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ABSTRACT

Modern seismic design of concrete bridges relies generally on forming plastic hinges at
the columns ends, thereby developing ductile response for the structures when subjected to
moderate to large earthquake. Attaining this ductile bridge behavior requires the establishment
of adequate amounts of transverse confinement reinforcement (i.e., ps) in the column critical
regions. Numerous design authorities have specified different approaches for estimating ps.
While some of these requirements are comparable, others have been found to vary significantly
by a factor as much as two to three. One obvious reason for such a large difference in the
confinement requirement is that a demand parameter such as a target curvature ductility factor is
not used in developing the design equation. Instead of a more prescriptive requirement, Seismic
Design Criteria of the California Department of Transportation (Caltrans) only specifies a
minimum confinement requirement and anticipates the designer to ensure adequate ductility for
the bridge based on a push over analysis.

This report demonstrates the differences in a few of the drastically different confinement
reinforcement requirements and how parameters such as the axial load ratio and longitudinal
steel reinforcement ratio influence these requirements. To further understand the impact of
different confinement approaches and investigate the confinement reinforcement design method
adopted by Caltrans, a series of pushover (i.e., static) and dynamic analyses were conducted on
bridge columns with different aspect ratios, and the curvature and displacement ductility
demands experienced by the columns were evaluated.

Through the different levels of analysis, it was found that a confinement requirement that
utilizes variables such as a target curvature demand, column geometry, axial load ratio,
longitudinal reinforcement content, and column aspect ratio may provide a more realistic
estimate for ps. When the confinement reinforcement was based on that producing one of the
highest ps value, it satisfied the intended design procedure of seismic design criteria, which calls
for a minimum column displacement ductility of 3, and the expected displacement ductility level
of 5. However, the displacement ductility demand above 5 was experienced by columns with
aspect ratios between 3 and 4 when they were subjected to records from previous California

earthquakes. Other issues emerged from the study are that the conferment reinforcement

v



requirement is dictated by the ultimate strain capacity of the confined concrete. This strain
capacity is influenced by multiple parameters and should be more clearly defined before
developing a more rational design method to define the confinement reinforcement in bridge
columns. Another parameter that needs attention is the plastic hinge length. Though the plastic
hinge length has been typically taken as a function of only the column clear height for idealizing
the plastic region along the column, this term has been found to be dependent on the concrete
compressive strength, longitudinal reinforcement ratio, horizontal reinforcement ratio and other
factors. Based on the findings of the investigation, a road map for improving the Caltrans design

requirements is presented.
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CHAPTER 1: INTRODUCTION

Recent great earthquakes such as the Chilean earthquake of 2010 (M,, = 8.8) and the Tohoku
Japan earthquake of 2011 (M,, = 9.0) have served as yet another reminder that seismic activity
can effect highly populated regions of the world. In these regions, a significant amount of
infrastructure exists and their survival and functionality is critical in the post-earthquake
response of emergency vehicles and personnel as well as economic impact to the daily life. This
report focuses on the design of concrete bridge columns in high seismic regions through a critical
review of confinement reinforcement. The current trend in the design of infrastructure in most of
these regions is to ensure that the structure can withstand such a large event without experiencing
collapse, but they may not be functional following the earthquake. A key part in achieving this
type of design in concrete structures is to better understand the impact of confinement
reinforcement in the critical regions of a structure so that resulting poor confinement as shown in

Figure 1-1 does not take place.

Upper Left: Hanshin Expressway during the 1995 Kobe
Earthquake

Lower Left: Nakasone Viaduct during the 2011 Great East
Japan Eartquake (Kawashima et. al 2011)

Right: 1994 Northridge Earthquake (NOAA/NGDC 2013)

Figure 1-1: Confinement damage to reinforced concrete columns
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The type of concrete failure depicted in Figure 1-1 is typically prevented through the use of
adequate confinement reinforcement. The amount of confinement reinforcement needed in a
given design, depends not only on the design approach, but also on other variables such as axial
load ratio, concrete compressive strength, area of longitudinal steel, size of confining
reinforcement and many others. However, not all of these variables are typically included in the
equations used in the establishment of the confining reinforcement. At this time, however, it is
appropriate to state that a set consensus does not exist as to the appropriate amount of horizontal
steel needed to adequately confine concrete in bridge columns. This is because the typical
confinement reinforcement requirements do not use curvature or displacement demands expected
in the system as a requirement, which would better define the amount of confinement
reinforcement. Rather, implicit approaches based on experimental tests are commonly used that
rely on the material properties and column geometry, but not any variable that represents the

demand.
1.1 Confinement Reinforcement

The design and construction of structural concrete elements in the field of seismic
engineering typically employs the use of confinement reinforcement to ensure a ductile response
of critical regions in a bridge column when subjected to a design level or greater earthquake.
Confinement reinforcement is usually included in the form of closed loop ties, welded hoops or
continuous spirals (e.g., Figure 1-2), so that as lateral load is applied to the structural system the
horizontal reinforcement resists the lateral expansion of the concrete by providing lateral
resistance, thus increasing the capacity and ductility of the concrete section. This approach is
very important in capacity design methods, in which designers ensure an adequate ductile
response of bridge column critical regions while preventing development of undesirable failure
mechanisms throughout the structure. Different guidelines and specifications suggest different
methods of computing the appropriate amount of transverse reinforcement for confinement
purposes [e.g., AASHTO (2011), Caltrans (2011) and Priestley (1996)], and each one uses some
common and uncommon parameters about the concrete, steel reinforcement and cross-section
details. These different approaches provide amounts of horizontal reinforcement that vary by as
much as two to three times the smaller value. A main reason for the large disparity in the

approaches, as previously noted, is due to not targeting a demand parameter such as curvature,
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®demand, Which is a factor of the earthquake being considered for design purposes. Thus, it is
important to define an adequate approach for the establishment of confinement reinforcement so
that the desired sectional and global response of the structural system is attained in a high

seismic region.

(a) Spiral Reinforcement (b) Tie/Hoop Reinforcement

Figure 1-2: Examples of confinement reinforcement in high seismic regions

The amount of confinement or transverse reinforcement within a given column cross-section
is generally defined through the use of three requirements. The first is a minimum or maximum
value of reinforcement that is specifically stated to be a required horizontal reinforcement
volumetric ratio and satisfies the confinement requirements. The second approach used in high
seismic regions is to define a minimum amount of reinforcement needed to ensure that the
longitudinal reinforcing bar does not prematurely buckle under applied loading. The third
method defines the amount of horizontal reinforcement need to ensure that a given column can
resist the shear demands. The first two are the requirements investigated within this report as
these particular methods generally control the design of the system except in very short columns.
The anti-buckling requirements were included within this report as this value will control the
design in certain high seismic regions across the world at low axial load ratios. The amount of
reinforcement required based on expected shear demands in a system were not included within

this report as the approaches are highly variable depending on the guidelines used for the design.



Additionally, the shear reinforcement is highly dependent on the applied shear to the system and

does not always control the design in critical regions with ductile design being the primary goal.
1.2 Design Approaches

In regions that have recently experienced major seismic events, many changes to the design
approach used for reinforced concrete structures have occurred. However, two main approaches
to the lateral design of a structure subjected to a design level or greater earthquake are in
existence. These approaches consist of defining objectives based on forces or lateral
displacements. The trend in the U.S. design approaches has begun to recognize the importance
of the direct displacement-based approach instead of the traditional force-based approach. A
third method to design lateral force resisting members has arisen in current practice based on the
desired performance of a structure or system with multiple objectives. This method in particular

can be done using either a force-based or displacement-based approach.

1.2.1 Force-Based Design (FBD)

Force-based design has been around for nearly a century as Hardy Cross determined
moment-distribution in the early 1920s (Leet et al. 2011). This method of analysis and other
approaches (e.g., the flexibility and stiffness methods) developed later on allowed for relatively
simple means of computing forces applied to a structural member. Members are then designed
such that they will not fail under the applied load. In seismic situations, an equivalent static
method is commonly used to determine the lateral forces and associated member forces that a
design level earthquake would apply to a given structure. These forces, however, may not
always control the sizing of a member because effects from dead load, live load, wind load,
serviceability conditions and other design criteria influence the overall size of members.
Furthermore, the lateral forces computed in this method are generally based on the natural period
of the structure in the first mode only, which must be determined using known geometry from
other loading cases or an approximation based on height of the structure. This process, however,
does not typically take into account many factors including the fact that strength and stiffness are
dependent on one another. Displacement has been generally only checked within the recent past
decades using a pushover analysis, ignoring inertial effects, to ensure that any displacement
requirements were satisfied once a design was finalized. Should additional displacement be

needed the design would be redone and most likely result in the use of additional confinement
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reinforcement. The volumetric ratio of transverse reinforcement, ps, would then be increased
implicitly for improvement as this would improve the ductility.

Following the 1971 San Fernando Earthquake and the extensive damage caused to structures
designed using the force-based procedures, a shift in design philosophy began to take place,
albeit at a slow pace. The damage throughout many structures indicated that the fundamental
concepts of structures being designed to remain elastic under loading must be modified to ensure
an adequate behavior. To attain the desired response, researchers began to focus on ways to
increase the ductility of a system to prevent collapse. Out of this came the capacity design
philosophy which focused on carefully selecting plastic hinge regions while ensuring no collapse
under design-level and greater earthquakes (Priestley et al. 1996 and Priestley et al. 2007).
Insufficient ductility and/or drift in a design was handled by implicitly increasing the transverse

confinement reinforcement until a satisfactory result was attained.

1.2.2 Direct Displacement-Based Design (DDBD)

FBD demonstrated further weaknesses in the damage noted during the 1989 Loma Prieta
and 1995 Kobe earthquakes because of the lack of adequately defining the seismic forces applied
to a system and the handling of stiffness for any given structure. Instead of focusing purely on
the improvement of force predictions, research began to focus on the idea of reaching a target
displacement without failure. This led to the development of the direct displacement-based
design (DDBD) methodology, where researchers began to target drifts and/or displacements that
a given structure should reach for a specific target hazard. The determination of an appropriate
level of damping and ductility can then be used to determine an effective period for the structural
member. This effective period can then be used to compute the effective stiffness of a member,
which can then be related to a base shear force and distributed throughout to complete the design
process. This method takes into account the fact that strength and stiffness are related to better
improve the design process to prevent collapse under a design level or greater earthquake. In
this approach, the amount of confinement reinforcement could be established based on the strain
capacity of the confined concrete region. However, equations between the ultimate strain and
desired curvature capacity seldom exist; thus, an iterative procedure is needed to define the
confinement reinforcement needed for a system. For this purpose, an equation such as that

recommended by Priestley et al. (1996), reproduced in Eq. (1-1), is used to link the amount of



horizontal reinforcement to the targeted curvature capacity of the bridge cross-section based on
the work of Mander et al. (1988). Sritharan et al. (2001) found that this recommendation
suggested for design resulted in a reserve capacity of the confined concrete section by as much as

50%.

1.4
£y = 0.004 + 222SynEsu Eq. (1-1)
fee
where: ¢,, = ultimate concrete strain;
ps = volumetric spiral reinforcement;

fyn = yield strength of hoop steel;
€u = ultimate strain of steel reinforcement; and

f.. = confined concrete compressive strength.

1.2.3 Performance-Based Design

Performance-based design, although stated to have been around for quite a while by many
sources, has emerged in the past couple of decades as the ideal design methodology for seismic
situations. This method came to the forefront with the ATC-33 Project that attempted to create a
standardized method for performance-based design and resulted in the publication of the FEMA-
273 (1997) and FEMA-274 (1997) reports. In general, the performance-based methods for the
seismic design of structures use multiple objectives with different criteria for each to define the
desired response of a structure and can be completed using FBD or DDBD. The main sections
suggested for performance-based design for seismic regions include (1) fully operational; (2)
operational; (3) life safe, and (4) near collapse (Priestley 2000). These sections of the design
approach rely on the designer having to meet requirements such as the structure withstanding a
certain magnitude earthquake, attaining a certain displacement ductility or drift, and/or meeting a
specific level of damage. In the American Association of State Highway and Transportation
Officials (AASHTO) Guide Specification for LRFD Seismic Bridge Design (2010), it is stated
that the bridge must meet the life safety objective for an event with a seven percent probability of
exceedance in 75 years (~1000 year return period). Furthermore, individual ductility demands
must be less than a certain value based on the type of column bent (i.e., single vs. multiple) and
the orientation of pier walls. The California Department of Transportation (Caltrans) extends

this approach in the Seismic Design Criteria by stating that the displacement ductility capacity of



a single member shall be greater than 3 while the demand should be established such that the
displacement ductility demand shall be less than 4 (Caltrans 2010).

1.3 Scope of Report

The goal of the project was to examine various confinement equation requirements available
today and understand the differences between them so that a more consensus approach for the
definition of confinement reinforcement can be eventually developed. However, the difference
between the available equations was significant and a critical examination of the development
and use of transverse reinforcement equations in practice was subsequently undertaken. In
attaining the goal of the project, the initial investigation into identifying and comparing
approaches for confinement reinforcement suggested that equations differed by as much as two
to three times the smaller value. Furthermore, variability existed in the common and uncommon
parameters used per equation such that more than 15 different terms were prevalent in practice.
Thus, to complete the project, a critical examination through the use of a detailed literature
review was undertaken to identify transverse reinforcement equations from specifications,
guidelines and reports found in the United States, New Zealand and Japan. These equations
were then compared to identify differences and how they were affected by common variables
used in the design process and current knowledge of confined concrete. Furthermore, analyses
were undertaken by computer modeling and equation-based formulas to determine the impact of
a few reinforcement ratios on the ductility of a cantilever column when subjected to a lateral
force at the top of the column. These pushover analyses allowed for a baseline on the ductility
capacity of a given cross-section and column aspect ratio. The resulting data set was then
compared with a series of full earthquake records to determine whether or not current equations
are adequately capturing the expected demand of failure prevention during a seismic event.
Additionally, the hysteretic response of the bridge columns attained during the application of the
earthquake records were used to identify the demand levels to be specified within a new equation
for the establishment of an adequate level of confinement. The literature review combined with
the analyses allowed for identification of critical parameters that should be included in any future

confinement equation development.



1.4 Report Layout

Chapter one provides a brief introduction to the topic of confinement and its importance in
design. Chapter two presents the results of the detailed literature review which examined
research sources from journals and standards in the United States and around the world. Chapter
three presents the portion of the investigation into the equation based approaches currently used
in practice to define the behavior of bridge columns and how it compares to analytical modeling
in the computer framework Open System for Earthquake Engineering Simulation (OpenSEES)
(2010) with comparisons back to XTRACT (TRC Solutions and Chadwell 2007) and VSAT
(Levings 2009). Chapter four examines the impact of actual time history records from three
different major earthquakes and their impacts on the displacement ductility of the column. The
responses are also compared with current ductility requirements to examine the applicability of
the design values. Chapter five summarizes the results of the study, identify the areas needing
improvements in SDC, and provide recommendations for future research into confinement of

concrete cross-sections and curvature demand levels that are to be used for design purposes.



CHAPTER 2: LITERATURE REVIEW OF CURRENT CONFINEMENT
REQUIREMENTS

As previously noted, transverse reinforcement is essential for seismic bridge column design,
as it allows concrete columns to have a much greater degree of flexibility, thereby ensuring
ductile bridge response. Specifically, by providing spiral or hoop reinforcement, the concrete
used in bridge columns is made possible to respond plastically, which allows the sudden and
violent ground movement to be handled by limiting the seismic force imparted to the structure,
enabling the structure to deform without significant degradation or collapse. Various design
authorities specify how much of this transverse reinforcement is needed based on the size of the
column by either a ratio of the volume of horizontal steel to volume of concrete, ps, or by
requiring the closed loop hoop steel to have a certain area (Ag,) and spacing, s, within a given
length along the concrete member. This chapter is dedicated to listing the authorities with
specifications for each parameter, presenting the relevant equations, and summarizing the
relationship between them. The requirements for the spirals and rectangular hoops are separated

in this document based on the different requirements typically needed within the equations.
2.1 Transverse volumetric reinforcement ratio for circular columns

The wide discrepancy and disagreement between design standards and guidelines published
by the different authorities in the United States and world can easily be seen by observing the
current differences in transverse column reinforcement requirements. A comparison was made
between various state departments of transportation, national and worldwide standards, research
outcomes and guidelines for the design of concrete confinement reinforcement. The list below
defines the resources used for establishing the comparison information provided in the rest of
this section based on the equations used in the seismic design of bridge columns. The Alaska,
Missouri and North Carolina Department of Transportations were listed on the list first as these
locations have seismic requirements within their design guidelines in addition to federal
requirements set forth by the Federal Highway Administration (FHWA), but the standards do not
necessarily fit into a specific chronological order similar to the rest of the list. The guidelines list
was extended to include the American Concrete Institute’s — Building Code Requirements for
Structural Concrete (ACI 318-08) and Commentary (ACI 318R-08) and the Standards New

Zealand — Design of Concrete Structures (NZS 3101) as these two references adopt a similar
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philosophy to seismic design as those of the bridge design guidelines. Furthermore, the New
Zealand Transport Agency (formerly Transit New Zealand) states that the reinforced concrete
design of bridges shall be performed in accordance with NZS 3101 (Transit New Zealand 2005).

e Alaska Department of Transportation and Public Facilities (Alaska DOT&PF), Missouri
Department of Transportation (MODOT) and North Carolina Department of
Transportation (NCDOT);

e Watson, S.; Zahn, F. A.; and Park, R., (1994);

e Standards New Zealand — Design of Concrete Structures (NZS 3101: 1995),

e Applied Technology Council (ATC) — Improved Seismic Design Criteria for California
Bridges.: Provisional Recommendations (ATC-32) (1996);

e Caltrans - Bridge Design Specifications Manual (2003);

e South Carolina Department of Transportation - Seismic Design Specifications for
Highway Bridges Version 2.0 (2008);

e American Concrete Institute (ACI) — Building Code Requirements for Structural
Concrete (ACI 318-08) and Commentary (ACI 318R-08);

e Standards New Zealand — Design of Concrete Structures (NZS 3101: 2008),

e AASHTO - Guide Specifications for LRFD Seismic Bridge Design 1°" Edition with 2010
interim revisions (2010);

e Caltrans - Seismic Design Criteria Version 1.6 (2010); and

e AASHTO — LRFD Bridge Design Specifications (2012).

