yielding of the column. Figure 4.33 shows the hysteresis for the
1.0 x El Centro motion. Although the peak strength was recorded during this
motion, the top of the column begins to fail at the top connection interface.
Figure 4.34 shows the measured force-displacement during the 1.5 x El Centro
motion before the column repair. There was significant loss in column strength

due to failure of the connection at the top of the column.

Figure 4.35 shows the cumulative hysteresis for column 6FS1 after the

repair. Figure 4.36 and Figure 4.37 show the response for the motions used for
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the repair integrity verification. There was no loss in strength or stiffness due to
these two motions. Figure 4.38 shows the response of column 6FS1 with the
same 1.5 x El Centro motion used before the repair. There was a slight increase
in measured strength for this response versus the response from column 6FS1.
Figure 4.39 through Figure 4.41 show the final three column responses before
failure. There is a significant loss in strength during the final 3.0 x EI Centro

motion.

4.9.3 Ductility and Drift

Table 4.9 lists measured values of peak deflection and calculated values of
ductility and drift. The force-ductility envelope for column 6FS1 before the repair
is plotted in Figure 4.42. An envelope and individual ductility points are shown on
this graph. The envelope is based on the measured force-deflection envelope
with the x-axis divided by yield deflection to produce ductility. The ductility points
shown on the plot are the points at maximum deflection, which do not always
occur at the maximum measured force. The lateral column displacement occur-
ring at a peak lateral force of 80% of the maximum was used as the failure ductility
for this column. The measured yield value for this column was 0.96 inches based
on the procedure from Section 3.7.3. This value is used to compute the ductility
values in Table 4.9. Figure 4.43 plots the measured and idealized curves and the
calculated ductility values for each motion after the repair of column 6FS1. The
calculated ductility values for each motion are also presented in this figure. The
maximum ductility Column 6FS1 achieved was 5.55 using the 80% strength crite-

ria. This ductility correlated to a deflection drift of 7.39%.
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4.9.4 Internal Strain

The strain gaged bar locations are shown in Figure 4.44 and Figure 4.45.
The strain envelopes from the recorded strain-displacement hysteresis are shown
in Figure 4.46 through Figure 4.55. The extreme east and west bars showed
some initial tensile yielding followed by a drop in strain at increasing displace-
ments due to slipping of the lap splice. The longitudinal steel had low strains even
at the point of column failure. The majority of the hoop strains shown in

Figure 4.56 through Figure 4.59 were below the yield strain.

4.9.5 Steel Jacket Strain

The design confinement strain in the steel jacket before the lap splice fails
was 0.001. Figure 4.61 through Figure 4.63 show the measured strain values in
the circumferential direction for the steel jacket. The steel jacket strains were well
below 500 M€ but the lap splice begins to slip at these low strains. The slipping in
the longitudinal bars occurred at a column deflection of 1.5 to 2 inches. The
jacket flexural strains are shown in Figure 4.64 and Figure 4.65. All the flexural
strains were extremely low implying the jacket was providing low flexural
enhancement due to slipping of the steel-grout interface and the gap at the base

of the column.

4.9.6 Curvature
The location of the curvature instruments are shown in Figure 4.66. The
curvature profile for this column before the repair is plotted in Figure 4.67. There

is high curvature at the base of the column due to the rigid body rotation at the



base. Small curvature is measured at the top of the lap splice due to slipping of
the bars and near the top of the shell due to increased flexibility of the unretrofitted

portion of the column above the shell.

The curvature profile for column 6FS1 after repair is plotted in Figure 4.68.
There was a significant increase in the concentrated rotation at the base of the
column and reduction in curvature above the lap splice. The curvature along the
height of the column remained low relative to the base due to the interaction of the

steel jacket.

4.9.7 Stiffness

The methods used to calculate stiffness were the same methods employed
in Section 3.7.6. The elastic stiffness for each motion is shown in Figure 4.69.
The periods and natural frequencies are listed in Table 4.10. The initial elastic
period for this column was 0.54 seconds. The secant stiffness for each motion is
also shown in Figure 4.69. The secant and elastic stiffness degrades rapidly for

increasing column deflections due to the lap splice slippage.

4.9.8 Damping

The procedures for calculating damping were the same as in Section 2.7.
The equivalent viscous damping ratio was calculated for the 4 pulse motions
based on the logarithmic decrement method. These damping values are listed in
Table 4.11. The ratios based on a regression analysis are also shown in this
table. The damping ratios based on the energy method are shown in Table 4.12.

These damping ratios include the hysteretic damping.



410 Column 6FS2 Design
Column 6FS2 was identical to column 6FS1. The load path was altered for
this column to compare the effect of load history on column performance. Foot-

ing and column dimensions and steel details were identical to 6FS1.

4.10.1 Steel Jacket Design

The design of the column 6FS2 steel jacket retrofit was based on the same
procedure used in Section 4.2. The required jacket thickness was 0.044 inches,
approximately 18 gauge steel (Table 4.2), but the steel jacket thickness was

increased to 0.125 inch to improve fabrication and weldability.

A 1-inch gap was required at the base of the jacket to prevent bearing of
the jacket on the footing due to large column rotations. A 1/2 inch gap was formed
between the shell and the column surface to allow for the grout placement. The
length of the steel shell was fabricated to cover the complete column height up to

of 61 inches (see Figure 4.70).

4.11 Column 6FS2 Steel Jacket Application

The steel shell was fabricated in two sections. The sections were placed
around the column and field welded by a certified welder. A gap of 1 inch was
formed and sealed at the base of the jacket and Conspec 100 metallic non-shrink
grout was applied from the top of the shell. The final setup for column 6FS2 is

shown in Figure 4.71.



4,12 Column 6FS2 Material Properties

All material used for the construction were available locally. The concrete
was designed and supplied by Reno-Sparks Ready Mix using the mix design in
Table 2.6. Longitudinal and footing steel was supplied by both Steel Engineers
Inc. and Nevada Rebar. Steel tests and concrete cylinder tests were performed at
the University of Nevada, Reno. Concrete and steel strengths are listed in

Table 4.14 and Table 4.15.

4.13 Testing Protocol

The earthquake motions applied to column 6FS2 are listed in Table 4.16.
The motions used for this column were based on altering the load path relative to
column 6FS1. Column 6FS1 used incrementally increasing acceleration ampli-
tude motions representing typical loading procedures. To better represent typical
field situations, the initial motion for column 6FS2 was 3.0 x El Centro. This
motion was followed by a 2.5 x El Centro to represent a strong aftershock, then a

3.5 and 4.0 x El Centro to test the column to failure.

4.14 Observed Performance

Visual inspection of the damage levels sustained during testing was difficult
due to the steel shell obscuring any damage. Only the 1 inch gap and the footing
surface were visible. Table 4.17 lists the observed column performance for each
event. The first motion caused spalling of the footing surface at the base of the
column shown in Figure 4.72. No bars or core damage were visible within the 1

inch gap. The 2.5 x El Centro motion caused no further damage to the column,
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seen in Figure 4.73. Figure 4.74 shows an increase in the footing surface spalling
due to the 3.5 x El Centro motion. The final motion of 4.0 x El Centro produced
severe damage in the gap region at the base of the column, shown in Figure 4.75.
The longitudinal bars have clearly buckled in this region and core damage is visi-

ble.

4.15 Target versus Achieved

Table 4.19 lists the achieved and target values of acceleration, velocity and
displacement for each shake table motion and the target and achieved elastic
response spectras are shown in Figure 4.76 through Figure 4.79. The damping
value chosen for the calculations was 0% of critical since the elastic response
spectras were used to compare the frequency and energy performance of the
shake table system, not the response of the column. Table 4.19 lists the ratios of
achieved and target PGA's and elastic responses. The shake table performed

well for all the earthquake motions for this test.

416 Measured Results

4.16.1 Axial Load
The accumulated hydraulic axial load system performed well during the
test with minimal variation, shown in Figure 4.80. The axial load fluctuated

between -78 and -85 kips. The target axial load was -80.0 kips.

4.16.2 Force-Displacement
Figure 4.81 shows the cumulative hysteresis for column 6FS2. Pinching

characteristics and significant strength loss can be seen in this plot. The individ-
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ual hysteresis is shown in Figure 4.82 through Figure 4.85. Significant strength
loss occurred in the final 4.0 x El Centro motion due to longitudinal bar buckling,

therefore subsequent testing was stopped.

4.16.3 Ductility and Drift

Table 4.20 lists measured values of peak deflection and calculated ductility
and drift values. To plot lateral force versus ductility, the force-deformation enve-
lope was plotted in Figure 4.86 with the displacement axis divided by measured
yield to produce the ductility axis. The displacement at a peak lateral force reduc-
tion of 20% was used as the failure point for this column and an equal energy
(area) method was used to calculate the yield force and deflection assuming a
elastic perfectly-plastic idealization. The elastic idealized slope passes through
the point where the first yielding of the longitudinal steel occurred. The plastic
slope is zero for this idealization. The idealized yield value for this column was
1.0 inches. This value was used to compute the ductility values in Table 4.20.
Figure 4.86 plots both the measured and idealized curves and the calculated duc-
tility values, where the ductility points shown on the plot are the points at maxi-

mum deflection, which do not always occur at the maximum measured force.

The peak calculated ductility at a strength of 80% of the peak measure
force was 7.0. The column reached a ductility of 7.4 without lateral instability. The

drift at 80% of the peak strength was 9.72%.



4.16.4 Internal Strain

The location of the strain gages was identical to those in column 6FS1,
shown in Figure 4.44 and Figure 4.45. The strain envelopes from the recorded
strain-displacement hysteresis are shown in Figure 4.88 through Figure 4.93.
The strain gaged bar locations are shown in Figure 4.87. The tensile strains did
not achieve values much higher than the yield strain due to bar slippage on the
longitudinal bars. There was a drop in peak strain in the longitudinal bars
between a column deflection of 3 and 4 inches due to lap splice slippage. This
correlates with the drop in strength in the hysteresis plots between these deflec-

tions.

4.16.5 Steel Jacket Strain

The locations of the steel jacket strain gages were previously plotted in
Figure 4.60. The design strain for the steel jacket was 0.001, which is the maxi-
mum confinement strain the jacket should reach before the lap splice fails.
Figure 4.94 through Figure 4.96 show the measured strain values in the circum-
ferential direction for the steel jacket. The steel jacket strains never exceed 500
ue but the lap splice begins to slip below this measured strain. The jacket flexural

strains were measured and are shown in Figure 4.97 and Figure 4.98.

4.16.6 Curvature
The curvature profile for column 6FS2 is plotted in Figure 4.99. There were

large measured curvatures at the base of the column due to the rigid body rotation
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of the column. A slight jump in the curvature was measured at the top of the lap

splice due to slipping of the bars.

4.16.7 Stiffness

The methods used to calculate stiffness were the same methods employed
in Section 4.9.7. The elastic stiffness for each motion is shown in Figure 4.100.
The periods and natural frequencies are listed in Table 4.21. The initial elastic

period for this column was 0.54 seconds.

4.16.8 Damping

The equivalent viscous damping ratio was calculated for the 3 pulse
motions based on the logarithmic decrement method (Table 4.22). The ratios
based on a regression analysis are also listed in Table 4.22. The damping ratios
based on the energy method were not calculated for this motion since there were

no clear elastic cycles in the first large amplitude motion.
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5. CARBON FIBER RETROFIT

5.1 Introduction

A retrofit scheme of applying carbon fiber sheets in the circumferential
direction was used to improve confinement and prevent premature lap splice fail-
ure of the as-built column 6F described in Chapter 3. The carbon fiber layers
were designed using the 1998 Caltrans Memo to Designers. The MasterBuilders
carbon fiber system was used for the retrofit of this column. The application of the
carbon fiber was performed by a certified applicator in the University of Nevada’s

Large Scale Structures Laboratory.

5.2  Column Design
The carbon fiber retrofit column, 6FC, was identical to the as-built column
6F described in Chapter 3. Footing and column dimensions and all steel details

were identical to column 6F. The column details are shown in Table 5.1.

5.2.1 Carbon Fiber Design
The design of the carbon fiber retrofit was based on the Caltrans Memo To
Designers, 1998. The design requirements for the carbon fiber jacket for the plas-

tic hinge zone are:

o, = 300psi Equation 5.1

and

€ = 0.001 Equation 5.2

max
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The design requirements for the non-plastic hinge zone are:

o, = 150psi Equation 5.3

and

€ = 0.004 Equation 5.4

max

where g, is the maximum confinement stress and €,,4 is the maximum material

elongation. The required total thickness of the carbon jacket t; is

_,D i
= pj4 Equation 5.5
where the jacket volumetric ratio p; is
o, ,
P = Ee Equation 5.6

and E is the carbon fiber elastic modulus in the primary fiber direction (the circum-

ferential direction). The number of layers of carbon fiber can be found from:

-

Hlayers = Equation 5.7

—
—

where t; is the individual dry fiber sheet thickness, specified in the Caltrans Memo

to Designers. The number of layers required in the plastic hinge zone are based

on the elastic modulus E in Table 5.2. For the plastic hinge zone, 6.3 layers were
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required but 7 layers were used. The non plastic hinge zone region required 0.79
layers but 1 layer was used. The 7 layers were applied to the column up to a
height of 1.5 D (24 inches) where D is the column diameter. The remaining height
was wrapped with 1 layer as per the non-plastic hinge zone requirement. A gap of
1 inch was created at the base of the column to prevent the carbon fiber wrap
from contacting the footing surface under high rotations. The dimensional layout

of the carbon fiber layers are shown in Figure 5.2.

5.3 Carbon Fiber Application

The carbon fiber application was installed by a certified MasterBuilders
technician. The column was sono-tube cast with a solid smooth surface, therefore
no other preparation was required other than cleaning the surface using a wire

brush to remove any loose scale.

A coating of Mbrace Primer was applied to the surface of the column using
a 3/8 inch nap paint roller (Figure 5.3). After the primer began to tack, a coating of
Mbrace Saturant was applied also using a 3/8 inch nap paint roller. The carbon
fiber sheets, Mbrace CF130 Carbon, had been precut to the desired dimensions
which included 6 inches of additional fiber for a 3 inch circumferential overlap on
each side. The carbon fiber sheet was rolled around the column as a single layer
with the overlap (Figure 5.4). A special metal roller was used to roll any bubbles
or wrinkles from the carbon fiber sheet. Another layer of the Mbrace Saturant was
rolled on the surface of the carbon fiber sheet, and the process of adding layers of

carbon fiber sheets was continued until 4 layers in the plastic hinge zone and 1
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layer in the non-plastic hinge zone were applied. There was no overlap of the car-
bon fiber sheet at the intersection of the plastic hinge zone and non-plastic hinge
zone layer. After a 24 hour set time, the final 3 layers were applied to the plastic
hinge zone region (Figure 5.5). The carbon fiber retrofit was allowed to cure for 7

days.

54 Instrumentation

5.4.1 Internal Instrumentation
A total of 49 strain gages were placed on the longitudinal and confinement
steel. All gages were TML YFLA-2-5L gages. These gages were applied using

the procedures discussed in Section 2.17.1.

5.4.2 External Instruments

The external instrumentation were identical to the instrumentation used for
the steel jacketed columns in Section 2.17.2. Additional TML YFLA-2-5L strain
gages were applied to the surface of the carbon fiber. The surface of the carbon
fiber was built up with a thin layer of epoxy and lightly sanded for application of the

gage. The final test setup is shown in Figure 5.6.

5.5  Material Properties

All material used for the construction were available locally. The concrete
was designed and supplied by Reno-Sparks Ready Mix. Longitudinal and footing
steel was supplied by both Steel Engineers Inc. and Nevada Rebar. Steel tests

and concrete cylinder tests were performed at the University of Nevada, Reno.



Concrete and steel strengths are listed in Table 5.3 and Table 5.4. The carbon

fiber properties are shown in Table 5.2.

5.6 Testing Protocol

The loading motions applied to the carbon fiber retrofit column are listed in
Table 5.5. The testing protocol was based on the same procedures used for the
as-built column 6F in Section 3.4. The scale factor for each event was scaled
incrementally to represent a typical quasi-static testing protocol. The smaller
scale motions were used to determine elastic response and incremented higher to
determine effective yield. After effective yield is reached the scale factors were

incremented up to 4.0 x El Centro until column failure.

5.7 Observed Performance

Visual inspection of the damage levels sustained during testing were more
difficult due to the carbon fiber retrofit obscuring any damage. Only the 1 inch gap
at the footing surface was visible. Detecting cracking in the matrix was possible
for the larger amplitude motions. Minor cracking at the base of the column

occurred during the 1.0 x El Centro motion.

The 2.5 x El Centro response was the first motion where minor circumfer-
ential cracking occurred at the top of the lap splice, shown in Figure 5.7. Spalling
in the gap region started to occur after this motion. Figure 5.8 shows the footing
surface has spalled after the 3.0 x El Centro motion. The surface spalled more
severely after the 3.5 x ElI Centro motion, shown in Figure 5.9. Longitudinal bar

buckling occurred during the 4.0 x ElI Centro motion, shown in Figure 5.10. The
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column strength had dropped significantly, and the test was stopped. Table 5.6

guantifies the observed performance of column 6FC.

5.8 Target versus Achieved

Table 5.7 lists the achieved and target values of acceleration, velocity and
displacement for each shake table motion and the target and achieved elastic
response spectras are shown in Figure 5.11 through Figure 5.22. The damping
value chosen for the calculations was 0% of critical since the elastic response
spectras were used to compare the frequency and energy performance of the
shake table system, not the response of the column. The table performance was
acceptable for all the motions for the period range of interest. Table 5.8 lists ratios
of achieved and target PGA's and elastic responses. The shake table performed

well for all the earthquake motions for this test.

5.9 Measured Performance

5.9.1 Axial Load
The accumulated hydraulic axial load system performed well during the
carbon test with minimal hysteresis, as shown in Figure 5.23. The axial load fluc-

tuated between -75.6 and -85.5 kips of the target -80.0 kip axial load.

5.9.2 Force-Displacement

Figure 5.24 shows the cumulative hysteresis for the column 6FC.
Figure 5.25 through Figure 5.29 show a general elastic response with no notice-
able loss in stiffness. Figure 5.30 shows the response with slight inelastic defor-

mation and post effective yielding. Figure 5.31 through Figure 5.35 show large
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energy dissipation with a constant increase in lateral capacity. Figure 5.36 shows
the damage from the final 4.0 x ElI Centro motion. This motion caused a large
drop in capacity due to bar buckling and lap splice slippage at the base of the col-

umn (the damage was previously shown in Figure 5.10).

5.9.3 Ductility and Drift

Table 5.9 lists measured values of peak deflection, ductility and drift. To
calculate ductility, the force-deformation envelope was plotted in Figure 5.37. The
displacement at a peak lateral force reduction of 20% was used as the failure
point for this column and an equal energy method was used to calculate the yield
force and deflection assuming a elastic perfectly-plastic idealization. The elastic
idealized slope passes through the point where the first yielding of the longitudinal
steel occurred. The plastic slope is zero for this idealization. The idealized yield
value for this column is 0.91 inches. This value is used to compute the ductility
values in Table 5.9. Figure 5.38 plots both the measured and idealized envelopes
and the calculated ductility values. The ductility points shown on the plot are the
points at maximum deflection, which do not always occur at the maximum mea-
sured force. Although the measured failure ductility is approximately 10 based on
the 20% reduction in peak lateral force, column deflection ductility reached 10.7

without lateral instability and complete collapse of the column.

5.9.4 Internal Strain
The strain envelopes from the recorded strain-displacement hysteresis are

shown in Figure 5.41 through Figure 5.45. The strain gaged bar locations are
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shown in Figure 5.39. All of the longitudinal bars showed some level of yielding
and mild slipping without severe slip. The confining effect of the jacket allowed
the bars to maintain a yield level without the sudden drop in strain. The strain
began to drop at approximately 6 inches of column displacement (deflection duc-
tility of 6.7). Slipping in the lap splice can be determined from the strain plots
where the measured strain no longer increases linearly versus displacement and
approaches a constant strain. Figure 5.44 shows a decrease in the slope of the
strain-displacement envelope at approximately 2 inches. This slope leveled to a
constant strain before dropping at a column deflection of 6 inches. It can be
inferred from this observation that the lap splice was slipping versus a non-lap col-
umn that would display a constant strain increase versus column deflection. The
point of significant slipping coincides with the point of strength degradation for the
force-displacement envelope. The hoop strains, shown in Figure 5.46 and
Figure 5.47, reached strain values higher than the yield strain compared to the
steel jacketed columns. This could be the result of the larger longitudinal bar
strains allowing the core to expand to higher strains than those achieved in the

steel jacket columns.

