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ABSTRACT

EVALUATION OF PLASTIC HINGE MODELS AND INELASTIC ANALYSIS TOOLS FOR
PERFORMANCE-BASED SEISMIC DESIGN OF RC BRIDGE COLUMNS

By
Lauren Kimberly Fedak

For over 50 years, the notion of an equivalent region under constant plas@ture, i.e., the
plastic hinge length (Lp), has been the main approach for ¢vejuhe inelastic response of
reinforced concrete (RC) columns for seismic bridge design. Masteoproposed Lp models
have been calibrated on columns with modest slenderness to prefiGtelltisplacement.
However, modern design approaches require predicting intermediatgeldavals, or limit
states, and urban congestion is leading to increasingly slendermspltimas bringing doubt on
the reliability of plastic hinge models. The performance of Lpdefs in lumped plasticity
elements was assessed by conducting analyses on 34 columndBEER Column Database.
Results show that the Lp definition in lumped plasticity analys®duces drastic and random
differences for varying limit states. Distributed plasyi@lements can capture inelastic global
and local response throughout the element without explicit definitioanofnelastic zone.
Lumped and distributed plasticity elements were thus assessedniparing the global and local
responses for five columns of increasing slenderness; thesteader of which was constructed
and tested as part of this research to expand the current @atfvaslender columns.
Performance was found to be sensitive to aspect ratio; indicativayibe controlled by P-delta
effects. The study has highlighted the need for a unified tefinof limit states, as well as
improved methods to accurately and efficiently predict ineldstitavior at each limit state.
Inaccuracy in current numerical tools was found not only at intdiates limit states but also

when predicting the global behavior of slender columns.
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1 INTRODUCTION

1.1 Motivation

Seismic design, until recent years, has followed the conventiona#-based approach. This
method predicts a maximum credible earthquake and designs feafifty. However, damage to
a structure designed with this method often shows signs of morsme@&amage than expected
(Ghobarah 2001). The reason for this is that smaller intensity eakibsjuhat occur at larger
frequency impose damage to the structure that may not be appdrerd.rmay be small cracks
in the concrete or yielded reinforcing steel that are nat,da# accumulate large strains over
time, causing catastrophic damage once a large intensitygeakie occurs. An example of
structural failure is shown in Figure 1-1 following the 1994 earthquakiorthridge, California.

Higher than expected damage in reinforced concrete structikeeshdse shown has given rise

to the need for new design methods.

' (a) Santa Monica Freeway (b) Simi Valley Freway
Figure 1-1: Freeway Damage after Northridge, CA Earthquake, 1994 (Caltech 20}

(For the interpretation of the references to color in this and albther fiqures, the reader is

referred to the electronic version of this thesis.)




Seismic design has therefore been moving towards a performasex-methodology.
Performance-based design (PBD) is a method in which designacaterexpressed in terms of
achieving a set of performance objectives when the structusehjected to stated levels of
seismic hazard (Ghobarah 2001). Implementation of this method redafnesg limit states at
which the structure experiences an important damage leveimif dtate may be a load,
displacement, stress, strain level, etc. not to be exceeddtiebgpssociated risk demand.
Ghobarah gives a very basic example of this method, shown in Tdblghebarah 2001).
Here, a damage state is defined by a specific drift lirait.each limit, there is an expected level
of performance that the structure or a component of the strustiondd uphold. PBD takes
multiple intermediate damage states (those prior to collapgepnccount and explicitly defines
repair methods for each. Limit states, however are curréhtlgfined, and attempts to define
limit states in seismic structures has posed much difficutiprey researchers and designers

alike.

Table 1-1: General Example of Performance-Based Design

Damage State Performance Level Limit State
None Fully operational, immediate occupang¢y  drift < 0.2%
Repairable Operational, damage control, moderate  drift < 0.5%
Irreparable Life safe, near collapse drift < 1.5%
Severe Hazard reduced drift < 2.5%
Replacement Collapse drift > 2.5%

In order to design to the noted limit states, it is necedsatgvelop methods that can predict the
onset of important damage levels. Several models exist for predistructural seismic
behavior; however most models are calibrated to estimate globalidirebach as a maximum
force or ultimate displacement. In order to implement PBD iteisessary to be able to predict

local behavior as well, such as strain or curvature at inteateeténgths along a member.
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Various methods are used to predict local behavior; however a siegied or set of methods
has not been proven to give accurate results for a wide rangsigh garameters. Even simple
reinforced concrete structures, such as cantilever bridge colshows drastically different

results for varying analysis methods.

While PBD may be implemented to any type of structure undegragtconditions, this research
focuses specifically on reinforced concrete bridge columns thatypieal in the majority of
highway bridge columns in seismic zones. These types of seaatammonly show higher than
expected damage after high intensity earthquakes. The reasdsfa the sheer simplicity of
bridge structures. The simple column and deck layout of a bndgkes it a seemingly
uncomplicated structure, yet its lack of redundancy, in contrdmtilding structures, make it an
easy target for seismic damage (Priestley et al. 1996)ctBres subjected to large seismic
demands are expected to yield and plastify. Critical regiona istructure are therefore
deliberately chosen and detailed to exhibit ductile behavior. Bridge tgpally dictates that
all inelastic action occurs in the bridge columns where dansagasily inspected and repaired
while the bridge superstructure is to remain elastic (Cal@a®). This study therefore focuses

on the column substructure, where damage levels need be predicted.

Factors that are well known to affect the behavior of reinfomttrete structures include
reinforcement ratio, axial load ratio and aspect ratio. Asadict is of particular interest since
the effect of slenderness has not been extensively researched 3imown in Figure 1-2, which
gives the distribution of slenderness ratio (length/depth) for 416 colulmcismented in the

PEER Structural Performance Database (PEER 2011). As cormiruttiarge cities continues



to grow, however, highway bridges tend to be built upward, resultingry high aspect ratio
columns (L/D>8) whose performance under large seismic demands is unkAttvough
uncommon to design columns with aspect ratios of 10 and 12, such as those studied in this thesis,
additional flexibility in a bridge system may cause a columbéahave as such. For example,
columns are commonly assumed to be in perfect double bending when cigmfigcted to the
superstructure, causing the point of contra-flexure to be at the cdritee column height (see
Figure 1-3a). However the bridge superstructure may not be ixdlg fo the top of the column,
due to rotational flexibility of the superstructure. Additionalgissic action in the ground often
causes additional rotation at the foundation. Both of these instancdexitilify are not
typically accounted for and increase the effective length of the columhoas #n Figure 1-3. It

is therefore necessary to evaluate current analysis mamtef@ddicting behavior needed for
PBD implementation as well as to evaluate how design factors,asuaspect ratio, will affect
how these models perform. By evaluating this data it may bebp@ssiindicate which, if any,

models are effective for PBD.

Frequency of Aspect Ratio in PEER Structural
Performance Database

o 1 2 3 4 5 6 7 8 9 10 11 1
Column Aspect Ratio (L/D)

Figure 1-2: Distribution of Column Aspect Ratio in PEER Database
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Figure 1-3: Column Flexibility

The most common numerical methods for predicting inelastic behavésismic structures, and
those of interest in this thesis, are lumped plasticity anditdisgd plasticity models. The
lumped plasticity concept is commonly used due to its simplieityl has been adopted for
current design practices (Caltrans 2010). The distributed pladtcitylation is of interest for

its ability to capture inelastic behavior along the element length.

The lumped plasticity model, which is discussed frequently withi ttiesis, assumes that all

inelastic action at concentrated in a single point or regiomei@ the plastic hinge length. The
plastic hinge length, 4, is a design parameter to simplify the physical behavior girdorced

concrete member. Its exact meaning however varies amosaychsrs, as does its formulation,

which is discussed extensively in Chapter 2. Iphgsical sense refers the length over which

inelastic action extends is called the plastic hinge regigp, Ib a designsense,  is a

parameter used to simplify the plastic region into an equivalamgtant region over which the

5



plastic curvatures are assumed constant. This parameter @llfyp®ed in analysis and design
methods to easily estimate plastic rotations (Priestley. 4996, Caltrans 2010). Innaimerical
modeling or analysisense, the plastic hinge length is used by lumped plastieityeals to
efficiently compute inelastic actions by the finite elememthud, however depending on the
integration scheme chosen, its application may not be synonymuadmatdhe design parameter
was formulated for. The definition of plastic hinge may therebsralescribed in three distinct

categories: physical, design and modeling, as depicted in Figure 1-4.

Physical
Behavior

Relates to the
spread of plasticity
along a member's
length (Lpr)

Simplified parametgr
to calculate plastic
guantities such as

ultimate deformatio

Modeling

Input parameter to a
finite element in

which all inelasticity,
occurs within

Figure 1-4: Meanings of the Plastic Hinge Length, b

The appropriateness of using different plastic hinge models as well aniotherical techniques

for predicting intermediate limit states for use in PBDthe main motivation behind this

research.



1.2 Research Objectives and Hypotheses

The objective of this research is to evaluate current asatysthods for predicting local and
global limit states in the interest of performance-based geidesign. Two common analysis
tools are evaluated: lumped plasticity elements and distributestiqiy elements. Lumped
plasticity elements are popular in practice due to their srhpfor hand calculations as well as
computational efficiency in the finite element method. These eslésnare defined by their
plastic hinge length, for which several models are proposedilbigtd plasticity elements are
also of interest due their ability for extracting data aerimediate integration points. When
evaluating these methods, aspect ratio is to be also considedetermine how it affects the
spread of plasticity in reinforced concrete columns and the pimdiof specified limit states.