2.1.1 Bridge Manual of Transit New Zealand (1994)

In the 1994 issue of the Bridge Manual of Transit New Zealand a set of equations were
provided to quantify the appropriate amount of transverse reinforcement for concrete
confinement. The equation provided in the 1994 edition of the standards is provided herein as
Eq. (2-1) and is based on the required curvature ductility, axial load ratio, strength reduction
factor and ratio of gross concrete area to core concrete area. Terms such as the curvature
ductility and strength reduction factor are taking into account the local section design and
resistance factors common in load and resistance factored design (LRFD). The presence of the
curvature ductility requirement highlights the importance of considering demand within the
establishment of the horizontal confinement reinforcement. The requirements specified for the
design in this particular methodology is based on a displacement ductility of six at the ultimate
limit state which results in the curvature ductility design being a value of 10 for potential plastic

hinge regions above the bottom story. For the bottom story, a curvature ductility of 20 is
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required. It is important to note that the information input into this equation should be in

megapascals and millimeters during computations.

bu
(—-33ptm+22) ' *

_ by Bgfe N _
ps= = A Ty ploAs 0.0084 Eq. (2-1)
where: s = center to center spacing of transverse reinforcement;

h” = dimension of core of column at right angles to direction of

transverse bars under consideration;

A, = gross area of column;

A. = core area of column;

% = curvature ductility factor required;

¢, = ultimate curvature;

¢y, = curvature at first yield;

Pt = Aq/ Ag;

Ay = total area of longitudinal column reinforcement;

m = y/(O.85fc');

fy = lower characteristic yield strength of longitudinal steel;

fyi = lower characteristic yield strength of transverse steel;

N“ = axial compressive load on column; and

@ = strength reduction factor = 0.85 for columns not protected by
capacity design.

2.1.2 Watson et al. (1994)

These three researchers published a slightly different equation than the New Zealand
equation in Section 2.1.1. The two equations differ by the value stated for use as the constant.
In Watson et al. (1994) a value of 0.008 is published for use compared to the stated value of
0.0084 in the Bridge Manual of Transit New Zealand (1994). Although a slight difference is
noted, there was no justification provided as to why there was a difference. Additionally, for low
axial load ratios (ALR), N/ (fC'Ag), in compression, the equation typically results in a negative
number for the amount of confinement reinforcement within a cross-section. The same problem

would occur for ALR that are in tension. Although this was the case, the researchers indicated
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that the current code provided a minimum amount of reinforcement that was deemed adequate at
small ALR ratios. When positive volumetric ratios are obtained, the values are essentially
identical to those specified in the Eq. (2-1) and thus the equation was not reproduced here. The
researchers further indicated that when a more detailed ductility calculation is not needed a
curvature ductility of 20 was sufficient for a ductile design, and a curvature ductility of 10 was

sufficient for a limited ductile design.

2.1.3 ATC-32 (199¢6)

The Applied Technology Council (ATC) did a study to improve the seismic behavior of
California bridges. In their final recommendations, they provided an equation, Eq. (2-2), to find
the horizontal volumetric reinforcement ratio for spirally reinforced columns inside and outside

the plastic hinge region.

p5=0.16§;;: [0.5+ 125:] +0.13[p}-0.01] Eq. (2-2)
where: f,, = expected concrete strength;

fye = expected yield strength of the reinforcement;

P = column axial load;

A, = gross column area; and

pi1 = longitudinal reinforcement ratio.

This equation utilizes the geometric properties and material properties, but was expanded to
take into account the effects of the column axial load and the longitudinal reinforcement ratio.
The inclusion of these additional parameters, make this approach the most detailed
recommendation proposed in the United States. Although the detailed approach is defined by
ATC, an additional requirement within the plastic end regions of ductile columns is specified.
This requirement states that the volumetric ratio shall not be less than the value obtained from
the previous equation, nor less than, Eq. (2-3), which is an anti-buckling requirement for the

longitudinal bars and is not specifically for confinement alone.

ps=0.0002n,, Eq. (2-3)
where: n, = the number of longitudinal bars contained by the spiral or

circular hoop
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A second equation that accounts for the issue of anti-buckling within this text relates to
the spacing needed between the spiral loops. This particular equation, Eq. (2-4), accounts for

steel reinforcement that has an ultimate strength to yield strength ratio of less than 50%.

s< [3+6 (§—1)] dy, Eq. (2-4)
y
where: f, = ultimate strength of the reinforcement;
fy  =yield strength of the reinforcement; and
dy, = diameter of longitudinal reinforcement.

2.1.4 Alaska DOT&PF, MODOT and NCDOT

In the states of Alaska, Missouri and North Carolina, regions of high seismicity are present
based on the past history of earthquakes and proximity to nearby known faults (USGS 2012).
Although these sections of the United States are at risk for high ground motions, they do not
maintain a specific set of standards or guidelines for use in the seismic design of bridges and
structures (MODOT 2012, NCDOT 2012). Instead, they generally refer to the overall governing
standards for the United States, typically considered to be the A4SHTO LRFD Bridge Design
Specifications (2012) and AASHTO Guide Specifications for LRFD Seismic Bridge Design
(2010). For these specific states, it is important to note that this means the confinement

reinforcement requirements described below in Sections 2.1.9 and 2.1.11 must be met.

2.1.5 Caltrans Bridge Design Specifications Manual (2003)

Prior to the Seismic Design Criteria (SDC) used in practice today, Caltrans had a bridge
design manual that provided specific requirements about the design of columns for all
conditions. This set of specifications state that ties are permitted only where it is not practical to
use spiral or circular hoop reinforcement. Additionally, the 2003 manual by Caltrans provided
three equations to specify a volumetric ratio for the transverse reinforcement. The first and
second equations, Eq. (2-4) and Eq. (2-5), are very similar to ACI and AASHTO approaches, but
take into consideration the impact of the column axial load as was the case in the ATC-32
specifications. Eq. (2-4) applies only when the column diameter is less than 3 ft (900 mm) in the
plastic hinge region. Eq. (2-5) applies when the column diameter is greater than the limits

applied to Eq. (2-4).
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p.=0.45 (% 1) fi—h <0.5+1.25 f;:g) Eq. (2-4)
where: f. = specified compressive strength of concrete;
fyn = specified yield strength of transverse reinforcement not to exceed
100,000 psi;
A, = gross area of a concrete section;
A. = cross-sectional area of a structural member measured to the outside

edges of transverse reinforcement; and

P. = column axial load.
0,=0.12 fi—h <0.5+1.25 f;ig) Eq. (2-5)
where: f. = specified compressive strength of concrete;
fyn = specified yield strength of transverse reinforcement not to exceed
100,000 psi;
A, = gross area of a concrete section; and
P. = column axial load.

The third equation presented within this document, Eq. (2-6), appears throughout many of the
references from the United States. This particular equation was recommended by many
organizations as the intention is to ensure that the core of the column can sustain the axial load
after the exterior cover concrete has spalled off of the section (ACI 2008). The third equation
was also intended to be a minimum amount of steel required within the plastic zone as this was
the amount of steel needed to be provided outside the ductile region.

Ag

fe

0,=0.45 (A—h 1) - Eq. (2-6)
where: f. = specified compressive strength of concrete;
fyi = specified yield strength of transverse reinforcement not to exceed
100,000 psi;
A, = gross area of a concrete section; and

A., = cross-sectional area of a structural member measured to the outside

edges of transverse reinforcement.
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2.1.6 South Carolina DOT Seismic Design Specifications for Highway Bridges (2008)

The South Carolina Department of Transportation (SCDOT) provides a set of design
specifications that must be followed for highway bridge design when subjected to seismic
conditions (SCDOT 2008). The specifications state that spiral reinforcement is not allowed in a
ductile design within the plastic hinge region of cast-in-place concrete, but rather the use of butt-
welded hoops is required. Additionally, the design specifications state that the transverse
reinforcement shall be sufficient to ensure adequate shear capacity and confinement with the
inclusion that the quantity of reinforcement meets the requirements of Eq. (2-7). This equation,
however, commonly appears as horizontal reinforcement requirements within joint regions
between columns and beams (AASHTO 2010). Due to this being used as a joint requirement,

the suggested equation was not included within later comparisons.

0.4Ag
= Eq. (2-7)
ac
where: ps = volumetric ratio of transverse reinforcement;
Ay = total area of longitudinal reinforcement in the column/shaft; and
l, = anchorage length for longitudinal column reinforcement.

Besides the plastic hinge region, the SCDOT (2008) states that the transverse reinforcement
outside of the plastic hinge region shall not be placed more than twice the spacing of the
reinforcement in the plastic hinge region. Other information about the maximum spacing of
transverse reinforcement meets the same requirements typically provided in AASHTO (2012)
with those being the minimum of the following:

e Six inches inside the plastic hinge region;

e One-fifth the least dimension of the cross-section in columns or one-half the least
cross-sectional dimension of piers;

e Six times the nominal diameter of the longitudinal reinforcement; and

¢ 12 inches outside the plastic hinge region.

2.1.7 ACI 318-08
The American Concrete Institute (ACI) Building Code Requirements for Structural Concrete
and Commentary (ACI 2008) typically governs the concrete design of buildings and other

structures. Although this is important to note, it is an appropriate source to examine for the
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requirements of transverse reinforcement as it still deals with the design of columns subjected to
lateral loading. In this set of requirements, two equations are provided to meet for the design of
transverse reinforcement. The first one, Eq. (2-8), comes from Chapter 21 of ACI 318-08 and
states that the volumetric ratio of spiral or circular hoop reinforcement, ps, shall not be less than
this value. The commentary of this guidelines states that the value was specified to ensure

adequate flexural curvature capacity in yielding regions (ACI 2008).

ps=0.12% Eq. (2-8)
where: f. = specified compressive strength of concrete; and
fyr = specified yield strength of transverse reinforcement not to exceed
100,000 psi.

The second equation, Eq. (2-9), previously stated in Section 2.1.5 of this report comes from
Chapter 10 of ACI 318-08 and specifies that the volumetric ratio shall not be less than this value,

which ensures sufficient capacity after spalling of the cover concrete.

0,=0.45 (If—gh1)ff; Eq. (2-9)
where: f. = specified compressive strength of concrete;
fyr = specified yield strength of transverse reinforcement not to exceed
100,000 psi;
A, = gross area of a concrete section; and

A., = cross-sectional area of a structural member measured to the outside

edges of transverse reinforcement.

Although these equations are used to specify the amount of reinforcement needed for
buildings and other structures, both equations are identical to the equations presented in
AASHTO (2012). This is because both organizations want the desired behavior of concrete to be
similar and the values produced by these equation came from numerous axially load tests on

concrete columns.

2.1.8 Bridge Manual of Transit New Zealand (2005) and NZS 3101 (2008)
Since 1994, the Bridge Manual of Transit New Zealand has undergone revisions with one of

the latest being from 2005. In this set of guidelines, the design process for concrete columns is
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now referred to the Design of Concrete Structures Standard produced by the Standards New
Zealand Council (2008). In this standard, the amount of transverse reinforcement is required to
meet different levels depending on whether or not it falls within a potential ductile plastic hinge
region. In either approach, the updated standard provides a new equation, Eq. (2-10) or Eq. (2-
11), that has been simplified from the 1994 version. Eq. (2-10) is the requirement to be met for
confinement in general while Eq. (2-11) applies in the ductile plastic hinge region. This is a
similar approach to that of Caltrans (2003) in which equations were given for the ductile and
non-ductile zones. As in the other New Zealand equation, the units to be used are megapascals

and millimeters.

_ (1-ptm) ﬁf_c N

=4 a e phie -0.0084 Eq. (2-10)
where: A, = gross area of column;
A. = core area of column measured to the centerline of the confinement
reinforcement;
Pt = Ag/Ag
Ay = total area of longitudinal column reinforcement;
m = y/(O.85fc');
fy = lower characteristic yield strength of longitudinal steel;
fyi = lower characteristic yield strength of transverse steel;
N“ = axial compressive load on column; and
¢ = strength reduction factor = 0.85 for columns not protected by
capacity design.
D= (1'32'l‘:m) %%q’?% -0.0084 Eq. 2-11)
where: A, = gross area of column;
A. =core area of column;
Pt = Ag/Ag
Ay = total area of longitudinal column reinforcement;

m = y/(O.85fc');

fy = lower characteristic yield strength of longitudinal steel;
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fyr = lower characteristic yield strength of transverse steel;

N“ = axial compressive load on column; and
¢ = strength reduction factor = 0.85 for columns not protected by
capacity design.

The main difference between Eq. (2-1) and Egs. (2-10) and (2-11) is that the curvature
ductility term and a number of other constants were removed, thus simplifying the amount of
input information required. Additionally, limits were placed on values within the equations.
These limits include the following:

e A,/A. shall not be greater than 1.5 unless it can be shown that the design strength of the

column core can resist the design actions;

e p*m shall not be greater than 0.4; and

e fy shall not exceed 800 MPa.

Besides the requirements specified above, NZS 3101 states that the columns must be
designed with an adequate amount of transverse reinforcement such that premature buckling
does not occur. Again, the buckling equation is dependent on whether or not the design is taking
place within a potential ductile plastic hinge region. Thus, Eq. (2-12) presented herein applies
outside the ductile hinge region while Eq. (2-13) applies within the ductile hinge region.

pS:%%i Eq. (2-12)
where: Ay = total area of longitudinal column reinforcement;

fy  =lower characteristic yield strength of longitudinal steel;

fyi = lower characteristic yield strength of transverse steel;

d” = depth of concrete core of column measured from center to center

of peripheral rectangular hoop, circular hoop or spiral; and

d, = diameter of reinforcing bar.

_As K1 }
Ps= T1od fyr dp Eq. (2-13)
where: Ay = total area of longitudinal column reinforcement;

fy  =lower characteristic yield strength of longitudinal steel;
fyi = lower characteristic yield strength of transverse steel;
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d” = depth of concrete core of column measured from center to center
of peripheral rectangular hoop, circular hoop or spiral; and

d, = diameter of reinforcing bar.

2.1.9 AASHTO Guide Specifications for LRFD Seismic Bridge Design (2010)

The LRFD Bridge Design Specifications by AASHTO (2012) have been modified by a
second set of guide specifications. This specification specifically addresses the seismic design of
bridges (AASHTO 2010). In this set of guidelines, additional requirements on the amount of
transverse reinforcement have been provided. These requirements for the volumetric ratio of
transverse reinforcement in the core of the column do not take into account the column size or
strength. The specifications, however, are based on the seismic design category for which they
are designed. These values are provided in Eq. (2-14) and Eq. (2-15) and are minimum values
for the design levels.

e For Seismic Design Category B:

ps > 0.003 Eq. (2-14)

e For Seismic Design Categories C and D:

ps = 0.005 Eq. (2-15)
The spacing requirements suggested in the AASHTO Seismic Bridge Design Specifications
(2010) are the same as those provided in Section 2.1.2 for the SCDOT. For this reason they are

not reproduced in this section.

2.1.10 Caltrans Seismic Design Criteria (2010)

Similar to the SCDOT, Caltrans has a specific set of seismic design criteria (SDC) (2010)
that a design engineer must meet. The main idea presented in the design criteria is that enough
confinement reinforcement must be provided such that the performance requirements as set by
the Department of Transportation are adequately met in addition to the federal requirements of
the FHWA. The performance requirements in the document are based on laboratory testing with
fixed base cantilever columns. Additionally, the cantilever column and fixed-fixed column use
the same detailing for geometry as well as horizontal and transverse reinforcement. This
assumption and the laboratory testing resulted in the specifications such that a single member

must have a minimum displacement ductility capacity of three. In addition to the capacity
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requirements, the sections must be designed such that the global demand displacement ductility

meets the following criteria:

¢ Single Column Bents supported on fixed foundation up < 4;
e Multi-Column Bents supported on fixed or pinned footings up < 5;
e Pier Walls (weak direction) supported on fixed or pinned footings up < 5; and
e Pier Walls (strong direction) supported on fixed or pinned footings pp < 1.