5.9.5 Jacket Strain

The design strain for the carbon fiber jacket was 0.001 in the plastic hinge
zone. This is the maximum circumferential strain the jacket can achieve before lap
splice failure. If the measured strains exceed 0.001, the lap splice should begin to
fail. Figure 5.49 through Figure 5.51 show the measured strain values in the cir-

cumferential direction for the carbon fiber wrap. The strains in the jacket at the
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base of the column exceeded the design strain value without lap splice failure up
to a deflection ductility of 7. After this point the bars begin to slip and the mea-

sured strain in the jacket dropped, coinciding with the drop in column strength.

5.9.6 Curvature

The curvature instrument locations are shown in Figure 5.52. The curva-
ture profile for column 6FC is plotted in Figure 5.53 and Figure 5.54. The high
curvature value at the base of the column occurred due to the high rotation from
slippage of the lap splice. There was measurable curvature at the top of the lap
splice due to concentrated rotations at this section. The area between the lap

splice remained fairly rigid with a low measured curvature.

5.9.7 Stiffness

The methods used to calculate stiffness were the same methods employed
in Section 3.7.6. The elastic stiffness for each motion is listed in Table 5.10 and
plotted in Figure 5.55. The periods and natural frequencies are also listed. The

secant and elastic stiffness drop quickly up to a column deflection of 2 inches.

5.9.8 Damping

The equivalent viscous damping ratio is calculated for 9 different elastic
cycles for the 0.25 x El Centro motion. The calculations were performed using the
same procedures presented in Section 3.7.7. Each damping ratio is listed in

Table 5.12. The average damping ratio for the 9 cycles is 10.7%.
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6. SHEAR COLUMNS 9S1 AND 9S2

6.1 Introduction

Shear dominated failures generally occur from a sudden brittle failure of
the concrete and rupture of the transverse steel. This mode of failure has been
widely tested in the past and equations for predicting shear capacity have been
developed. All past research on shear dominated columns have involved quasi-
static testing of columns generally loaded in double curvature. The purpose of
column 9S1 and 9S2 was to compare the equations for shear capacity in an earth-
guake loading scenario and identify any dynamic effects prevalent in this mode of

failure.

Two columns intended to fail in a shear dominated mode were designed
and constructed using current Caltrans details and procedures. The column scale
was the same as the previous test columns in Chapters 3 through 5. The column
aspect ratio was lowered and the test setup designed to load the column in dou-
ble-curvature to increase the shear demand while reducing the flexural demand.
The longitudinal steel ratio was raised to increase the flexural capacity ensuring a

shear dominated failure.

6.2 Column Design

The shear columns in this study represented typical circular bridge column
constructed in California after 1971 using higher confinement ratios and improved
steel detailing. The final details selected for construction are shown in Table 6.1

and Figure 6.1. Two critical design parameters for this column were the aspect
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ratio and flexural capacity. Both parameters were designed to ensure the shear
capacity would be less than the lateral flexural capacity. The only initial design

parameter was the 16 inch diameter circular cross section that was used for the
previous columns in this study. The test variable between the two columns was

the input motion discussed in subsequent sections.

6.2.1 Confinement Design

The initial design of the confinement steel for both columns was based on a
previous design used in the study by Laplace, et al. The confinement ratio of
0.92% and wire size of 0.25 inch diameter were used as the initial design values

and checked using the following procedures.

6.2.2 Aspect Ratio and Longitudinal Steel Ratio Selection

The calculated shear capacity using the confinement design from
Section 6.2.1 was based on the Caltrans shear equation (discussed in
Section 7.6.13.1). Using an estimated concrete strength of 6000 psi, confinement
steel ratio of 0.92% and including the effect of an axial strut. The estimated col-
umn shear capacity was 96 kips. To ensure a shear dominated failure, a longitudi-
nal steel ratio of 3.5% was chosen to provide a lateral flexural capacity higher than
the shear capacity. Using 16 # 6 bars for the longitudinal steel, typical cross sec-
tion steel patterns, and the estimated concrete strength, the estimated flexural
capacity was approximately 2,800 kip-in. The aspect-ratio required to produce a

shear dominated failure was then estimated. The aspect ratio will be defined as
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AR = — Equation 6.1

where

h = total column height

D = column diameter.

Using an initial aspect ratio equal to 1.5, the shear demand was 94 kips while the
lateral flexural capacity considering double curvature was 116.7 kips. The ratio of
the lateral flexural capacity to the shear capacity was 1.24. This ratio was consid-
ered conservative since the axial strut effect which increased the shear capacity
was included in this calculation. Ignoring the axial strut effect and using the
aspect ratio of 3 gave a flexure-to-shear ratio of 1.34. With a column diameter of

16 inches, the column height was 48 inches.

6.2.3 Footing and Head Design

The footing was designed to rigidly attach the column to the shake table
deck and provide uplift restraint for the axial load system. The footing height was
the same as the previous columns, but the footing required 14 tie down points
instead of the typical 6 due to the larger shear demand on the footing and the
potential for sliding on the footing to table interface. The footing was grouted on

the shake table deck and post-tensioned using a load of 30 kips for each tie-down.
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The top column head was designed to replicate the footing steel design
and details and provide similar strength as the footing. This was to ensure yie-
dling of the column at the top with damage to the head. The dimensions of the
head were controlled by the connecting plate dimensions between the top stub
and the dual link assembly. The column head width was required to be less than
the width of the two post tensioning rods passing along the side of the stub for the

axial load system.

The column steel could not be bent into a 90 degree hook in the column
head due to the steel spiral and sono-tube application procedure. The column
steel was cut level with the top of the head to allow for 28 inches of development
exceeding the requirement for full development. Six PVC ducts were cast in the
head in the loading direction to allow the dual link connector plate to be post-ten-

sioned to the head using the dywidag post-tensioning bars.

6.2.4 Internal Instrumentation

A total of 62 strain gages were placed on the longitudinal steel and spiral
confinement steel. All gages were TML YFLA-2-5L post yield gages. The surface
was prepared using the same procedures outlined in Section 2.17.1. The longitu-
dinal gages were placed at the top and bottom of the column to capture the flex-
ural strains while the spiral gages were placed along the entire height of the

column on the spiral cage.
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6.2.5 External Instruments

A series of 16 Novotechnik TR-50 50 mm displacement transducers were
used to measure curvature at the base and top of the column (Figure 6.4 and
Figure 6.6). Each instrument measured displacement across an approximate dis-
tance of 4 inches in a region spanning from the footing or head surface to a dis-
tance of 16 inches. The transducers were placed on an aluminum angle each on
two 3/16 inch diameter rods cast integral to the column passing through the col-
umn core. The rods diameters were as small as possible to prevent fracture

planes and shear interaction from occurring.

Eight Novotechnik TR-50 and 3 TR-225 displacement transducers were
used to measure shear and flexural deformation, shown in Figure 6.4. These
instruments were placed in a configuration called panels, which allowed the mea-
surement of the individual lateral deflections at height increments of 16 inches,
distances of 1/3 the column height. Figure 6.7 shows a close view of the connec-

tion point of the shear instruments.

One Kinemetrics FBA-11g accelerometer was placed on the end of the
swiveled link. Two Temposonic LA-Series 36-inch stroke displacement transduc-
ers were used to measure top column displacement at vertical centerline of the
column head. One was attached to the top of the head while the other was
attached to the bottom of the column head to measurement the head deflection

and vertical rotation. For column 9S2, four Temposonics were attached to allow



for the additional measurement of column torsion. A table displacement trans-

ducer internal to the table actuator was used for the table displacement response.

6.3  Material Properties

All material used for the construction were available locally. The concrete
was designed and supplied by Reno-Sparks Ready Mix. The concrete mix design
is shown in Table 2.6. Longitudinal and footing steel was supplied by both Steel
Engineers Inc. and Nevada Rebar. Steel tests and concrete cylinder tests were

performed at the University of Nevada, Reno.

6.3.1 Concrete Strength
Three concrete cylinder tests (at 7 days, 28 days, and column test day)
were performed for both column 9S1 and 9S2. The concrete strengths for both

columns are tabulated in Table 6.2 and Table 6.3.

6.3.2 Longitudinal Steel and Confinement Steel
The longitudinal and transverse steel were tested on an INSTRON tensile-
compressive machine. The steel strength and strain values are shown in

Table 6.4.

6.4 Column 9S1 Testing Protocol

The loading motions applied to column 9S1 are shown in Table 6.5. The
scale factors were based on the calculated response from RCShake using the El
Centro motion and estimated column properties. The acceleration scale factor for

each event was scaled incrementally. The time scale was constant for all the
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tests. The smaller scale motions were used to determine elastic response and
incremented higher to determine effective yield. After effective yield was reached

the scale factors were incremented until failure of the column.

6.5 Column 9S1 Observed Performance

Table 6.6 lists each motion and the observed performance for column 9S1.
Essentially elastic response was observed for the 1/4, 1/3 and 2/3 x El Centro
motions. There was minor flexural cracking along the column height. Figure 6.9
shows the flexural cracking along the height of the column after the 1.0 x El Cen-
tro motion. No spalling or shear cracks were visible after this motion. Figure 6.10
(1.5 x El Centro) shows the first shear cracks near the lower portion of the column.
The shear cracks are inclined at an approximate angle of 45 degrees. Figure 6.11
shows the damage after the 2.0 x El Centro motion. The shear cracking has
increased in quantity and in length. The first vertical shear cracks were visible
near the base of the column and the shear cracking has increased near the top of
the column. Figure 6.12 and Figure 6.13 show the damage after the 2.5 x El Cen-
tro motion. There was a significant increase in shear cracking along the 45
degree plane and an increase in vertical cracking along the column height. The
shear crack widths have increased along the column height. There was no
observed spalling for this motion or the previous motions. Figure 6.14 and
Figure 6.15 show severe shear cracking due to the 3.0 x El Centro motion. Spal-
ling and significant crack width increases occurred. Shear cracking has occurred

over the majority of the column surface. Figure 6.16 and Figure 6.17 show col-
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umn 9S1 after the final motion of 3.25 x El Centro. The column has completely
collapsed under the severe strength degradation, excitation of the motion, and the
axial load. The lower half of the longitudinal and lateral steel were visible. There

was severe deformation of the longitudinal steel and fracturing of several spirals.

6.6 Column 9S1 Target versus Achieved

Table 6.7 lists the achieved and target values of acceleration, velocity and
displacement for each shake table motion and the target and achieved elastic
response spectras are shown in Figure 6.18 through Figure 6.26. Table 6.8 list
the ratios of the target and achieved table performance. The table performance
was very good for the motions up to the 1.5 x ElI Centro motion. The target versus
achieved signal diverged between the range of the initial elastic column period
and the column period based on the secant stiffness during the motion for the 2.0
x El Centro and higher motions. The secant stiffness was calculated using the
peak measured force and peak measured displacement. Although the correlation
was not as good as desired, the majority of the column response is due to the
secant stiffness and corresponding secant period during the specific motion. The

correlations for the secant periods were better for these higher amplitude motions.

6.7 Column 9S1 Measured Performance

6.7.1 Axial Load
The accumulated hydraulic axial load system performed well during the
column 9S1 test with minimal hysteresis, shown in Figure 6.27. The axial load

fluctuated between -75 and -84 kips compared to the target -80 kip.
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6.7.2 Force-Displacement Response

Figure 6.28 shows the cumulative hysteresis for column 9S1. Figure 6.29
through Figure 6.33 show a general elastic response with no noticeable loss in
stiffness. Figure 6.34 shows the response to the 2.0 x El Centro motion. This
response shows some increased energy dissipation during the motion.
Figure 6.35 shows a post yielding response during the 2.5 x EI Centro motion.
Figure 6.36 shows pinching characteristics and low ductility for the 3.0 x El Centro
motion. The final was the motion was 3.25 x El Centro. Figure 6.37 shows two

significant displacement cycles before complete column collapse.

6.7.3 Ductility and Drift

Table 6.9 shows measured values of peak deflection, ductility and drift. To
calculate ductility, the measured force-deformation envelope was plotted in
Figure 6.38. An equal energy method was used to calculate the yield force and
deflection assuming an elastic perfectly-plastic idealization. The elastic idealized
slope passes through the point where the first yielding of the longitudinal steel
occurred. The plastic slope was zero for this idealization. The measured yield
value for this column was 0.73 inches. This value was used to compute the ductil-
ity values in Table 6.9. Figure 6.39 plots the above method using the measured
ductility values. The ductility points shown on the plot are the points at maximum
deflection, which do not always occur at the maximum measured force. The col-
umn failed at a peak displacement ductility of 3.2 based on the above method.

The peak measured shear capacity was 94.1 kips.
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6.7.4 Moment Demands and Head Rotations

The moments applied to the column were calculated from the individual
load cells in each link in the dual link system. The lengths of the individual
moment arms formed at the plate connection were known and could be multiplied
by the load cell forces and distances to the column footing surface or head sur-
face. Table 6.10 shows measured values of peak moment demands at the top
and bottom of the column. Figure 6.40 plots the maximum positive moment at the
base of the column and the corresponding moment at that time instance for the
top head surface. Figure 6.41 plots the maximum positive moment at the top of
the column and the corresponding moment at that time instance for the base of

the column.

The inflection point for double curvature deformation should be at the cen-
ter of the column. The figures show a relatively good correlation for the moment
distribution for all the motions except the final 3.25 El Centro. This final motion
shows the severe hinging at the base and the corresponding large moment at the
top (Figure 6.41) prior to failure. The base moments versus top moments are plot-
ted in Figure 6.42 and Figure 6.43. For double curvature, the moments should be
symmetric and linear about the diagonal plotted in both figures. These figures
show the dual link system performed adequately in providing equally distributed

moments and the desired double curvature response.
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Table 6.10 also shows the measured vertical head rotations based on the
two temposonic displacement transducers. The head rotation was produced from

the finite stiffness of the dual link system. This rotation is plotted in Figure 6.44.

6.7.5 Strain

The strain profiles from the recorded strains are shown in Figure 6.47
through Figure 6.54. Each longitudinal bar strain was plotted using the peak
strains recorded for the positive and negative column deflection. The strain gage

bar locations are shown in Figure 6.45 and Figure 6.46.

All the longitudinal bars had strains below yield up to the 1.5 x El Centro
motion. The strains at the base of the column exceeded yield during the 2.0 x El
Centro motion and higher motions. Significant yielding did not occur until the 3.0 x

El Centro motion during which significant shear damage was observed.

The spiral strains, shown in Figure 6.55 and Figure 6.57, show relatively
consistent strains along the column height. Yielding did not occur until the 3.0 x El

centro motion, during which the shear damage increased significantly.

6.7.6 Curvature

The curvature profile for column 9S1 is plotted in Figure 6.58 and
Figure 6.59. The curvature points represent the average measured curvature at
the specific level for the peak column displacement in each direction. The base of
the column shows slightly higher curvatures than the top of the column due to the

higher moment demands at the base of the column.
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6.7.7 Panel Zone Deflections

The panel zone instruments for measuring shear were shown in Figure 6.4.
Shear deformation can not be directly computed from these instruments due to
the influence of flexure in the panel zone deformations. The panel zone deforma-

tions give the addition of the contribution of shear and flexure. To calculate panel
zone deflections, a kinematic matrix [A] was formulated using the panel zone
instrument locations. Since the relative instrument deflections { Y} (1 were known

for each time step, the relation between the kinematic matrix, instrument vector

and panel zone displacements can be written as

{Y} v = [A{A} Equation 6.2

where { A} (0 is the panel zone node absolute displacement coordinates for each

time step. The coordinates can be solved by the following:
-1 )
{4} W = {vi (t)[A] Equation 6.3

The solution was conducted in Matlab for all time steps for all solutions, producing

the {A} (1) vector of x-y coordinates for all the instrument panel zone nodes. The

deflection of the top node correlated exceptionally well with the total column
deflection, validating the panel zone setup and instrument resolution and accu-

racy.
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The curvature instruments were used to calculate the total flexural deflec-
tion by integrating curvature using the moment-area method. This produced the

flexural component of the total column deflection.

Shear deflection can not be directly computed from these instruments due
to the influence of flexure in the panel zone deformations. Figure 6.60 and
Figure 6.61 plot the total panel zone deflection, flexural deflection based on curva-
ture, and measured column displacement for 2.0 and 3.0 x El Centro respectively.
The panel zone deflection and Temposonic deflection correlate well, while the
flexural deflection shows significantly less magnitude. This difference in magni-
tude between the total deflection and flexural deflection is the shear deflection

component for the column response.

6.7.8 Shear and Flexural Deflections

The curvature instruments were used to calculate average curvatures and
these curvatures integrated to determine the flexural deflection at 16 and 32 inch
(1/3 and 2/3 the column height), correlating with the heights of the panel zone
nodes. These flexural deflections were then subtracted from the panel zone
deflections to estimate the flexural and shear deflection component for the three
column sections between 0 and 1/3, 1/3 and 2/3, and 2/3 and 1 x the column
height. The total deflection and flexural deflection for each panel zone for 2.0 and
3.0 x El Centro are plotted in Figure 6.62 through Figure 6.67. The difference
between the panel zone deflection and flexural deflection is the shear deflection

component for the particular region of column.
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6.7.9 Shear and Flexural Hysteresis

Lateral force versus the shear deflection component and flexural deflection
component for the total column height are plotted in Figure 6.68 and Figure 6.69,
respectively. Lateral shear demand versus the shear deflection components and
flexural deflection components for each panel zone area are plotted in Figure 6.70

through Figure 6.75.

6.7.10 Elastic Stiffness
The elastic stiffness was calculated with the procedures outlined in
Section 3.7.6. Figure 6.76 plots the measured elastic and secant stiffness and

Table 6.11 lists these values.

6.7.11 Shear Stiffness

Shear stiffness was calculated using the same procedures outlined in
Section 3.7.6 but used the measured shear hysteresis shown in Figure 6.68. The
shear deflection used for the stiffness calculations was based on the first three
significant cycles of displacement and averaged together to produce one shear
deflection. This established a consistent method for calculating shear stiffness.
The secant flexural stiffness was calculated using the measured flexural hystere-
sis shown in Figure 6.69. Only secant stiffnesses were calculated, although a
secant stiffness for an elastic response is essentially an elastic stiffness. These
stiffnesses and the combination of the shear and flexural stiffness is calculated

and plotted in Figure 6.77. The combination stiffness was simply
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L + L -1 Equation 6.4

shear KerxuraI Ktotal

K

where

Kshear = Shear stiffness

Ktiexural = flexural stiffness

and

Kiotal = total stiffness.

This total stiffness was comparable to the measured secant stiffness listed in

Table 6.12.

6.7.12 Damping

The damping from the pulse motions are tabulated in Table 6.13 based on
regression and log-decrement methods outlined in Section 3.7.7. The equivalent
viscous damping ratio is calculated for 7 different elastic cycles for the 0.25 x El
Centro motion. Each damping ratio is listed in Table 6.14. The average damping

ratio for the 7 cycles was 14.3%.

6.8 Column 9S2 Testing Protocol
The loading motions applied to column 9S2 are shown in Table 6.15. The
initial motion of 0.15 x El Centro was applied to verify instrumentation and control.

The 3.0 x El Centro was applied to compare the effect of load path versus column
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9S1. The final motion of 3.25 x El Centro was applied to simulate the final load
path used for column 9S1. A 1.0 x El Centro motion was used to test the lateral

instability of column 9S2 under a mild aftershock.

6.9 Column 9S2 Observed Performance

Table 6.16 lists each motion and the observed performance for column
9S2. Alow level elastic response was observed for the 0.15 x ElI Centro motion.
Figure 6.78 and Figure 6.79 show severe shear cracking due to the 3.0 x El Cen-
tro motion. There was no significant spalling. There was significant diagonal and
vertical shear cracks along the column height. Figure 6.80 through Figure 6.82
show column 9S2 after the 3.25 x El Centro motion. There was severe spalling
and shear cracking along the column. A large portion of the longitudinal and spiral
steel were visible. Severe degradation occurred through the core at the center of
the column. There were no spiral fractures or bar buckling due to the relatively
low flexural demand. The final 1.0 x EI Centro motion was used to test the stabil-
ity of the column. Figure 6.83 shows the column after the 1.0 x El Centro motion.
The column did not sustain any additional damage. The severe degradation at
the center of the column produced an isolating effect for the response. The col-
umn remained stable throughout this motion, but it was felt that any larger motion

would have caused complete collapse.

6.10 Column 9S2 Target versus Achieved
Table 6.17 lists the achieved and target values of acceleration, velocity and

displacement for each shake table motion and the target and achieved elastic
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response spectras are shown in Figure 6.84 through Figure 6.87. Table 6.18 list
the ratios of the target and achieved table performance. The target versus
achieved motions were similar to the those used for column 9S1 since the drive

files for the shake table control were the same as used for column 9S1.

6.11 Column 9S2 Measured Performance

6.11.1 Axial Load
The accumulated hydraulic axial load system performed well during the
column 9S2 test with minimal hysteresis, shown in Figure 6.88. The axial load

fluctuated between -80 and -86 kips compared to the target -80 kip.