Evaluation of analysis tools and effecting factors was compléith analytically and

experimentally.

Several hypotheses were formulated to guide the research eppobathis thesis. Each
hypothesis and the methods in which it was tested are described as follows:

I.  Current plastic hinge length design models are unable to preditstates with enough
accuracy and consistency to be implemented into performance-basgd. dehis was
tested through the analysis of thirty-four documented experimezitdbrced concrete
columns using lumped plasticity fiber-based finite elementh warying plastic hinge
definitions. The error was found for each plastic hinge modetimaon of several
important damage states.

II.  Modern nonlinear beam-column finite element models may not be approfwrate

estimating limit states important to performance-based seidesign. A select number



of columns are analyzed for monotonic and cyclic loading with lumpediqias
elements and distributed plasticity elements. Global and locaieders were extracted
from both approaches and compared to experimental data.

[ll.  Error in global and local parameters increases with slendemmeasenforced concrete
columns. This was tested by analyzing five columns of varyspg@ ratio (L/D = 4, 6,
8, 10 and 12) and comparing the analytical results to experinaitallt is believed that
as aspect ratio increases, error in limit state predictioreases as well. In order to
complete the data set and to fully understand the spread of ipfasticvery slender
columns, an aspect ratio 12 column was constructed and tested undee IS

loading as part of this research.

1.3 Thesis Organization

The next chapter provides a review of literature pertaining tonbidods and analytical tools
used in this thesis. The underlying motivation behind the researébrrmpance-based design, is
described in detail first, followed by the definition of the sevaralysis tools used for limit
state prediction, including the lumped plasticity and distributed iplystapproaches. A
description of the lumped plasticity approach as well as theiglasige concept is given, as
well as several proposed models that researchers have developed fortihaipges length. The
distributed plasticity approach is also described along witbvanview of different integration

schemes and how they affect an analysis with using distributed plastiggyelements.

The methods used to evaluate current analysis techniques for pigediitit state behavior are
described after the literature review. Chapter 3 desctifbtesmethods used to complete the

following evaluations of numerical methods. Included is the finitmetd platform and specific



modeling techniques used throughout the thesis. Also included in Chapeeth@ axperimental
methods used to test a column of aspect ratio 12 which was used forcaliraralyses in
subsequent chapters. Details of the column design, construction aaderdptive results are

included as part of this chapter.

The first main research task consisted of evaluating sevestighinge length models for use in
predicting limit states. A statistical assessment waspteted to determine the effectiveness
with which common plastic hinge models predict the top displacement of expésimantilever

columns at several damage states. The full details of thgzadatolumns and the results of the

analysis are given in Chapter 4.

In order to evaluate numerical techniques such as the lumpettiptaspproach compared to
distributed plasticity elements, five experimental columns aesdyzed using both monotonic
and cyclic loading in Chapter 5. Several limit states arengg&dicted using each modeling
technique and compared to experimental data. Data that was tedalneluded both global
response measures, such as the force-displacement hystanesikycal responses, such as
curvature profiles with increasing displacement ductility. Tbleimns studied in this portion of
the research were chosen as to cover a wide range of saspest Therefore, the results from
their analyses may be used to study both the effect of slenserneslumn behavior and the
effectiveness of numerical techniques for predicting this behavior.|l@omes based on the
numerical results are given at the end of Chapter 5 and are sizeunarrelevance to the thesis

as a whole in Chapter 6.



The concluding chapter of this thesis describes the major résuittd in the precluding studies
and conclusions drawn from these results. Conclusions are outlinedma térthe initial
research hypotheses to determine their acceptance or rejgRdoommendations for future

research as well practice within the scope of performance-based desimjuen as well.
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2 LITERATURE REVIEW

This chapter reviews current literature pertaining to the oveoaltepts behind this research as
well as the numerical techniques used to evaluate the hypstimeske in the previous chapter.
The purpose of the information within this review is to first descthe physical phenomena
that affect the cumulative damage and eventual failure oforesd concrete bridge columns,
then to describe the design parameters used to simplify these mrenoo quantifiable limits.
Finally, the numerical techniques used for predicting inelastltatior are described. Exact
formulations of these techniques are not given, but rather the undedgsumptions that

accompany the techniques and their specific abilities are described.

2.1 Performance-Based Seismic Design

Conventional seismic design methods follow a force-based approach thieeobjective is to
provide for life safety under a maximum credible earthquake. Modésc therefore do not
explicitly require consideration of performance other than lifetgalLehman et al. 2004).
Although structures perform well from a life safety perspectine level of damage, economic
loss due to loss of use, and repair costs are very high (Ghobarah P@d,)researchers have
identified a need for change in current seismic codes. Pernfioayizased design (PBD) has
stemmed from studying the post-earthquake damage of highway hrdgesk in many cases
has been unexpectedly high. By determining the onset of importatg [vdamage prior to
complete failure, repairs may be made to structures aftat Brrensity seismic events to regain
structural strength and avoid high economic loss or safety com@®nis the future.
Performance-based seismic design is therefore a developthgdria which design criteria are

expressed in terms of achieving a set of performance objectivesms of structural response

11



or damage, when a structure is subjected to stated levsdssatiic hazard, then defining a repair

method for each (Ghobarah 2001).

Implementation of PBD requires defining limit states at which structure experiences an
important damage level. Critical levels of damage for reiefdrconcrete elements have been
identified by researchers to include the onset of nonlinear resportsmncrete as well as the
reinforcing steel. Specifically, damage states for RQ@caires include concrete spalling,
concrete crushing, reinforcement buckling and reinforcement fegalirof which are discussed
at length in Chapter 4 of this thesis. These damage statéstegdn the Structural Performance
Database created by the Pacific Earthquake EngineerirepRResCenter (PEER 2011) as well
as studied by other researchers in the context of PBD (Lekialn 2004, Berry et al. 2008).

Implementing PBD requires defining a limit state for eaanatge level. For example, Table 2-1

shows limit states in terms of concrete straiy) @nd steel straine§ for each of the damage
levels mentioned. Visualization of these damage states in exgeahtolumns may be seen in
Figure 2-1 and Figure 2-2. However, before PBD can be implementednodern codes it is

necessary to develop response models to simulate the nonlineaurstrusthavior and

numerically predict the onset of important damage states according tacesit@d definitions.

Table 2-1: Example of PBD Definitions in Reinforced Concrete Bridge Camns

Damage State Performance Level Limit State

Concrete Spalling Fully operational €c>0.003

trol €2 Maximum Compressive Strain

Concrete Crushing Operational, damage con X
(as determined by selected concrete model)

Reinforcement gs> Maximum Buckling Strain

: Life safe )
Buckling (as determined by selected steel mode])
Reinforcement
Fracture Hazard reduced €s>0.1

12



o (b) Concrete rdshig

(a) Concrete Spalling
Figure 2-1: Example of Concrete Damage States (Lehman and Moehle 2000)

] SN

(a) Longitudinal Bar Buckling

Figure 2-2: Example of Reinforcing Steel Damage States (Lehman and Moel2000)
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2.2 Spread of Plasticity in Reinforced Concrete Bridge Columns

Modern seismic design is centered around capacity design prinegtiese structural behavior
is to be controlled by design through the predetermined developmenteaptaae collapse
mechanisms with predefined inelastic zones that are to respondilyrimdlexure in order to
maximize energy dissipation under hysteretic response. Thus, damagi@forced concrete
columns is to occur predominately due to flexural response,matt cracking developing on
the tension side of the column. Tension forces are mainly caryietheb reinforcing steel,
however concrete carries a portion of the tension due to bondestrbesveen steel and
concrete. The moment gradient along the column will lead to sheasetrand lead to diagonal
cracking. The combination of flexure and shear demands leadsger kansile forces across
inclined shear cracks spreading inelasticity to a largene#tan in a member subjected to pure
flexure. Due to the cyclic nature of seismic loading, each side a@ilumn switches between
tensile and compressive flexure-induced demands and cracks in theteonil continue to
open and close along the column length. After the reinforcing wtedk in tension (at a given
location), it is permanently elongated and closing of the tensilgkan the concrete upon load
reversal requires restoring (by compressing it) the elondaaedack to its original length.
Depending on the extent of yielding on tension prior to reloading orpre®sion and on the
lateral restraint available, reinforcement bars may buckle. Wpotinued cycling, a buckled bar
will have to be straightened (when loaded in tension) and then bucktewggen load reversal.
Continued damage of this type may lead to permanent opening k¢ enad eventual fracture of
the steel reinforcement due to low cycle fatigue. The latkfairmation of buckled longitudinal

bars also places large loads on the transverse reinforcemeniy, nvhic kink and/or fracture

14



(Park and Paulay 1975). The behavior just described explains wblyrarc becomes weaker

from successive cyclic loading and how inelastic behavior spreads ovengfie of the column.