2.1.11 AASHTO LRFD Bridge Design Specifications (2012)

The intention of the displacement ductility values prescribed within the SDC is that the
designer shall perform an inelastic pushover analysis to ensure the prescribed global
displacement ductility is met. In this process the designer is also expected to ensure that the
minimum displacement ductility of three is met for each member of the system. From this
analysis, the amount of confinement reinforcement is determined such that the displacement
ductility performance requirements are met. Furthermore, to prevent reinforcement congestion
and higher ductility demand for an earthquake, the general practice is to keep an aspect ratio of
the column to four or above. Once the ductile region design has been completed, SDC (2010)
specifies that the transverse reinforcement outside the ductile region need not be less than half
the amount of confinement reinforcement within the plastic hinge region.

The LRFD bridge design specifications published by AASHTO (2012) have numerous
requirements on the amount of transverse reinforcement needed in a circular column, but are the
exact same as those provided by ACI in Section 2.1.7 of this report. The equations for the
volumetric ratio within the plastic hinge region that must be satisfied are reproduced again as Eq.

(2-16) and Eq. (2-17).

fe
ps = 0.12{— Eq. (2-16)
y
where: ps = volumetric ratio of transverse reinforcement;
f.  =specified compressive strength of concrete at 28 days, unless

another age is specified; and

fy = yield strength of reinforcing bars.
A 1)L }
ps=0.45 ( - 1) - Eq. (2-17)
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where: ps = volumetric ratio of transverse reinforcement;

A, = gross area of concrete section;
A. =area of core measured to the outside diameter of the spiral;
f.  =specified compressive strength of concrete at 28 days, unless

another age is specified; and
fin = specified yield strength of spiral reinforcement.

The amount of reinforcement required must also meet some additional spacing requirements
similar to those specified by the SCDOT (2008) and ACI 318-08 (2008). These details are listed
below:

e C(lear spacing of the bars not less than 1 in. or 1.33 times the maximum aggregate size;

e The center to center spacing not greater than six times the diameter of the longitudinal
bars;

e Spacing less than 4.0 in. in the confined region and 6.0 in. in non-confined regions; and

e Spacing less than one-quarter the minimum member dimension in the confined regions.

In addition to the spacing requirements and values of volumetric ratio of transverse
reinforcement, a minimum amount of transverse reinforcement is required for shear both inside

and outside the plastic hinge region.
2.2 Transverse Reinforcement Area Based Equations

Even though many guidelines provide information in regards to the volumetric ratio of
horizontal reinforcement, ps, some specifications provide transverse reinforcement details in the
form of a specified area. This approach accounts for systems in which it may be beneficial to
know the amount of area required for reinforcement instead of a volumetric ratio. For example,
the area of transverse reinforcement may be more beneficial when there are two directions of
concern with a column or beam having dimensions of cross-sections that vary in the principal
direction of applied loading. To better understand all the possible equations that may come into
confinement reinforcement, the area specifications and guidelines were also examined to
demonstrate the differences that arise. Once the area of steel reinforcement is known for a given
design, a volumetric ratio can be calculated to compare with other approaches if assumptions are
made about the geometric dimensions of the column. In this section, it was assumed when

appropriate that there was a column with equal dimensions in the primary directions was used
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along with a consistent area and number of reinforcement legs in either direction if a volumetric
ratio is provided.

By assuming a column of this type with equal amounts of transverse reinforcement in either
direction, the volumetric ratio of column can be computed using Eq. (2-18) and substituting the
appropriate area equation in for Ay. The substituted area equation, however, must be divided by
a factor of 2 as the reinforcement area computed will be used in a minimum of two legs within
the column cross-section. It is noted that Eq. (2-18) is a summation of the total volumetric ratio

within the cross-section (i.€., ps = psx + Psy)

ps =2 Eq. (2-18)
where: A = area of transverse reinforcement;
D’ = dimension of core measured from center to center of transverse
reinforcement;
S = center to center spacing of transverse reinforcement; and
ps = total volumetric ratio of transverse reinforcement.

The list below defines the resources used for establishing the comparison information
provided in the rest of Section 2.2 of this report based on the chronological history of the
equations used in the seismic design of bridge columns. The resources were selected to match
the documents chosen within Section 2.1 of this report where select references not related to
bridge column design were included based on design philosophy. The list was extended to
include the Code for Design of Concrete Structures for Buildings published by the Canadian
Standards Association (1994) and the Standard Specification for Concrete Structures 2007
“Design” published by the Japan Society of Civil Engineers (2010). These particular resources
were selected for inclusion to expand the number of resources from high seismic regions of the
world that conduct additional research into confinement of reinforced concrete columns.
Furthermore, they were included within this section as they did not directly provide equations for
the volumetric ratio of transverse reinforcement.

e (Canadian Standards Association - Code for Design of Concrete Structures for Buildings
(CAN3-423.3-M94) (1994);

e Watson, S.; Zahn, F. A.; and Park, R., (1994);

e Priestley, M. J.; Seible, F.; and Calvi, G. M. — Seismic Design and Retrofit of Bridges
(1996);
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e Applied Technology Council (ATC) — Improved Seismic Design Criteria for California
Bridges: Provisional Recommendations (ATC-32) (1996);

e Caltrans - Bridge Design Specifications Manual (2003);

e American Concrete Institute (ACI) — Building Code Requirements for Structural
Concrete (ACI 318-08) and Commentary (ACI 318R-08);

e Standards New Zealand — Design of Concrete Structures (NZS 3101: 2008),

e AASHTO - Guide Specifications for LRFD Seismic Bridge Design 1°' Edition with 2010
interim revisions (2010) ;

e Japan Society of Civil Engineers — Standard Specification for Concrete Structures 2007

“Design” (2010),

e (Caltrans — Seismic Design Criteria Version 1.6 (2010); and

e AASHTO — LRFD Bridge Design Specifications (2012).
2.2.1 Watson et al. (1994)

The research provided in this reference is similar to the NZS 3101 (2008) equations with
some of the noted differences being that extra parameters are included and the anti-buckling
requirements are not directly discussed with these volumetric equations. When the equation is
converted from the area approach to volumetric ratio based on the column with equal
reinforcement all around, Eq. (2-19) is attained. When extrapolating this equation out to the
effective lateral confining stress assuming a curvature ductility of 20, a longitudinal steel ratio of
two percent, a ratio of gross to core area of concrete of 1.22, material property ratio of 0.066 and
an axial load ratio of 40% (to ensure positive numbers), the coefficient of effectiveness would
end up being a value of 0.67 to match the effective lateral confining stress associated with the
spiral reinforcement equation assuming a 0.95 coefficient of effectiveness. Priestley et al. (1996)
suggests a coefficient of effectiveness of 0.95 for circular sections, 0.75 for rectangular and 0.6

for rectangular walls. Thus, the effectiveness of 0.67 seems to fall within a reasonable range.

PU_33pem+22 4 o
P
o feJe _P__ 006 Eq. (2-19
Ps < 11 Ac fyn ¢fiAg 4 (-19)
where: s = center to center spacing of transverse reinforcement;
h"” = dimension of core of column at right angles to direction of

transverse bars under consideration;
A, = gross area of column;

A. = core area of column;
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Pu

o curvature ductility factor required;
y

@, = ultimate curvature;

@y = curvature at first yield;
o =Ay/ Ag;
Ay = total area of longitudinal column reinforcement;

m = y/(O.85fc');

fy  =lower characteristic yield strength of longitudinal steel;

fyi = lower characteristic yield strength of transverse steel;

N* = axial compressive load on column; and

¢ = strength reduction factor = 0.85 for columns not protected by

capacity design.

2.2.2 Priestley et al. (1996)

In the Seismic Design and Retrofit of Bridges book by Priestley (1996), an area equation was
provided. Instead of reproducing that equation here, the volumetric ratio form, once rearranged
using the aforementioned process, is provided in this document. The resulting equation, Eq. (2-
20) is very similar to the ATC-32 (1996) approach with the only difference being the assumption
that rectangular hoops are not as efficient as circular hoops. Thus, the multipliers in Eq. (2-20)
are 50% and 100% higher than the spiral equation. When this approach is extrapolated out to the
effective lateral confining stress using a five percent ALR, a two percent longitudinal
reinforcement ratio and a ratio of material properties of 0.066, a coefficient of 0.6 would be

needed to match the spiral equation with a coefficient of effectiveness of 0.95.

p5=0.24§;;: [0.5+ fzg"] +0.26(p;-0.01) Eq. (2-20)
where: f,, = expected concrete strength;

fye = expected yield strength of the reinforcement;

P = column axial load;

A, = gross column area; and

pi1 = longitudinal reinforcement ratio.

Anti-buckling requirements are specified by Priestley et al. (1996) in which a certain amount

of horizontal reinforcement must be provided to ensure that the longitudinal bar does not buckle
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prematurely. The two equations are the same as those presented within Section 2.1.3 of this
report. These equations are based on the number of longitudinal bars present in the cross-section

and diameter of the longitudinal bar.

2.2.3 ATC-32 (1996) and Caltrans (2003)

In these two different approaches from the bridge manual published by Caltrans and the
ATC-32 final recommendations, the resulting equations are the same as those published by
Priestley et al. (1996). This means that they produce the same equation as provided in Eq. (2-20)
for the design of columns with rectangular tie reinforcement. Thus, the equation is not

reproduced herein.

2.24 ACI318-08
Just like the spiral reinforcement equations, ACI provides two equations to give minimum
area values for rectangular hoop reinforcement for rectangular columns. These equations are

presented here as Eq. (2-21) and Eq. (2-22).

Ash=o.3%f [(If—gh) 1] Eq. (2-21)

where: Ay, = total area of hoop reinforcement;

f.  =specified compressive strength of concrete;

fii = specified yield strength of transverse reinforcement not to exceed
100,000 psi;

A, = gross area of a concrete section;

A., = cross-sectional area of a structural member measured to the outside
edges of transverse reinforcement;

S = center to center spacing of transverse reinforcement; and

b, = cross-sectional dimension of member core measured to the outside

edges of the transverse reinforcement composing area Agp.

sb.fe

Ay, =0.09 - Eq. (2-22)
yt
where: Ay, = total area of hoop reinforcement;
f.  =specified compressive strength of concrete;
fyi = specified yield strength of transverse reinforcement not to exceed
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100,000 psi;

A, = gross area of a concrete section;

Ay, = cross-sectional area of a structural member measured to the outside
edges of transverse reinforcement;

S = center to center spacing of transverse reinforcement; and

b, = cross-sectional dimension of member core measured to the outside

edges of the transverse reinforcement composing area Ag.

Rearranging the above equations and solving for the volumetric ratio Egs. (2-23) and (2-24)

are produced.

0.=0.6 (&) [AA—i 1] Eq. (2-23)
where: f. = specified compressive strength of concrete;
fyr = specified yield strength of transverse reinforcement not to exceed
100,000 psi;
A, = gross area of a concrete section; and

Ay, = cross-sectional area of a structural member measured to the outside

edges of transverse reinforcement.

p5=0.185t Eq. (2-24)
where: f. = specified compressive strength of concrete; and
fyr = specified yield strength of transverse reinforcement not to exceed
100,000 psi.

The above two equations, when compared back to Egs. (2-8) and (2-9) are very similar in
that the only difference is the multiplier at the beginning of the equations. Upon closer
inspection, Egs. (2-8) and (2-9) are obtained when Eq. (2-23) is multiplied by 75% and Eq. (2-
24) by 66.5%. Thus, the specifications are assuming that additional steel is required when using
rectangular hoops when compared to circular hoops and spirals for the confinement
reinforcement. Similar to the prior sections, when the data is extrapolated out to the effective

lateral confining stress, a coefficient of effectives for Eq. (2-23) and Eq. (2-24) would be 0.71
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and 0.63, respectively. These assumptions are once again similar to the recommendations of

Priestley et al. (1996) for the assumption on the effectiveness of the reinforcement.

2.2.5 NZS 3101 (2008)

The New Zealand concrete structure code states that the cross sectional area of rectangular
hoop or tie reinforcement shall not be less than that given by the greater of four different
equations. Two of the equations are applicable to regions that are not expected to be ductile
hinging regions and the other two are for regions with ductile hinging expected. In each set of
equations the reinforcement must be greater than the two values produced. One of the equations
is for anti-buckling and the other is just a set requirement that must be met. The equations for
the ductile plastic hinge region are provided as Eq. (2-25) and Eq. (2-26) with the latter being for
anti-buckling. These equations have the same form as the prior equations based on spiral
reinforcement and must be in units of megapascals and millimeters.

*

_ (1.3-ptm)shhnﬁf_cl N

Ap="— T 0.006sph” Eq. (2-25)
where: A, = gross area of column;
A. = core area of column;
Pt = Aq/ Ag;
Ay = total area of longitudinal column reinforcement;
m = y/(O.85fc');
fy = lower characteristic yield strength of longitudinal steel;
fyi = lower characteristic yield strength of transverse steel;
N* = axial compressive load on column;
¢ = strength reduction factor = 0.85 for columns not protected by
capacity design;
s, = center to center spacing of hoop sets;
h" = dimension of core of column at right angles to direction of
transverse bars under consideration; and
f. = specified compressive strength of concrete.
te™ %yzz Eq. (2-26)
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where: XA, = sum of the area of the longitudinal bars reliant on the tie;

fy  =lower characteristic yield strength of longitudinal steel;
fyi = lower characteristic yield strength of transverse steel;

s = center to center spacing of stirrup-ties along member; and
d, = diameter of reinforcing bar.

When converted to an equation for spiral volumetric ratio using the process provided in the
prior sections, Eq. (2-27) and Eq. (2-28) are produced. When adjusted to examine the impacts on
the effective lateral confining stress, the first equation results in an effectiveness coefficient of
0.64 when matching the value of confining stress using a 0.95 coefficient of effectiveness. It is
assumed that the anti-buckling equation would result in a similar comparison.

*

_2(13-pm)Ag fe N

s 33 Akl 0.012 Eq. (2-27)
where: A, = gross area of column;
A. = core area of column;
Pt =Ad/Ag

Ay = total area of longitudinal column reinforcement;

m = y/(O.85fc');

fy  =lower characteristic yield strength of longitudinal steel;

fyr = lower characteristic yield strength of transverse steel;

N* = axial compressive load on column;

¢ = strength reduction factor = 0.85 for columns not protected by

capacity design; and

f.  =specified compressive strength of concrete.

_2EAy
Ps= 96fydppd”

Eq. (2-28)

where: XA, = sum of the area of the longitudinal bars reliant on the tie;

fy  =lower characteristic yield strength of longitudinal steel;

fyi = lower characteristic yield strength of transverse steel;

d, = diameter of reinforcing bar; and

d” =depth of concrete core of column measured from center to center
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of peripheral rectangular hoop, circular hoop or spiral.

Outside the ductile hinge regions, NZS 3101 provides a series of equations that are about the
same as Egs. (2-10) and (2-12). The main difference once again was that the governing agency
determined that ties were less efficient than spiral reinforcement. This is seen when comparing
the effective lateral confining stress and the associated coefficient of effectiveness. In this
instance the coefficient of effectiveness was found to be 0.58 when compared to the spiral
effectiveness with a coefficient of 0.95. A similar trend is expected for the anti-buckling
equations of NZS 3101. The resulting volumetric ratio equations are provided herein as Eq. (2-
29) and Eq. (2-30) with the latter being the anti-buckling requirements.

_ 2(1-pim) Ag fo N°

Ps= > A by DloAs -0.013 Eq. (2-29)
where: A, = gross area of column;
A. = core area of column;

o =Ay/ Ag;
Ay = total area of longitudinal column reinforcement;

m = y/(O.85fc');

fy  =lower characteristic yield strength of longitudinal steel;

fyi = lower characteristic yield strength of transverse steel;

N* = axial compressive load on column;

¢ = strength reduction factor = 0.85 for columns not protected by

capacity design; and

f.  =specified compressive strength of concrete.

25 Ay

Ps= T35ty Eq. (2-30)

where: XA, = sum of the area of the longitudinal bars reliant on the tie;

fy = lower characteristic yield strength of longitudinal steel;

fyir = lower characteristic yield strength of transverse steel;

d, = diameter of reinforcing bar; and

d” = depth of concrete core of column measured from center to center

of peripheral rectangular hoop, circular hoop or spiral.
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2.2.6 Japan Society of Civil Engineers (2010)

Although an equation for the spiral volumetric ratio or area of hoop reinforcement required
for concrete columns was not provided, an area requirement was stated within the concrete
design specifications for seismic considerations. Specifically, Eq. (2-31) was provided for
columns that use spiral reinforcement and defines the converted cross-sectional area of spirals,
Agpe, which reduces the spiral area based on the spacing within the column. This value must be

less than 3% of the effective cross-section (i.e., the core section of the column).
Agpe=""2"2 <0.03A, Eq. (2-31)
where: dy, = diameter of the effective cross section of spiral reinforced column;
Ay, = cross sectional area of spiral reinforcement;
A. = effective cross-section of the column; and

S = spacing of spiral reinforcement.