6.11.2 Force-Displacement

Figure 6.89 shows the cumulative hysteresis for column 9S2. The initial
response due to the 0.15 x El Centro motion is shown in Figure 6.90. Figure 6.91
shows the response due to the 3.0 x ElI Centro motion. Although significant dam-
age occurred during this motion, there was very little energy dissipation.
Figure 6.92 shows a significant loss in strength during the 3.25 x El Centro
motion. The final motion in Figure 6.93 shows the isolating effect due to the dam-

age in the column.

6.11.3 Ductility and Drift
Table 6.19 shows measured values of peak deflection, ductility and drift.
To calculate ductility, the force-deformation envelope was plotted in Figure 6.94.

The “measured” yield value for this column was 0.47 inches based on the equal-
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area method. This value is used to compute the ductility values in Table 6.19.
Figure 6.95 plots the above method using the measured ductility values. The col-
umn achieved a peak displacement ductility of 3.8 based on measured yield dis-

placement. The peak measured shear capacity was 92.1 kips.

6.11.4 Moment Demands and Head Rotations

Table 6.20 shows measured values of peak moment demands at the top
and bottom of the column. Figure 6.96 plots the maximum positive moment at
the base of the column and the corresponding moment at the top. Figure 6.97
plots the maximum positive moment at the top of the column and the correspond-
ing moment at the base. The base moments versus top moments are plotted in
Figure 6.98. For double curvature, the moments were fairly symmetric and linear

about the diagonal plotted in both figures.

Table 6.20 also shows the measured head rotations based on the four tem-
posonic displacement transducers. The head rotation and head twist is plotted in
Figure 6.99 and Figure 6.100. The head twist was calculated using the four tem-

posonic displacement transducers at each corner of the column head.

6.11.5 Strain

The strain profiles from the recorded strains are shown in Figure 6.101
through Figure 6.108. Each longitudinal bar strain was plotted using the peak
strains recorded for the deflection to the east and for the deflection to the west.

The strain gaged bar locations were shown in Figure 6.45.

77



All of the longitudinal bars show peak strains above the yield strain for the
3.0 x El Centro motion for the gages near the base of the column. The strains
near the top of the column were near yield for most of the gages. The 3.25 x El

Centro motion produced significant strains in the lower column gages.

The spiral strains, shown in Figure 6.109 through Figure 6.111, show yield-
ing strain levels near the center of the column for the 3.0 x El centro motion. The
spiral gages show significant yielding for the 3.25 x EI Centro motion. The 1.0 x El
Centro motion had large residual strains and thus the spiral strains were not

affected by the motion.

6.11.6 Curvature

The curvature profile for column 9S2 is plotted in Figure 6.112 and
Figure 6.113. The curvature points in the plots represent the peak curvatures
recorded during the motion. The instruments were removed before the final col-
umn motion to prevent damage due to possible column collapse, therefore there

are no recorded values for the 1.0 x El Centro motion.

6.11.7 Panel Zone Deflections

Figure 6.114 plots the total panel zone deflection, flexural deflection based
on curvature, and measured column displacement for 3.0 x El Centro. The panel
zone deflection and Temposonic deflection correlate well. The difference between

the total deflection and flexural deflection was the shear deflection component.
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The total deflection and flexural deflection for each panel zone for 3.0 x El
Centro are plotted in Figure 6.115 through Figure 6.117. The difference between
the panel zone deflection and flexural deflection is the shear deflection compo-

nent for the particular region of column.

6.11.8 Shear and Flexural Hysteresis

Lateral shear demand versus the shear deflection component and flexural
deflection component for the total column height are plotted in Figure 6.118 and
Figure 6.119. Lateral shear demand versus the shear deflection components and
flexural deflection components for each third column height are plotted in
Figure 6.120 through Figure 6.125. The higher amplitude hysteresis in the plots
for the shear and flexure calculations may be distorted due to the severe excita-
tion and damage sustained by the column, possibly reducing the accuracy of the

instruments prior to column failure.

6.11.9 Elastic Stiffness

Figure 6.126 plots the measured elastic and secant stiffness and
Table 6.21 lists these values. The elastic and secant stiffness for the 1.0 x El Cen-
tro motion are very low due to the severe pinching in the low displacement ampli-

tude portion of the hysteresis.

6.11.10Shear Stiffness
Shear stiffness was calculated using the same procedures outlined in

Section 6.7.11 and plotted Figure 6.127. Only secant stiffnesses were calcu-
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lated. The secant flexural stiffness was calculated using the measured flexural
hysteresis shown in Figure 6.119. An elastic secant stiffness was calculated for
each motion These stiffnesses and the combination of the shear and flexural
stiffness was calculated and plotted in Figure 6.127. This total stiffness was com-
parable to the measured secant stiffness in Table 6.21 given the different methods

used for the calculations.

6.11.11Damping

The damping from the pulse motions are tabulated in Table 6.23 based on
regression and the log-decrement method. The equivalent viscous damping ratio
was not calculated due to the unavailability of significant elastic cycles to calculate

the energy dissipation.

80



7. ANALYSIS

7.1 Introduction

This chapter uses standard procedures for calculating and predicting the
performance of the columns of this study. Moment curvature analysis was con-
ducted using several programs. Various procedures for estimating confined prop-
erties due to the steel and carbon fiber shells were used for the analysis. The

moment-curvature calculations were idealized to predict force-deformation

response including plastic hinge length calculations. Caltrans® and UCSD!®

shear equations were used to compare calculated to measured strength.

7.2  Column 6F Analysis
The measured data for the as-built column 6F was presented and dis-
cussed in Section 3.7. This data will be used with the calculated values to com-

pare measured and predicted performance.

The effects of strain rate for flexural columns have been quantified and

used in previous studies10. The idealized effect of strain rate is to increase the
yield force of the longitudinal steel and increase the compressive strength of con-
crete by factors based on the measured strain rate. The flexural columns in this
study all have lap spliced longitudinal steel at the base of the column. The lap
splice strains for the flexural columns in this study did not achieve values much

higher than yield before the lap splice began to slip and degrade. Due to the
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uncertainty of the strength and ductility of the lap splice, this study did not include

strain rate in the calculated analysis for lap spliced flexural columns.

7.2.1 Moment Curvature
Column 6F was the un-retrofitted as-built column with the lap splice at the
base. To calculate the moment curvature response, the lap splice was checked

as to whether it can develop a yield stress in the lap. The method for calculating

transfer force in the lap splice was outlined in Priestley et. al.1®

Due to the lap splice at the base of the column, the lap splice capacity must
be determined before a moment curvature analysis can be used. The procedure

for calculating lap splice capacity was as follows:

The perimeter of the characteristic stress block p is

TD, :
p=5-+2(dy+0)< 2./2(dy, +c) Equation 7.1

where

D, = core diameter,

n = number of longitudinal bars,

dp = longitudinal bar diameter, and

¢ = cover to longitudinal bars.
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The maximum force the bar was able to transfer was

T, = fipl Equation 7.2

where

f, = concrete tensile strength = 7.5./f'c psi = 576 psi (3.97 MPa) and

| = lap splice length (inches) = 12 inches (305 mm).

The available transfer force was Ty, = 28.4 kips (126.3 kN). The maximum trans-

Ty
fer stress was —

y which was equal to 144 ksi (993 MPa). This value was greater
b

than the yield stress of the longitudinal bar, therefore the lap was able to yield
without the effect of transverse reinforcement and before spalling of the cover.
The moment-curvature analysis was performed assuming full development of the

lap splice.

The procedure for calculating the idealized moment curvature was based
on the equal energy method. The area under the calculated or measured

moment curvature must equal the area under the idealized moment curvature.

AM(pcaIc = AM(pideaIized Equation 7.3

where
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o (Mj 1+ M) ,
Anvgealc = Z ((P|+1—(P|)T Equation 7.4

i=1

For elastic-perfectly plastic, the idealized area is
Avigidealized = M (— l(py + (p) Equation 7.5
Maidealized y\U 2 u

where

M.

i = measured or calculated moment at a point on the curve,

@, = corresponding measured or calculated curvature,
@ = idealized yield curvature, and
M, = idealized yield moment.

Solving Equation 7.5 for @ and substituting into Equation 7.4, the positive root for

the second order solution is:

M 2 M
@ = (pu—%x«/(ﬁﬁ‘) —2(pf—beA,\,|(pCaIC Equation 7.6
fby by by

where

M,y = moment at first bar yield,



@rp,y = Curvature at first bar yield, and

@, = ultimate curvature.

The yield moment can then be calculated from:

M
M, = Doy By Equation 7.7
(pfby
For an elastic-plastic idealization with the end point of the plastic slope
intersecting the ultimate moment and ultimate curvature point, the yield curvature

can be calculated by the first order equation

- 2AM(pcalc B (puMu

WMy
(pfby u

@ Equation 7.8

and the yield moment by Equation 7.7.

A program called X-Section®* used by Caltrans was used for the moment
curvature analysis. Three points on the moment-curvature curve are needed:
cracking, yield, and ultimate moment and curvature. X-Section can idealize the
moment curvature by an elastic-perfectly plastic procedure similar to the proce-
dure used in Section 4.9.3. X-Section passes the elastic idealized curve through

the point of first bar yield, then uses an equal area method to determine the ideal-

85



ized yield curvature. The results of the idealization are part of the X-Section out-

put.
The cracking moment M, is defined as
(2 )(%)
Ay Y\ 64 ,
M, = D Equation 7.9
2
where

P = axial load,

Ag = gross area, and

D = column diameter.

For a concrete tensile stress of 576 psi (3.97 MPa), the cracking moment was 391
Kip-in (44.2 KN-m). The corresponding curvature was linear-interpolated from the
X-Section results, since X-Section uses cracked section properties. The results

including the X-Section idealized yield and ultimate points are shown in Table 7.1.

A procedure for further idealizing the moment-curvature envelope for unret-

.15 and was used for

rofitted lap-spliced columns was presented by Priestley et a
this analysis. This idealization takes the lap splice failure into account past a

specified ductility, whereas X-Section assumes full lap development for all ductility
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levels. The graphical representation of the as-built force-deformation curve is
shown in Figure 7.1. This representation takes into account that full development

is reached for low ductility levels but slip occurs as displacements increase.

The curvature ductility at the start of the strength degradation slope ()

occurs at an extreme concrete fiber strain of 0.002 based on the Priestley®
method. Using the X-Section results, the curvature at a strain of 0.002 was

0.000428 rad/in. The ductility at the point of residual moment strength as defined

by Priestley is p; = 8+ ,, or 9.68. The residual moment capacity M, is defined

as
D, .
M, = P(— —x) Equation 7.10

where
x = centroidal distance from the compression block to the edge of the core,
P = axial load, and

D. = centroidal distance defined in Figure 7.2.

The area of the compression block is

A. = Equation 7.11
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The angle ¢ graphically shown in Figure 7.2 was calculated by solving

Equation 7.12 for ¢ .
D 2
A, = (5‘3) (& — sin($) cos()) Equation 7.12

The corresponding centroidal distance x was calculated by

DC
D_c_z(f)( sn(@)’ )
273 \gsn(9)cos(®)

X = Equation 7.13
The residual moment capacity can then be calculated using Equation 7.10, result-

ing in a capacity of 443 kip-in (50 kN-m).

The various calculated moment-curvature curves are shown in Figure 7.3
and the corresponding values listed in Table 7.1 and Table 7.2. In Figure 7.3, the
X-Section results with it's idealized curve are shown with the moment-curvature

curve based on the Priestley method.

The calculated moment-curvature curve from X-Section was used as the
comparison to the measured column curvatures at the 4 inch (102 mm) spans
along the length of the column. The X-Section results were used since they are
calculated assuming full lap bond and would reveal the column sections subject to
the most slippage. The measured lateral force was divided by the height from the

center of the link to the center of the curvature instrument span to produce the
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measured moment at each height. This measured moment was then plotted ver-
sus the measured curvature at that height to produce the moment-curvature hys-
teresis for each instrument level. The comparisons of the predicted and
measured moment curvature for each column section are plotted in Figure 7.4
through Figure 7.8. The predicted versus measured moment-curvatures do not
compare very well for the five height levels. This shows the effect of the severe
slip and cover spalling inherent in the lap splice section relative to the X-Section
results that can only assume a full lap development. The comparison of the

Priestley method with the measured results will be made in the following sections.

7.2.2 Force Displacement
The moment curvature relations were converted to force-displacement

curves using the moment area method and the calculated plastic hinge length.
The plastic hinge length |, was defined by Priestley’® as
I, = 0.08h +0.15f, d,, Equation 7.14

where
h = height of column (inches),

fy = longitudinal bar yield stress (ksi), and

dp, = longitudinal bar diameter (inches).
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The plastic hinge length for column 6F was calculated as 9.6 inches (244 mm).

The Cracking and yield deflection A ., ,, due to flexure for cantilever col-

umns can be calculated by the following equations:

|
A= -1 2 .
(cr,y) = j‘deX - §‘P(cr,y)| Equation 7.15
0

where
| = column height,
@ = measured curvature, and

x = column height location at the point of curvature measurement.
The ultimate flexural deflection A, for a cantilever column is calculated by

|
|2
A, = jcpxdx = %cpy(h—lp) +<pu(lph—§) Equation 7.16
0

where
|, = plastic hinge length, and

@, @, = yield and ultimate curvature, respectively.
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The equivalent lateral force capacity Fer.yu) from the moment curvature analysis

is
F - My Equation 7.17
CRYAT E— q :
where
Mer,y, u is the cracking, yield, or ultimate moment demand respectively,
and

h is the column height.

The effects of bond slip were included at the cracking and yield deflection

points. The method developed was the Wehbe?! method. The longitudinal bar

stress was defined as:

f = Egg = E(p(cr,y)[YNA(cr,y)—(c+ —ﬂ Equation 7.18

where

YNA(, y) = distance form tensile fiber to neutral axis at cracking or yield,

¢ = cover to longitudinal bar,

E = steel modulus, and
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g = steel strain.

The strain penetration | of the longitudinal bar was calculated by

!

a0 Equation 7.19

and is valid if the computed steel strain was less than the steel strain at harden-

ing. The bond stress?! p is

9.5 /f'
n = d—J—C < 800psi Equation 7.20
b

The additional deflection of the cantilever column due to bond slip is then

gl
A = 2 h E .
bs(cr,y) ~ quation 7.21

db
YNA(CF, y) - (C + E)

The bond slip at ultimate was not calculated since the plastic hinge length
formulation by Priestley® includes the strain penetration effect implicitly in the
0.15fydb term in the hinge length equation (Equation 7.14). Column shear defor-

mation was ignored because of the high aspect ratio of the column.

The final calculated force deflection curve was plotted in Figure 7.9 with the

measured envelope. The calculated force deflection curve was plotted with the
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measured cumulative hysteresis in Figure 7.10. The calculated and measured
envelopes compare well considering the quantity of assumptions made to develop

the as-built calculated envelope.

7.2.3 Non-Linear Dynamic Analysis
A program developed in Laplace et al. was modified and used for this
study. The program, called RCShake, used a degrading tri-linear hysteretic

model developed for this study. The bi-linear model was originally developed by

Saiidi et. al'®. The tri-linear model is shown in Figure 7.11. The modified hystere-

sis model allows for a strength degradation slope K, past a set displacement .

The model represents lap splice failure and general cyclic degradation better than
a bilinear model since it captures the elastic, constant strength and strength deg-
radation slopes typically seen in previous concrete column envelopes. The input

variables for the hysteretic model are defined as:

Ke = elastic stiffness,

6y = yield deflection,

K, = post yield stiffness,

0s = deflection at the start of the strength degradation,

K, = strength degradation stiffness,
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o,\P
Ku|: Ke(gf) ,

9, = maximum specimen deflection during analysis, and
B = unloading coefficient.

The above parameters except for 3 were determined from the calculated

moment curvature and idealized force deflection curves. For column 6F, the pro-
cedure from Section 7.2.1 and Section 7.2.2 were used to calculate the input val-

ues into RCShake. The input values are tabulated in Table 7.3. The value of 8

was set to 1, which was considerably higher than normal, to capture the pinching

characteristics of the lap splice region.

The hysteretic results from the non-linear analysis are plotted in
Figure 7.12. Figure 7.13 shows the time-history for force and displacement for
the measured and calculated 1.0 x El Centro motion. The results of the predicted
response compare well with the measured motion considering the severe lap
splice failure. The results of the analysis for the other motions also compared
well. The measured versus calculated stiffness from RCShake is shown in
Figure 7.14. The results of the stiffness also compare well considering the diffi-
culty in modelling a lap-spliced column. The complete failure in the lap splice

region was not captured well by the analysis since the hysteretic model does not
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accurately include extreme pinching characteristics present during the final 1.25 x

El Centro motion.

7.3 Column 6FS1 Analysis

7.3.1 Moment Curvature

Column 6FS1 was the steel jacket retrofit of an identically constructed col-
umn 6F, the lap-spliced as-built column. The program X-Section was used to cal-
culate the moment-curvature properties incorporating the steel jacket properties.
The program input for X-Section, although based on hoop or spiral properties,
was adjusted to represent an equivalent steel shell. Although this procedure is
valid for analyzing a column retrofitted with a steel shell, the inner hoop confine-
ment was ignored due to the limitations of the program and since the confinement
stress generated by the inner hoops were small relative to the confining effect of

the shell.

The steel shell properties were input into the X-Section program by calcu-

lating the equivalent hoop area as

Agp = tjxs Equation 7.22

where

tj= shell thickness

s = equivalent confinement hoop spacing = 1 inch
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The properties of the steel shell were used as the confinement hoop properties.
X-Section calculated the confined concrete properties internally using the Mander
model for concrete for the analysis. The concrete and steel input parameters for
X-Section are shown in Table 7.4. The direct contribution of the steel jacket to

flexural strength along the column height was ignored.

7.3.2 Effect of Lap Splice

Several models have been developed to represent the effect of a lap splice
on the moment curvature analysis. These models generally involve representing
the lap splice bond by equivalents springs along the lap length, requiring exten-
sive modeling or finite element analysis. Based on the design criteria for lap splice
enhancement, it was assumed the confining stress of the retrofit shell provides for
lap development up to the yield force of the lapped bars. Once the yield force has
been reached, the lapped bars would in theory slip but still develop a constant
yield force. This constant slipping was seen in the measured strain envelopes for

the lap splice region (Section 4.9.4).

A simplified procedure for modeling this constant slip process was based
on modelling the longitudinal bar stress-strain curve as elastic-perfectly plastic for
the moment curvature analysis. This allows the bars to develop the yield stress
but never reach the strain hardening portion of the stress-strain curve and thus

there are no increases in the tension force above yield.
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Two moment curvature analysis were performed; one representing typical
modeling procedures with standard steel stress-strain curves and the other using
the latter slip-lap procedure. The moment curvature analysis with the full lap is
shown in Figure 7.15 using the input data discussed in Section 7.3.1. The strain
hardening of the longitudinal steel was apparent from the positive strength
increase in the moment-curvature curve in this figure. The slip-lap analysis uses
the steel and concrete X-Section input properties shown in Table 7.5. The results
of the analysis are shown in Figure 7.16. The moment-curvature capacity curve

was much flatter due to the “slipping” of the longitudinal bars in the lap splice.

Figure 7.17 plots the comparison of the measured envelope and the calcu-
lated force-deformation envelope using the full lap and the slip-lap in the moment-
curvature analysis. Figure 7.18 shows the slipped lap calculated envelope with
the measured hysteresis. The calculated peak force from the slip-lap analysis

compares well with the measured force.

The moment-curvature analysis procedures assuming full lap and slipped
lap were used for comparison to the measured envelope for column 6FS1 after
the column was repaired. The results are plotted in Figure 7.19. It is apparent in
this plot that the slipped lap procedure produced a better correlation with the mea-
sured envelope. Although calculated and measured peak capacity correlates well
for the slipped lap analysis, the bond in the lap splice degrades fairly rapidly past

the 2 inch (51 mm) deflection, which was not captured by the calculated force-dis-
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placement. The measured hysteresis was plotted versus the calculated envelope

in Figure 7.20.

Figure 7.21 through Figure 7.25 plot the calculated slipped lap moment
curvature versus the measured moment curvature for the varying levels of column
height. From these plots it was clear the column acted as a rigid body with the
curvature concentrated at the base, seen in Figure 7.21. The measured curva-
tures between 4 inches (102 mm) and 20 inches (508 mm) compare well with the
calculated curvatures, further demonstrating the slipping effects of the lap splice
creating high base rotations even though the column is confined with the steel

shell.

7.3.3 RCShake Analysis

The input properties for the RCShake analysis are listed in Table 7.6 and
Table 7.7. Two analyses were run using RCShake, one with the calculated prop-
erties from the moment-curvature analysis and one with the measured properties
from the force-deformation envelope, both computed using the equal-energy

method discussed in Section 7.2.1.