When estimating the inelastic response of bridge columns theéypacally considered as fixed-
end cantilever members with an axial load to represent the bsdgerstructure. This
simplification is due to the representation of the column bgffective shear span, as shown in
Figure 2-3a, where the free-end in the simplified model repteghe point of contra-flexure in
the actual column. The inelastic region of a cantilever column wghérected to horizontal
loading is located near the confined base, where the largest pendment demands occur, and
it is detailed for ductile response according to capacity dgsigciples (Priestley et al. 1996).
This is shown in Figure 2-3b,c where L is the effective shpan ®f the column. Since the
response of a well-design column is mainly due to flexure, the belavibe column may be
extrapolated from its section behavior at the base representednbynent-curvature response,

as shown in Figure 2-4a. For design purposes, the actual respayysieally idealized with a

bilinear (elasto-plastic) representation by defining the igieddi curvature ¢y), theoretical yield

moment (My), ideal moment (N)), and ultimate curvaturep(y. The theoretical yield moment is

defined as the first instance of material yielding, howewveroi typically used in design since it
is very sensitive to material types, axial load and other desigameters. The ideal moment is
therefore used for design purposes and is assumed to be the nadraertoncrete strains reach

0.004 or steel strains reach 0.015, whichever occurs first. The regioeebeyveld and ultimate

conditions is the plastic curvaturep], and the effective stiffness of the section is defined by the

slope of the idealized bilinear response:
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(EDeff = q,—i

2-1

Under large lateral loads, the materials in the region neawtbenn base typically yield and the

structure experiences large inelastic curvatures (ParlPanlkhy 1975). Due to the cyclic nature

of seismic loads, there is an accumulation of strains and a losseofyth in the column.

Therefore, upon repeated cycles the curvatures progressively ajoony the column height

(refer to Figure 2-4b), consequently increasing the region altichwsteel reinforcement yields

as well. This growth of the inelastic region is known as theaspof plasticity, and the extent

along the column length to which plasticity grows is known as the plastic tegga, Lyy.
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Figure 2-3: Schematic of Simplified Bridge Column and Bendindrorces
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Figure 2-4: Moment-Curvature Responsiand Distribution of Curvatures

2.2.1 Factors Affecting the Spread of Plasticit

It is well agreed upon among researchers that the spreadasticyil in reinforced concret
memberds caused by three major phenomemoment gradientstrain penetration and tensi
shift (Hines et al. 2004)The moment gradient effect relates the plastic nmrof a column to
the length of its shear span. A column with a lorgman therefore will have a larger spreax
plasticity along its length. Assuming plane sedioamain plane under inelastic behavior,
moment gradient can be accounted for by simssessing the momentivature relationship ¢

a section and assuming inelastic action to occar avraction of the column’s lengt

The assumption that plane sectiremain plane however is faldeiagonal cracks that form di
to shear cause the téms in steel to ocur over a more extensive regidrah assumed ta plane
sections theory. As shown Figure2-5, in a plane section the tenditeces would be equal

the compression forces, C, at plai; however, due to shear stressesrf\the diagonal cracthe
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tension force (T) in the reinforcing bar actually occurs atgla, which accumulates over the
distance between the two planes. This second phenomenon is known as ghifsi@nd is
dependent on the inclination of the diagonal cracks (Park and Paulay T@é5spread of
plasticity in a column is therefore greater than assumedebyntiment gradient effect alone, as

shown in Figure 2-6.

—Plane 2

—Plane 1

Figure 2-5: Schematic of Tension Shift Phenomenon

with tension
shift
L L : .
with tension
shift
without —— without |
tension shifft tension shiff
Momen Curvature
(a) Bending Moment Diagram (b) Simplified Curvature Distribution

Figure 2-6: Effect of Tension Shift on Bending Moment and Curvature
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The third phenomenon affecting the spread of plasticity in reiefioooncrete columns is the
strain penetration (also known as bond slip) of reinforcement into tlhenod footing. The
longitudinal reinforcing bars are anchored a distance into the footiagn @at large inelastic
demands occur at the base of the column, a portion of the inel&stics spenetrate the
anchorage length of the reinforcement and transfer some ofstilaim to the surrounding
concrete. Typically, cracks will generate in the footing neardblemn’s base due to this
behavior, causing the reinforcement to slip and increased plastitometdao occur at the
column’s base as shown in Figure 2-7. The strain penetration phenomenbeedmafound to
contribute to about 35% of the lateral deformations in experimeoitainns (Zhao and Sritharan

2007).

Tensile
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Yielded T

Reinforcement

* ;./ a
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Concrete
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E Y.
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Figure 2-7: Schematic of Strain Penetration Phenomenon
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2.3 The Plastic Hinge Concept

In an attempt to efficiently analyze the inelastic response moreed concrete elements without
addressing in detail the complex nature of a column’s spreadinticijasresearchers have

simplified the plastic hinge region by representing it witboastant length, termed the plastic
hinge length, k (Park and Paulay 1975, Priestley et al. 1996). This representatiplifisgrthe
actual curvature distribution into two segments: elastic andi@fasttions, as shown in Figure

2-8. The height of the plastic portion ig lwhich is a combination of the plastic curvatures
above the column base ) and those penetrating the column footing, termed the strain

penetration length, 4y This concept is widely used because it makes determination of

displacements very simple. Like curvature, ultimate displaceraenhe top of a cantilever
column may be defined by the sum of its elastic and plastic components;

whereAy is the yield displacement adg} is the plastic displacement, as shown in Figure 2-9a.

The yield and plastic displacements are a function of the selctes@onse quantities and the

plastic hinge components as seen in Equations 2-3 and 2-4:

2
Ay— 3
Ap= (ou — @y)LpH 2-4
L
whereH = L — p/z 2-5
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A more refined approach to estimating displacements is possible by taking strain hardening into
account rather than assuming a bilinear response (see Figure 2-4a). In this case, the following
equations are used (Priestley et al. 2007):

, 2
B 3

Ay

_a M M 2.7

y y
In both cases shown, all plastic deformation is assumed to occur within the plastic hinge, with
rotations occurring at a single point in the middle of the plastic hinge length, as shown in Figure
2-9b. It is also acceptable to assume rotations occur at the base, rather than the middle of the
plastic hinge; in this case H in Equation 2-5 would be equal to the length of the column, L
(Priestley et al. 2007). Therefore, based on this concept, a column’s inelastic response can be

estimated from simple hand calculations using its plastic hinge length.

Elastic
curvature
L
Plastic
curvature

f
spreading
plasticity

!

(a) Actual Curvature Distribution (b) Approximated Curvature Distribution
Figure 2-8: Schematic of the Plastic Hinge Concept
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2.3.1 Plastic Hinge LengthDesign Model:

The plastic hingeoncept and models to define this equivalength for reinforced concret
structures has beeunder stud since the early 1950’s. Various researchers haweposec

expressions for the plastic hinlength, whichare calibrated from experimental daand all
have agreed thatglis a function of the colun’s length, amount of reinforcement and/or a
load level. The history oplastic hinge development over the decawas covered extensivel

by Hines in Chapter 2 of hdoctoral dissertatiorHines 2002)and the most relevant discover

to this researchre presented in the following discus:.

Early forms of the plastic hinge length were caltled for global limit states, such as ultimate
displacement. Idight of PBD, modern plastic hinge equations haeerbdeveloped for mo

accurate estimatio of local limit states.The plastic hinge length expressions that w
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determined to be most relevant to this research are discusied gection and in subsequent

chapters.

Priestley et al.:

Perhaps the most commonly used expression for the plastic hitnge: b/ Priestley et al. shown
in Equation 2-§Priestley et al. 1996). The earliest forms of this expression caadsgltto 1984
in a publication by Priestley and Park (Priestley and Park 19&4jsiBns to this model were
made over the past decades by Priestley and Park (Priastiedyark 1987), Priestley and Seible
(Priestley and Seible 1991), Paulay and Priestley (Paulay aestl®yi 1992), Priestley, Seible
and Calvi (Priestley et al. 1996), with the most recent versiarglibat by Priestley, Calvi and
Kowalsky (2007) as shown in Equation 2-9. The expression consists of dmpooents
determined to have the largest effect on inelastic behaviorfifEheomponent is to account for
moment gradient, and the second component accounts for strain penettatithe ifoundation.
This expression remains the most widely known, and is also speasfidek plastic hinge length
to use when estimating plastic column rotations in the Calif@eartment of Transportation
Bridge Design Specifications (Caltrans 2010). It is noted thkta@a is the only seismic design
code with a specified method for determining inelastic defoanstiwhile other codes leave the
method as a choice for the designer (AASHTO 2010).

Lp = 0.08L + 0.15dpfy > 0.3dpfy (ksi) 2.8

Lp = kL +0.15dp,fy > 0.3dyfy (ksi) 2.9

wherek =02/, —1]<o0.08
fy
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Berry et al.:

While the plastic hinge equation by Priestley et al. is the mvaly used in practice, it was
calibrated based on ultimate conditions and there is no validatios wsatfor PBD. Lehman et
al. attempted to further the understanding of issues affectingldstic hinge region by
performing experiments on columns of varying aspect ratio, lotigl reinforcement ratio,
spiral reinforcement ratio, axial load ratio, and length of confiregtbn adjacent to the expected
plastic hinge zone (Lehman et al. 2004). This research was condoncteder to determine
seismic performance at several damage states for the @ji@atation of PBD. In 2008, Berry et
al. proposed a new plastic hinge expression length based directlyecindings from the
Lehman et al. study and evaluation of 37 columns from the PEERtB&u®erformance
Database (PEER 2011). Using statistical analysis from tledgsgs, equations were proposed
to evaluate effective elastic stiffness, strain at the ookdtar buckling, as well as a new
expression for the plastic hinge length. This new plastic hingehlengression was meant to
provide accurate estimates for intermediate limit statesidé® ultimate displacement,
specifically for strains at the onset of spalling and bar bogklas is given in Equation 2-10
(Berry et al. 2008). Like the Priestley et al. expression, #rmeyBet al. model includes both a

moment gradient and strain penetration component.