When rearranged and solved for the volumetric ratio, the following expression, Eq. (2-32),

was found for the horizontal reinforcement needed when using spiral reinforcement in a column

design.
4mAg 0.03mdg
pPs= S_zp < Tp Eq. (2-32)
where: dy, = diameter of the effective cross section of spiral reinforced column;

A, = cross sectional area of spiral reinforcement; and

S = spacing of spiral reinforcement.

2.2.7 AASHTO LRFD Bridge Design Specifications (2012)
According to the bridge design specifications published by AASHTO (2012) the
reinforcement in a rectangular column with rectangular hoop reinforcement, the total gross

sectional area, Ag,, shall satisfy either Eq. (2-33) or Eq. (2-34).
A = 030 sh, £ [22-1] Eq. (2-33)
y LAc

where: Ay, = total cross-sectional area of tie reinforcement, including
supplementary cross-ties having a spacing of s and crossing a
section having a core dimension h;

h, = core dimension of tied column in the direction under
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consideration;

S = vertical center to center spacing of hoops, not exceeding 4.0 in.;
A. = area of column core;
A, = gross area of column;
f"C = specified compressive strength of concrete; and
fy  =yield strength of tie or spiral reinforcement.
Ay =0.12 shc§ Eq. (2-34)

y

where: Ay, = total cross-sectional area of tie reinforcement, including
supplementary cross-ties having a spacing of s and crossing a

section having a core dimension h;

h, = core dimension of tied column in the direction under
consideration;

] = vertical center to center spacing of hoops, not exceeding 4.0 in.;

f'C = specified compressive strength of concrete; and

fy  =yield strength of tie or spiral reinforcement.

Similar to ACI’s requirements, AASHTO provided two equations based on different
variables for the required area of transverse reinforcement. Note that the first equation provided
by ACI 318-08 (2008) as stated in Eq. (2-21) is identical to Eq. (2-33), and the second equation
of ACI 318-08 (2008), Eq. (2-22), differs from AASHTO within the coefficient by AASHTO’s
coefficient being 33% higher. Using the same process as in the ACI area computations, Eq. (2-
34) was rearranged and solved for the volumetric ratio. The result was Eq. (2-35) where the ratio
between the ACI and AASHTO approaches is still a 33% increase. Additionally, Eq. (2-35)
results in a coefficient of effectiveness of 0.5 to match the effective lateral confining stress of a

spiral section with a coefficient of effectiveness of 0.95 and a material ratio of 0.066.

p, = 02425 Eq. (2-35)
yt
where: f. = specified compressive strength of concrete; and
fyr = specified yield strength of transverse reinforcement not to exceed
100,000 psi.
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As a side note, Eq. (2-35) is identical to that of the 1994 Canadian Code (CAN3-423.3-M94)
for the design of concrete structures (Bayrak and Sheikh 2004).

2.3  Summary

Across the world, there are many different approaches for determining the amount of
confinement as well as which parameters are important in the lateral design process. Some of
the older approaches (e.g., New Zealand 1994) included the local design parameters based on the
curvature limit states of the column cross-section while others in practice today do not account
for such a demand parameter. The large variation in design parameters for determining the
adequate amount of horizontal reinforcement are summarized in Tables 2-1 through Table 2-3.

Upon examination of the tables, it can be noted that there is a significant difference in
complexity of equation and amount of parameters used in each approach. Although this was the
case, there was no general consensus as to what is the best approach to determining an adequate
amount of horizontal reinforcement when dealing with lateral loading. However, what is clear
here is that most equations were developed empirically. Two prominent variables that influence
the confinement reinforcement are axial load and concrete strength, which are included in almost
all equations. These variables define the needed confinement to prevent failure of an axially
loaded column following spalling of cover concrete. When this requirement was extended for
flexural members, other variables have been added. Even then, the axial load plays a key role as
flexural member ductilities are significantly affected by this variable. Other variables that has
less influence are longitudinal steel reinforcement ratio as well as the ratio between the cross
sectional area to area of the gross section. These variables have not always been included as they
are considered to introduce unnecessary complexities. Another most significant parameter
causing variation between confinement equations is the ductility demand. If this variable is
introduced, it is expected that variations between the confinement requirements will be reduced.

The remainder of the report will be dedicated to identifying the confinement variations and
how this impacts the lateral design process whether due to a seismic event or other lateral load
concern with due consideration to the requirements of Caltrans. Furthermore, the report shall
identify the need for the inclusion of curvature demand expected by the design level event to be

included into the development of any future confinement equation.
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Table 2-1: A summary of variables used for determining spiral confinement reinforcement

Variables
LRFD
Source Egn. || fy | e | D" | Ay | Acore | ALR | p; | fyi | ¢u/by | s | L | Resistance Constant
Factor (¢)
AKDgE’DI\g(,)FDOT’ See AASHTO Requirements
SC DOT (2-7) X X
AASHTO Bridge (‘12)-1 | (2-16) | X | X
AASHTO Bridge (°’12)-2 | 2-17) | X | X X X
AASHTO Seismic 8}2 X
ACI 318-08 — 1 28 | X | X
ACI 318-08 — 2 29 | X | X X X
ATC-32 (2-2) X | X X X
Caltrans 2003
(Dia. 3 ft. or less) 4 | X | X X X X
Caltrans 2003
(Dia. > 3 ft.) (25 | X | X X

New Zealand (1994) e | X | X X | X X X X | X X | X X
Watson et al. (1994) @21 | XX X | X X X X | X X X X
NZS 3101 (2008) - 1 2-10) | X | X X X X X | X X
NZS 3101 (2008) - 2 Q-1 | X | X X X X X | X X

Note: X — indicates the use of term in specified equation
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Table 2-2: A summary of variables used for volumetric equations based on the specification of required area

Variables
LRFD
Source Eqn. | o | fy | e [ D" | Ay | Acore | ALR | p; | £ | d4/¢y | s | Resistance Constant
Factor (¢)
ACI 318-08 -1 223) | X | X X| X
ACI 318-08 -2 224) | X | X
AASHTO Bridge (‘12)-1 | (2-34) | X | X
AASHTO Bridge ('12)-2 | 2-33) | X | X X | X
AASHTO Seismic g}g X
Priestley (1996) (2-20) X | X X X
A(?a?tfjn?(i%?ﬁ}f See Priestley (1996)
NZS 3101 (2008) - 1 227) | X | X X | X X | X|X X
NZS 3101 (2008) - 2 229 | X | X X| X X [ X | X X
Watson et al. (1994) 2-19) | X | X X|X| X X | X|[X] X |X X
JSCE (JGC No. 15) (2-32) X X
Note: X — indicates the use of term in specified equation
Table 2-3: A summary of variables used in anti-buckling equations for determining p;
Variables
Source Eqn. f, £y P Ag f, d; d"
NZS 3101 (2008)-1 (2-12) X X X X X
NZS 3101 (2008)-2 (2-13) X X X X X
Priestley et al. (1996) and ATC-32 (1996) (2-3) X
Priestley et al. (1996) and ATC-32(1996) | (24) | X X X

Note: X — indicates the use of term in specified equation
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CHAPTER 3: REVIEW OF CONFINEMENT REINFORCEMENT AND MATERIAL
MODEL EQUATIONS

To better understand the influence of the multiple approaches to computing the amount of
confinement reinforcement in a given cross-section, a series of moment-curvature and pushover
analyses were conducted on cantilever bridge columns. These analyses were conducted using
available computer software and hand approaches based on equations developed from structural
theory and experimental testing. The goals of the multiple analyses were to identify the impacts
of the different equations presented in Chapter 2 on the curvature capacity of critical column
sections and displacement ductility capacity of bridge columns. Limited experimental testing
was also conducted as part of the project to complement existing data and further examine
current material models used in the establishment of stress-strain behavior for confined and

unconfined concrete.
3.1 Comparison of Available Confinement Equations

The initial comparisons included a direct look at the impact of unconfined concrete
compressive strength, column diameter, axial load ratio and longitudinal reinforcement ratio on
the amount of required horizontal column reinforcement based on the variables presented within
Table 2-1 through Table 2-3. Once completed, the results were used to minimize the number of
equations used to examine the impact of specific equations on the local section behavior and
lateral behavior of columns subjected to earthquake loading to establish whether or not current
equations are satisfying expected demands from earthquakes and demonstrate the need to include
demand within any approach for defining confinement reinforcement. In all cases, the equations
investigated were spiral or butt welded circular hoop reinforcement equations as the general
consensus throughout the previous chapter was that rectangular ties and hoops were about 70%
as effective as circular confinement. Therefore, the end result could be to provide additional

reinforcement by this ratio if rectangular reinforcement was desired in the design process.

3.1.1 Concrete Compressive Strength
The first set of analyses examined the impact of the unconfined concrete compressive
strength on the requirement for horizontal confinement reinforcement ratio. This was done by

examining the equations provided in Chapter 2 and summarized in Table 2-1 and Table 2-3 with
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duplicates removed. Upon closer inspection of the NZS 3701 (2008) equation, the data set was
not included in this process as it was found to result in a negative value until the axial load ratio
exceeded approximately 15% - 20%. This was outside the scope of this report in which the axial
load ratio on exterior bridge columns of multi-column bents was assumed to not exceed 15%.
Furthermore, Park (1996) stated that this requirement shall not control over the anti-buckling
requirements until about a 30% axial load ratio was attained. Thus, the NZS 3701 (2008)
equation for anti-buckling within the ductile plastic hinge region was included in the comparison
as this would produce the most confinement reinforcement from the New Zealand Standard. The
SCDOT value was not provided in the comparison as this was typical joint reinforcement
requirements (Sritharan 2005), but was stated as a requirement to meet for the design of column
confinement.

For comparison purposes, a 4 ft diameter column with a longitudinal reinforcement ratio of
2% and an axial load ratio of 5% was selected based on expected usage within high seismic
regions. Additionally, it was assumed that both horizontal and longitudinal steel reinforcement
would have a yield strength of 60 ksi. The cover to the main longitudinal bar was selected to be
3 in. as this would be a conservative approach based on the A4SHTO (2012) requirements for a
bridge in a coastal region and would produce a higher ratio of gross concrete area to core
concrete area. The horizontal confinement bar would be a #5 bar (dy, = 0.625 in., where dy, 18
the diameter of the horizontal reinforcement) when needed in a given confinement equation. In
the buckling equations specified by A7C-32 (1996) and NZS 3101 (2008), the number and size of
the longitudinal bars within the column cross-section was needed to compute the horizontal
volumetric ratio. In these equations, the bar size was specified as #8 bar (dy; = 1.0 in., where dy,
= diameter of longitudinal bar), #11 bar (dy; = 1.41 in., where dy = diameter of longitudinal bar)
or #14 bar (d, = 2.25 in., where dy = diameter of longitudinal bar) to capture a range of values
that may be experienced with a 2% longitudinal reinforcement ratio within a 4 ft diameter bridge
column. Concrete compressive strength was varied in these equations from 4 ksi to 8 ksi as this
range was typical when using normal strength concrete in a bridge column design.

The results of the comparison are provided in Figure 3-1. This figure demonstrates that
when it comes to concrete compressive strength, a number of equations were not affected while
others were highly influenced to the point where buckling equations might control the design of
the transverse reinforcement as was the case between 4 and 4.5 ksi depending on the size of the
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longitudinal bar. The equations that remained constant throughout the variation in the concrete
compressive strength were related to the prevention of buckling in the longitudinal bar. These
equations are independent of concrete compressive strength as they are based on the strength and
quantity of longitudinal steel in the bridge column cross-section. Furthermore, the equations
using #8 bar in the details required a higher level of confinement as the number of bars increased
compared to the #11 bar and #14 bar detailing in order to maintain the 2% longitudinal
reinforcement ratio. The remaining equations within the comparison have a linear increasing
trend from 4 ksi to 8 ksi as all the equations include a term for the ratio between the unconfined
concrete compressive strength and the steel yield strength. This ratio constantly increases as the

steel yield strength remains constant throughout the comparisons.
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--------- Equation (2-2) [ATC-32] = - = Equation (2-4) [Caltrans <3 ft.]
= = Equation (2-5) [Caltrans > 3 ft.] Equations (2-8) and (2-16) [AASHTO/ACI]
----- Equations (2-9) and (2-17) [AASHTO/ACI/Caltrans Minimum] Equation (2-3) #8 Bar [ATC Buckling]
Equation (2-3) #11 Bar [ATC Buckling] Equation (2-3) #14 Bar [ATC Buckling]
Equation (2-13) #8 Bar [NZS PH Buckling] ——®- = Equation (2-13) #11 Bar [NZS PH Buckling]

Equation (2-13) #14 Bar [NZS PH Buckling]

Figure 3-1: Impact of unconfined concrete compressive strength on horizontal confinement
reinforcement ratio [Note: PH = within the plastic hinge region]

Examination of the transverse confinement equations presented in Figure 3-1 indicate that

the highest level of reinforcement requirements as a function of concrete compressive strength
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were specified within AASHTO (2012), ACI (2008), Caltrans (2003) and ATC-32 (1996) when
ignoring the impacts associated with premature buckling of the longitudinal reinforcement. With
this assumption in mind, the highest value of the required volumetric horizontal ratio comes from
Eq. (2-8) and Eq. (2-16) in which the requirements were specified to ensure an adequate flexural
curvature capacity. This particular equation is purely a function of the concrete and steel
reinforcing material properties within the system but resulted in a reinforcement ratio between
0.8% and 1.6%. The second highest term, ranging between 0.75% and 1.45%, was based on the
minimum requirements specified within the Caltrans (2003), AASHTO (2012) and ACI (2008)
documents that ensured the axial capacity of the core of the bridge column section without the
cover concrete was the same as the gross concrete section. The recommended equation provided
by ATC-32, Eq. (2-2), produced the next highest amount of reinforcement as the concrete
compressive strength increased from 4 ksi to 8 ksi. The resulting amount of confinement
reinforcement varied from 0.75% to 1.33%. This methodology was within 20% of the two
aforementioned equations and took into account the highest number of variables during
definition of the required transverse reinforcement; thus, the additional variables within this
equation were investigated to determine the associated impact on the amount of required
confinement reinforcement. The modified equations of Caltrans (2003) that take into account
the importance of axial load ratio, Eq. (2-4) and Eq. (2-5), were approximately half the value of
Eq. (2-8) and Eq. (2-9) which would have controlled the design of the cross-section.

Although ignored originally, the anti-buckling equations would have controlled the amount
of transverse confinement steel at low concrete compressive strengths for the column and
reinforcement setup used for the comparison, see Figure 3-1, if a #8 bar was used for the
longitudinal reinforcement. However, if a #11 bar was used in the cross-section, the value could
be exceeded by Eq. (2-8) by up to three times at a concrete compressive strength of 8 ksi.
Furthermore, once the concrete compressive strength exceeded 4.6 ksi, Eq. (2-8) and Eq. (2-16)

would control the amount of confinement steel in the system.

3.1.2 Axial Load Ratio
The next parameter investigated within the transverse confinement reinforcement equations
was the axial load ratio. This parameter was selected for investigation as axial load influences

the moment-curvature response of the section behavior; thus, the curvature ductility and
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associated displacement ductility would be similarly affected. Similar to the concrete
compressive strength a comparison was made with a 4 ft diameter column with a 2%
longitudinal reinforcement ratio. The cover, horizontal bar and steel properties were maintained
the same as the previous comparison. The main difference was that the design concrete strength
would be 4 ksi as this is commonly specified in Caltrans’ bridge design. The results of the

comparison are provided in Figure 3-2.
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Figure 3-2: Impact of axial load ratio on horizontal confinement reinforcement ratio [Note:
PH = within the plastic hinge region]|
Figure 3-2 provides a series of curves in which linearly increasing and constant trends were
present within the requirements for horizontal confinement reinforcement. The #8 bar buckling
equations were investigated and resulted in higher requirements for the horizontal confinement
reinforcement than any other equations; however, this diameter bar would result in the use of 36
bars for a 4 ft diameter cross-section and would not be practical in most designs. The constant

trends within the data set were from both the buckling equations and the requirements of
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AASHTO (2012) and ACI (2008). The use of a larger diameter longitudinal reinforcing bar
resulted in the buckling equations not controlling the design of the concrete bridge column based
on the applied axial load ratio. The elimination of the buckling equations resulted in Eq. (2-8)
and Eq. (2-9) requiring the most amount of transverse confinement reinforcement within the
cross-section examined up to an axial load ratio between 5% and 10%. Eq. (2-8), specified to
ensure an adequate flexural curvature capacity in the cross-section, was consistently higher than
Eq. (2-9) for the system examined as a function of axial load ratio. The approach suggested by
ATC-32 (1996) exceeded this value at an axial load ratio of 10%. However, the equation
designed to maintain axial load capacity, Eq. (2-9) was exceeded at an axial load ratio of 5%.
Since axial load ratios in excess of 10% are common in exterior columns of multi-column bents,
the results of the analytical comparison demonstrate that the axial load ratio should be included
into any future volumetric ratio equation.