Figure 7.26 plots the RCShake response based on calculated properties.
The measured envelope for column 6FS1 is also shown in this plot. The slip-lap
input parameters work well for predicting the response of the column, although the
bi-linear model fails to capture the strength loss due to the slipping lap splice. The

stiffness comparisons between the measured and calculated responses are plot-
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ted in Figure 7.27. Initial elastic stiffness and secant stiffness were substantially
different, but the analysis correlates better for the higher amplitude motions.
Figure 7.28 plots the time history response for the force and displacement for the
final 3.0 x El Centro. The correlation is good considering the highly non-linear

t16

response of the column and the use of the Q-Hyst™® hysteretic model.

Figure 7.29 plots the calculated response from RCShake using the mea-
sured column properties as input. The predictions were better as were the stiff-
ness calculations plotted in Figure 7.30. The time-history response for the final
3.0 x El Centro motion is plotted in Figure 7.31. There was good correlation
between measured and predicted force and displacement histories considering

the amplitude and non-linearity of the final motion’s response.

7.4  Column 6FS2 Analysis

7.4.1 Moment Curvature

The same calculated moment curvature from Section 7.3.1 was used for
column 6FS2. The two procedures for the full lap and slip-lap were used for com-
parison to the measured envelope, and are plotted in Figure 7.32. The slip-lap
procedure was better for estimating the force-deformation envelope than assum-
ing a full bond in the lap slice. In Figure 7.32 it was apparent the bond in the lap
splice degrades fairly rapidly past approximately 3 inches of deflection. The slip-
lap procedure did not capture the peak capacity of the column, but still provided a

better correlation than the full lap analysis. The measured hysteresis was plotted
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versus the calculated envelope in Figure 7.33, showing a good comparison

between measured and calculated envelopes.

Figure 7.34 through Figure 7.38 plot the calculated slip-lap moment curva-
ture versus the measured moment curvature for the varying levels of column
height. As was the case for Column 6FS1, the curvature was concentrated at the

base of the column, and the column acted as a rigid body.

7.4.2 RCShake Analysis

The input properties for the RCShake analysis using the calculated force-
deformation envelope values are shown in Table 7.6. The input properties from
the measured envelope are shown Table 7.8. Similar to Section 7.3.3, two
RCShake analyses, one using the calculated properties and one using the mea-
sured properties were run. Figure 7.39 plots the RCShake response using the
calculated envelope as input. The stiffness comparisons from this response are
plotted in Figure 7.40. Initial elastic stiffnesses and secant stiffnesses compare
favorably. Figure 7.41 plots the calculated and measured time histories for the
final motion, 4.0 x El Centro, since this response is the most non-linear and thus
the most difficult to calculate. The analysis captured forces fairly well but could

not predict the large base line offset in the measured displacements.

Figure 7.42 plots the calculated response using the measured envelope as
input into RCShake. The predictions were better than the latter method as were

the stiffness calculations plotted in Figure 7.43. The time history response for the
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final 4.0 x El Centro motion plotted in Figure 7.44 showed a good correlation
between measured and calculated force time-history. Even though the measured
properties from the 6FS2 test were input into RCShake, a base line divergence for
the displacement time-history exists. This is likely caused by severe slipping of
the lap splice that RCShake can not take into account in the calculated response.
This was acceptable considering the final motion was highly non-linear and thus

more difficult to calculate using the trilinear hysteretic model.

7.5 Column 6FC Analysis

7.5.1 Moment Curvature using Mander Model

The carbon fiber wrap used for this column exhibits substantially different
properties than the steel shell. Although the elastic modulus for both the carbon
and the steel are of similar magnitude (32600 ksi (225 GPa) for carbon versus
28900 ksi (200 GPa) for steel), carbon fiber is nearly linearly elastic up to the ulti-
mate strength, whereas the steel exhibits elastic-plastic behavior. The general
procedure for calculating confined properties involves using the Mander model for
concrete. The Mander model was developed based on confining stresses devel-
oped from steel and it does not generally apply to carbon material. One problem

is in computing the confining stress.

The confining stress for use in the Mander model was defined as:

fi = 2f; = Equation 7.23
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where

fyj = yield stress of the jacket material,

t = jacket thickness, and

D; = jacket diameter.

There is no well defined yield point for the carbon fiber material. Thus a
different approach must be used to estimate the confined properties of the con-

crete.

One approach was a simplified assumption taken for the analysis of the
carbon retrofit. This approach assumed a maximum confining stress of 300 psi (2
MPa) and used the Mander model for the confined concrete properties. The value

of 300 psi (2 MPa) was based on a recommended design value for confining a lap

splice3. The measured jacket strains in the plastic hinge region for the carbon ret-
rofit column averaged from 0.001 to 0.002 strain (Figure 5.49 through

Figure 5.51). Although the carbon jacket strain on the east side (maximum com-

pression side) showed a peak strain near 0.006 at 2 inches in height, the confining
stress would be approximately 1100 psi (7.6 MPa), which would be disproportion-
ately large. This recorded jacket strain may be high due to localized conditions

near the gage since it was located near the bottom of the jacket. If the average
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strain of 0.0015 is used, a confining stress of 277 psi (1.9 MPa) would result,

close to the 300 psi (2 MPa) value used in the following analysis.

Since the program X-Section used in the previous sections calculates the
Mander model internally, a second moment-curvature program called RCMC?!

was used since it allows for direct input of the confined Mander? model proper-

ties.
For the carbon fiber retrofit, the lateral confining stress f;; was taken as:
i : ,
f; = 2f,= = 300psi Equation 7.24
b,
where

fyj = jacket yield stress,
t = total jacket thickness, and
D; = Jacket diameter.

J

The confined concrete strength f.. was calculated using the Mander model:

fi ,
foo = f 2254 [1+ 7.94f—l - 2?1 —1.254 Equation 7.25
C C
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The confined concrete strain ¢ is defined as

f
€ = 0.002(1 + 5(E - 1)) Equation 7.26
fC

and the ultimate concrete strain g, was

2.5p:f &
€, = 0.004 + —F:J—“J—ul Equation 7.27
cC

where

p; = jacket volumetric ratio,
fyj = ultimate jacket stress, and

€,; = ultimate measured jacket strain from tensile test.

Equation 7.27 normally has a factor of 1.4, but a factor of 2.5 was used

based on experimental evidence from Priestley, et. al'® for a composite material
retrofit. Using the above equations to calculate the confined properties and using
RCMC for the moment-curvature analysis, the resulting curves assuming full lap
and slip lap are shown in Figure 7.45 and Figure 7.46 respectively. The calcu-
lated force deformation curves are shown in Figure 7.47 for the full lap and slip-
lap analysis. It was apparent from the latter plots that the slip-lap analysis was not

as comparable as the full lap analysis, likely due to the improved confinement
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effect of the composite, the lower bound assumption of a maximum confining
stress of 300 psi, and the higher measured longitudinal bar yield strains for the

carbon fiber retrofit than for the steel jacket retrofits.

Figure 7.48 through Figure 7.52 plot the calculated slip-lap moment curva-
ture versus the measured moment curvature for the varying levels of column
height. Since the carbon fibers were arranged transversely and not longitudinally,
the column curvatures were not concentrated at the base of the column as was
the case for the steel jacket retrofits. There was large curvatures at the base, but
there were also significant curvature at the top of the lap splice (from 8 to 16
inches), demonstrating the slipping of the lap splice at the top and the base
(Figure 5.54). This correlates with the leveling off of the strains on the longitudinal

bars (Figure 5.41 through Figure 5.45)

7.5.2 Moment Curvature using Xiao Model

A stress-strain confinement model developed by Xiao?? for carbon fiber
wrapped concrete was used in this study. The constitutive model for axial stress-

axial strain is:

E,-E,)¢
f.(e) = (E,—Ep) 1T Eje Equation 7.28

el

The constitutive model for axial stress-transverse strain is:
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(E; —E))gj0

f(€) = T+ Esgyg
[1 + [_(El ‘sz)E-eﬂz

(o]

The terms used in Equation 7.29 are as follows;

@)
I
SR
m

t = jacket thickness,
D; = jacket diameter ,
E = jacket modulus,

B = 1+4.8x1074C, 08

14
k =41 045fL
- . - . Cj

f.' = concrete strength,

E, = concrete elastic modulus,
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Equation 7.30

Equation 7.31

Equation 7.32

Equation 7.33



E, = kGV’ Equation 7.34

fo=1."B Equation 7.35

v, = Equation 7.36

V. = poisson ratio for concrete = 0.20,
El .
Eq = — Equation 7.37
VO
= kC, Equation 7.38

To solve for the axial stress-axial strain, the axial stress that occurs at a trans-
verse strain equal to the carbon failure strain must be solved first. This was

accomplished by letting the transverse strain equal the ultimate carbon strain

(sje = sju) and solving Equation 7.29 for the maximum axial stress (fa(sju)).

Then solving Equation 7.30 for the maximum axial strain (&) by letting

f.(e)= fa(sju) , the axial failure strain can be computed. The Mander model ver-

sus the Xiao model for Column 6FC is shown in Figure 7.53.

A program called SPE-MC!°® was used since it allowed text file input of the

material stress strain curves (this input was not allowed for RCMC and X-Section
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and thus the Xiao model could not be used). Two analyses were done with SPE-
MC using the slipped lap and full-lap procedure discussed in Section 7.3.2. The
results of the SPE-MC moment curvature analysis are shown in Figure 7.54 for
the full lap splice model. The effect of the Xiao confinement model produces a
significant strength increase past the yield up to the failure point. The calculated
moment curvature shown in Figure 7.55 uses the slipped lap procedure. The cal-
culated moment-curvature shows a constant strength past yield up to failure since

the longitudinal steel has yielded but did not strain harden.

The idealized force-deformation curves using the full lap and slipped lap
procedure is shown in Figure 7.56 with the measured force-deformation envelope.
The two procedures form the bounds of the measured envelope. Although the
strain measurements for the longitudinal bars show slipping at a constant strain
around yield, the slipped lap analogy for the moment-curvature computation was
not as effective as for the steel jacket columns. The full lap analysis matches the
measured force deformation very well up to 3 inches (76.2 mm) (Figure 7.56).
Past 3 inches (76.2 mm), the calculated curve continues to show strength
increase versus the measured curve, which is dropping in strength due to the lap
splice slippage. It was clear a more accurate lap splice model was needed to cap-
ture the true behavior of the splice. The simple slipped lap procedure did provide

a good lower bound estimate of strength and ductility.

The measured and calculated moment-curvatures are shown in

Figure 7.57 through Figure 7.61. Figure 7.57 shows the effect of the lap splice on
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the high concentrated rotations at the base, which are difficult to predict using cur-
rent models. There was good correlation between the Xiao model and the mea-
sured moment curvature between 8 and 12 inches (203 and 305 mm)

(Figure 7.59). This region of the column may not be subject to the extensive slip-
ping at the base and provides a good comparison with the full lap analysis using

the Xiao model.

7.5.3 RCShake Analysis

Two analyses were run in RCShake using the full lap, and measured force-
deformation envelopes as input. The input properties for the RCShake analysis
based using the full lap and Xiao carbon fiber model are listed in Table 7.9.

Table 7.11 shows the input values using the measured envelope properties.

Figure 7.62 plots the RCShake response using the properties from the full
lap splice force-deformation analysis. The RCShake response does is good up to
3 inches but did not predict the ultimate response well due to the significant post-
yield slope predicted by the full-lap analysis. The stiffness comparisons are plot-
ted in Figure 7.63. Elastic stiffnesses and secant stiffnesses compare within rea-
son considering the divergence of the measured and calculated force-deformation
envelopes. The analysis predicts the response well for the lower amplitude
motions. Figure 7.64 plots the time-history response for the measured and calcu-
lated motion for the 3.5 x El Centro motion. Although the model used in RCShake

captures the relative amplitude of the time-history motion, it does not capture the
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peak displacements. This may be due to the lap splice slipping, which can be

accounted for in the RCShake analysis.

Figure 7.65 plots the RCShake response using the measured envelope as
input into the analytical model. The response comparison between the measured
and calculated improved significantly from the previous two analyses. The stiff-
ness comparisons are plotted in Figure 7.66. Elastic stiffnesses and secant stiff-
nesses also compare favorably. Figure 7.67 plots the time-history response for
the 3.5 x El Centro motion. The response showed a better correlation between
measured and predicted forces, although there was still a slight divergence for the
base line displacements between measured and calculated values. Again this is
due to the slipping of the lap splice in the carbon retrofitted column, which could

not be accounted for in the RCShake analysis.

7.6 Column SF1 and SF2 Analysis

7.6.1 Moment Curvature With No Strain Rate Effects

Column SF1 and SF2 moment curvature properties were calculated using
X-Section and the measured column material properties. The idealized moment
curvature using both perfectly plastic and bilinear idealizations were computed.
The calculated moment curvature for the shear column was better represented by
the bilinear idealization of the moment curvature by capturing the strength
increase for the post-yield behavior. The resulting idealized curve is shown in

Figure 7.68.

110



7.6.2 Moment Curvature With Strain Rate Effects

The effect of strain rate on the yield stress of steel and concrete was deter-

mined in Kulkarni et. al.10 as:

Factor ;onerete = 0.022LN(€) +0.9973 Equation 7.39

Factor ., = 0.0328Ln(g) +0.9673 (for 45 ksi steel)  Equation 7.40

Factorg.e = 0.0124Ln(g) + 0.9632 (for 75.4 ksi steel) Equation 7.41

where
€ = measured strain rate (S“gi), and

Ln = natural log.

The strain rate for the longitudinal steel was ignored since the column
would theoretically fail in shear before it would falil in flexure, therefore the longitu-

dinal steel would not yield and would not be affected by strain rate. Using

Equation 7.39 and a measured strain rate of 10,000 spé a concrete factor of 1.20

was applied for the moment curvature analysis by increasing the unconfined con-
crete capacity before applying the Mander model. The moment curvature curve

using the bilinear idealization and effect of strain rate is shown in Figure 7.69.
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7.6.3 Effect of Head Rotation

During the Column SF1 test the top of the column did not remain fully
restrained against rotation. Although the rotations were on the order of 1 degree
maximum, they also varied relative to the lateral shear demand. The measured
rotations were nearly linear versus the measured column displacement
(Figure 6.44) thus providing a linear estimate of the increased column displace-

ment due to the rotations.

The lateral force-displacement relation of a beam in flexure is:

F==—A Equation 7.42

F=-—6 Equation 7.43

where

E = modulus of elasticity,

| = moment of inertia,

L = clear height of column,

F = lateral shear force,
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A = column displacement, and
@= column end rotation.

Solving Equation 7.42 and Equation 7.43 simultaneously for F, the relation

between deflection and rotation becomes:

A =zL6 Equation 7.44

The calculated displacements were modified based on the measured linear rela-
tion between column end rotation and lateral column deflection with

Equation 7.44. The additional calculated lateral deflection for the calculated yield
and ultimate displacements were 0.097 inches and 0.419 inches respectively,
based on the measured head rotation 8 The calculated idealized force-deforma-
tion curve was modified with the latter displacement values at yield and ultimate,
with the results shown in Figure 7.70. The additional effect of head rotation on the

total deflection can be seen in this figure.

7.6.4 Shear Stiffness

The uncracked shear stiffness K ., (Park and Paulay) is defined as

unc

G(0.8A

) ,
uner = —fg— Equation 7.45

where the shear modulus G is defined as
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C

2(1+v)

and

Ag = gross cross section area,

E. = concrete elastic modulus = 57000, /f'

v = poissons ratio = 0.20, and

f = non-uniform shear stress factor = 1.0.

The shear stiffness K., for the column is then

uncr
K = —_—

col — h

Equation 7.46

Equation 7.47

Cracked shear stiffness K5, assuming a 45° shear crack angle, was defined as

_ _bPs
Kus = 73 4npq

E,(0.8A,)

where the modular ratio n is

S
1
mj m
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and

E, = elastic modulus for steel,
The transverse steel ratio p is

— 4Ah

Pg = sD, Equation 7.50

where

A, = area of transverse reinforcement,

S = transverse reinforcement spacing, and
D. = column core diameter.

The calculated shear and flexural stiffness for the shear columns are listed
in Table 7.12. The methods used to calculate stiffness were the same methods
employed in Section 3.7.6. The comparisons of the calculated versus the mea-
sured stiffness are extremely sensitive to this procedure. This is due to the diffi-
culty in idealizing a slope using high measured force levels at low measured
displacements. The uncracked stiffness is measured at very low displacement
amplitudes and thus prone to some error due to displacement transducer resolu-
tion. The measured and calculated uncracked shear stiffness comparison,

although significantly different, was within acceptable accuracy. The measured
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cracked shear stiffness compare exceptionally well for both columns using

Equation 7.48 and 45 degree crack inclinations. The calculated flexural stiffness

was significantly larger than measured, likely due to the shear-flexure interaction

and inability of the bond slip models to accurately assess the additional softening.

The total calculated stiffness overestimated the total measured stiffness, again

due to the stiffer calculated flexural stiffness than measured.

7.6.5 Caltrans Shear Capacity

The equation for calculating shear capacity V,, based on Caltrans is:

V, = V. +V

where the steel contribution V. is defined as

and the concrete contribution V_ is defined as:

<
I

¢ = FiF, [ Ac<4 i A,

where

4A, f
= D.s150 +3.67 -, <3.0 and
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F, = = +1. Equation 7.55

The above terms are defined as

A, = transverse steel area,

fyn = transverse steel yield stress,

D. = column cross section core diameter,

s = transverse steel spacing,

A, = effective column cross sectional area = 0.80A,

P = axial load, and

K, = column deflection ductility.

The goal of this analysis was to produce a force-deformation envelope that

can be input into RCShake. The shear capacity at yield was calculated assuming

K, = 1. The yield deflection was calculated using the shear capacity and calcu-

lated shear stiffness (Equation 7.48). To determine the post yield force-deforma-

tion, the deflection ductility ratio p, was varied between 1 and 8 and the lateral

shear capacity was calculated at discrete deflections (ductilities). This analysis
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assumes the Caltrans equation is valid for non-linear deformation and can be

used in this manner.

7.6.6 UCSD Shear Capacity
Assuming a shear crack angle 8 of 45° which was observed during testing
and the UCSD recommendation of 30°, the nominal shear capacity V,, using the

UCSD equation was calculated as follows:
Vi = Vgt VetV Equation 7.56
where the steel component V. is defined as

A.f..D
V, = g—h?cot(e) Equation 7.57

The terms in Equation 7.57 are defined in Section 7.6.5.
The concrete component V. is defined as

Ve = ki A Equation 7.58
and the axial strut V,, component as

V., = Ptana Equation 7.59

where
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k = ductility factor

P = axial load

o = angle the axial strut forms with the vertical axis

The ductility factor k was defined in Priestley et. al®. The same procedure for
determining the lateral shear capacity at yield and corresponding shear deflection
at yield discussed in Section 7.6.5 was used. By letting k range between 1 and
9.5, the shear capacity versus column deflection envelope can be calculated simi-
lar to the Caltrans procedure from Section 7.6.5. Again this procedure assumes
the shear capacity equations can be used for defining non-linear force deforma-

tion envelopes.

7.6.7 Shear Capacity With Strain Rate Effects

The peak concrete strain rate used for the concrete strain rate factor was
the same as in Section 7.6.2. The concrete factor was 1.20 which was applied to
the measured concrete strength. Since the shear capacity equations do not con-
sider the effect of the longitudinal steel but do consider the transverse steel, a

strain rate factor was calculated for the transverse steel.

The transverse spiral strain rate was calculated by differentiating the spiral
strain time history. An average strain rate of 10000 pe/sec occurred at the peak

measured force, where the effect of the strain rate would be the greatest. There-
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fore a transverse steel factor of 1.19 was used based on linear interpolating the

transverse steel stress between Equation 7.40 and Equation 7.41.

Identical procedures from Section 7.6.5 and Section 7.6.6 were used to
calculate the shear force-deformation envelopes including the effects of strain

rate.

7.6.8 Combination of Shear and Flexural Envelopes
The combination of the shear and flexural components can be added as

two non-linear springs in series:

L =K1 P Equation 7.60

shear Kerxure

col

The flexural cracking force (F_ ) and combined uncracked shear and uncracked

flexural stiffness (Ko (uncracked) ) Was used to define the cracking deflection for the

shear column, where

A __ Fa Equation 7.61
cr — qguation /.

KcoI (uncracked)

Since the flexural yield capacity was theoretically higher than the shear capacity,

flexural yielding would not be reached. Therefore the shear capacity ( Fy ) and

combined shear and flexural stiffness (K )) were used to define the yield

col(cracked

deflection for the shear column, where:

120



F
A, = —— Equation 7.62
K(:ol(cracked)

The deformation past yield was based on the shear capacity and not the flexural
capacity the theoretical shear spring was yielding and flexural yielding would still
not be reached. This combined force-deformation envelope including bond slip is
shown in Figure 7.71. ltis clear from this figure that the UCSD equation using the
30° crack inclination greatly over-estimates the shear capacity of the column by
32%, while the Caltrans equation slightly underestimates the capacity by 10%.
The UCSD equation using the 45° crack inclination estimates the capacity within
1%.
7.6.9 Combination of Shear and Flexural Envelopes Including Strain Rate
Effects

The same analysis procedures used in Section 7.6.8 were used to com-
pute the combined force deformation curve including the strain rate effect. The
corresponding curves are shown in Figure 7.72. The Caltrans equation provides
the best estimate of the lateral shear capacity of the column within 2%, while both
the UCSD equations overestimate the column capacity. These calculated curves

were used as the input envelope for the RCShake non-linear analysis.