Lp = 0.0375L + 0.01f;, b / \/7 (psi) 2-10
fc

Bae & Bayrak:
Bae and Bayrak proposed a new plastic hinge length expression absanéime as the Berry
et al. expression was introduced. The researchers studied previowsatamns of plastic hinge

length and the discrepancies between them, specifically insiesitivity to axial load, P. They
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determined that axial load, aspect ratio and reinforcement ragie wnportant factors in
determining the plastic hinge region. Equation 2-11 was thereforeogedeto determine the

ultimate tip displacement of a column under a wide range af bpads (Bae and Bayrak 2008).

In this equation, Arepresents the area of stee}; the gross cross-sectional area, h the section

depth, f; the concrete compressive strength apdh reinforcing steel yield strength. The

expression implies that the plastic hinge region occurs at anckst@.25h above the
column/footing interface, and therefore adds this distance to thécgiasge length. Bae and

Bayrak (2008) note the calibrated plastic hinge length doesnohide a strain penetration

component (kp), rather they recommend displacement due to this phenomena betedlicula

separately an added to the flexural deformations. Thereforelén twr compare to other plastic
hinge models in a finite element approach, a strain penetration comipwas included, as
indicated in Equation 2-11. The experimental work in which this expresgsas calibrated
included rectangular columns with very large footings. The additstifdess provided to the
column base from the large footings may be the reason for the atbskenviage to be a distance

away from the base.

P . 4s 211
Ly =L[03=—+325-0.1)+0.25h + Lgp > 0.25h -
Po " Ag

where PO = 085flc(Ag - As) + fyAS

Corley:
The expressions discussed to this point represent the most widdlyandér most recently
proposed plastic hinge length models. One further plastic hingehlerpression however is of

interest due to its simplicity and acts as a type of controtife comparative studies presented
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within the thesis. Corley (1966) is among the first reseascttedocument work on the plastic
hinge length expression. He determined that the plastic hingth lerag primarily a function of
the geometry of the column section and concluded that the simple eqga®m in Equation
2-12 is sufficient (Corley 1966). This expression does not separspense into different
components, but rather assumes that all inelastic phenomena contribuhegesponse may be
lumped into one simple expression. Lumped plasticity approaches ade due to their
simplicity, therefore if more complex plastic hinge expressigwgh as those previously
introduced, do not necessarily provide more accuracy, it may belsgeahd Corley equation is
sufficient for seismic analysis. The Corley equation does paotath a strain penetration
component; however one was not added to the expression for analysist sthassumed the
simplified expression is meant to include all components of inelastic behavsor as-

Lp = 0.5D 212

Hines et al.:

Hines et al. realized that there are shortcomings in usimgie sconstant plastic hinge length in
evaluating seismic performance (Hines et al. 2004). The resemadibeuss that the combination
of the three concepts effecting the spread of plasticity; mogradient, tension shift and strain
penetration; is not well quantified nor agreed upon among researdritegy note that newer
work has been done to include the effect of tension shift but ttiak itot apply to a wide range
of cases. Hines et al. therefore attempt to solve these iguessting large-scale bridge piers,
the researchers have identified all three components of thecphasgje length discussed, but
found it difficult to formulate a specific plastic hinge lengtidebase curvature based on the

data. They therefore created a new approach to evaluate ds&l st plasticity in the plastic
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hinge region. This approach was simplified based on the assumptiqia$tat curvatures are
distributed linearly over the length of the plastic hinge reditms assumption was determined
to be valid, and to be more accurate than the assumption of glasie length in which the

curvatures are assumed constant.

In contrast to the previously discussed empirical plastic hleggth models, Hines et al.
developed expressions estimating the plastic hinge region in wiggbldstic hinge varies as a
function of the section’s inelastic demand. Equations were derivecetlicpthe plastic hinge
region using first principles based on a free-body diagram afeked reinforced concrete
section. Parameters of which are be obtained through a maoreature analysis. It should be
noted that the equations given are not necessarily valid for bpigge with axial load ratios
greater than 20%. Two equations were developed to take into adsewsgreading of plasticity
along the element’s length as a function of inelastic section demandrsthe rfeferred to as the
shear crack model, the other as the bond stress model. The mor¢eastmaal depends on the
type of structural system being analyzed. The shear crack mpamadd to be most accurate for
well-confined, slender, circular columns and is shown in Equation 2-1ialjles are defined in
Table 2-2). The bond stress model describes the effect of tehgiiobut only partially captures
the moment gradient effect. The bond stress model is given in Eq@atiénin well-confined,
slender columns, the spread of plasticity is much greater thdicteck by the bond slip model.
The crack angle within the plastic hinge would have to be less than 15 degrees in cagarrs®
the full effect. Therefore the shear crack model was develapéndhit the crack angle by the
estimated shear cracking behavior of the column and better capéuspriead of plasticity in

such columns. Using these models, Hines et al. compared the expalida¢atto the monotonic
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envelopes formed from the shear crack model as well as thstl&yi L, model, verifying

accuracy of the shear crack model. While the methods in the Blirésstudy showed accuracy

for predicting ultimate displacement and the hysteretic envdiagge monotonic response) to a

cyclically loaded member, it does not explicitly discuss ithplications for use in PBD or

prediction/quantification of intermediate limit states. The m®daiesented by Hines et al.

certainly take more realistic behavior into account; however, theiresnent of a sectional

analysis as well as the complexity of the equations has hthderadoption into regular practice

by researchers.
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Table 2-2: Symbol Definitions for Implementation of Hines et al. Plagt Hinge Model

Area of transverse steel at a given level

Net compressive force

Distance betweefi;- andC, from moment-
curvature analysis

Principle tensile stress

Transverse reinforcement yield stress

Distance between flexural tension centroid &
compression centroid

and

Flexural tensile force resultant

Vertical flexural tensile concrete force
resultant

Effective flexural tensile yield force resultan

—+

Horizontal force applied to test unit

Horizontal tensile concrete stress
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2.3.2 Parameters Affecting Lp

As discussed in Section 2.3.1, there are many parameters féatthe plastic hinge length,

however not all researchers agree on the significance of each. Thesetpesanclude materials

strength, such as steel yield streng{f) @nd concrete compressive strengtg)(faxial load (P),

reinforcement ratio and aspect ratio. While the model by Bae agychlB (2008) addresses the
majority of these factors, other researchers such asl€yiestal. (1996, 2007) and Berry et al.
(2008) have determined that moment gradient and reinforcement lealaadbst affect on the
plastic hinge, while parameters such as axial load and ag®ctre relatively insignificant.
The significance of these parameters, as well as how soptadtiaamodel should be at the

expense of simplicity remains a topic of discussion amongst the researchirmioynm

2.4 Numerical Analysis Methods

Several nonlinear beam and beam/column finite elements have bedopddvever the past
three decades in order to perform numerical analyses and sansilaf the inelastic response of
reinforced concrete columns under seismic demands. The numericzhempgs can generally be
placed into two categories for nonlinear beam elements: lumpedciyasind distributed

plasticity models. For both cases, discrete and fiber-based formulationlsésawvdeveloped.

Discrete formulations use single or multi-component nonlinear ggtim capture the elements
inelastic force-deformation relation. Plasticity-based discrietrmulations have also been
proposed. Most discrete models concentrate the inelastic respahgeedment ends, but the
definition of serial models (e.g., multiple springs and multiple yield functioas been proposed

to allow these elements to capture the spread of plasticity.
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Fiber-based models have become increasingly popular oversthevia decades due to their
increased accuracy over models that assume a generalizeenelessponse. Fiber models
consider the detailed description of the geometry and mateoieégires to evaluate the behavior
of critical sections rather than a simplified and predefineafskysteresis rules. The element’s
inelastic force-deformation response is thus obtained by analgirige or multiple discretized
cross-sections (see Figure 2-10.) and then interpolating the nomkspanse along the element
in either displacement-based or force-based formulations. The fofosvscussion on lumped
and distributed plasticity elements is therefore with regafieér-based nonlinear beam-column
elements. The lumped plasticity approach is advantageous diseclmmputational efficiency
and for its analogy to simple elasto-plastic analysis phaes used in design practice. The
distributed plasticity approach, however, is convenient for defining $tates for PBD since it
has the ability to capture local behaviors at intermediateegielangths and takes the spread of
plasticity along an element length into account. Both approacheharwbricepts behind their

derivation are discussed next.

Concrete

S8

‘\\\\\

Figure 2-10: Discretized Fiber Section
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2.4.1 Lumped Plasticity Models

The lumped plasticity approach utilizes the simplicity of thetehinge concept by separating
a line element into elastic and inelastic components. A fixed moiqgredetermined length,
typically the plastic hinge length, is determined to be the regiamhich all inelastic action is
concentrated, while elastic properties are assigned to thenadenaif the element. The inelastic
behavior in the plastic hinge is determined from a sectional analfythe critical section, which
has detailed description of the geometry and material propertiesxi@inconstitutive models)
assigned to sections within this region. Uniaxial constitutive madt@odels for both steel and
concrete are defined and assigned to the corresponding componentsaoétized section. This
section is then assigned to the plastic hinge(s) of the stea® shown in Figure 2-11.
Determining the section’s behavior usually requires a sectionbisesmae completed first, and
then the moment-curvature relationship is assigned to the plastie(s) to determine the
element response under external loads. Other methods define a bafikiserdisplacement
hysteresis response to the plastic hinge(s). Such methods cagtadde when the element

behavior is previously well known and does not require the initial sectional analysis.
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Figure 2-11: Schematic of Defining Inelasticity in a Lumped Plastity Element

Assuming all inelasticity occurs at a single point is cletlie simplest method in analyzing a
lumped plasticity element. Assuming inelastic behavior over a derggth, however, requires
integration techniques within the plastic hinge. Techniques for thédisbn of inelastic strains
and curvatures within the plastic hinges of the element have begospd by various
researchers. Simple schemes may monitor behavior at the cetiterinelastic region or at the
end node of the element and assume that inelastic curvatures destcthmsughout the section.