To account for the impact of axial load ratio, modifications to Eq. (2-8) and Eq. (2-9) were
specified in Caltrans (2003) that include axial load ratio as a variable, Eq. (2-4) and Eq. (2-5).
Figure 3-2 indicates that these equations experienced a linearly increasing trend from -5% to
15%. However, the data resulting from these equations was generally one and a half to two
times lower than the minimum requirements specified in AASHTO (2012) and ACI (2008) over
the entire range examined. Furthermore, these equations were lower than the buckling equations
specified by ATC-32 (1996) and NZS 3101 (2008) up to approximately a 5% ALR. The NZS
3101 (2008) buckling equation utilizing a #11 bar longitudinally was higher than both of the
Caltrans (2003) equations over the range examined within Figure 3-2. This reinforces the need
to include multiple variables within any future proposed design equation for transverse

confinement reinforcement.

3.1.3 Column Diameter and Ratio of Core and Gross Concrete Cross-Sectional Area

The column diameter, and thus the ratio of the gross to core cross-sectional area, of the
section was investigated next as this term defines a key geometric property in any design. The
diameters chosen for investigation ranged from 12 in. to 96 in., which are common throughout
bridge designs. The concrete compressive strength was taken as 4 ksi, the steel yield strength
was 60 ksi, a 5% axial load ratio was maintained and a longitudinal reinforcement ratio of 2%

was selected as the average values for a concrete bridge column design. The cover for the main
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steel was not changed and #11 and #14 bars were used in the buckling equations. It was
concluded that the #8 bar should no longer be provided in the comparison based on the
probability of use in a 4 ft. diameter bridge column with a 2% longitudinal reinforcement ratio.
Comparisons of results are provided in Figure 3-3, which shows evidence that the column
diameter highly influences the amount of horizontal confinement reinforcement needed in a
bridge column. This was noted based on the opposite trends within the results that indicate a
polynomial decrease in the Caltrans (2003) minimum equation, Eq. (2-9), and a polynomial
increase provided by the equations for anti-buckling, Eq. (2-3) and Eq. (2-13). The decreasing
polynomial trend in the Caltrans (2003) minimum equation, Eq. (2-9), would control the design
up to a column diameter of approximately 44 in. based on the need to ensure axial capacity
without the presence of the cover concrete. At this point, a constant trend in the results based on
the specification of transverse confinement such that a adequate flexural curvature capacity is
attained, Eq. (2-8), controls until a 62 in. to 72 in. diameter column is reached. At this point, the
anti-buckling equations, Eq. (2-3) and Eq. (2-13), control for the remainder of the diameters
examined within this comparison. The exact controlling equation, however, depended on the
diameter of the longitudinal bar being examined as it may not be practical to use #11 bars in a 96
in. diameter cross-section. The opposite trends in the results were somewhat expected as the
decreasing polynomial trend contains a term based on the ratio between the gross-area of
concrete and the core area of concrete in the bridge column. The increasing polynomial trend
occurred as the anti-buckling equations rely on the number of bars present within the cross-
section of a bridge column and must increase with column diameter to maintain the specified 2%

longitudinal reinforcement ratio for the comparison.
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Figure 3-3: Impact of column diameter on the horizontal confinement reinforcement ratio
[Note: PH = within the plastic hinge region]

Differences in requirements between a 24 in. diameter column and 72 in. diameter column
were approximately a factor of 2 with the Caltrans (2003) minimum equation, Eq. (2-9), for the
transverse confinement controlling the design at column diameters less than 48 in. This
particular equation was expected to control the design within this range as many resources
including Caltrans (2003) and Priestley et al. (1996) stated that this equation was for a bridge
column with a diameter of less than 3 ft. The buckling equations used in Figure 3-3 may not
always control the design for bridge columns in excess of 60 in. as an increased longitudinal bar
diameter would result in a lower amount of required horizontal confinement reinforcement.
Additionally, the equations presented in Caltrans (2003) that accounted for the influence of axial
load ratio were once again two times lower than the controlling equations. The controlling
equation in Figure 3-3 indicates that the ratio of the gross section area to the core section area is

important in the overall design as noted by the polynomial behavior. Since the area of the core
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and overall section take into account the column diameter, this means that a future developed
design equation should take into account the column diameter or the ratio of the gross section to

the core section.

3.1.4 Longitudinal Reinforcement

The final comparison made to examine the impact of variables on the design of horizontal
confinement reinforcement was for the amount of longitudinal reinforcement in the bridge
column. To make this comparison, a number of assumptions were made about the average
concrete column design throughout California and the United States. This meant that a 4 ft.
diameter column with a concrete compressive strength of 4 ksi and axial load ratio of 5% was
again selected. Additionally, the steel had a yield strength of 60 ksi and the reinforcing bar was a
#11 or #14 bar when the bar diameter was used as a variable in quantifying the transverse
reinforcement. To make the comparison, the longitudinal reinforcement ratio was varied
between 1% and 4% as these are typically the upper and lower limits that are used in a bridge
column design.

The results of the comparison are shown in Figure 3-4,which contains both linear and
constant trends as the longitudinal reinforcement ratio increases from 1% to 4%. The increasing
trends in Figure 3-4 were from the anti-buckling and 47C-32 (1996) equations as these equations
included terms that account for the amount of steel within the bridge column cross-section. The
constant trends within the comparison were based on the minimum equations presented in
AASHTO (2012) and ACI (2008), which do not contain a term related to the amount of
longitudinal reinforcement. These particular equations are a function of material and geometric
properties of the bridge column design.

The ATC-32 (1996) equation for confinement exceeded the requirements of AASHTO (2012)
between a longitudinal reinforcement ratio of 2% and 2.5%. The minimum requirement
specified by A4SHTO (2012) and Caltrans (2003) was exceeded at approximately a 2%
reinforcement ratio while the additional equation based on flexural curvature was exceeded at a
2.5% longitudinal reinforcement ratio. Once again, the equations presented in Caltrans (2003)
based on the adjustment for axial load ratios were exceeded by a factor of two at a minimum.
Furthermore, the buckling equations exceeded the requirements of A4SHTO (2012) and ACI

(2008) at the high end of the longitudinal reinforcement comparison when using a #11 bar within
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the bridge column. Additionally, the NZS 3101 (2008) buckling equation exceeded the required
amount of confinement reinforcement using a #14 bar longitudinally. The ATC-32 (1996)
equation was exceeded at approximately a 3.4% longitudinal reinforcement ratio by the NZS
3101 (2008) buckling equation using a #11 bar in the cross-section. However, it should be noted
that a 3.4% longitudinal reinforcement ratio would contain 40 bars within a 4 ft. diameter cross-

section and would not be realistic for a design.
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Figure 3-4: Impact of the amount of longitudinal reinforcement on the horizontal
confinement reinforcement ratio [Note: PH = within the plastic hinge region]

3.1.5 Summary

Section 3.1 of this report undertook an analytical investigation into the available
confinement equations within practice. The investigation examined the impact of unconfined
compressive strength, column diameter, longitudinal reinforcement ratio and axial load ratio. It
was found that buckling equations would periodically control the necessary amount of transverse

reinforcement in the plastic hinge region of bridge columns, but this was highly dependent on the
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geometry and amount of steel within the section. Minimum requirements within the axial load
ratio comparison were exceeded by the linearly increasing trend of A7C-32 (1996) between an
axial load ratio of 5% and 10%. This would be crucial in a design process as exterior columns of
a multi-column bent may experience an axial load ratio between -5% and 15%. Furthermore,
material properties such as unconfined compressive strength were found to influence the amount
of confinement reinforcement as this variable was commonly used in many of the equations
examined. The minimum values specified by Caltrans (2003) were found to be exceeded by
approaches suggested in A4SHTO (2012) as well as ATC-32 (1996) depending on the variable
examined. The unconfined compressive strength variable was the one variable examined that did
not have this trend occur within the resulting data set. The Caltrans (2003) equations that were
modified to include the axial load ratio tended to be lower than the controlling confinement
equations by a factor of 2. Based on the comparisons in Section 3.1, any equation development
for the design of confinement reinforcement should take into account the unconfined
compressive strength, longitudinal reinforcement ratio, axial load ratio, column geometry and

other possible material properties such as yield strength of the transverse reinforcement.

3.2 Experimental Testing

As part of the overall study into the behavior of confinement reinforcement, a small
exploratory study using controlled materials testing at lowa State University was performed.
This testing was a combination of available data from previous research and additional
specimens that were constructed to take into account the influence of specimen size and the
presence of unbounded longitudinal reinforcement. The multiple tests within the experimental
study included different mix designs and the data was therefore not included all together on a
single chart. This approach allows for the information to be expanded upon as needed during
future studies. The experimental data was then compared with the confinement model proposed
by Mander et al. (1988) and a methodology discussed in Priestley et al. (1996). This particular
model was selected as it is commonly used in todays practice as stated in the SDC (Caltrans
2008). The model provides a way to predict the strength and ductility gain associated with
transverse reinforcement based on the amount of longitudinal reinforcement, size of transverse
reinforcement, spacing of transverse reinforcement and material properties associated with steel

and unconfined concrete. Although a limited investigation, it provided insight as to the accuracy
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of the equations and parameters that may be of significance when determining an adequate

approach for designing the transverse reinforcement. The number of specimens used in the

additional experimental testing and reasoning for each set of specimens is provided in Table 3-1

with the original test specimens taken from a previous testing cycle that investigated seasonal

freezing effects on confined and unconfined concrete (Shelman et al. 2010) listed in Table 3-2.

Table 3-1: Experimental testing additional test specimens

. 3" X 6" 4" X 8" 6" X 12"
LGLIDCETEIA N 2 Cylinders Cylinders Cylinders Reason
Investigate size effects on
None 3 3 3 unconfined specimens and
establishment of concrete strength
Investigate size effects on
— 0
Confined at p, = 1.22% 3 3 3 confined concrete specimens
Investigate the effect of
— 0
Conﬁp&? atbps dlc.i22A> _ 3 (3 long. bar) _ longitudinal reinforcing on the
1:;11 ; tll,llgin(:ll bears 3 (6 long. bar) behavior of confined concrete
& specimens
Establish baseline values for
Confined at p; = 0.61% - 3 - concrete mix with a loose
confinement ratio
Investigate the effect of
— 0
Conﬁpf}il atbps d0a61 % _ 3 (6 long. bar) _ longitudinal reinforcing on the
1w1 .tug. 0111 be & behavior of confined concrete
ongitudinal bars specimens
Total # of Specimens 6 18 6

Table 3-2: Previous experimental testing specimens at 20 °C (68 °F) with no longitudinal
reinforcement in confined specimens

. 3" X 6" 4" X 8" 6" X 12"
Reinforcement Type Cylinders | Cylinders | Cylinders Reason
None 3 Establishment of concrete strength
Confined at p, = 1.22% 3 .
Con ;ne da tp _ 9(y0 3 Impact of varying levels of confinement
C onfmil i Ps 0 61"; 3 reinforcement on concrete behavior
onfined at p; = 0.61%
Total # of Specimens 0 12

In the tests, cylinders were instrumented using a minimum of four gauges placed around the

concrete cylinders to measure the change in displacement occurring throughout the test. The
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overall test setup, basic gauge setup and a tested cylinder are shown in Figure 3-5. By
combining this data with the axial load being applied at a rate of 0.5 mm/min (0.02 in./min),
stress-strain curves could be produced and used to compare with the model suggested by Mander
et al. (1988) and reproduced in Priestley et al. (1996) with an estimation for the ultimate strain
for the confined concrete. The results of the experimental investigation are provided in the

remainder of Section 3.2 of this report.

(b) Specimen Setup

(a) Overall Testing Frame (c) Tested Specimen

Figure 3-5: Testing and setup for additional concrete specimens at lowa State University

The idealized curves expected to arise from the testing of the multiple specimens within the

experimental program take the form as shown in Figure 3-6. These curves describe the confined
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and unconfined concrete behavior and its associated terminology. It can be seen that the
influence of confinement reinforcement increases the compressive strength of the concrete while
also causing a more ductile response until reaching the ultimate concrete compressive strain of

the concrete.

Axial
Stress

Confined
P S Concrete

Unconfined
Concrete

€0 € Egp €cu Axial Strain

Terminology:

f. = peak unconfined compressive stress; E, = concrete modulus of elasticity; €., = strain at
peak unconfined concrete stress; €., = peak unconfined compressive strain; f.. = peak confined
compressive stress; €. = strain at peak confined concrete stress; and g, = ultimate confined
compressive strain;

Figure 3-6: Typical idealized stress-strain for the stress-strain behavior of concrete

3.2.1 Size Effects

The influence of cylinder size on the compressive strength of unconfined concrete has been
investigated by numerous researchers as summarized and expanded upon in Vandegrift and
Schindler (2006). This experimental portion of the report found that 4 in. x 8 in. cylinders
experienced a compressive strength that was higher than a 6 in. x 12 in. cylinder at strengths less
than 6000 psi, but also experienced a lower compressive strength than a 6 in. x 12 in. cylinder at
compressive strengths greater than 6000 psi. Additional ratios described within the report by
Vandegrift and Schindler (2006) maintained that the 4 in. x 8 in. cylinder experiences a

compressive strength that was 0.85 to 1.15 times the strength of the 6 in. x 12 in. cylinder
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depending on the strength range of the cylinders examined. Although an exploratory study with
a small sample size, size effects were examined throughout the different variables to identify any
possible variations. The testing at [owa State University found that size effect was an area for
further investigation based on the increasing and decreasing trends depicted in Figure 3-7
through Figure 3-9 where the diameter of the tested unconfined and confined cylinders were
compared to the concrete compressive strength, strain at peak concrete compressive stress and
strain at 50% of the peak concrete compressive stress. Although small, these variations are

important when comparing with a constitutive model.
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Figure 3-7: Effect of cylinder diameter on both the confined and unconfined concrete
compressive strength
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3.2.2 Confined Concrete Strength

The first comparison made towards the adequacy of the common constitutive model was
done for the confined concrete strength. This experimental strength was established as the peak
confined stress attained during a given test as was described by the idealized curve in Figure 3-6.
For comparison purposes, the theoretical model was constructed based on the strength attained
during the testing of unreinforced concrete cylinders of similar size. For purposes of comparison
the model was further established based on two methods of establishing the effectiveness of the
confinement reinforcement. The first method was to compute the effectiveness as described in
Mander et al. (1988) directly, which uses a ratio of the effective confined area to the area of
concrete confined within the center line of the transverse reinforcement. The second approach
for effectiveness was taken to be a constant value of 0.95 based on the recommendations of
Priestley et al. (1996) for a spirally reinforced column section. The results of the comparison are
provided in Figure 3-10 through Figure 3-13.

The figures indicate that the theoretical model suggested by Priestley et al. (1996), based on
the work of Mander et al. (1988), and experimental testing were in adequate agreement as to the
expected confined compressive strength for the different cylinder sizes tested. The experimental
results of the 3 in. and 6 in. diameter cylinders lined up directly with the theoretical models. The
4 in. diameter cylinders experienced results that were higher and lower than the theory
depending on the specimen set organized. This, however, could be a function of the unconfined
compressive strength of the concrete used within the theoretical model. This was a possibility as
the unconfined concrete compressive strength of the 4 in. diameter cylinders was lower than the
average of the 3 in. diameter and 6 in. diameter cylinder tests. This would be counterintuitive to
the expected trends based on the known behavior of concrete when considering the influence of
cylinder size in the concrete testing.

The theoretical curves at the small diameter cylinders tended to have a reversal in the
expected behavior based on the method of effectiveness. The assumption of a 95% effectiveness
in Priestley et al. (1996) is a typical value for the ratio of the effective confined area to the core
concrete, but was a non-conservative approach with the smaller specimen sizes. The ratio
appears to begin to reach this typical value as the cylinder size increases as demonstrated in

Figure 3-13, where the two curves are nearly identical with a 6 in. diameter cylinder. Thus, for
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the current practice discussed in the SDC (2008) the suggested constitutive model adequately

defines the concrete compressive strength in confined and unconfined concrete.

8000

7000
= e
= | ==
= 6000 L
o — /)/
i /
% 5000 _— o
St -
£ 4000 o
g
© 3000
=
£ Priestley ~ (Ke = Ae/Acc)
E 2000 = = Priestley (Ke=0.95)
U X Experiment

1000

0
0 0.005 0.01 0.015 0.02

Figure 3-10: Comparison of theoretical and experimental confined compressive stregnth
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Figure 3-11: Comparison of theoretical and experimental confined compressive stregnth
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3.2.3 Strain at Peak Confining Stress

The second comparison of the experimental versus theoretical curves was the strain that
occurs at the peak confining stress. This point establishes the location on the stress-strain curve
at which the strength of the confined and unconfined concrete begins to soften. Furthermore, it
indicates a point to which the elastic behavior of a concrete section could be extended in an
adequately confined concrete section.