7.6.10 Shear-Only Force Deformation Component

7.6.10.1 No Strain Rate
The measured shear deformation hysteresis from Section 6.7.9 was used

to compare with the calculated shear-only capacity envelopes. Figure 7.73 shows
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the envelopes assuming no strain rate effect. The envelopes compare well con-
sidering the assumption on the application of the shear equations as force-defor-
mation envelopes. The measured envelope compares well at the peak measured
force with the UCSD calculation for the positive displacement direction. The deg-
radation portions also match fairly well for the negative displacement portion of

the curve.

7.6.10.2 With Strain Rate

Figure 7.74 shows the envelopes using strain rate effects in the analysis.
For this analysis, the Caltrans model better represented the peak measured force
for the column. The curves match fairly well for the elastic portion of the curve.
The strength degradation portion of the curve compares well with the Caltrans

method.

7.6.11  Flexure-Only Force-Deformation Component

7.6.11.1 No Strain Rate

The measured flexural results from Section 6.7.9 were used to compare
with the calculated flexural envelope. Figure 7.75 plots the flexural component of
the deflection versus the calculated envelope. There is a significant difference in
the elastic portions of the measured and calculated envelopes. The measured
flexural stiffness is significantly softer than the calculated stiffness. The flexural

component of the elastic stiffness has consistently been overestimated.
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7.6.11.2 With Strain Rate

The measured hysteresis from the flexural deformation was used from
Section 6.11.8 to compare with the calculated deformation. Figure 7.76 plots the
flexural component of the deflection versus the calculated envelope. Adding the
effects of strain rate has not impacted the estimate significantly, since the mea-

sured flexural component is much less than calculated.

7.6.12 Panel Zone Force Deformation Components

7.6.12.1 Shear-Only Component

Figure 7.77 through Figure 7.79 plot the measured shear force-deforma-
tion versus the calculated envelopes. The panel zone height was used to calcu-
late the deflection within each panel zone. The calculated shear force was
constant along the column height. Therefore the previous shear deformation

envelopes (Section 7.6.8) were used with only the deflection axis scaled by 1/3.

The calculated versus measured envelopes compared well for all three
panels considering the small measured deformation. The shear-only hysteresis
correlates slightly better with the strain rate modified Caltrans equation. Panel 3
(Figure 7.79) compared well for initial elastic shear stiffness but diverges slightly

at higher loads, likely due to the low shear deformation in Panel 3.

7.6.12.2 Flexure-Only Component
Figure 7.80 through Figure 7.84 plot the flexural component versus the cal-

culated flexural stiffness. Since flexural force-deformation was not constant along
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the column height, the calculated envelope displacements were adjusted for each
panel zone to reflect the individual components. This was accomplished by using
the moment area method based on the calculated flexural moments. For Panel

Zone 1 and 3, the flexural deflection at was defined as:

Dpanel = IQCa|dex Equation 7.63
0

where

Apane = relative flexural deflection for the panel zone,

@z c = calculated curvature from moment curvature analysis, and

| = height of the panel zone.

The calculated moment curvature used in Equation 7.63 was from Section 6.7.9.
The calculated flexural deflection component for the Panel Zone 2 at the middle of
the column was significantly less than for the other two zones due to the small cal-

culated curvature and no plastic hinging within this region.

Similar to Figure 7.76, Figure 7.80 shows a significant difference in calcu-
lated and measured values for Panel Zone 1. The measured flexural hysteresis
for this panel (lower third of the column) shows significantly softer stiffness than

calculated. Again, the shear deformation and degradation may be influencing the
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flexural component, as could the non-symmetric moment distribution discussed in
Section 6.7.4. Figure 7.81 shows only the force-displacement hysteresis due to
the smaller motions. This plot demonstrates that the measured flexural stiffness
was slightly softer than the calculated. Therefore the majority of the increase in

flexural softening may be due to the shear interaction at higher amplitudes.

The flexural component was very small for the middle third of the column
(Panel 2, Figure 7.82) making a comparison to calculated values difficult.
Figure 7.83 also shows only the force-displacement hysteresis due to the smaller
motions for the top panel zone. The initial elastic stiffness is slightly softer than

calculated, but not to the extent that it appears for the cumulative hysteresis.

Figure 7.84 shows a good correlation between calculated and measured
flexural component for Panel 3 (the top third of the column). This location was
less influenced by the shear deformation and degradation than the lower panels.

The calculated and measured stiffnesses compare well for this zone.

7.6.13 RCShake Analysis

Three time-history analyses were run using RCShake. The first two analy-
ses used the calculated force deformation envelopes based on the Caltrans and
UCSD methods. The third analysis was run using the measured force-deforma-

tion envelope as input into the RCShake model.
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7.6.13.1 RCShake Response Using The Caltrans Equation

Figure 7.85 shows the cumulative calculated hysteresis versus the calcu-
lated envelope using the Caltrans method for shear. The calculated elastic stiff-
ness was significantly greater than the measured stiffness, affecting the
calculated hysteresis significantly. The calculated response never reaches signif-
icant ductility. This could be seen in Figure 7.86 where the elastic and secant stiff-
nesses were significantly different. The time-history response for force and
displacement also show an amplitude difference, especially for displacement

(Figure 7.87) and post-yield forces.

7.6.13.2 RCShake Response Using The UCSD Equation

Figure 7.88 uses the same procedure as above but with the UCSD calcu-
lated envelope. For the calculated response, the column never achieves effective
yielding, and therefore never achieves any ductility. Again this could be due to the
shift in the response frequency due to the higher calculated elastic stiffness.
Figure 7.89 demonstrates this since the elastic and secant stiffnesses are signifi-
cantly different. The time-history responses do not compare well as seen in

Figure 7.90.

7.6.13.3 RCShake Response Using The Measured Envelope

The calculated response using the measured envelope as input into
RCShake was shown in Figure 7.91. As expected, the response was significantly
better than from the previous two analyses. The elastic and secant stiffness com-

pare well for most of the motions, but slightly diverge for the secant stiffnesses
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near the higher displacement, seen in Figure 7.92. The force and displacement

time history also compare well (Figure 7.93).

It is clear from the above analysis that flexural hysteretic models do not
capture shear deformation accurately. Developing a shear hysteretic model is

beyond the scope of this study.

7.7 Column SF2
Column SF2 was identical to column SF1. Only the loading motions were

changed to compare the effect of initial conditions on column performance.

7.7.1 Moment Curvature With Strain Rate Effects
Since the previous analysis incorporating strain rate was shown to have a
better correlation with measured values, all analysis included the effects of strain

rate for column SF2.

7.7.2 Shear Capacity With Strain Rate Effects
As was discussed in Section 7.7.1, an analysis ignoring the strain rate
effects was not incorporated into Column SF2. The same calculated shear capac-

ities were used to develop the force-deformation envelopes.

7.7.3 Combination of Shear and Flexural Envelopes
Figure 7.94 plots the combined calculated shear and flexural components
of the force deformation versus the measured envelope. The same calculated

envelopes were used from the previous section. The measured and calculated
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envelopes compare well at low amplitudes. The envelopes begin to diverge at the
higher force levels. Similar to column SF1, the Caltrans method predicts the
capacity well for the positive force quadrant, before the significant shear degrada-

tion occurs in the negative force quadrant.

7.7.4 Shear-Only Force-Deformation Component

The same procedures form Section 7.6.7 were used for this analysis.
Figure 7.95 shows the calculated and measured shear component for the entire
column height. The shear envelopes compare well for the positive force quadrant
with the Caltrans method. The negative force quadrant shows a lower measured
capacity versus predicted, likely due to the significant capacity loss that occurred

on the positive displacement side of the response.

The measured stiffnesses were compared with the calculated in
Table 7.12. The measured stiffnesses were difficult to obtain since the initial
motion was 3.0 x El Centro and significant damage occurred on the initial cycle.

The stiffnesses compare well considering the latter issue.

7.7.5 Flexure-Only Force-Deformation Component

Figure 7.96 shows the flexural component of the measured response.
Similar to Column SF1, the measured flexural stiffness was significantly less than
the calculated flexural stiffness. The shear deformation again may be influencing

the flexural response significantly.
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7.7.6 Panel Zone Force Deformation Components

7.7.6.1 Shear-Only Component

The measured shear components for each panel are shown in Figure 7.97
through Figure 7.99. The measured shear component compares well for the initial
cycle but diverges significantly for the response due to the severe column degra-

dation. This was seen in all the Panel Zone comparisons past the initial cycle.

7.7.6.2 Flexure-Only Component

The Panel 1 flexural deformation (Figure 7.100) was similar to Column
SF1. The measured response was significantly softer than the calculated stiff-
ness and degraded rapidly before reaching the calculated effective yield.
Figure 7.101 shows only the force-displacement hysteresis due to the smaller
motions. Figure 7.102 plots the flexural component for the middle third of the col-
umn. A comparison is difficult to make due to the severe damage the column
receives during the first motion. Figure 7.103 shows a good correlation between
the measured and calculated flexural component for the top third of the column

(Panel 3).

7.7.7 RCShake Analysis

Similar to Section 7.6.13, three time-history analyses were run using
RCShake. The first two used the calculated force deformation envelopes using
the Caltrans and UCSD methods. The third analysis was run using the measured

force-deformation envelope as input into the RCShake model.
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7.7.7.1RCShake Response Using The Caltrans Equation

Figure 7.104 shows the cumulative calculated hysteresis versus the calcu-
lated envelope using the Caltrans method for shear. The calculated elastic stiff-
ness was greater than the measured stiffness (Figure 7.105), affecting the
calculated hysteresis to a small extent. The time-history response for force and
displacement compare favorably for the initial portion of the response

(Figure 7.106) but begin to diverge for the post-yielding response.

7.7.7.2RCShake Response Using The Caltrans UCSD Equation

Figure 7.107 uses the same procedure as above but with the UCSD calcu-
lated envelope. For the calculated response, the column just achieves effective
yielding but no significant ductilities are reached. Figure 7.108 shows the differ-
ence in the measured and calculated stiffnesses. The time-history response

(Figure 7.109) does not compare well past the post yielding point in the response.

7.7.7.3RCShake Response Using The Measured Envelope

The calculated response using the measured envelope as input into
RCShake was shown in Figure 7.110. As expected, the response was signifi-
cantly better than from the previous two analyses. The elastic and secant stiff-
ness compare well for most of the motions, but slightly diverge for the secant
stiffnesses near the higher displacement, seen in Figure 7.111. The calculated
response does not seem to achieve the energy dissipation prevalent in the mea-
sured response, thus the analysis does not compare well with the measured force

and displacement (Figure 7.112).
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8. COLUMN COMPARISONS

8.1 Introduction

Since all flexural columns had the same dimensions, it was possible to
make comparisons between the various columns tested. The retrofit techniques
and the improvements they provide for an as-built column were compared using
calculated and measured envelopes and stiffness. Load path was an effect con-
sidered for the steel jacketed and shear columns, since each column was sub-
jected to different initial earthquake motions. Energy computations were also
useful for comparing the performance of the columns. The following sections
present the comparisons between the flexural columns and shear columns for cal-

culated and measured performance.

8.2 Calculated Moment Curvature Relationships

The capacity calculations for all the columns in this study were presented in
the previous chapters. The calculated envelopes based on moment curvature
analysis for the flexural columns are shown in Figure 8.1. The elastic loading
slope of the as-built, carbon and steel retrofit based on the moment-curvature
were all very similar. This was due to the moment-curvature analysis only consid-
ering confinement effects and no flexural stiffness enhancement due to the jacket-
ing. The steel jacket calculation shows a slightly higher capacity for a portion of
the post-yield curve than the carbon fiber retrofit calculation. This is due to the
Mander model used for the steel jacket producing a substantially different con-

crete stress-strain curve than the Xiao model for the carbon fiber jacket. The car-
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bon fiber jacket calculation shows a higher ultimate curvature than the steel
jacket, again due to the confinement model used versus the model for the steel
jacket. The as-built column shows typical calculated response due to the low

confinement in the plastic hinge region.

The idealized moment curvatures are shown in Figure 8.2. The steel
jacket and the carbon fiber jacket columns were idealized with a trilinear curve.
An equal-area method was used, discussed in Section 7.2.1. The curves for

these two calculations show a small divergence in the post-yield strength.

8.3 Calculated Force-Displacement Response

The idealized force-displacement plots are shown in Figure 8.3 and the dis-
placements are tabulated in Table 8.1. These were calculated using the plastic
hinge length based on Priestley, et. al. Shear deformation and bond slip were
also included in the force-displacement results. The calculated elastic stiffnesses
are similar for the three columns, whereas the post yield slopes diverge between
the as-built and retrofitted columns. The general shape of the curves were not

significantly different than the calculated moment-curvature plots in Figure 8.2.

8.4 Measured Force-Displacement
Figure 8.4 shows the measured force displacement curves for the flexural
columns. The as-built column has a capacity envelope that drops at a very low

ductility due to the failure of the lap splice at the base of the column.
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There was a significant difference in the capacity envelopes between the
two identical steel jacket columns. The steel jacket column subjected to the initial
high amplitude earthquake motion showed significantly higher capacity through-
out the deformation than the steel jacket column subjected to the incremental
motions. Both steel jacketed columns show a similarity in the deflection at which
they began yielding and degrading in strength, although the SJ1 shows a consis-
tently lower strength than SJ2. This may be due to more bars slipping in column
SJ1 due to the interaction of more low level motions as compared to column SJ2.
The steel jacketed column SJ1 exhibited a smaller elastic stiffness than the sec-
ond steel jacket retrofit SJ2. The lower stiffness of column SJ1 may also be due
to the sensitivity of the lap splice to multiple low-level cyclic motions from the initial
earthquakes, in effect degrading the bond between the lap splice. The effect of
the failure of the top of the column for SJ1 did not have a significant effect on the
latter conclusion since the measured hysteresis before and after the repair
showed similar lateral force levels and stifness. The carbon jacket column
showed similar elastic and yielding capacities as the steel jacketed SJ2 column,
but diverged significantly past a deflection of 3 inches. The peak capacity of the
carbon jacket column was close to the peak capacity of the SJ2 steel jacket col-
umn, supporting the similarity of the initial confining effects of the steel shell and
carbon jacket relative to each other. While the capacity of the steel jacket col-
umns dropped, the carbon jacket column continued to show an increase in capac-

ity and peaked at 6 inches of deflection, versus peaks at 3 and 2 inches for the

133



steel jacketed columns. This difference may be due to the improved confinement

effect of the carbon fiber wrap versus the steel jacket shell.

The shear column envelopes are shown in Figure 8.5. Shear Column 1
was subjected to the incremental motion while Shear Column 2 was subjected to
the initial large amplitude motion. The elastic slope for the positive deflection
direction is slightly stiffer due to the initial undamaged state of the column and the
higher velocities affecting the strain rates. Even though the load paths were sig-
nificantly different, the peak capacities were nearly identical. Since shear is a
fairly brittle and low ductility failure mechanism, the measured shear capacity may
not be greatly affected by load path as would a flexural column incorporating a lap

splice.

8.5 Measured Stiffness

Figure 8.6 shows the measured initial elastic stiffness for the flexural col-
umns for each motion. The carbon jacketed column had the highest measured
stiffness of the four columns but quickly dropped near to the as-built column stiff-
ness past 0.5 inches of deflection. The high initial stiffness of the carbon column
may be due to the closing micro-cracks on the column surface. Once the matrix
begins to crack, it's effect on the elastic stiffness would drop. The steel jacketed
columns showed the same initial elastic stiffness, but both were slightly lower than
the carbon jacket and as-built column. The initial elastic stiffness for all the flexural
columns began to converge together past 2 inches of column deflection. The stiff-

ness were very similar at the higher column displacements for all the flexural col-
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umns. The measured secant stiffness shown in Figure 8.7 had many of the
similar effects seen for the measured elastic stiffnesses. The secant stiffness for
all the flexure columns began to converge past a deflection of 1 inch once the col-

umns had yielded.

The measured stiffness shown in Figure 8.8 and Figure 8.9 for both shear
columns show very good correlation relative to column deflection. Both columns
had nearly identical initial elastic stiffness and degraded roughly at the same rate

even though the columns were subjected to two different load paths.

8.6  Ductility

Figure 8.10 shows the ductility envelopes for the flexural columns. The
point defined as the peak ductility was obtained by calculating the column deflec-
tion occurring at 80% of the peak measured capacity. The as-built column
reached a ductility of approximately 1.5 based on the latter procedure. The steel
jacket column SJ1 subjected to the incremental earthquake loading reached a
peak ductility of 5, versus the second steel jacketed SJ2 column which obtained a
ductility of 6. The ductilities from both steel jacket columns were close in magni-
tude even though the load paths were significantly different. The carbon column
achieved a significantly higher ductility than the steel jacket columns, by a factor
of 1.7. The strength degradation was delayed in the carbon retrofit column allow-
ing the column to reach 80% of it's peak measured capacity at a displacement

ductility of more than 10.
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Figure 8.11 shows the shear column ductility comparisons. It should be
recognized that the measured yield displacement was based on first longitudinal
bar yielding slope and possibly produces an artificially high ductility number. In
actuality the shear columns show this high ductility due to the relatively large final
cycle before complete collapse. Regardless, the shear column ductilities where

nearly the same even though the load path was varied between the two columns.

8.7 Load Path

The effects of load path can be seen in the steel jacket columns and the
shear columns since they were identical columns subjected to two different load
paths. The steel jacket columns showed the greatest effect of load path. The first
steel jacket column was subjected to incrementally increasing motions until fail-
ure. This column had significantly lower capacity and slightly less ductility than
the second steel jacket column subjected to the initial large motion. This can be
seen in Figure 8.4 and Figure 8.10. The second steel jacket column was sub-
jected to the large initial cycle and subsequently showed a slightly stiffer loading
curve than the first steel jacket column. This was due to the initial undamaged
state of the column and the high velocity on the first loading cycle, possibly

increasing the effect of strain rate in both the concrete and the steel.

There was only a slight effect of load path on the initial loading curve for the
shear columns. The second shear column subjected to the high initial amplitude
motion showed a slightly stiffer loading slope than the first shear column sub-

jected to the incremental motions. The second shear column did not collapse as
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the first column did, although collapse was imminent if an aftershock of significant

magnitude would have occurred.

8.8 Energy

There are several procedures for calculating absorbed energy. The
absorbed energy was defined as the area within the force-displacement hystere-
sis curve cumulative over time. Two general methods can be used to calculate
the absorbed energy using the measured hysteresis. The true absorbed energy is
defined as the area enclosed by each cycle of hysteresis and thus is always posi-
tive and increasing, shown in Figure 8.12. But the area in the cycles becomes dif-
ficult to calculate due to the random nature of the hysteresis and unequal
displacement and force steps per time increment. Although the latter procedure
can be used, it requires an interpolation for each increment for both force and dis-
placement (Figure 8.12). The preferred procedure to avoid interpolation is shown
in Figure 8.13. Both the absorbed and dissipated energy is calculated based on
the trapezoid rule and avoids the error incurred by interpolation. The energy,
although cumulatively positive and increasing, will show small dissipated regions
over time. The final cumulative energy absorbed will be the same regardless of
the method employed. An algorithm for calculating energy based on the second

method was used in Matlab.

The various columns were subjected to different load paths and thus differ-

ent quantities of motions. Each earthquake motion spanned the same amount of

137



time, and since energy is a cumulative calculation, the cumulative time for each

column will be different in the plots of energy versus time.

Figure 8.14 shows the cumulative energy calculations for the flexural col-
umns. It was clear the as-built column failed at a very low cumulative energy. The
two steel jacket columns show nearly identical maximum cumulative energy fail-
ure points even though the columns were subjected to significantly different load
paths. The carbon jacketed column had the highest measured energy before fail-
ure, again showing the improved effect of the carbon fiber wrap versus the steel

jacket shell.

The shear column absorbed energy is shown in Figure 8.15. Unlike the
energy failure points for the steel jacketed columns, the failure energy for the
shear columns were significantly different between the two columns. The shear
column that had the incrementally applied motion measured the higher energy
capacity. If the second shear column was excited until complete collapse, the
energy comparison might have been closer to the first shear column than that

shown in Figure 8.15.
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9. SUMMARY AND CONCLUSIONS

9.1 Summary

The primary objective of this study was to experimentally validate the retro-
fitting of as-built columns with steel and carbon fiber jackets and quantify the per-
formance of shear dominated columns all subjected to earthquake excitation. A
second objective was to compare measured performance from the column tests to

calculated performance from current analysis programs and procedures.