These however do not offer high accuracy. More sophisticated scirhele using two-point
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Gauss-Radau integration which monitors behavior at the end notie element and also at

two-thirds the length of the inelastic region. Curvatures anenass linear between integration

points but the integration weights cause the input length to eqgathdn deformations localize

within this region. Two integration points within the plastic hirigeless computationally
efficient than using one point, therefore Scott and Fenves (2006) progrogaegration scheme
that uses one integration point per plastic hinge while obtainingdatweacy of two (Scott and
Fenves 2006). This method applies the Gauss-Radau integration ovémésitite plastic hinge
where behavior is linear elastic. By adjusting the integrati@ghts and assuming linear

curvatures, the behavior within the plastic hinge may be caldylagain equating the plastic

region to lp, for which the plastic hinge models are intended. These variousratiteg

approaches are shown in Figure 2-12 where “ip” indicates the itiegrpoints and “w”
indicates the integration weights used for each point. The assumptiimped plasticity
models of a constant curvature over the plastic hinge lengtesisribed in Section 2.3 and in

Figure 2-8. The assumed distribution of the modified Gauss-Radagration scheme is shown
in contrast to a fixed-length hinge model in Figure 2-13 (notelfias shown instead of j for

consistency since a strain penetration component is not shown)sders that although the
curvature distribution between integration points is linear, the Lp vaded for calculations
using this scheme is the same as that used in the fixed-leogiél (Berry et al. 2008, Scott and

Fenves 2006). This is due to the integration weights shown in Figure 2-12d.
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Figure 2-13: Assumed Curvature Distribution in Lumped Plasticiy Models

The lumped plasticity approach is advantageous due to its simplicitygvieout has serious
limitations since inelastic flexural deformation are assumeblet concentrated at a hinge with
predefined and constant length, which is dependent on material pgepbdundary conditions
and actual spread of plasticity. Because of these assumptitumepad plasticity approach is
limited to strain-softening response and is unable to capture-saalening behavior (Lee and

Filippou 2009).

2.4.2 Distributed Plasticity Models

Distributed plasticity approaches are more accurate than lumpptbaghes since the
assumption of a lumped element (all inelastic behavior being lumpibe a@nds) is physically
impossible (Spacone and El-Tawil 2004). In a distributed plastaggroach behavior is
monitored at several integration points along an element lengthe whelastic behavior is
allowed to occur. Like the lumped approach, constitutive material madelsapplied to a

discretized section to account for the inelastic behavior. Rdtherlieing applied to a single
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point or region, however, the distributed approach applies the disdretergtion to each
integration point along the element, as shown in Figure 2-14. At any time stap avitanalysis,
the sectional response at each integration point along the elesnevdluated. This approach

therefore more accurately captures the spread of plasticity altoelement.

nodeiA

énode j

— =

integration points for
monitoring inelastic behavior

Figure 2-14: Schematic of Element in a Distributed Plasticity Apmach

In a distributed plasticity approach the user generally defiheslocation and weights of
integration points along an element; however, the most common appraaeh@auss-Lobatto
integration. This scheme places an integration point at eacbfeard element, where extreme
behavior typically takes place, as well as ‘n’ equally spacegyiation points along the element
length (Neuenhofer and Filippou 1997). For example, the integration satewa in Figure
2-14 would represent Gauss-Lobatto integration with 5 integration pDietsrmations between
each integration point are assumed to be linear with the Gausgsd_obany other integration
scheme. It is therefore intuitive that the more integration posesl, the more representative an

element is of actual structural behavior.

While the distributed plasticity approach offers the advantagepiuring spreading plasticity, it
also has limitations. Increasing the number of integration points &lesment where inelastic
behavior does not spread the entire length is computationallyfuleestel determining the most

effective number and placement of integration points is not alstfiaigyard task. Furthermore,
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distributed plasticity approaches assume a strain-hardenipgnses and fail to capture strain-
softening. Therefore the approach used, either lumped plasticitystoibdied plasticity, may

require some previous knowledge on the expected behavior of the structural element

2.5 P-Delta Effects

Due to the focus on slender columns in this research, P-delta effects becomebdiggiassion
as future results are presented. According to modern seissigndsodes, P-delta effects can
typically be ignored if specific criteria are met. Aadioig to the California Department of
Transportation Seismic Design Criteria, P-delta effectstyainally be ignored if the following
eqguation is satisfied (Caltrans 2010):

According to AASHTO LRFD Bridge Design Specifications, P-delti@cts can be ignored if

the following is met (AASHTO 2010);

B 216

where KL, is the effective column length and r is the radius of gynatOf the five case study

columns discussed in Chapter 5 of this thesis, only one satisBa®tjuirement, thus indicating

the importance of P-delta in the design of slender columns.

P-delta effects are second order effects that magnify temaitforces and soften the response
of a structure. P-delta effects are manifested at botistthetural level (Rt) and the element
level (P$), as seen in Figure 2-15a (Schellenberg et al. 2008). Global seconeéfteder or PA

are caused when displacements are large and in combination witteamakaxial force cause

additional overturning moment forces at the base of the column €&3Bb). At the element
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level, the internabxial force causes instability of the structuralrmber, causing softening

even buckling. These are known as the geometrions-order effects, or B- As lateral loads
are induced, Plelta effects not only reduce the initial stiffnesfsa column, but drastical
reduce postield stiffness as we, which could even become negative, as showFigure 2-15c
(Priestley et al. 1996)The importance of -delta effects on global response is well kno

however there is limited research on the effe¢ocdl response and intermediate limit st

p
S
+q§ “
fw/o P-delta

V—
Vy
P-8 3 with P-delta
L 3
P-A L
<
—
VL PA ’ !
Moment Displacement
(a) Column Model (b) Second Order Effec (c) Bending Momen

Figure 2-15: PDelta Effects on BridgeColumns (Adapted from Priestley et al. 1996, Abel

2012)
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3 METHODS

This chapter describes the numerical and experimental methodfousesting the hypotheses
outlined in Chapter 1. First discussed are the analysis techniquekich all subsequent
numerical models are based. Following is a description of expetanmethod followed in the
test a half-scale reinforced concrete column used as pam olutherical analysis evaluation in

Chapter 5.

3.1 Analysis Methods

The subsequent sections of this chapter describe the finite elgtafarm and specific
elements used to perform the analyses throughout this thlasisnddels used to implement the
approaches previously described are discussed in detail and walfdoeed to in the following

chapters to indicate the exact models used in the modeling of all columns.

3.1.1 OpenSees

The finite element platform used in all the analyses destiibéhis thesis is the Open System
for Earthquake Engineering Simulation or OpenSees (OpenSees 201 rognem is an open-
source program originally developed at the University of Gali, Berkeley as a software
framework for simulating the seismic response of strucamdl geotechnical systems, and has
been developed as the computational platform for research in perfedbased earthquake
engineering at the Pacific Earthquake Engineering Resd®€RR) Center. OpenSees has
advanced capabilities for modeling and analyzing the nonlinear respios\sgems using a wide
range of material models, elements, and solution algorithms ispéigiimed for simulating the
seismic response of structures that exceed the availablbildte@saof general purpose finite

element programs, particularly for reinforced concrete structures.
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A structural member that is subject to both axial load and bendingemensuch as the columns
of interest, is referred to as a beam-column element. OpenSe&deprseveral types of beam-
column elements for structural models. A wide range of uniamatkrials and section models

are also available for beam-column elements.

3.1.1.1 Lumped Plasticity Element

Lumped plasticity analyses are conducted in OpenSees by usirfgetmaWithHinges” element,
which follows the modified Gauss-Radau integration scheme as didcimsSection 2.4.1. This
element uses flexibility formulation and assumes all ineldstitavior is concentrated over a
user-defined length at the element ends, as described for thedlpigsticity approaches in
Chapter 2. The element allows for a plastic hinge at eithdroé an element. However, for
analysis of a cantilever column the plastic hinge is defindldeacolumn base only, defining the
plastic hinge at the other end of the column as zero. The inputs argcesslefine a lumped
plasticity element in OpenSees include: location of the elemmhés, the length of the plastic
hinge(s), a fiber-based section with inelastic material mpaéigch is assigned to the plastic
hinge region, and the elastic modulus (E), area (A), and moment of inertia (I, avhiassigned

to the elastic region of the element. A schematic of a colusunadized into a lumped plasticity

element is shown in Figure 3-1a, wherg it one of the plastic hinge lengths discussed in

Section 2.3.1.

3.1.1.2 Distributed Plasticity Element

Distributed plasticity analyses are conducted in OpenSeeg asifmonlinearBeamColumn”
element. This element uses either force-based or displacermsd- formulation to analyze

element behavior. Used in the following analyses is a displacdrasatt formulation in which
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increments of the yield and ultimate displacement are appliedtasated from Equations 2-2
and 2-3. OpenSees allows multiple integration schemes for anafyhiis element; however the
Gauss-Lobatto integration discussed previously was used in thisalesie to its advantages
over other schemes. OpenSees also allows an element to be dividsevertal sub-elements.
The advantage of using sub-elements is the ability to exttalotlgforce data (data which is
typically only available at element ends) from several intdrate nodes. Inputs required for a
distributed plasticity element in OpenSees include the number oélsotents, number of

integration points per sub-element, and the definition of a fibexebasction to be applied to
each integration point for analysis. The Gauss-Lobatto schememeptied for the analyses in
this thesis had three sub-elements and three integration poirdalpetement. The number of
sub-elements and integration points was chosen to monitor behavioryasiegtte of the column

length. This is thought to capture relatively accurate data wiotebeing computationally

wasteful. A schematic of the distributed plasticity elementl deethe analyses in this thesis is

shown in Figure 3-1b.