Experimental testing results are depicted in Figure 3-14 through Figure 3-17 and
demonstrate that the strain at the peak confined stress can be adequately determined using the
constitutive model suggested by Priestley et al. (1996). The value established using the
theoretical means, however, may be a little more conservative as the experimental strain tended
to be a little higher than the predicted curve. The difference in the experimental and constitutive
model may be attributed to the strain assumed to occur at the peak unconfined compressive
strength. The model presented in Priestley et al. (1996) and SDC (2008) suggest this point to
maintain a strain value of 0.002 in/in. The experimental testing indicates that this value should
be closer to 0.004 in/in. By increasing the strain at the peak unconfined compressive strength,
the associated strain within the confined concrete model would further increase, thus shifting the
data closer to the experimental testing. The increase in the unconfined concrete strain could
increase the theoretical curve to the point that the experimental results would now be under
predicted based on the level of confinement. Size effects do appear within this data set as the 6
in. diameter cylinders appeared to have an unconfined concrete strain closer to the specified
strain of 0.002 in/in than the 3 in. diameter and 4 in. diameter cylinders. It may be appropriate to
further increase this value in the SDC (2008) document or make it a regional value based on the
concrete batched in a given region.

In addition to the strain term, the presence of longitudinal bar within the cross-section
appeared to make a difference in the strain at the peak compressive strength as seen in Figure 3-
15. This was partially dependent on the level of confinement and the number of bars within the
cylinder as the 6 bars longitudinally influenced the response more than the 3 bars longitudinally.
Additionally, the 1.22% horizontal confinement ratio was impacted more than the lower
confinement ratio examined as part of this study. This is important in a future design as the

current equations for the constitutive model do not take into account the presence of longitudinal
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steel. It should also be noted that once again the constant effectiveness term used in the

constitutive model was more appropriate for larger diameter specimens.
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Figure 3-14: Comparison of theoretical and experimental data for the strain at peak
confining stress for 3 in. diameter specimens (f, = 4000 psi)
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Figure 3-15: Comparison of theoretical and experimental data for the strain at peak
confining stress for 4 in. diameter specimens (f, = 3500 psi)
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Figure 3-16: Comparison of theoretical and experimental data for the strain at peak
confining stress for 4 in. diameter specimens (f. = 5400 psi)
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Figure 3-17: Comparison of theoretical and experimental data for the strain at peak
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3.2.4 Ultimate Strain Capacity

The ultimate strain capacity was the final variable examined as part of the experimental
portion of this project. The ultimate strain of the column cross-section defines the capacity and
the ductility that are key components in an extreme seismic event where ductile behavior is
desired without failure. The ultimate strain capacity, however, is dependent on the amount of
horizontal reinforcement surrounding the core of the concrete column. Establishment of this
value at the first fracture of spiral reinforcement commonly follows the recommendations made
by Mander et al. (1988) where the strain energy capacity of the confining reinforcement was
related to the capacity of the concrete and steel energy of the remaining components. Priestley et
al. (1996) used this idea and confined concrete sections under axial compression to determine a
conservative approach for the establishment of the ultimate concrete strain. The final equation
presented here as Eq. (3-1) tends to be a conservative approach by as much as 50%. Although a
value can be attained from this equation for ultimate strain, the equation is a function of the
horizontal reinforcement; thus, an iterative procedure must be used in order to get the desired

ductile behavior of the bridge column.

1.4psfynesy

€,=0.004+ . Eq. (3-1)
where: €, = ultimate concrete compression strain;

ps = volumetric ratio of horizontal confinement;

g = steel strain at maximum tensile stress;

f'CC = confined compressive strength of concrete; and

fyn = yield strength of tie or spiral reinforcement.

Providing a basis of comparison for this term was a critical part of the comparison for
ultimate strain. For this project, Eq. (3-1) was used as the theoretical ultimate strain capacity of
the concrete sections. The establishment of an appropriate comparison value for the
experimental testing was done by comparing the amount of softening that took place between the
peak confined concrete strength and the strength of the concrete at the ultimate strain capacity.
This process indicated that a drop in the peak concrete strength of 20% to 80% would take place
at the ultimate strain capacity. The most common range of softening within these theoretical
constitutive models was found to be between 20% and 40%. Therefore, it was decided to

compare the experimental results at a 20% and 50% drop in confined concrete strength to the
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constitutive strain model suggested by Priestley et al. (1996) on the descending branch of the
stress-strain curve. The 50% drop in peak stress was not able to be listed in the 4 in. diameter
cylinders with an unconfined compressive strength of 5400 psi due to limitations of
instrumentation at the time of testing.

The results of the experimental testing compared with theoretical constitutive model are
provided in Figure 3-18 through Figure 3-21and show that the current approach to predicting an
ultimate strain is dependent on specimen size as well as the location at which the ultimate
condition is defined. In the 3 in. and 4 in. diameter specimens, the 20% drop in compressive
stress data was 50% lower than the expected strain according to the constitutive model.
However, the data based on a 50% drop in compressive stress typically met or exceeded the
ultimate concrete strain suggested by Priestley et al. (1996). The 50% drop in concrete
compressive strength may be a significant drop during the design of a bridge column in a high

seismic region where the prevention of collapse would be desired under extreme events.
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Figure 3-18: Comparison of ultimate concrete strain for 3 in. diameter cylinder specimens
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Figure 3-19: Comparison of ultimate concrete strain for 4 in. diameter cylinder specimens
(f. = 3500 psi)

0.07

=

=

[o)
1

Priestley  (Ke = Ae/Acc)

= = Priestley (Ke=0.95)

o
S
oy
i

X Experiment (20% Drop in Stress)

e
el
e

o
S
&

Strain at Ultimate Condition, ¢,

0 0.005 0.01 0.015 0.02

Equivalent Horizontal Reinforcement Ratio, p,

Figure 3-20: Comparison of ultimate concrete strain for 4 in. diameter cylinder specimens
(f. = 5400 psi)

59



0.07

0.06 | Priestley  (Ke = Ae/Acc)
£ e e  Priestley (Ke=10.95)
g’ 0.05 X Experiment (20% Drop in Stress)
::5 O  Experiment (50% Drop in Stress) o
£
S 0.04
2
s
£ O
< 0.03
o /
=
£ 0.02
2 X

0.01 X

0+
0 0.005 0.01 0.015 0.02

Equivalent Horizontal Reinforcement Ratio, p
Figure 3-21: Comparison of ultimate copcrete strain for 6 in. diameter cylinder specimens
(f. = 5000 psi)

Similar to the concrete compressive strength and concrete strain at the peak compressive
strength, the ultimate concrete strain was influenced by the diameter of the cylinder tested. The
influence of size can be seen when comparing Figure 3-21 with Figure 3-18 through Figure 3-20.
Figure 3-21 depicts that the ultimate concrete strain based on the 20% drop in peak strength was
only 30% lower than the constitutive model compared to the 50% drop in the 4 in. diameter
cylinders. Additionally, the theoretical curves within the figures indicate a difference in
expected behavior based on the approach for the effectiveness coefficient. The trend in these
figures was opposite of the previous trends as the ratio of the effectively confined area to core
area was higher than the typical effectiveness coefficient, but got closer together as the diameter
of the test specimen increased.

The presence of longitudinal bar in the concrete specimens again had an influence on the
strain at the ultimate condition as seen in Figure 3-19. The increased strain capacity of the
concrete section increases the overall ductility that would be gained out of a typical bridge
column design suggesting the need to account for longitudinal reinforcement in an equation for
establishing the amount of confinement reinforcement. The SDC (Caltrans 2008) states that the

ultimate strain capacity should be established based on the constitutive model selected, but since
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this was a common model suggested for use, the strain capacity may need to be further evaluated
based on the expected demand of the bridge column design.

Although the experimental and analytical data allows for the ability to draw conclusions for
different limits, the computation of the ultimate strain is highly complex as it depends on
multiple variables. These variables include, but are not limited to: (1) amount of cross-section
under compression; (2) role of longitudinal reinforcement in axial and transverse directions; (3)
conservatism of the equation, and (4) size of unit tested. Tackling of this problem requires
additional testing on columns with the focus being on the understanding of the confined concrete
region. Testing can be used to identify the conservatism within a proposed equation as the data
presented within this report indicates that there may be a larger discrepancy in the Priestley et al.
(1996) approach since the ultimate concrete strain appeared to coincide with a 50% drop in peak
confined stress. Furthermore, this equation is supposed to provide a conservative estimate for
the ultimate concrete strain with a reserve capacity of as much as 50%. Testing would also help
to identify how much the presence of longitudinal steel contributes to both the axial and
transverse behavior to ensure the best possible approach. In addition to the information stated
above, the incorporation of curvature demand into a future equation for defining the appropriate
amount of confinement reinforcement may be appropriate to improve the efficiency of the design
process, while accounting for the expected demand level of a design-level earthquake to meet the

performance based criteria of the owning agency.
3.3 Impact of ps on Design

The next step in the project was to conduct a series of analytical analyses that establish the
curvature ductility capacity of multiple bridge columns based on the horizontal volumetric
confinement equations previously discussed within this report. The critical review was
conducted through a series of analytical moment curvature and pushover analyses with the
confined concrete properties being established based on the amount of horizontal steel required
by a given approach. The equations selected for further comparison establish a baseline value
for examining whether demand exceeds capacity within Chapter 4 of this report. Furthermore,
the analytical comparisons highlight the variation within the curvature ductility capacity and the
need to include certain variables (e.g., longitudinal reinforcement ratio and axial load ratio) into

any future equation. The equations selected for comparison were based on the current design of
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bridge columns according to the federal highway requirements of A4SHTO (2012 and 2010) as
well as the ATC-32 (1996) recommendations. The AASHTO (2012) equations, Eq. (2-16) and
Eq. (2-17), were deemed appropriate for comparison as they are part of the federal highway
guidelines and were recommended as for use as part of the 2003 version of the Caltrans Bridge
Design Specifications. The ATC-32 (1996) equation, Eq. (2-2), was deemed adequate based on
the fact that this equation was developed as part of a program designed to improve the seismic
design of California bridges. Furthermore, Eq. (2-2) takes into account a number of variables
[e.g., axial load ratio and longitudinal steel reinforcement ratio] that are not included in the
equations suggested by AASHTO (2012 and 2010).

The first step in the review was to perform a series of moment curvature analyses for a
circular column in OpenSEES (2010). A circular column was selected for the analysis as
Chapter 2 of the report indicated that the amount of steel required by a circular column could be
increased by an appropriate amount specified by the governing agency to attain a satisfactory
equation for the volumetric ratio of steel in a system that uses tie or welded hoop reinforcement
in the cross-section. Figure 3-22 depicts that the analytical model for the moment-curvature
analyses consisted of a zero length fiber element with the bottom node fully fixed and the upper
node fixed against a shearing displacement. Boundary conditions established in this manner
allow for the application of an axial load and moment while preventing sliding which causes an
unstable model.

Concrete material behavior was determined based off of the concrete07 uniaxial material
model defined in the program by the Iowa State University Research team with properties
established using the suggestions of Mander et al. (1988). The section was specified to have an
unconfined concrete compressive strength of 4000 psi and no tension capacity. The concrete
fibers were discretized using a circular patch in which the extreme fiber of a given region
maintained a nominal size of 1 in. x 1 in. to ensure adequate ductile capacity. Fiber size and
sufficient ductility was determined appropriate based on a comparison of OpenSEES (2012)
results with a similar section run in XTRACT (TRC Solutions and Chadwell 2007) and VSAT
(Levings 2009) as shown in Figure 3-23.

62



#5 Bar

Unconfined
<8 Concrete
<
2
9 Confined
< Concrete
Q
N
#11 Bar
(a) Element Setup (b) Element Cross-Section

Figure 3-22: Moment-curvature analysis details in OpenSees (2010)

Material behavior of the steel was specified to follow the steel02 uniaxial material model
defined in the OpenSEES framework. The longitudinal reinforcing steel was specified to have
yield strength of 66 ksi with the strain hardening accounted for by using a secondary slope with a
magnitude of 2% of the initial modulus of elasticity. The steel fibers were placed individually
throughout the section with the assumption that the longitudinal reinforcing bars would have
properties associated with a #11 bar. Additionally, the longitudinal bar size was reduced as
needed to maintain a minimum of 8 bars longitudinally within the cross-section. The minimum
number of bars was critical to ensure that the curvature ductility capacity was adequately
determined in OpenSEES (2012), Figure 2-24. This arose as OpenSEES (2012) uses the exact
location of the steel reinforcing bar in its computation, unlike VSAT (Levings 2009) which
smears the steel around the section, and a large variation in the moment-curvature results can
occur when a small number of bars are present in the final cross-section details. The confining
spiral was specified to have the properties associated with a #5 bar and yield strength of 60 ksi.
If the longitudinal bar size was reduced to a #9 bar or lower, the confining spiral was adjusted to

have properties associated with a #4 bar and yield strength of 60 ksi.
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3.3.1 Section Curvature Capacity

The curvature capacity of the sections were examined by comparing the curvature ductility,
Ly, @ unitless term that describes the ratio between the ultimate curvature of the concrete section
and the yield curvature of the section. The ultimate curvature was selected to occur at the
smaller of the ultimate concrete strain, as specified by Priestley et al. (1996), or an ultimate steel
strain of 0.07 for the reasons discussed in Silva and Sritharan (2011). The value of 0.07 strain is
close to the value suggested by the SDC (2010) of 0.06 for a #11 bar. The yield curvature was
idealized from the moment-curvature curve by extending the elastic slope through the first yield
point to the moment at which a concrete strain of 0.004 or steel strain of 0.015 was first attained.
The resulting data was then plotted and examined for trends.

The Priestley et al. (1996) equation results are provided in Figure 3-25 and demonstrate that
this approach generally provides a consistent level of confinement reinforcement with the axial
load ratio typically having the largest influence. In the overall data set, it can be seen that the
lower the longitudinal reinforcement ratio and the lower the axial load ratio, the higher the
curvature ductility is going to be. In general, each set of axial load data asymptotically

approaches a singular curvature value as the data approaches high amounts of longitudinal

reinforcement.
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Figure 3-25: Curvature ductility of circular cross-sections assuming confinement according
to Eq. (2-2) [ATC-32 1996]
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The trends in the data set are more prevalent by removing a set of data, Figure 3-26,
corresponding to a column diameter of 48 in. In this data set, the influence of axial load ratio is
more readily seen at low amounts of longitudinal reinforcement where the curvature ductility

varies between values of 15 and 22.
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Figure 3-26: Data for a 48 in. column using Eq. (2-2) [ATC-32 1996] for confinement
reinforcement

The second set of results provided in Figure 3-27 came from the use of Eq. (2-16) which
was established based on the assurance of adequate flexural curvature capacity. In this data set,
it can be seen that an asymptotic trend was once again prevalent as the amount of steel
reinforcement in the cross-section was increased. Furthermore, the data indicates that the axial
load ratio and the amount of longitudinal steel in a cross-section should be considered in the
computation of confinement reinforcement. This appears as the curvature ductility capacity will
vary between 10 and 25 dependent on the longitudinal reinforcement level, axial load ratio and
column diameter. However, in any design, it would be ideal to maintain a minimum curvature

ductility capacity no matter the level of longitudinal reinforcement or axial load ratio.
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Figure 3-27: Curvature ductility of circular cross-sections assuming confinement according
to Eq. (2-16) [AASHTO 2012]

The results of the curvature ductility comparison for circular columns based on the use of
Eq. (2-17) for the definition of confinement from AASHTO (2012) are provided in Figure 3-29.
This approach was designed to maintain axial capacity of the section after the spalling of cover
concrete. The curvature ductility capacity using this approach ranges from 5 to 25 with a
variation in data coming from multiple sources. Similar to the data shown in Figure 3-26 and
Figure 3-28, it can be seen that the axial load ratio influences the curvature ductility capacity, but
it diminishes at very high axial load ratios when the column diameter was greater than 3 ft. The
asymptotic trend appears in the data set when an individual column diameter was removed from
the overall data similar to Figure 3-27. In the circular sections with a diameter of 3 ft or less, the
data has an overall decreasing trend, but does not asymptotically approach a single curvature
ductility at high axial load ratios. Part of the variation at the small diameters may be contributed
to the number of bars in the given cross-section. However, this indicates an influence of column
diameter on the amount of confinement and should therefore be included in a future design

equation.
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Figure 3-28: Curvature ductility of circular cross-sections assuming confinement according
to Eq. (2-17) [Caltrans 2003, AASHTO 2012 and ACI 2008 Minimum]|

3.3.2 OpenSEES vs Equation Based Displacement Ductility

The pushover analyses were the next step in performing a critical review of the confinement
equations. For this portion of the review, Eq. (2-2) as established by ATC-32 (1996) defined the
amount of horizontal reinforcement surrounding the confined concrete core. This particular
equation was selected based on the number of variables covered in the equation as well as the
consistency of the curvature ductility with an increase of longitudinal reinforcement and axial
load ratio. The other approaches discussed in Section 3.3.1 are expected to provide a lower level
of displacement ductility based on the curvature ductility capacity indicated in Figure 3-27 and
Figure 3-28. The pushover analyses were completed using two different methods: (1) using
OpenSEES (2012) based on a fiber based analytical approach, and (2) using equations presented
in Priestley et al. (1996) with adjustments made for strain hardening and strain penetration as
dictated later in this report as Eq. (3-2). In the pushover analyses, a 4 ft diameter column with a
5% axial load ratio and 2% longitudinal reinforcement ratio using #11 bars longitudinally was
used for comparison purposes. Additionally, the column aspect ratio (i.e., the ratio between the

height of the column and the column diameter) was varied from 3 to 10 based on current bridge
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design practice. Although Caltrans ensures that the column aspect ratio exceeds a value of 4, the
low aspect ratio was still examined in order to investigate dynamic impacts and further provide
trends within the data sets. The OpenSEES analyses consisted of 37 displacement based
fiberized beam column elements along the length of the column with a zero length element based
on the uniaxial material Bond SPO1 and the recommendations of Zhao and Sritharan (2007) at
the bottom to capture the effects of strain penetration into the foundation.