The columns were designed using typical Caltrans details and procedures
and did not represent a specific bridge in the Caltrans inventory. A scale factor of
1/3 and circular column diameter of 16 inches was chosen for all the columns
designed and tested. The loading motion selected by Caltrans for all columns
was the 1940 El Centro, Imperial Valley Earthquake. One as-built column repre-
senting a typical pre-1971 Caltrans bridge column using low confinement and a
lap splice at the base was tested as the benchmark for the retrofit schemes. Two
as-built columns were constructed and retrofitted with steel jackets to compare the
performance of the steel jacket retrofit on lap splice enhancement. The load path
for the two steel jacketed columns was varied to determine the effect of variable
loading on the performance of the retrofit. A fourth as-built column was con-
structed and retrofitted with a carbon fiber jacket. This was done to compare the

performance of the carbon fiber retrofit to the more common steel jacket retrofit.

Several moment curvature analysis programs were used to calculate the

performance of the columns. These programs included RCMC, X-Section, and
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SPE-MC. RCShake, a non-linear time-history analysis program from a previous
study was modified and used to calculate the performance of the columns under

earthquake loading.

Two shear dominated columns were constructed and tested in double cur-
vature to produce shear failures. The two columns, identical in design, were sub-
jected to two different load paths. Similar analysis using moment curvature, shear

deformation equations and non-linear time history analysis was performed.

9.2 Conclusions
9.2.1 Flexural Dominated Columns

9.2.1.1 Stiffness

The most accurate method for calculating flexural stiffness was the
moment-curvature analysis. This procedure incorporates the effective cross sec-
tional area due to cracking and enhancement of the retrofit on the confined con-
crete. Although this procedure was the best available method, the calculated
versus measured elastic stiffness did not correlate with an acceptable accuracy.
Variations between measured and calculated stiffness ranged between 5% and

30% for the flexural columns.

The steel jacketed columns had additional cross sectional area due to the
grout and shell and therefore would expect to have a composite action over part of
the height and corresponding increase in elastic stiffness despite the gap at the

base of the jacket. An increase in stiffness was not apparent since the steel jack-
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eted columns had the lowest measured initial elastic stiffness compared to the as-
built and carbon-fiber jacketed columns. The carbon fiber jacketed column had
the highest measured initial elastic stiffness but it’s stiffness quickly dropped to the
stiffness of the as-built column once the epoxy matrix began to crack at the low
amplitude motion. Once significant column displacement were realized, the elas-

tic stiffness began to converge for all the flexural columns.

9.2.1.2 Lap Splice

The primary purpose of the steel and carbon jacket retrofit was to prevent
premature failure of the lap splice at the base of the column. Although overall per-
formance of the retrofit was good, the longitudinal bars in the steel jacket retrofits
did not reach strains much higher than yield. This suggests the primary design
principle of a yielding lap splice was not realized and the column could not reach
its full capacity. The first steel jacketed column subjected to incremental motion
showed a sensitivity to lap splice degradation due to these low level incremental
motions. Some longitudinal bar strains for this column only reached a peak of
50% of yield. The carbon jacketed column showed a marked improvement with
the longitudinal bar strains near or above yield, due to the improvement in con-

finement.

The retrofit columns all showed slippage of the longitudinal bars in the lap
splice region during the effective section yield. Even though the bars slipped
before reaching yield, they maintained the level of stress up to higher displace-

ment ductility before complete failure of the lap occurred. This suggests the retro-
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fits provide enhancement of the lap splice but not equivalent to the level of a non-

lapped column.

9.2.1.3 Capacity

The as-built column was the benchmark for the effect of the retrofits on col-
umn lateral capacity. The steel jacketed column subjected to the incremental
motion did not show a significant improvement (7% increase) in capacity versus
the as-built column. This was due to the sensitivity of the lap splice to low level
cyclic motion that degraded the lap bond. This degradation prevented the lap
spliced bars from reaching yield and thus higher capacity. The steel jacketed col-
umn subjected to the high initial motion showed marked improvement (25%
increase) in capacity versus the as-built. The column lap splice was not as
degraded and reached slightly higher longitudinal bar strains. The carbon jack-
eted column also had a significant increase in lateral column capacity (28%
increase) and maintained this level at higher displacement than the steel jacketed
columns. This was due to the improved confinement effect of the carbon fiber ret-
rofit. The effects of strain rate were not included in the analysis for the flexural
columns since the majority of measured longitudinal bar strains were at or below

yield.

9.2.1.4 Retrofit Jacket Strains
The design strain for the steel jacket and carbon fiber was 0.001, which is
the lower bound at which slippage in the lap splice would occur. The steel jacket

radial strains did not reach this level of strain and only achieved a peak strain of
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0.0005, or 50% of the design strain. Since the lap splice in the steel jacketed col-
umns slipped at a much lower strain than design, the effectiveness of the steel
jacket was not as good as predicted. The carbon jacket radial strains reached a
peak strain above the design strain of 0.001, with some jacket locations achieving
a peak strain of 0.002 to 0.006. The carbon jacket was more effective at confin-

ing the concrete than the steel jackets.

9.2.1.5 Ductility

The achieved ductility varied significantly among the as-built, steel jacket
and carbon jacket columns. The as-built failed at a ductility of 1.25 due to the
poor confinement and lap splice failure. The steel jacketed columns failed at a
ductility of 5 and 6 respectively. They did not achieve the high levels of ductility
expected for a steel jacket retrofit column. The low ductility was based on the fail-
ure of the lap splice earlier than predicted. The carbon jacketed column reached
a high displacement ductility of 10 which was a significant improvement over the
steel jacketed columns. This high ductility was achieved through higher jacket

radial strains and higher longitudinal bar strains.

9.2.1.6 Load Path

The effect of load path was measurable for the two steel jacketed columns.
The greatest effect of load path was the premature lap splice failure and lower
capacity of the column subjected to the multiple incremental motion. The multiple
motions the column was subjected to degraded the lap splice more severely than

the column subjected to the initial high amplitude motion. The stiffness was signif-
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icantly less for the column subjected to the incremental motion, again due to the

higher quantity of cycles in the load history and degradation of the lap.

The large aftershocks subjected to the second SJ2 column showed the col-
umn could still perform well after a first large initial motion. Once several large
aftershocks were subjected to the column, the level of performance was very sim-
ilar to the SJ1 column subjected to incremental motion. This was seen in the
energy comparisons, where both steel jacketed columns failed at similar cumula-

tive energy levels even though load path was drastically different.

9.2.1.7 Bond Slip

The flexural columns all exhibited softer elastic stiffness than calculated.
The calculated stiffness includes elastic deformation based on moment curvature
and softening due to bond slip. The current bond slip models do not accurately
calculate true bond slip and bar strain development in the footing. The steel jack-
eted and carbon jacketed columns showed spalling of the footing surface at high
ductility, suggesting the effects of strain penetration at the footing surface and
below. High rotations at the base were also observed during testing, suggesting
the possible presence of an indentation in the footing under the column compres-
sion block causing higher rotations than calculated. The presence of the lap
splice would influence the stiffness, but the softer measured stiffness also was
present in previous non-lapped column (Laplace et. al.), suggesting an alternate
mechanism such as yield penetration or compression of the footing under the col-

umn compression block.
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The reason for the lower stiffness could not be determined within the scope
of this study. The bond slip models could not be accurately assessed due to the
lack of sufficient strain gages in the footing which could help determine the bond
length and yield penetration. Several finite element models were conducted for
the column compression block on the footing and the footing interaction, but no
solid conclusions could be drawn from the analysis. Columns subjected to earth-
guake excitation receive significantly more low level motion than those tested
slow-cyclically. This increase in low level response could contribute to the soften-
ing of the columns. The practice of strain gaging bars could in effect reduce the
bond of the bar since the gage and gage cover area reduces the bond area avail-
able to the bar, and thus could produce a larger bond slip in the footing and col-
umn. All attempts were made to reduce this effect for all the columns in this study;

nevertheless, this possibility can not be eliminated completely.

9.2.1.8 Carbon Model

Although the Mander model for confined concrete produced acceptable
results, the Xiao carbon fiber confinement model predicted the force-deformation
curve of the column with more accuracy. The Mander model was developed
based on steel yield stress and does not perform well for carbon fiber, which is
elastic up to failure. The calculated moment curvature using the Xiao model more

accurately predicted the loading and effective yield of the carbon retrofit column.
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9.2.1.9 RCShake Analysis

The non-linear analysis compared well for all the flexural columns. The
hysteretic model used could not completely capture the effect of a slipping lap
splice and the pinching characteristics present for the as-built column. The non-
linear analysis predicted the peak forces and displacements well for the steel and
carbon jacketed columns. The measured and calculated response histories also

compared well up to the highest measured ductility.

9.2.2 Shear Dominated Columns

9.2.2.1 Stiffness

Both flexural and shear stiffness components were extracted from the mea-
sured data for the shear columns. The calculated elastic shear stiffness based on
Park and Paulay compared very well with the measured elastic shear stiffness, to
within 7% of the cracked elastic shear stiffness. The measured uncracked stiff-
ness was within the range between the calculated uncracked and cracked shear
stiffness. This is acceptable due to the difficulty in testing a column in a true
uncracked state. Measured flexural stiffness was significantly lower than calcu-
lated flexural stiffness, suggesting a softening mechanism similar to the flexural
columns. The combined measured stiffness was softer then the combined calcu-
lated elastic stiffness for the shear columns due to the large effect of the flexural

stiffness in total column stiffness.
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9.2.2.2 Strain Rate

The effects of strain rate were computed using the strain rate occurring at
the peak measured capacity. This strain rate in the concrete and steel was calcu-
lated to increase the yield strength of the steel and concrete strength by 20% and
19%, respectively. Although this increase correlates well with the measured data,
the prototype full-scale column would have less of an increase due to lower strain

rates (12% in the prototype versus 20% in the model), due to the scale effect.

9.2.2.3 Capacity

The Caltrans shear equation including the effects of strain rate accurately
predicted the peak capacity of both shear columns. The Caltrans shear equation
was used to calculate a force-displacement envelope based on ductility. This cal-
culated envelope based on this procedure compared well with the measured

force deformation envelope of the shear columns.

9.2.2.4 Load Path

The effect of load path was not significant between the measured shear
column capacities. The only measurable effect was the difference in collapse
points between the columns. The first column subjected to incremental motion
collapsed at 3.25 x El Centro while the second shear column survived the 3.25
and following 1.0 x El Centro without collapse. Collapse would have been immi-

nent if a slightly larger aftershock would have occurred.
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9.2.2.5RCShake Analysis

The non-linear analysis using RCShake could not capture the peak dis-
placements and point of failure of the shear columns with acceptable accuracy,
even though the measured envelopes were used as input into the program. This

is because the hysteresis model in RCShake is for flexural members.

9.3 Recommendations
Based on the testing and analysis performed in this study, the following

recommendations are made with respect to future studies:

1. The lap splice flexural columns tested all showed significantly softer elastic

stiffnesses than predicted. A factor of 20% of I,ss Should be used for the

cracked moment of inertia for elastic stiffness calculations for cantilever flexural

columns.

2. Simple hysteretic models can be used in lieu of complex finite element
analysis for predicting response of flexural concrete columns due to earthquake

loading.

3. The Xiao model for carbon fiber jackets is recommended for calculating

confined concrete properties.

4, The carbon fiber retrofitted column performed better than the steel jacket
retrofitted columns. It is recommended that carbon fiber retrofits be used instead

of steel jacketing in higher risk columns.
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5. The Caltrans equation for calculating shear capacity produced the best cor-
relation to the measured data. The observed shear crack angles were 45 degrees

and this value should be used in shear calculations.
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Table 2.1 Shake Table Capacities

Dimension

Capacity

Payload

100 kip

Acceleration

1g at 100 kip payload
2.4 g at O kip payload

Velocity

40 in/sec

Displacement

+ 12 inches

Roll Capacity (max payload)

400 ft-kip moment

Pitch Capacity (max payload)

1000 ft-kip moment

Yaw Capacity (max payload)

400 ft-kip moment

Actuator Capacity

165 kips

Table Weight

33 kips
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Table 2.2 Mass Rig System Weights

Component

Dimension

m, = axial load system

565 Ib

m, = swiveled link system

2310 Ib Flexure Columns
4940 Ib Shear Columns

m3 = 3 reaction blocks

56.8 kip

m4 = 4 mass rig columns

12.618 Kip

i4 = 4 mass rig columns

100.471 kip-sec?-in

mg = mass rig deck

4.465 kip

mg = distributed mass of

specimen contributing to
effective inertia

700 Ib Flexure Columns
3900 Ib Shear Columns

a = mass rig base pin to 82.5in
mass rig column mass

center

d = mass rig base pin to 97.7in
deck pin height

£ = angle of distance a 80.854 deg
1 Swivel End 450 Ib
1 Load Cell + adapters 120 Ib
1 axial ram 50 Ib
grey spreader beam 465 Ib
short adapter link 60 Ib
1 shear link 190 Ib
1 flexure link 230 Ib
1 shear connection plate 1200 Ib
1 flexure connection plate 1000 Ib
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Table 2.3 Effective M asses and Weight

Component Value
Flexure Column Lateral 77.9 kip
Effective Weight
Flexural Column Link sys- W, =0.7
tem proportions W, =0.3
Flexure Column Mass Rig 73.4 kip
Static Effective Weight
Shear Column Lateral 83.7 kip
Effective Weight
Shear Column Link sys- W, =05
tem proportions W, =05
Shear Column Mass Rig 74.3 kip

Static Effective Weight
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Table 2.4 Model Scale Factors

Dimension Factor
Model Scale Model Scale = I,

Length I,

Area |r2

Stress 1.0
Axial Load |r2

Mass |r2

Force |r2

Strain 10
Strain Rate 1

Displacement

Ground Displacement

Acceleration

Time (axial to lateral mass
ratio = 1)

Time (axial to lateral mass
ratio #Z 1)

"~ Mass

M a'Ssmodel

prototype

Period

Moment




Table 2.5 Seel Wire Annealing Ramp Properties

Property Quantity
Start Temp. 100° C
Rise Time 60 min
Rise Rate +7° C/min
Soak Time 15 min.
Soak Temperature 515° C
Cool Time 210 min
Cool Rate -2° C/min
Yield stress before annealing 66.7 ksi
Yield stress after annealing 46.3 ksi
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Table 2.6 Concrete Mix Design

Criteria Quantity
28-Day Compressive 5000 psi
Strength
Design Air Content 2.1%

Water/Cement Ratio

0.42 by weight

Cement-Nevada Type Il 705 lbs
(3.589 ft%)
Water 295 Ibs
(4.729 t3)
No. 8 Stone - Paiute Pit 1170 Ibs
(7.242 ft3)
Sand - Paiute Pit 1755 lIbs
(10.820 ft°)
Master Builders 344N 49 oz
(0.052 ft°)
Masters Builders Micro Air 0oz
(0.567 ft%)
Supplier: Reno-Sparks Product ID#
Ready Mix 501495

158




Table 3.1 Column 6F Details

Type

Property

Concrete Data

Compressive Strength

5900 psi measured

Steel Data

Longitudinal Steel

20 # 4 Grade 40 bars

Longitudinal Steel Ratio

2%

Transverse Steel

7 gage (.176 inch) wire hoops

Transverse Steel Ratio

0.15%

Column Data

Height 72 inches
Diameter 16 inches
Cover to hoop 0.82 inches
Cover to longitudinal bar 1 inch
Hoop spacing 4.5 inches
Hoop lap splice 7.0 inches
Longitudinal bar lap splice | 12.0 inches
Axial load 80.0 kips
Design Axial load ratio 10.0 %
(P/f'cAg)

Axial load ratio (P/fcAg) | 6.74 %
Lateral inertial weight 78 kips

Table 3.2 Column 6F Concrete Properties

7 day | 28 day | Test day
Target Strength (psi) 5000
Footing Strength (psi) || 5052 | 6132 7594
Column Strength (psi) || 4179 | 4978 5903
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Table 3.3 Column 6F Seel Properties

Yield Yield | Ultimate | Ultimate | Fracture | Fracture
Stress | Strain Stress Strain Stress Strain
Longitudinal || 50.9 ksi | .00176 | 79.5 ksi 0.14 63.8 ksi NA
#4 bar
Annealed 46.3 ksi | .00160 | 60.9 ksi 0.18 54.3 ksi NA
.176 Dia.
Hoop

Table 3.4 Column 6F Test L oading Protocol

Event Motion
1 0.25 x El Centro
P1 Pulse
2 0.33 x El Centro
3 0.50 x El Centro
P2 Pulse
4 0.66 x El Centro
5 1.00 x El Centro
6 1.25 x El Centro
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Table 3.5 Column 6F Observed Performance

Event Motion
1 0.25 x El Centro | Steel strain at pre-yield level. Cracked section
properties. No visible damage. No spalling
2 0.33 x El Centro | Steel strain at first yield at extreme fiber. Flex-
ural cracks slightly visible. No spalling.
3 0.5 x El Centro | Effective yielding. Flexural cracks around entire
circumference and height. No spalling.
4 0.66 x El Centro | Splitting cracks along lap splice length. Larger
flexural cracking at base and above lap splice.
No spalling
5 1.0 x El Centro | Splitting cracks well developed along lap splice.
Large flexural crack at top of lap splice. No spal-
ling. Peak measured capacity.
6 1.25 x El Centro Large rotation at flexural crack at top of lap
splice. Column period shifted. Little further
damage. Full slippage of lap splice. No spalling.
Table 3.6 Column 6F Shake Table Performance
EQ Target | Achieved ng\?t Achieved | Target | Achieved
Event PGA PGA . PGV PGD PGD
SE g @ | M| finsec] | fin] | fin]
sec]
1 0.25 0.09 0.11 1.9 1.9 0.25 0.25
2 0.33 0.11 0.14 2.5 2.5 0.33 0.34
3 0.50 0.17 0.20 3.8 3.9 0.50 0.50
4 0.66 0.23 0.27 5.0 5.2 0.66 0.66
5 1.00 0.35 0.40 7.6 8.0 1.00 0.99
6 1.25 0.43 0.50 9.5 10.2 1.25 1.22
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Table 3.7 Column 6F Target versus Achieved Ground Motion

Initial Achieved Spectral
Event EQ | Elastic | Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 0.25 0.47 1.22 1.44
2 0.33 0.52 1.27 1.17
3 0.50 0.55 1.17 0.95
4 0.66 0.53 1.17 0.89
5 1.00 0.61 1.14 0.88
6 1.25 0.66 1.16 1.01
Table 3.8 Column 6F M easured Performance
Peak Peak Peak Peak Peak
EQ Drift Link
Event A Ha . Moment
S.F. [in] (8,=.50) Ratio Force [Kip-in]
¥ o] | kipy | P
1 0.25 x .32 0.6 0.4 11.8 849.6
2 0.33 x 51 1.0 0.7 16.9 1216.8
3 0.5x .78 1.6 1.1 22.1 1591.2
4 0.66x | 1.03 2.1 1.4 23.2 1670.4
5 1.0x 1.75 3.5 2.4 18.7 1346.4
6 1.25x | 1.43 2.9 2.0 11.2 806.4
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Table 3.9 Column 6F Measured Elastic Siffness

event | EQsr | Sifiness | Period | Frequency
1 0.25x 36.7 0.47 2.11
2 0.33 x 31.1 0.51 1.94
3 0.50 x 27.2 0.55 1.82
4 0.66 x 29.7 0.53 1.90
5 1.00 x 22.5 0.61 1.65
6 1.25x 19.0 0.66 1.52

Table 3.10 Column 6F Damping Factors From Pulse M otion

¢ ¢
Period T w from. from
Pulse regression log
[sec] [rad/sec] .
analysis decrement

[%0] [%0]

P1.1 377 16.67 3.48 3.23
P1.2 372 16.89 2.46 2.68
P2.1 .380 16.53 1.98 2.33
pP2.2 392 16.02 2.50 151
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Table 3.11 Column 6F Equivalent Viscous Damping From Ener gy Calculation

Equivalent
Viscous
Damping

C[%]

11.8
12.4
10.8
10.3
11.0
12.7
12.3
10.9
9 11.9

Elastic Cycle #
for .25 x
El Centro

NGO B~ W|DN|PF

Average 11.6
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Table 4.1 Column 6FS1 Design Details

Type Property

Concrete Data || Compressive Strength 5650 psi measured
Steel Data Longitudinal Steel 20 # 4 Grade 40 bars

Longitudinal Steel Ratio 2%

Transverse Steel 7 gage (.176 inch) wire hoops

Transverse Steel Ratio 0.15%
Column Data || Height 72 inches

Diameter 16 inches

Cover to hoop .82 inches

Cover to long. bar 1linch

Hoop spacing 4.5 inches

Hoop lap splice 7 inch

Longitudinal bar lap splice | 12 inch

Axial load 80 kips

Design Axial load ratio 10.0 %

(P/f'cAg)