+———@node 2 —— ip 7@ node 4
Elastic ip 60 ysub-el 3
(input E, A, I) ip 58 node 3:

L L ip4pg ysub-el 2
Inelastic _
(input discretized section) ip 3 node 2

ﬂ_p d ip 20 ysub-el 1

node 1 ip 1 node 1)

. 7 7%

(a) Lumped Plasticity Element (b) Distributed Plasticity Element

Figure 3-1: Elements used in OpenSees Analyses
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3.1.1.3 Material Models

OpenSees offers a wide range of material models to reprdse material behavior of fiber
sections. The specific material models used in the followingyseslare described in this
section. The input required for each model is given, along with anyngs®ns necessary to
implement the material model into the OpenSees analyses. Alsasalescribed in subsequent
chapters use the same material models described here, varyyngy the material strengths

defined by the corresponding test unit material testing program.

The longitudinal reinforcing steel of the column sections was madelmg OpenSees material
model “ReinforcingSteel,” which is based on the commonly used Chaniylander uniaxial

steel model (Chang and Mander 1994). Several parameters are teddéde the stress-strain
curve of the steel material model, as shown in Figure 3-2. Theitdefs of these parameters
along with the values used are given in Table 3-1. As seen, yieltygiris the only parameter
typically given in experimental documentation, therefore varyirtgrden column models. The

remaining parameters were defined based on common observed relationsandsor
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Figure 3-2: Reinforcing Steel Model

Table 3-1: Assumed Reinforcing Steel Material Properties in Operegs Modeling

Input Parameter Assumed Value
Yield Strength (fy) Given in documentation (varies)
Ultimate Strength (f) 1.54,
Elastic Modulus of Steel g 29,000 Ksi
Elastic Modulus after Strain HardeningsfE 1633 ksi
Strain at Hardening:§r) 0.0036
Ultimate Strain £s,) 0.1

When performing a monotonic analysis, the above model is sufficierginforcing steel. This
reinforcement however is sensitive to loading pattern when perfgrancyclic analysis. Tensile
strains will accumulate during repeated loading, creatingftansiog response in the steel. To
simulate this behavior, OpenSees offers several optional input param& the

“ReinforcingSteel” model. The cyclic material model usedamalyses in this thesis was the
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Gomes and Appleton buckling model for nonlinear cyclic response (Gardesppleton 1997).

Use of this model requires the input of four additional parameters:

Slenderness ratio, gt This parameter describes the slenderness of an individual

reinforcing bar to take into account its susceptibility to bugklirhe slenderness ratio of
a bar is defined as:

Ly

Lgr = @ 3-1

where @) is the bar diameter and,lis the unsupported bar length, typically the spacing

between transverse reinforcing spirals, as shown in Figure 343slattidy however, L

was taken as twice the spiral spacing, since the spiral spacing incasesyis 4 inches or
less, resulting in an unlikely scenario that a reinforcing brbwckle over this short

distance.

db

Figure 3-3: Bar Slenderness Parameters for Gomes and Appleton Cyclteel Model

Amplification factor for the buckled stress-strain curfde,This parameter scales the
buckling curve of the stress-strain relationship, as shown in Figdrewdiere the
variables are defined in Gomes 1997. Thdactor is typically taken as 1.0, and is
therefore the value used for the OpenSees models in this study.
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Figure 3-4: Buckling Parameters as Defined by the Gomes and Appde Model for Cyclic
Steel Behavior (Adapted from Gomes and Appleton 1997)

e Buckling reduction factor, r. This parameter is used to adjusttinee between the
buckled and unbuckled curve as shown in Figure 3-4. The r factor magybeea
number between 0 and 1.0. Since this model is applied to a wide rarfgexwotl
columns in which the individual material behavior is unknown, an inteatesdalue of r
equal to 0.5 was used.

e Buckling constanty. This parameter is the stress location about which the buckling
factor, r, is initiated. The factor is typically used to avoid kinks in the reloading branch
of the stress-strain response of the material and mayds aumber between 0 and 1.0

(OpenSees 2011). Again, an intermediate value of 0.5 was chosen in this study.
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OpenSees does not contain a specific material model for tisvérge steel reinforcement, but
rather allows the definition of the concrete in a section intosep@arate models: one to simulate
normal, unconfined concrete response and the other to simulate theedadircrete within the
confinement reinforcement, as shown in Figure 3-5. Given that the puwptyaasverse steel is
to enhance the core concrete behavior this method of modelingasaguitrate. Two OpenSees
concrete materials were therefore used in the modeling of llke dections. The unconfined
concrete section was modeled with OpenSees material, “Cddittetehich follows a typical
Kent-Scott-Park uniaxial material model (OpenSees 2011). Model assumes a concrete
material with zero tensile strength and degraded linear unldeglmading stiffness as shown in
Figure 3-6. The required input parameters for this material madag with their assumed

values are given in Table 3-2.

Unconfined (Cover)
Concrete

Confined ¢
(Core)
Concrete "

Transverse Steel Spiral

Longitudinal Steel
Reinforcement

Figure 3-5: Typical Reinforced Concrete Section for Circular Colunms
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Figure 3-6: Zero-Strength Concrete Material Model

Table 3-2: Assumed Unconfined Concrete Material Properties in Opé&ees Modeling

Input Parameter Assumed Value
Compressive Strength at 28 daysg)(f] Given in documentation (varies)
Strain at Maximum Strengt ) 0.002 in/in
Crushing Strength (f,) 1.0 ksi
Strain at Crushing Strength() 0.01 in/in

The confined concrete region was modeled with OpenSees madt€oarete07,” which is an
implementation of the Chang and Mander concrete model (Chang and Mander 1994 pdtis m
takes into account the increase of strength and ductility providedrdnsverse steel
reinforcement (see Figure 3-7). The implementation of this modepenSees requires the input

of eight parameters as outlined in Table 3-3. Chang and Mander prapasetie increased
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compressive strength of concrete due to confinement is a functibae ahconfined strength and

the effective lateral confinement stresgf|K

7.94K 2K, 3-2
flfece=f'cl 225 |1+ - efl — ffl —1.254
fc fc

where ks is the effectiveness of confinement (95% for circular sectiand)f is the volumetric

reinforcement ratio as defined in Equation 3-3.

1
f1= Epsfys 3-3

In the above expressionfis the yield strength of the transverse steel @ni$ the spiral or

transverse reinforcement ratio:

4Agp

_ 3-4
Ps D,S

where Ay is the cross-sectional area of the transverse steel bas,the outer diameter of the
spiral and s is the spacing of the spiral pitch, shown inr&ige8. The strain at peak confined
compressive strength is defined by Chang and Mander in Equation 34® syhés typically

taken as 0.002.

SICC = €&co ll + 5 <f# — 1)] 3'5
f'e

The elastic modulus of concrete used for implementation of this model is:
E¢ = 57,000y "¢ (psi) 3-6
which is typical for normal weight concrete. Tensile propeifethe confined concrete model

are defined by the tensile strength:
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ft =7.5Vf ¢ (psi) 3-7
And the tensile strain at maximum stress is:

_Je

— 3-8
E¢

€t

The remaining non-dimensional terms required for implementingOpenSees “Conrete07”

material model represent simplified loading and unloading branchise ahtaxial material (see

Figure 3-9):
&
xp =<0 3-10

Ecc
Ee 3-11

Tc = ; -

¢ E _f CC/

¢ Elcc

The input parameters for the above documented material models andasie information
such as geometry and axial load for the case studies considénelthresis were obtained from
databases and test reports on the respective tests All otharepansa for implementing the

material models were assumed values as discussed or caldyateel equations given in this

chapter.
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Figure 3-7: Confined versus Unconfined Concrete (Adapted from Pragley et al. 1996)

Table 3-3: Definition of Terms for Confined Concrete Material Modé

Input Parameter Definition
f ec Confined Concrete Compressive Strength
€ cc Strain at Maximum Compressive Strength
Ec Initial Concrete Elastic Modulus
ft Tensile Strength of Concrete
&t Tensile Strain at Maximum Tensile Strength
Non-dimensional term that defines the strain at
Xp which the straight line descent begins in
tension
Non-dimensional term that defines the strain at
Xn which the straight line descent begins in
compression
Parameter that controls the nonlinear
fe descending branch
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Figure 3-8: Portion of Column in Elevation Defining Transverse Reirmdrcement Terms
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Figure 3-9: Concrete Material Envelope and Variable Definitions (Adaptd from OpenSees

2011)
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3.2 Experimental Methods

In order to evaluate the spread of plasticity and numericaraxeun predicting the inelastic
response of reinforced concrete columns with high aspect ratdy@rc of aspect ratio 12 was
tested at the Civil Infrastructure Laboratory at Michigan eStdnhiversity. This column was
tested in order to complete a data set of varying aspectoatn evaluation of slenderness. The
distribution of slenderness in the PEER Structural Performanabh&sd was shown in Figure
1-2. Most columns that have been tested in an experimental sedibglaw aspect ratio 6. Just
two columns have been tested with aspect ratio 10 and none have begmwigsiaspect ratio
12. This test will therefore complete the column series aksimeunderstanding the effects of
slenderness as well as provide new data for a column more sldrasheiother previously

reported.