The reinforcement and concrete details were consistent with the moment-curvature analysis
with the exception being that the concrete material model was specified as Concrete03 because
of stability concerns with the dynamic analysis to be performed as part of the critical review for
demand presented in Chapter 4. The material properties used in the Concrete03 material model
were still established according to the recommendations of Priestley et al. (1996) which was
based on the work of Mander et al. (1988). The variation in the uniaxial material models should
not significantly alter the overall pushover analysis as the main difference in the two material
models was the cyclic behavior. A single verification of the difference in the two concrete
models is provided in Figure 3-29 where the computer model displacement of a given column
was compared with a double integration based on the moment-curvature analysis and the
displacement at the ultimate condition, established based on the ultimate curvature of the
concrete section, varied by less than 10%. Although a single instance is shown, the results were
consistent over the multiple column aspect ratios examined as part of the pushover analyses that
were examining the displacement ductility of the system.

As part of the analytical study, the first step was to idealize the moment-curvature results
attained for the column section described using the procedures discussed in Section 3.3.1. The
resulting idealization is provided in Table 3-3 with a comparison to the full data set shown in

Figure 3-30.

Table 3-3: Idealized moment-curvature results for a 48 in. diameter column section

Limit State Moment (kip-in) Curvature (1/in)
Yield 51320.47 0.000111
Ultimate 60226.28 0.001663
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After establishing the idealized moment-curvature response, the equation based method
specified in Priestley et al. (1996) with adjustments made for strain hardening and strain
penetration, Eq. (3-2), was used to define the displacements associated with any point along the
moment-curvature response. The respective force components at a given level of curvature were
determined by dividing the moment capacity with the free height of the column since double
curvature was not examined as part of this project. This particular equation can be applied to
specific limit states of the analysis in Figure 3-30 should a bilinear response be desired instead of

the entire curve of the force-displacement response.
1 2
A=§¢el§+§15p¢elc+¢plplc Eq. (3-2)
where, A = displacement at any level of curvature;

d. = elastic curvature = (M / M;,)cl);, for M > M;,;

¢, = plastic curvature = ¢ - ¢;
l. = column clear height from point of contra flexure;
l, = analytical plastic hinge length;
= 0.081+0.151,d;=0.31,dy, ;
= alc+Bf,dy = (2B)f, dy
lgp = analytical length accounting for strain penetration = 0.15f, dy,;
fy = yield strength of longitudinal reinforcement; and
dy; = diameter of longitudinal reinforcing bar.

After attaining the force and displacement values associated with the hand calculation, the
results were compared with the finite element models ran using OpenSEES (2012). Results of
the comparison between the analytical computer model and equation based method are provided
in Figure 3-31 for two of the trial runs. In this comparison, the idealized bilinear response of the
finite element method was established at the yield point based on the strain levels previously
discussed for the moment-curvature analysis. However, the ultimate condition was established
based on the ultimate curvature of the section as stated in Table 3-3. At the ultimate limit state,
the strain levels in the steel and concrete fiber elements were not consistent with the moment-
curvature analyses. This is believed to be a function of the nonlinearity at the ultimate limit

state, the strain penetration element and the overall spread of plasticity near the column base.
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Figure 3-31: Comparison of equation based and OpenSees pushover computations for a 48
in. diameter column with an aspect ratio of 3 and 10

The graphical comparison indicates that the finite element method typically resulted in a
higher level of displacement than the hand calculation technique although the ultimate curvature
established the end of the pushover analysis. This was found to be mostly associated with the
coefficients of 0.08 (alpha) and 0.15 (beta) assumed as part of the analytical plastic hinge length
within Eq. (3-2). To better identify a realistic value of these coefficients, a series of additional
analyses were undertaken, Figure 3-32. Figure 3-32 suggests that an assumption of 0.08 may be
conservative for the coefficient in the analytical plastic hinge length computation depending on
the cross-section examined. Furthermore, the alpha coefficient varies with axial load ratio,
concrete compressive strength, longitudinal reinforcement ratio, the amount of transverse
confinement reinforcement and possibly other parameters not investigated within this study.
Using the same analyses that established the alpha coefficient, the beta value was found to be
reasonably close to the assumed value of 0.15 at a value of 0.145. Based on these series of
analyses, implementation of an alpha coefficient of 0.10 and a beta coefficient of 0.145 to the
equation based methodology was undertaken when comparing the computer and hand
simulations. These changes are depicted in Figure 3-33, where the modified hand calculations
are shown to more closely represent the computer simulation. This suggests that the current

equation methodologies are sufficient.
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The results of pushover analyses are provided in Table 3-4 where the displacements
computed using the two different methods are provided as well as a percent difference in relation
to the computer model. Modifications to the coefficients did not significantly alter the yield
displacement as the alpha coefficient of 0.10 does not apply to the equation at the yield limit
state, where the analytical plastic hinge length is not applicable when a bilinear idealization is

assumed.

Table 3-4: Pushover comparison for a 48 in. diameter column using OpenSEES and the
modified coefficients in Eq. (3-2)

Yield Displacement Ultimate Displacement
?{s;)te;(c)t Equation OpenSEES | Difference Equation OpenSEES | Difference
3 091 1.03 -11.6% 6.70 7.33 -8.59%
4 1.56 1.73 -9.83% 10.46 11.64 -10.1%
5 2.37 2.60 -8.85% 14.98 16.88 -11.3%
6 3.35 3.65 -8.22% 20.27 23.06 -12.1%
7 4.50 4.88 -7.79% 26.33 30.11 -12.6%
8 5.83 6.28 -7.17% 33.14 38.12 -13.1%
9 7.32 7.87 -6.99% 40.73 47.05 -13.4%
10 8.98 9.62 -6.65% 49.07 56.95 -13.8%

Besides a straight comparison of the displacement values, the displacement ductilities of the
two different methods were compared as illustrated in Figure 3-34, and it was found that the
finite model typically produced a higher level of displacement ductility. However, both curves
exhibit a decreasing trend in displacement ductility as the column aspect ratio increased from 3
to 10. At a column aspect ratio of 10, the difference in the displacement ductility was a value of
0.5 and this was the maximum difference seen at any of the aspect ratios. This difference is a
relatively minimal difference between the two different approaches. It should be noted that the
curvature ductility in the two methods were different because of the procedures used to establish
the displacement values in the idealized bilinear response. The curvature ductility for the
equation based methodology was 15 compared to 13.8 for the pushover analysis for all aspect
ratios as the same column section was used. Thus, in the critical review of Chapter 4 a curvature
ductility capacity of 13.8 was used as a baseline for determining whether demand exceeded

capacity to maintain consistency between the static and dynamic computer based simulations.
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3.4 Summary

This chapter of the report investigated in further detail the impact of different confining
equations on the behavior of concrete through a direct comparison of the equations, materials
testing and an investigation into the impact on curvature and displacement ductility. The
following conclusions can be drawn from these studies:

1. There is no general consensus as to what is the correct approach for determining an
adequate amount of confinement. The data demonstrates this as the confinement
requirements of some equations were more than double that of others. Furthermore,
these equations establish section behavior without the taking into account the demand
that the structural system may experience during an earthquake representing a design
level or greater event.

2. A non-implicit approach may be used to establish the appropriate amount of
confinement based on the curvature demand of the section. As found from the
analyses, the curvature capacity of a section, which determines displacement capacity,

is highly dependent on axial load ratio, longitudinal reinforcement ratio and to some
75



extent the ratio of the gross concrete area to the core concrete area and/or the column
diameter depending on the equation being examined within this study. However, if a
set performance is desired, it may be appropriate to reflect this demand in the
confinement equation.

Current testing of small scale specimens demonstrated that the ultimate concrete strain
suggested by Mander et al. (1988) and numerically established in Priestley et al. (1996)
occurs once a 50% drop in the confined concrete stress has taken place. The 50% drop
in peak stress could adversely affect the desired response of the system as the concrete
may no longer be able to maintain both the axial and lateral load demand in the
nonlinear response.

The seismic design of a column could be made more efficient with improvements to
the horizontal confinement equation. Incorporating the curvature demand into the
horizontal confinement equation would indirectly define the ultimate concrete strain
according to Eq. (3-1). Therefore, a reduction in time and number of iterations
required to get the desired response for a large earthquake design would take place.
Comparison of computer and equation based approaches suggests that our current
equation based model adequately agrees with computer based models. The equation
based model, however, was found to be conservative based on the establishment of
plasticity and strain penetration effects in the column. This was noted in Figure 3-33
where the alpha coefficient was shown to vary with concrete compressive strength,
longitudinal reinforcement ratio, horizontal reinforcement ratio, and axial load ratio.
Furthermore, the assumption of 0.08 was shown to be an average value as the
coefficient varied from 0.136 to 0.065 as axial load ratio increased from -5% to 15%.
Member displacement ductility was investigated as part of the critical review using Eq.
(2-2) as specified by ATC-32 (1996) to define the behavior of the confined concrete.
The displacement ductility of the system was found to decrease in a curvilinear fashion
from 7.1 at an aspect ratio of 3 to 5.9 at an aspect ratio of 10. These values are
normally considered sufficient in seismic design situations where the local member
ductility must exceed a displacement ductility of 3 (Caltrans 2010). However, a
displacement ductility of 3 for all cases may not be appropriate. Rather, the
displacement ductility should be determined based on variables such as the design level

76



earthquake, the aspect ratio of the system, the period of the system and the importance
of a dynamic analysis. This is further emphasized in Chapter 4 where a series of
dynamic analyses are undertaken to examine the effectiveness of the ATC-32 (1996)

equation subjected to real ground motion records.
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CHAPTER 4: OPENSEES DYNAMIC ANALYSES

The information presented in Chapter 2 of this report indicated that the intent of the
requirements within the SDC (2010) are such that the designer should perform an inelastic
pushover analysis on the global system to ensure the desired displacement ductility is met both
globally and locally for each member. Each member is specified to have at least a ductility of
three with a preference of at least four or higher. The data presented in Chapter 3 indicates that
Eq. (2-2) established by ATC-32 (1996) would meet this condition while helping the designer to
better understand the lateral behavior; however, pushover analyses are not typically used in
conjunction with some sort of dynamic analysis with earthquake motions to estimate the demand
on critical regions of a structure. In Chapter 3, an examination of the curvature and displacement
ductility capacities was examined without reference to a demand. Thus, the next step in the
review of available confinement equations was to examine the demand that a structural bridge
column may experience, while examining the ability of the pushover analysis to capture the
effects of actual earthquake loading.

For this portion examining demand, the column analyzed during the pushover analysis was
subjected to a series of ground motions using OpenSEES (2012). The mass of the column
system was defined such that natural periods based on the secant stiffness to the idealized yield
would be 0.5 seconds, 1.0 seconds, 1.5 seconds and 2.0 seconds with a 3% of critical damping.
The 3% of critical damping was assumed based on the lower limit recommendations of Chopra
(2007) for reinforced concrete. A Rayleigh damping model based on the tangent stiffness only
established the necessary damping matrix in OpenSEES (2012) to complete the dynamic
analyses. Table 4-1 provides the properties needed to complete the dynamic analyses within the
computer simulations including mass, stiffness and the coefficient (B) applied to the stiffness
matrix for defining damping.

At the beginning of the dynamic analysis simulations, a gravity load equivalent to a 5%
axial load ratio was applied to the column. This task was performed based on the assumption
that a bridge column would have an initial loading due to dead loads and other effects that must
be applied prior to application of the ground acceleration. After initialization, an unscaled
earthquake record was applied to the model. The unscaled earthquake records were selected

based on real world ground motions that have occurred throughout history within the state of
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California. These records further allow the critical review to establish real world demand levels

for comparison with the capacity established as part of the pushover analyses in Chapter 3.

Table 4-1: Dynamic properties for computer simulations (units of Kips, seconds and inches)

Period = 0.5 sec | Period = 1.0 sec | Period = 1.5 sec | Period = 2.0 sec

‘%s;)g(c)t Stiffness | Mass B Mass B Mass B Mass B
3 361.4 2.289 | 0.0031 | 9.155 | 0.0061 | 20.599 | 0.0092 | 36.620 | 0.0123
4 158.8 1.006 | 0.0031 | 4.023 | 0.0062 | 9.052 | 0.0094 | 16.093 | 0.0125
5 83.9 0.532 | 0.0032 | 2.126 | 0.0063 | 4.784 | 0.0095 | 8.505 | 0.0127
6 49.9 0.316 | 0.0032 | 1.263 | 0.0064 | 2.841 | 0.0096 | 5.051 | 0.0128
7 32.1 0.203 | 0.0032 | 0.813 | 0.0065 | 1.829 | 0.0097 | 3.251 | 0.0129
8 21.9 0.139 | 0.0033 | 0.555 | 0.0065 | 1.249 | 0.0098 | 2.220 | 0.0130
9 15.6 0.099 | 0.0033 | 0.396 | 0.0066 | 0.892 | 0.0099 | 1.585 | 0.0132
10 11.6 0.0733 | 0.0033 | 0.293 | 0.0066 | 0.660 | 0.0099 | 1.173 | 0.0133

4.1 Earthquake Records

The earthquake records chosen for this part of the investigation were based on events that
were critical in the design process changes throughout the history of seismic engineering and
would also provide a range of peak ground accelerations and duration of strong shaking. The
records selected were the Imperial Valley: EI Centro record of 1940, the Northridge: Tarzana
Cedar Hill Nursery record of 1994 and the Loma Prieta: Coralitos — Eureka Canyon Road record
of 1989.

4.1.1 Imperial Valley Earthquake Record

The Imperial Valley: El Centro record of 1940 was the first ground motion selected as it was
one of the first full records ever attained and helped establish the earthquake loadings in the
design codes. This record has been used for many years to perform a time history analysis when
doing a seismic design. The time history record used for the analysis is provided in Figure 4-1,

which has a peak ground acceleration (PGA) of approximately 0.3g.
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Figure 4-1: Acceleration time history of the 1940 Imperial Valley Earthquake record at the
El Centro site for the N-S component

4.1.2 Northridge Earthquake Record

The Northridge earthquake was selected for defining a ground motion record as it
significantly altered the design process in North America. This earthquake had one of the
highest ever instrumentally recorded ground accelerations that were nearly twice that of gravity
while having a moment magnitude of less than 7.0. In addition, this event is known to have
produced earthquake records with a velocity pulse. Figure 4-2 provides the time history record

used in the analysis.
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Figure 4-2: Acceleration time history of the 1994 Northridge Earthquake record at the
Tarzana Cedar Hill Nursery site

4.1.3 Loma Prieta Earthquake Record

The final earthquake record for this analysis was from the Loma Prieta earthquake of 1989.
This particular earthquake record produced a spectral acceleration that generally falls between
the selected Imperial Valley and Northridge Earthquake records. The time history record is
provided in Figure 4-3.

To better understand the differences in the three selected records for the dynamic analysis as
well as standard spectral curves from the SDC (2010), a comparison of the spectral accelerations
based on a damping of 5% of critical is provided in Figure 4-4. This figure reinforces that the
spectral acceleration of the three records provide different intensities of shaking and produce
strong spectral accelerations especially in the period range up to 1.0 seconds. The standard
response spectrum curves of the SDC (2010) indicate that the design curves for a Type D soil
with a design level and maximum considered earthquake are roughly the intensity of the Loma

Prieta earthquake of (1989) and are exceeded at low periods by the selected Northridge record
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indicating the possibility of considering the expected curvature and/or the displacement ductility

in a future design equation for transverse confinement.
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Figure 4-3: Acceleration time history of the 1989 Loma Prieta Earthquake record at the
Coralitos — Eureka Canyon Road site
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Figure 4-4: Comparison of 5% damped spectral accelerations for selected earthquake
ground motion records with the SDC (2010) ARS curves
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4.2 Typical Dynamic Analysis Results

For each aspect ratio and associated structural period, a number of results were attained
and used to establish the displacement and curvature ductility demands associated with the three
ground motion records applied as part of this critical review. The first portion of the data
examined was the force displacement response of the single degree of freedom column. Figure
4-5 provides three force-displacement curves in order to provide a general overview of the
different behaviors of the system when subjected to the specified earthquake ground motions.