Axial load ratio (P/fcAg) | 7.0%

Lateral inertial weight 78 kips

Table 4.2 Column 6FS1 Seel Jacket Design

Property Required Design
Tensile Yield Strength 36 ksi 36 ksi
Tensile Yield Strain .00125 .00125
Tensile Modulus 28800 ksi 28800 ksi
Jacket Thickness 1/16 inch 1/8 inch
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Table 4.3 Column 6FS1 Concrete Properties

7 day | 28 day | Test day
Target Strength (psi) 5000
Footing Strength (psi) || 3943 | 4550 4787
Column Strength (psi) || 4220 | 5192 5650

Table 4.4 Column 6FS1 Stedl Properties

Yield Yield Peak Strz:;kat Fracture | Fracture
Stress | Strain Stress P Stress Strain
stress
Longitudinal || 50.9 ksi | .00176 | 79.5 ksi 0.14 63.8 ksi NA
#4 bar
Annealed 46.3 ksi | .00160 | 60.9 ksi 0.18 54.3 ksi NA
.176 Dia.
Hoop
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Table 4.5 Column 6FS1 Test L oading Protocol

Event Motion
P1 Pulse
P2 Pulse
1 0.25 x El Centro
P3 Pulse
2 0.33 x El Centro
P4 Pulse
3 0.5 x El Centro
4 0.66 x El Centro
5 1.0 x El Centro
6 1.5 x El Centro
Repair Column Repair
P5 Pulse
7 0.5 x El Centro
8 0.25 x El Centro
9 1.5 x El Centro
10 2.0 x El Centro
11 2.5 x El Centro
12 3.0 x El Centro
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Table 4.6 Column 6FS1 Observed Performance

Event Motion
1 0.25 x El Centro No visible damage. Elastic response.
2 0.33 x El Centro No visible damage. Elastic response.
3 0.5 x El Centro No visible damage. Elastic response.
4 0.66 x El Centro No visible damage. Minor spalling at gap at
base of jacket.
5 1.0 x El Centro Localized failure occurring at top of column.
Shear crack at top of column.
6 1.5 x El Centro | Complete failure at connection at top of column.
Repair None Column Repaired
7 0.5 x El Centro Elastic Response. No damage
8 0.25 x El Centro Elastic response. No damage.
9 1.5 x El Centro Inelastic response. Minor spalling at base of
jacket.
10 2.0 x El Centro Inelastic response. More spalling at base of
jacket. Grout has fallen from in-between jacket.
11 2.5 x El Centro | One bar visible from spalled cover within gap at
base of column.
12 3.0 x El Centro | Two bars visible at gap in jacket. No core dam-

age visible. No bar buckling visible.
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Table 4.7 Shake Table Performance for Column 6FS1

EQ Target | Achieved Tsrcg\?t Achieved | Target | Achieved
JR L o e 1 (o e B
sec]
1 0.25 .09 .059 19 1.89 .25 .25
2 0.33 0.11 0.11 2.5 2.51 .33 .36
3 0.50 0.17 0.16 3.8 3.90 .50 .56
4 0.66 0.23 0.22 5.0 5.15 .66 75
5 1.00 0.35 0.33 7.6 7.74 1.0 1.12
6 15 0.43 0.57 11.4 11.4 15 1.66
7 0.5 0.18 0.18 3.8 4.0 .50 57
8 0.25 0.09 0.09 19 2.0 .25 .32
9 15 0.53 0.57 11.4 11.2 15 1.67
10 2.0 0.70 0.78 15.2 14.7 2.0 2.23
11 2.5 0.88 0.95 19.0 18.5 2.5 2.78
12 3.0 1.05 1.11 22.8 20.9 3.0 3.16
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Table 4.8 Tar get ver sus Achieved Ground Motion Column 6FS1

Initial Achieved Spectral
Event EQ Elagtic Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 0.25 0.54 1.17 .94
2 0.33 0.58 0.99 .94
3 0.50 | 0.56 1.09 .80
4 0.66 0.58 1.00 91
5 1.00 0.60 1.04 .88
6 15 0.71 1.06 91
Repair
7 0.5 0.67 1.00 1.12
8 0.25| 0.65 1.00 1.06
9 15 0.67 1.07 1.04
10 2.0 0.87 1.11 1.01
11 2.5 1.13 1.08 1.02
12 3.0 1.09 1.06 1.00
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Table 4.9 Column 6FS1 M easured Perfor mance

Event X .A Ha Ratio Force Mo_m_ent
[in] (8,=.96) (%] (kip] [Kip-in]
1 0.25 0.18 19 .25 5.2 373
2 0.33 0.57 .59 .79 14.1 1015
3 0.50 0.83 .86 1.15 18.7 1348
4 0.66 1.10 1.15 1.52 21.6 1556
5 1.00 1.71 1.78 2.38 23.1 1664
6 15 1.96 2.04 2.72 21.2 1518
Repair
7 0.5 0.76 .79 1.05 14.0 1007
8 0.25 0.40 42 .58 6.7 480
9 15 2.08 2.17 3.01 24.8 1786
10 2.0 2.75 2.86 3.82 23.9 1721
11 2.5 4.97 5.18 6.90 21.4 1539
121 3.0 5.32 5.55 7.39 19.8 1425
12 3.0 7.23 7.53 10.04 17.0 1224

1 Values at 80% of peak measured force
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Table 4.10 Column 6FS1 M easured Elastic Siffness

event | EQsF | Siffness | Period | Frequency
1 0.25 28.4 0.54 1.86
2 0.33 24.7 0.58 1.74
3 0.50 26.0 0.56 1.78
4 0.66 24.6 0.58 1.74
5 1.00 22.8 0.60 1.67
6 1.5 16.3 0.71 141

Repair
7 0.5 18.4 0.67 1.49
8 0.25 19.6 0.65 1.54
9 15 18.3 0.67 1.49
10 2.0 10.8 0.87 1.15
11 2.5 6.5 1.13 0.88
12 3.0 6.8 1.09 0.92
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Table 4.11 Column 6FS1 Damping Factors From Pulse M otion

¢ 4
Period T W from. from
Pulse regression log
[sec] [rad/sec] )
analysis decrement

[%0] [%0]

P1 404 15.55 4.12 4.14

P2 416 14.85 5.36 5.80

P3 423 15.10 4.09 4.16

P4 444 15.55 5.43 5.43
Repair

P5 49 12.82 412 410

Table 4.12 Column 6FS1 Equivalent Viscous Damping

Elastic Cycle # qu_llvalent
Viscous
for .25 x Damping
El Centro 2 [%)
1 14.0
2 12.5
3 14.9
Average 13.8 %
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Table 4.13 Column 6FS1R Equivalent Viscous Damping

Elastic Cycle # qu_llvalent
Viscous
for .25 x Damping
El Centro 2 [%)
1 10.4
2 13.2
Average 11.8 %

Table 4.14 Column 6FS2 Concrete Properties

7 day | 28 day | Test day
Target Strength (psi) 5000
Footing Strength (psi) || 3943 | 4550 4850
Column Strength (psi) || 4220 | 5192 5720

Table 4.15 Column 6FS2 Steel Properties

Yield Yield | Ultimate | Ultimate | Fracture | Fracture
Stress | Strain Stress Strain Stress Strain
Longitudinal || 50.9 ksi | .00176 | 79.5 ksi 0.14 63.8 ksi NA
#4 bar
Annealed 46.3 ksi | .00160 | 60.9 ksi 0.18 54.3 ksi NA
.176 Dia.
Hoop
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Table 4.16 Column 6FS2 Test L oading Protocol

Event Motion
P1 Pulse
1 3.0 x El Centro
P2 Pulse
2 2.5 x El Centro
P3 Pulse
3.5 x El Centro
4 4.0 x El Centro

Table 4.17 Column 6FS2 Obser ved Performance

Event Motion
1 3.0 x El Centro | Spalling of footing surface. Slight damage at gap
at base of column. No bars visible in gap region.
2 2.5 x El Centro No further increase in observed damage.
3 3.5 x El Centro | Severe spalling of footing surface. Longitudinal
bars visible at gap region.
4 4.0 x El Centro Bar bucking at gap region. Four bars visible.
Core damage visible.
Table 4.18 Shake Table Performance for Column 6FS2
EQ Target | Achieved ng\?t Achieved | Target | Achieved
Event PGA PGA . PGV PGD PGD
SE @] | IV | finsec) | fin] | [in]
sec]
1 3.0 1.05 1.02 22.8 17.7 3.0 2.62
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Table 4.18 Shake Table Performance for Column 6FS2

EQ Target | Achieved ng\?t Achieved | Target | Achieved
Event PGA PGA : PGV PGD PGD
SE g @ | M| qinisec) | ] | fin]
sec]
2 2.5 0.88 .84 19.0 14.9 2.5 2.23
3 3.5 1.23 1.11 26.6 20.9 3.5 3.06
4 4.0 1.4 1.16 30.4 23.8 4.0 3.49

Table 4.19 Target versus Achieved Ground Motion for Column 6FS2

Initial Achieved Spectral
Event EQ | Elastic | Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 3.0 0.54 0.97 0.73
2 25 0.87 0.95 0.79
3 35 0.83 0.90 0.84
4 4.0 0.89 0.83 0.75
Table 4.20 Column 6FS2 M easur ed Perfor mance
Peak Peak PDeilt( T.ea:: Peak
Event X A M Ra:'lio FoIPce Moment
) _ . Kip-i
[in] (3,=1.0) [%] [Kip] [Kip-in]
1 3.0 3.07 3.07 4.26 29.0 2092
2 25 2.66 2.66 3.69 24.8 1783
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Table 4.20 Column 6FS2 M easur ed Perfor mance

Event X .A Ha Ratio Force Mo_m_ent
[in] (3,=1.0) (%] [Kip] [Kip-in]
3 3.5 4.70 4.70 6.52 25.3 1820
41 4.0 7.0 7.0 9.72 23.2 1670
4 4.0 7.43 7.43 10.32 22.8 1645
1 values at 80% of peak measured force
Table 4.21 Column 6FS2 M easured Elastic Stiffness
Event EQSF. S[tgg‘/lens]s P[ggg]d Fre‘[ﬁf]“cy
1 3.0 28.4 54 1.86
2 2.5 10.8 .87 1.15
3 35 11.7 .83 1.20
4 4.0 10.3 .89 1.12
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Table 4.22 Column 6FS2 Damping Factors From Pulse Motion

¢ ¢
Period T w from. from
Pulse regression log
[sec] [rad/sec] .
analysis decrement
[%0] [%0]
P1 .38 16.53 4.33 5.16
P2 .64 9.81 135 14.8
P3 .61 10.30 7.16 8.43
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Table 5.1 Column 6FC Design Details

Type Property
Concrete Data || Compressive Strength 5990 psi
Steel Data Longitudinal Steel 20 # 4 Grade 40 bars
Longitudinal Steel Ratio 2%

Transverse Steel

7 gage (.176 inch) wire hoops

Transverse Steel Ratio

0.15 %

Column Data

Height 72 inches
Diameter 16 inches
Cover to hoop .82 inches
Cover to bar 1inch
Hoop spacing 4.5 inches
Hoop lap splice 7 inch
Longitudinal bar lap splice | 12 inch
Axial load 80 kips
Design Axial load ratio 10.0 %
(P/f'cAqg)

Axial load ratio (P/f'cAg) | 6.64%
Lateral inertial weight 78 kips
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Table 5.2 Column 6FC Carbon Fiber Jacket Design

Propert Required Measured
Perty Properties Properties
Ultimate Tensile Strength in Primary 555 ksi 517.2 ksi
Direction
Ultimate Elongation .0148 0171
Tensile Modulus of Primary Fibers 29200 ksi 32600
Dry Fiber Thickness .0065 inch .0065
Carbon Layers: Plastic Hinge Zone 6.32 layers 7 layers
Carbon Layers: Non-Plastic Hinge .79 layers 1 layer
Zone
Table 5.3 Column 6FC Concrete Properties
7 day | 28 day | Test day

Target Strength (psi) 5000

Footing Strength (psi) || 5052 | 6132 7620

Column Strength (psi) || 4179 | 4978 5990

Table 5.4 Column 6FC Steel Properties
Yield Yield Peak Strzl(:kat Fracture | Fracture
Stress | Strain | Stress P Stress Strain
stress
Longitudinal || 50.9 ksi | .00176 | 79.5 ksi 0.14 63.8 ksi NA
#4 bar
Annealed 46.3 ksi | .00160 | 60.9 ksi 0.18 54.3 ksi NA
.176 Dia.

Hoop
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Table 5.5 Column 6FC L oading Protocol

Event Motion
1 0.15 x El Centro
P1 Pulse
2 0.25 x El Centro
3 0.33 x El Centro
4 0.50 x El Centro
5 0.66 x El Centro
6 1.0 x El Centro
7 1.5 x El Centro
8 2.0 x El Centro
9 2.5 x El Centro
10 3.0 x El Centro
11 3.5 x El Centro
12 4.0 x El Centro
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Table 5.6 Column 6FC Observed Performance

Event Motion

1 0.15 x El Centro No visible damage. Elastic response.

2 0.25 x El Centro No visible damage. Elastic response.

3 0.33 x El Centro No visible damage. First Bar Yield. Matrix

micro-cracking. Elastic response.

4 0.50 x El Centro No visible damage. Elastic response.

5 0.66 x El Centro | No visible damage. Beginning of effective yield.

6 1.0 x El Centro Section yielding. Flexural cracking at base.

7 1.5 x El Centro Section yielding. Flexural cracking at base.

8 2.0 x El Centro Post yield response. Strength increasing.

9 2.5 x El Centro | Postyield response. Strength increasing. Crack
developing at top of lap splice.

10 3.0 x El Centro | Post yield response. Strength increasing. Foot-
ing surface beginning to spall.

11 3.5 x El Centro | Postyield response. Peak measured strength.

Large column deformation. Footing surface spal-
led.
12 4.0 x El Centro | Bar buckling at footing surface. Strength drop.

Core damage. Footing surface completely spal-
led.
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Table 5.7 Shake Table Performance for Column 6FC

EQ Target | Achieved Tsrcg\?t Achieved | Target | Achieved
JR L o e T (o e B
sec]
1 0.15 | 0.053 0.062 1.14 11 0.15 0.14
2 0.25 0.09 0.089 19 1.7 0.25 0.24
3 0.33 0.11 0.12 2.5 2.3 0.33 0.34
4 0.50 0.17 0.17 3.8 3.50 0.50 0.51
5 0.66 0.23 0.24 5.0 4.9 0.66 0.67
6 1.00 0.35 0.37 7.6 7.3 1.0 0.98
7 1.5 0.43 0.57 11.4 10.1 15 1.45
8 2.0 0.70 0.80 15.2 14.1 2.0 1.88
9 2.5 0.88 1.0 19.0 17.6 2.5 2.36
10 3.0 1.05 1.17 22.8 21.0 3.0 2.80
11 3.5 1.23 1.31 26.6 23.1 3.5 3.18
12 4.0 1.40 1.44 30.4 26.0 4.0 3.57
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Table 5.8 Column 6FC Tar get ver sus Achieved Ground Motion

Initial Achieved Spectral
Event EQ Elagtic Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 0.15 0.46 1.17 1.27
2 0.25 0.46 0.99 1.30
3 0.33 | 047 1.09 1.40
4 0.50 0.52 1.00 1.07
5 0.66 0.56 1.04 0.86
6 1.00 | 0.56 1.06 0.76
7 15 0.62 1.33 0.92
8 2.0 0.68 1.14 1.06
9 2.5 0.70 1.14 0.93
10 3.0 0.80 1.11 0.93
11 3.5 0.85 1.07 0.94
12 4.0 0.79 1.03 0.95
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Table 5.9 Column 6FC M easured Perfor mance

Peak Peak Peak Peak Peak

Event X A Ha ant Link Moment

lin] | (3,=.91) R["(’,‘/E']o F[Eir;():]e [Kip-in]
1 || 015 | 0.18 0.2 0.3 7.2 517
> || 025 | 034 0.4 05 | 124 891
3 | 033 | 047 0.5 06 | 170 | 1225
4 | 050 | 077 0.9 11 | 221 | 1590
5 | 0.66 | 0.96 11 13 | 236 | 1701
6 | 1.00 | 152 1.7 21 | 262 | 1884
7 | 15 | 211 23 29 | 272 | 1958
8 || 20 | 240 2.6 33 | 273 | 1966
o || 25 | 299 3.3 42 | 282 | 2027
10 || 30 | 438 4.8 61 | 203 | 2110
1 || 35 | 6.16 6.8 86 | 297 | 2136
ot || 40 | 910 | 100 | 139 | 269 | 1933
12 || 40 | 975 | 107 | 149 | 269 | 1933

1 Values at 80% of peak measured force
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Table 5.10 Column 6FC M easured Elastic Siffness

event | EQsr | Sifiness | Period | Frequency
1 0.15 39.3 0.46 2.19
2 0.25 38.4 0.46 2.17
3 0.33 36.3 0.47 2.11
4 0.50 29.9 0.52 191
5 0.66 25.7 0.56 1.77
6 1.00 26.2 0.56 1.79
7 15 21.5 0.62 1.62
8 2.0 17.7 0.68 1.47
9 2.5 16.6 0.70 1.42
10 3.0 12.8 0.80 1.25
11 3.5 11.3 0.85 1.18
12 4.0 13.1 0.79 1.27

Table 5.11 Column 6FC Damping Factors From Pulse M otion

¢ ¢

. (w from from
Period T () from :

Pulse . regression log
[sec] [rad/sec] | regression .

vsi analysis | decrement

analysis [%] %]

P1.1 343 18.31 -.444 2.42 3.23

P1.2 .350 17.95 -.538 3.00 2.68
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Table 5.12 Column 6FC Equivalent Viscous Damping From Energy Calculation

Equivalent
Viscous
Damping

C[%]

11.1
8.9
104
11.8
9.8
11.1
10.6
11.6

9 10.8
Average 10.7

Elastic Cycle #
for .25 x
El Centro

NGO B~ W|DN|PF
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Table 6.1 Column 9S1 and 9S2 Design Details

Type

Property

Concrete Data

Compressive Strength

5360 psi

Steel Data

Longitudinal Steel

16 # 6 Grade 60 bars

Longitudinal Steel Ratio

3.5%

Transverse Steel

.25 inch diameter wire spiral

Transverse Steel Ratio

.92 %

Column Data

Height 48 inches
Diameter 16 inches
Cover to spiral .75 inches
Cover to bar 1 inch
Spiral pitch 1.5 inches
Axial load 80 kips
Axial load ratio (P/f'cAg) | 10 %
Lateral inertial weight 78 kips

Table 6.2 Column 9S1 Concrete Properties

7 day | 28 day | Test day
Target Strength (psi) 5000
Footing Strength (psi) || 5027 | 5282 5320
Column Strength (psi) || 5098 | 5317 5360

Table 6.3 Column 9S2 Concrete Properties

7 day | 28 day | Test day
Target Strength (psi) 5000
Footing Strength (psi) || 5027 | 5282 5415
Column Strength (psi) || 5098 | 5317 5325
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Table 6.4 Column 9S1 and 9S2 Steel Properties

Yield Yield Peak Str?:kat Fracture | Fracture
Stress | Strain Stress P Stress Strain
stress
Longitudinal || 65 ksi | .00224 | 104.3 ksi 0.11 86.7 ksi 0.19
#6 bar
1/4 in. Dia. 57.64 .0024 | 70.9 ksi 0.114 40.6 ksi 0.17
Spiral

Table 6.5 Column 9S1 L oading Protocol

Event Motion
P1 Pulse
1 0.25 x El Centro
2 0.33 x El Centro
3 0.66 x El Centro
4 1.0 x El Centro
5 1.5 x El Centro
6 2.0 x El Centro
P2 Pulse
7 2.5 x El Centro
8 3.0 x El Centro
9 3.25 x El Centro
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Table 6.6 Column 9S1 Observed Perfor mance

Event Motion
1 0.25 x El Centro No visible damage. Elastic response
2 0.33 x El Centro No visible damage. Elastic response
3 0.66 x El Centro Slight flexural cracking along column height.
4 1.0 x El Centro Increase in flexural cracking along column
height.
5 1.5 x El Centro First shear cracking observed. Shear crack
angle inclination approximately 45 degrees.
6 2.0 x El Centro Increase in shear cracking. Shear cracks pre-
dominately in lower half of column. Vertical
shear cracks observed near base of column.
7 2.5 x El Centro Increase in shear cracking. Shear cracks
spreading throughout column height. Vertical
shear crack lengths increasing. Effective yielding
of column occurred.
8 3.0 x El Centro | Severe shear cracks. Column surface spalling
at shear cracks. Large crack openings. Mild tor-
sional response.
9 3.25 x El Centro | Complete column failure due to shear strength

degradation and axial load effect.
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Table 6.7 Shake Table Performance for Column 9S1

EQ Target | Achieved ng\?t Achieved | Target | Achieved
JR L o = N T (o e B
sec]
1 0.25 0.09 0.08 19 1.64 0.25 0.22
2 0.33 0.12 0.10 2.5 2.22 0.33 0.30
3 0.66 0.23 0.19 5.0 4.68 0.66 0.60
4 1.0 0.35 0.31 7.6 7.14 1.0 0.91
5 15 0.53 0.46 11.4 10.27 15 1.41
6 2.0 0.70 0.63 15.2 13.68 2.0 1.86
7 2.5 0.88 0.72 19.0 19.80 2.5 2.29
8 3.0 1.05 1.03 22.8 22.16 3.0 3.49
9 3.25 1.14 1.17 24.7 23.42 3.25 3.21

Table 6.8 Column 9S1 Tar get versus Achieved Ground Motion

Initial Achieved Spectral
Event EQ Elas_tic Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 0.25 0.25 0.83 0.78
2 0.33| 0.24 0.83 0.80
3 0.66 0.25 0.83 0.85
4 1.0 0.26 0.89 0.69
5 15 0.26 0.87 0.67
6 2.0 0.28 0.90 0.55
7 2.5 0.30 0.82 0.45
8 3.0 0.31 0.98 0.59
9 3.25 0.47 1.03 0.94
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Table 6.9 Column 9S1 M easur ed Perfor mance

| x| TR T bt | shea

in] | (3,=73) R[f,‘/z']o [Fflg;?
1 | 025 | 008 | o011 | 016 | 117
> | 033 ] 011 | o015 | 022 | 159
3 || 066 | 023 | 032 | 048 | 317
4 || 10 | 038 | 052 | 080 | 463
5 || 15 | 059 | o081 | 123 | 628
6 | 20 | 082 | 112 | 172 | 824
7 | 25 | 112 | 153 | 234 | 925
8 || 30 | 176 | 241 | 368 | 936
o |[325 | 278 | 381 | 578 | 941
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Table 6.10 Column 9S1 M easur ed Perfor mance

Peak Peak Peak
Event EQ | Moment | Moment Hea_d
S.F. | at Base at Top Rotation

[kip-in] [kip-in] [deg.]