3.2.1 Test Unit Design Parameters

The tested column, referred to as test unit 123007, was a cireuléwrced concrete column
designed at half-scale with aspect ratio (length/diametet®, in order to have a test series for
analysis with aspect ratios 4, 6, 8, 10 and 12. The column therefbia 2va ft effective length

and 2 ft section diameter.

The column reinforcement was designed to provide the column with isoffistrength and
ductility and to meet the specifications outlined in the Caltramsn@c Design Criteria (Caltrans

2010). Longitudinal reinforcement consisted of 18 number 8 (1 in. dignsé¢éed bars with a 1

inch concrete cover, resulting in a longitudinal reinforcement i@jjoof 3% of the cross-

sectional area. Confinement was provided with transverse siadrcement in the form of a
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continuous number 4 (0.5 in. diameter) spiral at 3 in. pitch spacing.r@sults in a transverse

reinforcement ratiopg) of 1.2% as defined in Equation 3-4.

The geometry and reinforcement layout of column 123007 is shown in Hgl@eAs shown,
the column components include a 66 in. square footing with a 19 in. depth2aimd wide
loading block, provided to ensure an evenly applied load to the top of tbhenrcolThe

reinforcement extended into the footing and loading block with the longituoiama anchored
into the footing with 98 hooks. The footing and loading block were also reinforced with

longitudinal and transverse steel as well as shear resisting steel hooks.
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Figure 3-10: Test Column 123007 Geometry and Reinforcement
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3.2.2 Material Properties

The column was designed using normal weight concrete and gradmf@dcieg steel for both
the longitudinal and transverse directions. Material testing waspleted prior to testing to
determine the properties of all materials, which are sumethriz Table 3-4. The material

strengths were taken as the average of three samples for each material.

Table 3-4: Material Properties Day of Testing

. Strength (ksi)
Material Yield | Ulimate
Concrete 6.5 4.6
Longitudinal Steel 70.5 107.2
Transverse Steel 66 100.4

3.2.3 Instrumentation

Instrumentation was provided to obtain data in the form of steehstraurvature, lateral
deformations and shear deformations. Strain gauges were provided extriiame longitudinal
bars as well as generator and follower sides of the spiravatad planes along the column
length. Lateral deformations along the column height were measwitbd displacement
transducers. The flexure-induced curvatures of several segaientsthe column height were
calculated from deformation measurements along the generdes sf the column. Shear
deformations were calculated from instrumentation panels thahgadafive displacement
transducers to measure deformations along the sides and diag@nataifingle. Three shear
deformation panels were mounted over the first 30 in. of the column amsheoside. The

instrumentation setup is shown in Figure 3-11.

55



_ : 60" string por
-longitudinal strain gaugesPlane 15— 1 | R ———

~spiral strain gauges

()
Q
%
=
5
Q
5=,
o
o

Plane 141" | ok~ I b

Plane 10: " Stri
O Plane 13- - ______B_Q__S_t_rlqg_pgt
Planes 7, 9: 48
@ Plane 12—l || 18" transducer
24"
Planes 5, 6, 8: Plane 11-———————__l.____ ]
24"
Plane 10-----————-J{l..__ __1l2_"_121'_t_r_a_r1§d_u_qer
Plane 3, 4: Plane 9-—— - - | o
Plane 8---r—Y 21 (12" 12" transducer
Plane 7-- - H-~-113 at 8'—'77—————6——7—
6" transducer
Planes 1, 2, 12, 13, 14; Plane 6-—-2----—j [T
12 _~"t3at6
Eiane i"zﬂat*éi.”" R L
ane 4- | jj R
Q Plane 3--—*--r—F——1- =2
Plane 2------ f ————————————————————————————————
Plane 12 at 4*| | -

reference fran
Figure 3-11: Instrumentation Setup
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3.2.3.1 Strain Measurement

Strains were measured with electrical resistance quanitiye strain gauges with 120 ohm
resistance and a 5 mm gauge length. Strain gauges were plasgdi@tations (planes) on the
longitudinal reinforcing bars as well as the spiral in the folloavel generator sides, as indicated

in Figure 3-11.

3.2.3.2 Curvature Calculation

Flexure curvature along the column height were calculated fronextemsion and shortening
deformations measured with displacement transducers placed aplenhigights along the
column generator sides, as shown in Figure 3-11. The displacentesducars were mounted

on aluminum brackets mounted on threaded bars anchored in the confinedecoegion of the
column. The displacement transducers were mounted on the supporting brackets so ¢ mea
deformations in the vertical direction (parallel to the column)aXise mounting brackets served
the purpose of both securing the transducers as well as & sarfgces for the instrument
immediately above. This setup can be seen in Figure 3-12. The iastrugisplacement

readingsg, were converted to strain by the following equation:

S, w
EE,W = ? 3-12

where the subscript, E or W denotes the East or West face adlthren in which the instrument

is located and 4 is the gauge length between instruments (i.e., segment length)tlCeratthe

middle of each segment was then calculated by:

_SW—SE

dist; 313

®
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where distis the distance between the East and West instruments. Risigatin the column

due to flexure was calculated by integrating the curvatures alomgliman height, which due to

the discrete measurement points simplifies to:

AF = Zq’il'gihi 3-14
[

where his the distance of the centroid of each curvature measurememérseiyjom the top of

the column, as shown in Figure 3-13.

Figure 3-12: Curvature Instrumentation
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Figure 3-13: Schematic of Displacement due to Curvature

3.2.3.3 Shear Measurement

Shear deformations along the plastic hinge region in the column cedcelated from the
measurements of three rectangular deformation panels that edneistan arrangement of
displacement transducers along the four sides and one diagonalctdregie. The panels were
placed on the North face of the column over the first 36 in., as shokigure 3-14a. The shear
deformation panel sides and diagonal was realized by using af @irminum tubes that slide
one inside the other with a displacement transducer attached to oreneral rigid target
attached to the other (Figure 3-14b). Aluminum rods protruding from the natonctrete were
used to attach frictionless swiveling rod connectors to the aluminibes. Pictures of the shear

instrumentation panel are shown.

59



(b) View of Instrument and Frictionless Connections
Figure 3-14: Shear Instrumentation
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Lateral column deformations due to shear were calculated acgacdihe methods proposed by
Lehman et al. in the PEER research report on well-confined col¢baimnan and Moehle

2000). The true diagonal displacement due to shEa) (vas taken as the measured diagonal
displacementADg) with the subtraction of the vertical and horizontal movement opémels

(ADyp):

AD = ADg — ADp, 3.15

Where:AD,,j, = \/(b + Ah)z +@W+40p)2—d 3-16

with specific variables according the schematic in Fiié. The resulting shear strain,in

the column is then:

J(d+ADd)2 — W +2)2 — (b +4p) s-17

h+ Ay

The preceding equations give the shear deformation within each pangy these values, the

total horizontal displacement in the column due to shear deformation is:
AS = Z Yihi 3-18
i

The shear deformation above the upper-most panel was assumed cosssaotym in Figure

3-16.

Figure 3-15: Shear Panel Configuration
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Figure 3-16: Schematic of Displacement Due to Shear

3.2.3.4 Lateral Displacement Measurement

In order to measure the horizontal displacement of the column amedmate heights,
displacement transducers were placed at seven locationsta®mglumn length, as shown in
Figure 3-11. Since the column does not deform linearly, displaceprefites show the
curvature of the overall test unit. Displacement transducers seexged to a reference frame

and extended to a target near the West face of the column as shown in Figure 3-17.
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n Reference Frame

(b) Target for Horizontal Measurement
Figure 3-17: Horizontal Measurement

63



3.2.4 Loading

A constant axial load was applied to top of the column by meangevhekpost-tensioning. The
axial load fixture used a spandrel beam at the top of the colummloeidand two G150 1-3/8
in. threadbars that were anchored in the laboratory strong floended through an opening in
the column footing and then trough hollow-core jacks. Axial load to sherm was applied as
the external rods were tensioned with the use of the hydracks jand the spandrel beam

reacted against the column load block thus imposing the compressiegdathe test unit. The

applied axial load of 158 kips corresponds to 7% of the nominal crushingtgaffiaég) with
f ¢ taken as the specified or design concrete compressive stadngtksi, and corresponds to

5.4% of fcAg when f¢ is the actual compressive strength of 6.5 ksi. The axial loadhezen

to represent an average load applied by a bridge superstructusengleacolumn bridge bent

(Lehman and Moehle 2000).