The three records were for columns with aspect ratios of 3, 4 and 5 and a natural period of 1.5

seconds.
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Figure 4-5: Typical nonlinear force — displacement response of a SDOF column with a
natural period of 1.5 seconds subjected to selected earthquake ground motion records
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These three curves help to highlight the variation in the nonlinear response of the single
degree of freedom column system at a similar natural period used within this series of analyses.
This further reinforces the selection of the ground motion records as the overall responses varied
significantly, especially with the selected Northridge earthquake record. In these particular
analyses, the data commonly shows, in systems experiencing significant inelastic deformation, a
singular large hysteretic loop that corresponds to the high level of acceleration at approximately
8 to 10 seconds, Figure 4-6, and a number of smaller hysteretic loops that dampen the effects of
the applied earthquake ground motion. Figure 4-6 presents the time history displacement
response for a column with an aspect ratio of 3 and a natural period of 1.5 seconds. The force
and deformation associated with the singular hysteretic loop for this column caused the
displacement ductility demand to reach 10.9 which exceeds the displacement ductility capacity
of 7.3. Furthermore, this deformation caused the curvature ductility demand to reach 17.3, thus
exceeding the curvature ductility capacity of 13.8. This indicates a need for improving the

current confinement equations for ensuring an adequate seismic response.
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Figure 4-6: Displacement time history for the force-displacement response of a SDOF
column with a 1.5 sec period subjected the selected Northridge Earthquake Record

Although varying levels of nonlinear behavior occurred during the application of the
ground motions, a number of simulations experienced elastic behavior. Figure 4-7 provides an
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example of the elastic behavior obtained during the Loma Prieta earthquake record for a column
aspect ratio of 9 and a natural period of 0.5 seconds. The resulting displacement ductility was
0.38 with a curvature ductility of 0.40. Although this particular selected earthquake resulted in
an elastic response, the magnitude and intensity of a different record could produce a nonlinear
behavior with exactly the same column, mass and reinforcing details. Additionally, the same
event with a higher magnitude could also result in a nonlinear response. However, this result
indicates that factors such as aspect ratio and period have an influence on the overall demand
expected to occur within the system that should be accounted for in a design equation for

confinement to improve efficiency.
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Figure 4-7: Results for a column with an aspect ratio of 9 and a natural period of 0.5
seconds when subjected to the selected Loma Prieta Earthquake record

4.3 Earthquake Demand

Although the individual data sets provide numerous results, data was compiled into a series
of larger data sets based on the information provided in Table 4-1 to examine the impact of
period, aspect ratio and earthquake record on the overall demand experienced by the single
degree of freedom system when designed with the confinement level established by the ATC-32
(1996) approach stated in Eq. (2-2). Furthermore, the results provide preliminary evidence as to
the demand level for which an individual column should be designed under seismic loading to

ensure an adequate lateral response when subjected to a ground excitation.
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4.3.1 Displacement Ductility

The examination of the dynamic portion of the analysis consisted of taking the results and
identifying the ultimate displacement of the system for each earthquake and period analyzed per
aspect ratio. Once identified, the ultimate displacement for demand was divided by the known
yield displacement of the column from the pushover analyses performed in OpenSEES (2012).
A comparison of the demand and capacity displacement ductility levels was made for each

earthquake record as provided in Figure 4-8 through Figure 4-10.
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Figure 4-8: Comparison of displacement ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Imperial Valley Earthquake record
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Figure 4-9: Comparison of the displacement ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Loma Prieta Earthquake record
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Figure 4-10: Comparison of the displacement ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Northridge Earthquake record
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Figures 4-8 through 4-10 demonstrate that as the aspect ratio of the column increases, the
displacement ductility demand decreases to the point of minimal to no yielding of the column
system following a curvilinear trend. Additionally, as the natural period of the system increases
an increase in the displacement ductility demand typically occurred. Although the capacity of
the system, according to the pushover analysis, exceeded the constant requirements and intent of
the SDC (2010) by having a displacement ductility greater than five, Figure 4-8 and Figure 4-10
demonstrated that the displacement ductility demand exceeded the capacity estimated using
pushover analyses in OpenSEES at aspect ratios of 4 or less (i.e., the ratio of the column height
to the diameter of the column was less than or equal to 4). Although included as part of the
analysis, aspect ratios as low as three are not used in a typical Caltrans design because of the
high shear and ductility requirements associated with such a system. However, the aspect ratio
of four in this analysis is commonly used in designs throughout practice, but the data indicated
that the capacity of the system could be exceeded under a design-level or greater earthquake.
The fact that the capacity was exceeded indicates the possible need for the inclusion of a
dynamic analysis in addition to the pushover approach. Furthermore, the constant specified
value for displacement ductility at low aspect ratios may not be appropriate. These trends within
the data are demonstrating the need to include some measure of expected earthquake demand in
the future development of an approach for defining the amount of transverse reinforcement

needed within a cross-section.

4.3.2 Curvature Ductility

The results of the dynamic analyses were extended to examine the curvature ductility
demand for comparison purposes with the section curvature capacity information presented in
Chapter 3. Figure 4-11 through Figure 4-13 provide the results of the analyses and indicate
results similar to the displacement ductility demands. That is to say that as the aspect ratio
increased, the curvature ductility capacity decreased. Furthermore, the demand exceeded the
capacity based on a pushover analysis in OpenSEES (2012) at low aspect ratios. Although the
demand did not exceed capacity in all the selected earthquakes, Figure 4-12, it is possible that a
higher magnitude or higher intensity event could cause the same structural system to exceed the

capacity. This is seen in the data of Figure 4-12 and Figure 4-13 where the columns with a 2.0
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second period experienced significantly higher levels of inelastic deformation than the other
natural periods examined for a given earthquake record.

In Figure 4-11 and Figure 4-13, the curvature ductility demand was found to reach a
maximum between 16.5 and 18.8. Although not a priority in the Caltrans design methodology,
these values exceed the curvature ductility capacity of 13.8 as established by a pushover analysis
in OpenSEES by 20% to 36%. When comparing this back to Figure 3-25 for a column cross-
section of 48 in. diameter and a 2% longitudinal reinforcement ratio a curvature ductility
capacity of 15 was still exceeded by 12% to 25%. This suggests that our current equations for
establishment of confinement reinforcement should take into account the expected demand to

take place in the overall design.
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Figure 4-11: Comparison of the curvature ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Imperial Valley Earthquake record
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Figure 4-12: Comparison of the curvature ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Loma Prieta Earthquake record
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Figure 4-13: Comparison of the curvature ductility capacity and demand obtained from
dynamic analyses of bridge columns subjected to the Northridge Earthquake record

90



4.4 Needed Improvements

This chapter examined a series of dynamic analyses on a single degree of freedom column
subjected to three earthquake ground motion records that were selected to capture a range of
peak ground accelerations, spectral amplitudes and changes within the knowledge base used for
seismic design. The results indicated that the displacement and curvature ductility generally
decreased with increasing aspect ratio. However, at low aspect ratios the demand was found to
exceed the capacity based on pushover analyses conducted in OpenSEES (2012) as presented in
Chapter 3. These results indicate that the way in which reinforced concrete sections are designed
must be changed to ensure the safety and sustainability of our infrastructure.

Changing the design methodology for reinforced concrete sections subjected to seismic
loading requires looking at three main areas: (1) current equation based requirements to the
establishment of the transverse reinforcement; (2) the approach used in determining the adequacy
of the design, and; (3) the establishment of the earthquake associated with the design and
maximum considered earthquake level. The first task associated with the improvements to the
design of transverse confinement reinforcement is the development of a new equation for
inclusion into design guidelines that takes into account the curvature ductility demand of the
earthquakes considered as part of the performance-based design methodology. NZS 3101 (1995)
suggested a design value of 20 in ductile regions at the bottom story of a building and a value of
10 in limited ductility regions. The data within this study indicated that the desired curvature
ductility is a function of aspect ratio, period of the structure as well as the earthquake record
being examined for the design-level and maximum considered seismic events. The final
developed equation should also give due consideration to the axial load ratio, the amount of
longitudinal reinforcement in the section, the ratio of the gross area to the core area of the cross-
section and the strength of the materials being used. The strength of the materials should also
include a deeper investigation into the current knowledge base for the behavior of confined
concrete including the establishment of the ultimate strain and the behavior of the system under
varying temperatures.

The second task is the establishment of an adequate procedure that captures the overall
lateral response and behavior of the system. Caltrans currently adopts the process of designing
the appropriate amount of transverse confinement reinforcement by conducting a pushover

analysis to ensure that the design of system and its components meet the performance
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requirements based on displacement ductility. A further design requirement set forth by Caltrans
is that the aspect ratio of a bridge column must be larger than 4 and ideally greater than or equal
to 5. If the results do not produce the desired outcome, the design is adjusted until the
performance is met. This process, however, does not satisfy all the design requirements as the
information presented within this study has indicated that the dynamic effects may result in the
capacity of the system being exceeded although meeting the ductility performance requirements
at all stages.

The third component of the improvements to the design process arises in the form of the
event being considered. This study has shown that an event such as the selected Northridge
record can result in a demand that is higher than that is assumed in design. This particular record
was already higher than the typical ARS spectral curves noted in the SDC (2010). Although this
is the case, none of the events in this document represent a significant event, such as the recent
events in Japan and Chile. Accounting for the differences in such large events may possibly be
accomplished through the definition of a curvature ductility for the design-level earthquake and
using a multiplication factor (e.g., 1.5) to increase the ductility level needed for a maximum
considered level earthquake. Pushover, dynamic and section analyses may then be used in
conjunction to verify that the curvature ductility capacity exceeds the desired demand at the

design-level and greater events.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

In the prior chapters, an investigation into the current approaches used for the confinement
of concrete columns in seismic situations was undertaken. This included a detailed literature
review into equations throughout the United States, New Zealand and Japan. In addition to the
literature review, a series of analyses were undertaken to compare column ductility between
equation based approaches and computer models through fiber based analyses in OpenSEES
(2012). Using the computer models, a series of three unscaled earthquake time histories from
historic earthquakes in California were used to examine the ductility and curvature demands on
bridge columns and how this compares to current requirements in high seismic regions. Based
on the information presented in the previous chapters, the following conclusions were drawn:

1. Existing equations require different amounts of confinement reinforcement in the critical
plastic hinge regions. The equations provide different amounts of reinforcement by a
factor of 2 — 3 times the smallest value.

2. The equation as established by ATC-32 (1996) for Caltrans and presented in Priestley et
al. (1996) falls in the upper range of the confinement reinforcement requirements
provided by the different approaches. Although this is the case, the target curvature
demand appears to be unclear in the literature. To combat this problem, the
establishment of a target curvature demand as a function of column geometry, axial load
ratio, longitudinal reinforcement, column aspect ratio is suggested to formulate a more
dependable ps requirement.

3. Current understanding of the behavior of confined concrete was found to be lacking in
terms of the ultimate strain capacity. This behavior, however, is complicated by the fact
that the ultimate strain is influenced by multiple factors including: (1) the area of cross-
section under compression; (2) role of longitudinal reinforcement in axial and transverse
directions; (3) conservatism integrated into the commonly used equation in Priestley et
al. (1996), and (4) size of the column tested during establishment of the ultimate strain.

4. To further examine the impact of the confinement equations, a ps was established using

the ATC-32 approach which takes into account material properties and some initial
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section designs. In using this approach a series of additional conclusions were drawn
and are as follows:

a. Current confinement equations were providing sufficient amounts of
reinforcement to meet the intended design procedure of SDC (2010) for a
minimum displacement ductility of 3, and the preferred displacement ductility
level of 5. However, the demand on the analyzed system was found to exceed
capacity at column aspect ratios between 3 and 4. It is noted, however, that
Caltrans typically provides designs such that a column aspect ratio be greater
than or equal to 4.

b. Aspect ratios greater than 4 for the specific column analyzed could experience a
demand greater than the capacity under a larger magnitude or more intense
earthquake event. This indicates the need to integrate a demand level
displacement or curvature ductility level in the design of transverse confinement
reinforcement.

c. The 0.08 coefficient used in the plastic hinge length formulation for Eq. (3-2)
changes depending on the concrete compressive strength, longitudinal
reinforcement ratio, horizontal reinforcement ratio and other factors not
examined as part of this study.

d. The transverse confinement reinforcement was found to influence the
displacement ductility such that a decreasing curvilinear trend developed as a
function of earthquake demand, column aspect ratio and natural period of the
structure being analyzed.

e. Based on the dynamic analyses, it was found that a constant value of
displacement ductility may not be appropriate for all column designs and should

take into account the events being considered in the design process.
5.2 Recommendations

Based on the conclusions found in this investigation a series of general recommendations are
provided for the improvement of the current design process of reinforced concrete bridge
columns in high seismic regions. This information is provided below including specific

recommendations for Caltrans design practice:
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A new transvers confinement equation should be developed that takes into account the
amount of longitudinal reinforcement, the column aspect ratio, the axial load ratio,
column geometry, material properties of the column and the demand of the design-level
and maximum considered earthquake events. Since a column design is completed with a
pushover analysis, all parameters associated with column properties and the axial load
ratio are adequately addressed in SDC. However, the target demand for the column
displacement or curvature should be updated based on the findings in this report.
The equation should better relate to the desired ultimate concrete strain within the
confined region. Additionally, experimental testing should be performed on columns of
multiple sizes with varying levels of reinforcement with the goal of better defining the
confined concrete behavior of the system. This recommendation highlights a weakness
in confinement models developed to date, which are based on testing completed on solid
concrete members subjected to uniaxial compression under displacement control. This is
an idealized condition compared to the stress distribution within a compression block in
a plastic hinge region of bridge column.
Target curvature and displacement ductility should be established for design based on
the expected demand for the structural system being designed. In SDC, the target
displacement is assumed. However, this should be updated based on the findings in this
report including the fact that some earthquakes can cause significantly higher
displacement demand than assumed in design.
After development of the new equation, a series of analytical and experimental
techniques should be used to validate the new approach including the dependence of
displacement ductility demand as a function of aspect ratio, magnitude of the seismic
event, intensity of the seismic event and the period of the structural system. This
recommendation will ensure that a premature column failure would not develop as a
result of the actual demand exceeding that assumed or due to the influence of path load
path dependent effects.
Consideration should be given to the current seismic events used in the definition of the
spectral acceleration values for the typical design. This is the case as the typical ARS
curves should give consideration to larger events such as those recently experienced in
Japan and Chile.

95



6. The final component should be a deeper investigation into the effects of the use of a
pushover versus dynamic analysis when verifying the performance requirements for the
(1) fully operational; (2) operational; (3) life safety, and; (4) near collapse limit states

that may be used in a design process.
5.3 Road Map

In consideration of the above recommendations and the investigation completed in this
study from comparisons of different confinement equations to evaluating dynamic responses of
columns designed with specific quantities of confinement reinforcement, this section presents a
road map for possible improvements to SDC. The confinement requirement in SDC is unique in
that it does not provide a prescriptive confinement equation. Instead, the designer is expected to
provide adequate reinforcement such that the columns in single column bents can reach a target
displacement ductility between 3 and 4 while the columns in multi-column bent can reach a
target displacement ductility between 3 and 5. In this process, nonlinear concrete models such as
that recommended by Mander et al. (1988) is used and the plastic displacement is calculated
based on a theoretical plastic hinge length.

While the SDC approach is comparable if not better than those provided by other
confinement requirements, several steps can be taken to improve the confinement requirements
of SDC. These requirements are to: 1) ensure adequate safety of bridge columns designed for
seismic loads; 2) provide uniform reliability for columns designed according to SDC; and 3)
prevent confinement failure beyond what has been perceived from cyclic testing of columns.
Steps that can be taken to improve the SDC requirements are summarized below:

1. A prescriptive confinement equation is not used in SDC. However, it may be useful to
include such an equation to obtain a preliminary quantity while member level analysis
could be used to finalize the quantity of the confinement reinforcement. This equation
could be kept simple, but should integrate a target curvature ductility demand in the
range of 15 to 20 in this effort.

2. SDC requires a constant ductility capacity for all columns in a specific category (e.g.,
single column bent). Making this requirement a function of column aspect ratio with a

lower aspect ratio requiring ductility above that suggested in SDC will be appropriate.
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3. Requiring higher ductility for columns in multi-column bents over those in single
column bents need to be reversed in order to ensure comparable level of damage for all
columns in a seismic region. This is because the cap beam flexibility reduces the system
and member ductility in multi-column bents.

4. It should be realized that available experimental data that have led to the confinement
equations were generated using concrete specimens subjected to constant axial stress
and does not represent the confinement zone in column plastic hinges. SDC does not
specify a confinement concrete model, but endorses that developed by Mander et al.
(1988). It is shown that the reliability of the ultimate compression strain may be
questioned and should be evaluated. Integrating a reliable equation to quantify the
ultimate compression strain with due consideration to clearly defined acceptable damage
to the extreme compression region would be appropriate.

5. Experimental column ductility capacity verification has been typically done under cyclic
loading whereas it is shown that the columns may experience much higher ductility
demand under an earthquake dynamic loading. Experimentally evaluating column
behavior subjected to earthquake-dependent load paths and updating the SDC design
requirement accordingly will be appropriate. This will prevent unexpected damage to
columns as witnessed in large earthquakes occurred overseas in recent years.

6. In evaluating force-displacement response of bridge columns, SDC uses a theoretical
plastic hinge length. It is shown such an approach is inadequate and that the theoretical
plastic hinge length depends on the axial load and aspect ratios. This concern can be
minimized by requiring integration of curvature along the column height to obtain the

column lateral displacement.
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