1 0.25 346 -189 0.019
2 0.33 477 -245 0.07
3 0.66 931 -518 0.14
4 1.0 1333 -800 0.21
5 15 1773 -1156 0.32
6 2.0 2324 -1439 0.47
7 2.5 2519 -1787 0.63
8 3.0 2497 -2141 0.89
9 3.25 2329 -2025 1.24
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Table 6.11 Column 9S1 M easured Total Siffness

Jod | et | masic | @

Event | EQ S.F. Stiffness P[(;g((:)]d Freﬂiljze]ncy Stiffness

[Kip/in] [Kip/in]
1 0.25 142.8 .25 4.07 138.2
2 0.33 144.2 24 4.09 141.5
3 0.66 139.4 25 4.03 138.0
4 1.0 131.7 .26 3.92 120.9
5 15 126.3 .26 3.84 106.1
6 2.0 110.3 .28 3.58 99.6
7 2.5 98.4 .30 3.39 82.2
8 3.0 85.3 31 3.16 52.9
9 3.25 39.1 A7 2.13 33.9

Table 6.12 Column 9S1 Measured Shear and Flexural Component Stiffness

Shear Flexural Combined
Event EQ S.F. S?i?fnaensts S?i?fnaensts S?i?]‘cna;n;s
[kip/in] [kip/in] [Kip/in]
1 0.25 NA NA NA
2 0.33 2351 231 235
3 0.66 1407 216 194
4 1.0 1361 203 173
5 15 695 186 154
6 2.0 561 176 143
7 2.5 587 159 132
8 3.0 386 99 78
9 3.25 226 92 70
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Table 6.13 Column 9S1 Damping Factors From Pulse Motion

¢ ¢
Period from from
Pulse .K. T @ regression log
[kip/in] [sec] [rad/sec] analysis | decrement
[%0] [%0]
P1 169.1 22 28.6 4.47 4.04
P2 142.1 24 26.2 4.77 4.52

Table 6.14 Column 9S1 Equivalent Viscous Damping From Energy Calculation

Elastic Cycle # quivalent
for .25 x g;ﬁg;z
El Centro 2 [%]

1 13.5
2 14.3
3 14.4
4 11.3
5 8.1
6 18.6
7 20.1
Average 14.3
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Table 6.15 Column 9S2 L oading Protocol

Event Motion
P1 Pulse
1 0.15 x El Centro
2 3.0 x El Centro
3 3.25 x El Centro
4 1.0 x El Centro

Table 6.16 Column 9S2 Observed Perfor mance

Event Motion
1 0.15 x El Centro No visible damage. Elastic response
2 3.0 x El Centro Significant shear cracking. Shear cracks
throughout column height. Vertical shear crack-
ing observed. Effective yielding of column
occurred.
3 3.25 x El Centro | Severe spalling of concrete cover. Severe core
damage at mid-height of column.
4 1.0 x El Centro No increase in damage or column collapse.
Complete core splitting and separation at mid-
height of column.
Table 6.17 Shake Table Perfor mance for Column 9S2
EQ Target | Achieved ng\(/et Achieved | Target | Achieved
Event PGA PGA . PGV PGD PGD
SE g @ | M| qinisec) | il | fin]
sec]
1 0.15 | 0.053 0.055 1.14 0.98 0.15 0.12
2 3.0 1.05 0.81 22.8 20.4 3.0 3.22
3 3.25 1.14 1.12 24.7 24.3 3.25 3.45
4 1.0 0.35 0.29 7.6 7.9 1.0 1.1
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Table 6.18 Column 9S2 Tar get ver sus Achieved Ground Motion

Initial Achieved Spectral
Event EQ | Elastic | Achieved PGA/ Response/
S.F. | Period Target PGA Target Spectral
[sec] Response
1 0.15 0.23 0.96 0.59
2 3.0 0.24 1.3 0.64
3 3.25 0.32 1.02 0.72
4 1.0 1.0 1.2 1.0
Table 6.19 Column 9S2 M easured Performance
Peak Peak
Peak
EQ Peak Drift Shear
Event A MA :
S.F [in] (3,=.47) Ratio Force
&= 6] | [kips]
1 0.15 .04 0.08 0.09 6.1
2 3.0 .97 2.1 2.01 90.1
3 3.25 1.77 3.77 3.7 92.1
4 1.0 1.02 2.17 2.13 25.7
Table 6.20 Column 9S2 M easured Performance
Peak Peak Peak Peak
Event x Moment | Moment Head Column
at Base at Top Rotation Twist
[Kip-in] [Kip-in] [deg.] [deg.]
1 0.15 188 98 0.06 0.04
2 3.0 2394 1730 0.75 -0.6
3 3.25 2390 2011 0.95 -5.0
4 1.0 570 606 0.21 -1.5
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Table 6.21 Column 9S2 M easured Total Siffness

Total Total
Elastic Elastic Elastic Secant
Event || EQ S.F. . Period | Frequency | Stiffness
Stffness | oo [HZ] [Kip/in]
[kip/in] P
1 0.15 150 0.23 4.28 150
2 3.0 150.8 0.24 4.19 93.2
3 3.25 81.2 0.32 3.09 52.1
4 1.0 8.6 1.0 1.0 25.1

Table 6.22 Column 9S2 M easured Shear and Flexur al Secant Siffness

Shear Flexural Combined
Event EQ SF. S?i?fcnaensts S?i?fcnaensts S?i?]‘(;na:en;s
[kip/in] [kip/in] [Kip/in]
1 0.15 1024 229 187
2 3.0 334 189 120
3 3.25 179 152 82
4 1.0 26 NA NA

Table 6.23 Column 9S2 Damping Factors From Pulse Motion

¢ ¢

Period (w from from
K () from .

Pulse I T : regression log
[Kip/in] [rad/sec] | regression .

[sec] analvsis analysis | decrement
y [9%] [%]
P1 226 19 33.1 -1.09 3.5 3.1
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Table 7.1 Column 6F Moment Curvature Analysis From X-Section

Analysis Point 'V'O.m‘?”t Curvat_ure
[Kip-in] [rad/in]
Idealized from Cracking 391 .00003
X-Section Yield 1632 .000255
Ultimate 1632 .001787
As-built Cracking 391 .00003
modification Yield 1632 .000255
Start of degradation 1632 .000428
Residual capacity 443 .002468

Table 7.2 Column 6F Calculated I dealized Force-Displacement

Force Displacement | Bond
Analysis Point [kip] (+ bond slip) Slip
P [in] [in]
As-built Cracking 5.4 0.05 .00073
modification Yield 22.7 0.51 .073
Start of degradation 22.7 0.66
Residual capacity 6.2 2.07
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Table 7.3 Column 6F RCShake Input Parameters From Calculated Envelope

Parameter Value
Ke [Kip/in] 42.9
dy [in] 51
K [Kip/in] 0
O [in] .66
K, [Kip/in] -10.27
B 1.0
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Table 7.4 X-Section Input Data For Column 6FS

X-Section Concrete and Steel Input Data

CONC_TYPES_START
NUMBER_OF_TYPES 2
TYPE_NUMBER 1 MODEL mander
CONFINED_SUBSECTION_SHAPE circular
CONFINED_SUBSECTION_DIAM 17.125
CONF_TYPE spiral
CONF_STEEL_TYPE 1 CONF_BAR_AREA .125 CONF_BAR_DIAM 0
CONF_BAR_SPACING 1
MAIN_BAR_TOTAL 20 MAIN_BAR_AREA .20
STRAIN_eO 0.002 STRAIN_eu 0.005 ULT_STRAIN_FACT 1.0
STRESS_f0 5.650 STRESS_ fu 2.5
UNIT_WEIGHT_FACT 1.0
TYPE_NUMBER 2 MODEL unconfined_mander
STRAIN_e0O 0.002 STRAIN_eu 0.005 ULT_STRAIN_FACT 1.0
STRESS_f0 5.650 STRESS_fu 2.5
UNIT_WEIGHT_FACT 1.0
CONC_TYPES_END

A706 Steel type 2 is for #11 and larger bars. Type 1 is for smaller bars.
STEEL_TYPES_START

NUMBER_OF_TYPES 2

TYPE_NUMBER 1 MODEL park

YIELD_STRAIN 0.0012414 HARDEN_STRAIN 0.008 ULT_STRAIN 0.15
YIELD_STRESS 36 ULT_STRESS 55

MODULUS 29000

TYPE_NUMBER 2 MODEL park

YIELD_STRAIN 0.00176 HARDEN_STRAIN 0.0115 ULT_STRAIN 0.14
YIELD_STRESS 50.9 ULT_STRESS 79.5

MODULUS 28920.45

STEEL_TYPES_END

Fkkdhkkkhkkkhkkdhkkkhhkhhkkkrhkk
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Table 7.5 X-Section Input Data For Column 6FS Using Slip-L ap Procedure

X-Section Concrete and Steel Input Data

CONC_TYPES_START
NUMBER_OF_TYPES 2
TYPE_NUMBER 1 MODEL mander
CONFINED_SUBSECTION_SHAPE circular
CONFINED_SUBSECTION_DIAM 17.125
CONF_TYPE spiral
CONF_STEEL_TYPE 1 CONF_BAR_AREA .125 CONF_BAR_DIAM 0
CONF_BAR_SPACING 1
MAIN_BAR_TOTAL 20 MAIN_BAR_AREA .20
STRAIN_eO 0.002 STRAIN_eu 0.005 ULT_STRAIN_FACT 1.0
STRESS f0 5.650 STRESS fu 2.5
UNIT_WEIGHT_FACT 1.0
TYPE_NUMBER 2 MODEL unconfined_mander
STRAIN_eO 0.002 STRAIN_eu 0.005 ULT_STRAIN_FACT 1.0
STRESS fO 5.650 STRESS fu 2.5
UNIT_WEIGHT_FACT 1.0
CONC_TYPES_END

Fkkdhkkkhkkkhkkdkhkkkhhkhhkkkrhkk

A706 Steel type 2 is for #11 and larger bars. Type 1 is for smaller bars.

STEEL_TYPES_START
NUMBER_OF TYPES 2

TYPE_NUMBER 1 MODEL park

YIELD_STRAIN 0.0012414 HARDEN_STRAIN 0.008 ULT_STRAIN 0.15
YIELD_STRESS 36 ULT_STRESS 55

MODULUS 29000

TYPE_NUMBER 2 MODEL park

YIELD_STRAIN 0.00176 HARDEN_STRAIN 0.5 ULT_STRAIN 0.7
YIELD_STRESS 50.9 ULT_STRESS 79.5

MODULUS 28920.45

STEEL_TYPES_END
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Table 7.6 Column 6FS RCShake I nput Parameters From Calculated Envelope: Slip

Lap Analysis
Parameter Value
Ke [Kip/in] 40.2
dy [in] .57
K [Kip/in] 0
g [in] 6.7
K, [Kip/in] -10
B 25

Table 7.7 Column 6FS1 RCShake I nput Parameters From M easured Envelope

Parameter Value
Ke [Kip/in] 17.93
dy [in] 1.31
K, [kip/in] 1.82
O [in] 2
K, [kip/in] -1.74
B 25
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Table 7.8 Column 6FS2 RCShake I nput Parameters From Measured Envelope

Parameter Value
Ke [Kip/in] 26.8
dy [in] 0.95
K [Kip/in] 1.8
g [in] 2.91

K, [Kip/in] -1.91
B 25

Table 7.9 Column 6FC RCShake Input Parameters From Full Lap Model

Parameter Value
Ke [Kip/in] 56.3
3y [in] 397

K [Kip/in] 3.182
O [in] 3.34

K, [Kip/in] .7048
B 25
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Table 7.10 Column 6FC RCShake I nput Parameters From Slip Lap Model

Parameter Value

Ke [Kip/in] 43.11
dy [in] 559

K [Kip/in] 2176

O [in] 10.32
K, [Kip/in] -10
B 25

Table 7.11 Column 6FC RCShake Input Parameters From M easured Envelope

Parameter Value
Ke [Kip/in] 28.9
dy [in] 9
K [Kip/in] 71
O [in] 6
K, [Kip/in] -2.12

B 25




Table 7.12 Calculated and M easured Siffnessfor Column SF1 and SF2

Calculated SF1 SF2

Type Stiffness Measured | Measured

[kip/in] Stiffness | Stiffness

P [kip/in] [kip/in]

Un-cracked Flexural 1020 250 229
Cracked (Elastic) Flexural 345 140 150
Post Yield Flexural Stiffness 35 NA NA
Un-cracked Shear 5378 2351 1024
Cracked Shear 647 695 500
Combined Un-cracked 857 142 308
Combined Cracked 225 100 245

Table 7.13 Column SF1 RCShake Input Parameters From Caltrans Envelope

Parameter Value
Ke [Kip/in] 278
3y [in] .347
K, [kip/in] 0
g [in] 1.68
K, [Kip/in] -44
B 25
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Table 7.14 Column SF1 RCShake Input Parameters From UCSD Envelope

Parameter Value
Ke [Kip/in] 278
dy [in] .346
K [Kip/in] 0
O [in] 74
K, [kip/in] -38.7
B 25

Table 7.15 Column SF1 RCShake I nput Parameters From M easured Envelope

Parameter Value
Ke [Kip/in] 185
3y [in] .28

K, [kip/in] 57.14
O [in] .98

K, [Kip/in] -1.76
B 25
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Table 8.1 Calculated Force-Displacement

Column Point Flexure Shear Bond
[in.] [in.] Slip [in.]
As-built Cracking 0.053 0.0013 0.00073
Yield 0.51 0.0056 0.074
Carbon Cracking 0.068 0.0013 0.0012
Retrofit Yield 0.34 0.0054 0.069
Ultimate 7.84 0.0085 not
calculated
Steel Cracking 0.09 0.0013 0.0025
Jacket Yield 0.65 0.0065 0.099
Ultimate 5.84 0.0083 not
calculated
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Figure 2.4 Mass Rig Mass L ocations

210



P-A=0
hinge
/Line of Sa
; force
=~ :
O O
Truss Analogy Elastic Plastic

Figure 2.5 P-Delta dueto Axial L oad

Figure 2.6 Dimensions of P-Delta due to Axial Load

211



Link Force [kips]

-8

e rr

1.5 1 1 1

—— free vibration
- exponential curve fit
1.0 A N
0.5 1 N
0 - -
-0.5 1 N
-1.0 A -
_15 T T T T
13 14 15 16 17 18

Time [sec]

Figure 2.8 Free-Vibration Pulse motion

212

6.67

-2.22

o
Link Force [kN]

-4.45

-6.67



Link Force [kips]

-2.54 -1.27 0 1.27 2.54 3.81 5.08
10 1 1 1 1 1
8 e N
Dissipated Energy
6 - -
Strain Energy
4 - -
2 B ><\ -
0 T T T T T
-0.1 -0.05 0 0.05 0.1 0.15 0.2

Relative Column Deflection [mm)]

Relative Column Deflection [inches]

Figure 2.9 Energy Dissipated versus Strain Energy

Hydraulic
Rans

Spr eader
Beam

Post - Tensi oni ng
Bar s

Coupl i ng
Pl ate

Figure2.10 Axial L oad System

213

44.5

35.6
z
=3

26.7 "5
2
o
LL

17.8 x
£
-l

8.9

0



RN

11/4in !
Dywidag Coupler\ g

\\\\\\\\\\\

Figure 2.11 Coupling Plate

~—155.25in.—=° ~°

- e} o -

100.51in.

@ —

Figure 2.12 System Dimensions

214



Figure 2.13 Curvature Instrumentation

Figure 2.14 Curvature Instrumentation
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Figure 3.4 Column 6F After 0.33 x El Centro
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Figure 3.6 Lap-Splice Splitting Cracks on Column 6F After 0.66 x El Centro
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Figure 3.7 Lap-Splice Splitting Cracks on Column 6F After 1.0 x El Centro

Figure 3.8 Cracking and Failure of Column 6F After 1.25 x El Centro
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Figure 4.4 Column 6FS1: Removal of Concrete Before Repair
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Figure 4.5 Column 6FS1 Seel Shell Repair

Figure 4.6 Column 6FS1 Pre-Test Setup After Repair

236



Figure 4.8 Column 6FS1 After 1.0 x El Centro
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Figure 4.10 Column 6FS1 After Repair: 1.5 x El Centro Gap View
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Figure4.12 Column 6FS1 After Repair: 2.5 x El Centro
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Figure 4.34 Column 6FS1 1.5 x El Centro Hysteresis
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Figure 4.45 Column 6FS1 Strain Gage L ocations. Profile View
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Figure 4.47 Column 6FS1 East Bar Srain Envelopes After Repair
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Figure 4.49 Column 6FS1 North-East Bar Strain Envelopes After Repair
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Figure 4.50 Column 6FS1 North Bar Strain Envelopes Before Repair
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Figure 4.51 Column 6FS1 North Bar Strain Envelopes After Repair
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Figure 4.52 Column 6FS1 North-West Bar Strain Envelopes Before Repair
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Figure 4.53 Column 6FS1 North-West Bar Strain Envelopes After Repair
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Figure 4.54 Column 6FS1 West Bar Strain Envelopes Before Repair
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Figure 4.55 Column 6FS1 West Bar Strain Envelopes After Repair
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Figure 4.56 Column 6FS1 East Hoop Strain Envelopes Before Repair
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Figure 4.58 Column 6FS1 North Hoop Strain Envelopes Before Repair
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Figure 4.61 Column 6FS1 East Jacket Confinement Srain Envelope
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Figure 4.62 Column 6FS1 North Jacket Confinement Strain Envelope
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Figure4.72 Column 6FS2 After 3.0 x El Centro
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Figure4.74 Column 6FS2 After 3.5 x El Centro
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Figure 4.94 Column 6FS2 East Jacket Confinement Srain Envelope
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Figure 4.96 Column 6FS2 West Jacket Confinement Strain Envelope

281

Jacket Strain [strain]

Jacket Strain [strain]



2000

1500

1000

500

-500

—-1000

Jacket Strain [microstrain]

-1500

-2000

2000

1500

1000

500

-500

-1000

Jacket Strain [microstrain]

-1500

Column Displacement [mm)]

-101 -51 0 51 101 152 203 254
1 1 1 1 1 .002
-o- 8"
1 > 12" |} 0015
1 - .001
1 . - .0005
0
1 - —.0005
1 - -.001
1 - -.0015
T T T T T _002
-4 -2 0 2 4 6 8 10
Column Displacement [inches]
Figure 4.97 Column 6FS2 East Jacket Flexural Strain Envelope
Column Displacement [mm]
-101 -51 0 51 101 152 203 254
1 1 1 1 1 .002
- 4"
8 —>— 8" |r .0015
— 12"
1 - .001
1 - .0005
0
1 - —.0005
1 - —-.001
1 - -.0015
T T T T T _002

—-2000

-4 -2 0 2 4 6 8 10
Column Displacement [inches]

Figure 4.98 Column 6FS2 North Jacket Flexural Strain Envelope
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