Lateral loading was applied to the top of the column by meanssefva-controlled hydraulic
actuator connected to the column loading block as shown in Figure Bdlt8ral loads were
applied in a reverse cyclic pattern with increasing demandeatgfined load and deformation
levels. Load levels were determined in increments of expectdd walues. A theoretical yield

force was determined from a sectional analysis by the following:

FI

Ml
, =7/ 3-19

Load was applied in force control up to the theoretical yield fgedae in quarter increments
and in a cyclic form. The ideal yield displacement was detedhifrom the measured
displacement at theoretical yield according to the relation:
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Yy Ay 3-20
My

Ay=
The ideal yield displacement defines displacement ductility {. The remaining load levels
were applied in displacement control in increasing levels of displacemeitityluc

uA = Am/Ay 3-21
whereAm is the target displacement afglis the calculated yield displacement. During testing,

the displacement at theoretical yield force of 1.0 Was larger than the expectat, and was

closer to the estimated value &§. The larger measured displacement is attributed to second-

order, or P-delta, effects, which were not considered in thecgpikedianalyses. Research by
Silva et al. (2012) has shown that P-delta effects to not sigmiffcahange the ideal yield
displacement. Thus, it was decided to use the calculated id&hdigplacement from analyses

without P-delta effects as the displacements for ductilityHe. resulting load history of the test

is shown in Figure 3-19. One cycle was applied at each piedpiad level: 0.25F;, 0.5Fy,

0.75Fy; and three cycles were applied at each post-yield loat: l&dy, 1.3y 2Ay 3Ay. The

displacement at ductility 3 was estimated to be 20 inches, whtble ignit of the actuator, and
therefore the last loading level applied. The target force apladgement values (at first cycle)

are summarized in Table 3-5.
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Table 3-5: Target Load and Displacement Levels

Force (kip) | Disp. (in)

| 6.7 0.96

0.25Fy 6.7 20.98
| 133 26
0.5Fy 133 2.8
| 20 46

0.75 F 50 T
26.7 6.81

Ma=1 26.7 6.81
309 102

Ma=l5 T30 8 110.2
32 13.6

Ha=2 315 13.6
33 20

Ma=3 331 20

3.2.5 Test Setup

The overall testing setup consisted of the test unit componentssintixtures as shown in
Figure 3-20. The test unit included the main column segment, ithdoatid a loading block.
The unit was secured by post-tensioning the footing to the labottong floor with six high-
strength threadbars. Two additional threadbars were used for thdoaxiasetup. These rods
were anchored in the strong floor but continued through tapered sltfte footing (to allow
horizontal movement as the column deformed) and continued past the spaadnelwhich sat
on top of the column load stub) and then trough hollow-core jacks. Tifextases included the
reference frame for instrumentation and the loading fixtures. Aydraulic actuator was
anchored to a steel reaction frame atop reinforced concrete sbppiks. These fixtures were
also secured by post-tensioning the frame and support blocks to thevillbbahreadbars. The

constructed test setup components are shown in Figure 3-21.
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Figure 3-20: Test Setup
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(a) Test Unit (b) Fixtures J
Figure 3-21: Test Setup Components

3.2.6 Observations

3.2.6.1 Cracking
The first level of loading did not show any signs of damage. Cracking initiated second load

level (0.5F). At this cycle, cracks were spaced about 6 in. apart. Cradkhsviwere

approximately 0.004 in. and extended to a height of 12 ft. In the nektdwel (0.75 F)) crack

spacing decreased to 3 in., matching the pitch of the steel spiral within. Cracksednd grow

in length and width in subsequent loading cycles, with maximum crackavaft0.011 in. at
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ua=1 and 0.25 in. at the end of testingn¥3). Cracks began to cross the neutral axis of the

column atpp=2, indicating initial shear effects. This extension of crack ferigtough the

neutral axis continued in subsequent cycles and reached an extehtftodlong the column

length by the end of testing. The crack pattern is shown in Fig@d& 3he majority of new

cracks propagated along the length of the column between loadues dy.5F and pa=1,

although cracking continued to extend upiiE3. By the end of testing, cracking had reached a

maximum height of 21 ft.

70



=3

Figure 3-22: Column Cracking Pattern atpy
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Cracks in the footing, indicating strain penetration effects wbserved at the first cycle of
ua=1. These cracks continued to grow in width and length in subsequdes,cseaching a

maximum width of 0.013 in. A small number of cracks were also obdeovextending over the

surface of the footing as well as through its depth.

3.2.6.2 Spalling and Overall Damage

Spalling of the cover concrete initiatedg=1.5 near the base of the column. By the end of
three cycles at this load level, some exposing of the stealsspias evident. The inside of the
spiral was exposed ah=2 on the East face of the column, which was taken as indicatihe of

crushing limit state. The concrete on this face however was&@ashof being poorly vibrated

during casting. Spalling continued to extend during subsequent cyclesaamdd a height of 27
in. by the end ofia=3. Longitudinal bars became exposed during the three cycles=atas

well. The final testing state at 20 in. top displacement is shown F3g8 and the final damage

due to spalling is shown in Figure 3-24.

72



Figure 3-23: Column at 20-inch Displacementyy=3)
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ot

(b) East Face

Figure 3-24: Damage due to Spalling at end @f,=3 (20-inch Displacement)
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4 EVALUATION OF PLASTIC HINGE DESIGN MODELS

This chapter describes a numerical investigation conducted to detetine effectiveness of
current plastic hinge models in predicting several limit stébe the implementation for PBD.
Thirty-four previously tested columns were selected for this aisabased on relevance to this

thesis topic and current design methods, as described below.

4.1 The PEER Structural Performance Database

The Pacific Earthquake Engineering Research (PEER) Centerospore project to create a
Structural Performance Database (SPD) in 2003, consisting of 4ftérced concrete columns
that were tested by various researchers under cyclicllaads (PEER 2011). This project was
assembled to service the earthquake engineering research coyamohimay be accessed
online by the public. The PEER SPD contains columns of both re¢éarend circular cross-
section, but only circular columns were considered in this studyniatosn available for these
columns includes column geometry, material properties, reinforcitaglgjetest configuration,
axial load level, force-displacement history of test data ardertes of documented tests. The
database also gives specific displacement values at eack @dmsage states. These damage
states are: spalling of the unconfined concrete, crushing of thHmewdrconcrete, buckling of
longitudinal reinforcement, fracture of longitudinal reinforcemengctfire of transverse
reinforcement and failure. These values were obtained from the documentatiabl@¥ar each

test; therefore not every column has values recorded for each of the natathaiye states.
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4.2 Selected Columns

The PEER SPD contains 163 circular columns; therefore in ordex tmfsidered relevant to
this study, columns used for analyses were selected accordipgdific criteria. The criteria for
chosen columns are as follows:

e Column failure type must be due to flexure. Columns resulting irr $hidare or shear-
flexure failure were eliminated.

e Columns must be of aspect ratio greater than 3. Those of aspestafaB and below
were eliminated. The first criterion eliminated many, but not all, of thelsenns.

e Columns must be well-confined according to modern design standards.wabis
determined by inspecting the experimental force-displacemesteregis pattern and
eliminating those column tests showing unstable results. An exaafipée column
eliminated due this criterion is shown in Figure 4-1.

e Lastly, columns without recorded limit state data were elitethaince they offer no

comparison to the analyses performed.
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Force-Displacement Experimental Response:
Davey 1975, No. 1

Force (kip)
o

-50 : : T T Y Y ; ;

5 4 -3 -2 -1 0 1 2 3 4
Displacement (in)

Figure 4-1: Example of Unstable Hysteresis, Resulting in Eliminatiofrom PEER Analysis

Program (PEER 2011)

The resulting 34 columns used in this study are shown in Table 4e€l.talie presents
information on each column’s geometric properties, axial load antbre@ment properties.
Properties shown include the column’s aspect ratio (L/D), amed Fatio and reinforcement
ratios. The axial load ratio is expressed as the percentaigadfover the column’s nominal
crushing capacity:

Axial Load Ratio = P ' -
/f Ag 4-1

where P is the axial force,cfis the concrete compressive strength agdsAthe gross cross-
sectional area of the column. The longitudinal reinforcement =tiepresented by, which is

the ratio of the reinforcement cross-sectional aregyto A
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_ nAb

- 4-2
Ag

Pl
where n is the number of reinforcing bars, angdisthe individual bar cross-sectional area. The

effective confinement ratio of the colunpyss, is expressed in Equation 4-3 where terms have

been previously defined:

Psfys .
Peff =F, o
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Table 4-1:

PEER SPD Columns Used for Limit State Analysis (PEER 2011)

Reference Unit Length (in) | L/D | P/f'cAg (%) Y Peff Sid,
Davey 1975 No. 2 68.9 3.5 12.07 0.02f1 0.0461 3.53
Munro et al. 1976 No. 1 107.5 5.5 0.34 0.0271 0.0948 1.85
Ng et al. 1978 No. 3 36.6 3.7 33.95 0.0280 0.2173 Q.83
Ang et al. 1981 No. 1 63.0 4.( 20.81 0.0266 0.0881 2.50
Stone et al. 1986 Model N6 59.1 6.0 10.49 0.0196 0.1283 .07
Stone et al. 1989 Full Scale Flexure 359.8 6.0 6.85 0.0200 0.0826 |2.07
Watson & Park 1989 No. 10 63.0 4.0 52.76 0.0192 0.0743 5.25
Kowalsky et al. 1996 FL1 143.9 8.0 29.65 0.0362 0.1176 4.79
Kowalsky et al. 1996 FL2 143.9 8.0 27.13 0.0362 0.0Y24 3.21
Kowalsky et al. 1996 FL3 143.9 8.0 28.11 0.0362 0.1115 4.79
Kunnath et al. 1997 A2 54.0 4.% 9.44 0.0204 0.1439 2.00
Kunnath et al. 1997 A3 54.0 4% 9.44 0.0204 0.1439 2.00
Kunnath et al. 1997 A4 54.0 4% 8.56 0.0204 0.1176 2.00
Kunnath et al. 1997 A5 54.0 4.5 8.56 0.0204 0.1176 2.00
Kunnath et al. 1997 A7 54.0 4.5 9.26 0.0204 0.1272 2.00
Kunnath et al. 1997 A8 54.0 4% 9.26 0.0204 0.1272 2.00
Kunnath et al. 1997 A9 54.0 4.% 9.35 0.0204 0.1284 2.00
Kunnath et al. 1997 A10 54.0 4.5 10.14 0.0204 0.1546 2.00
Kunnath et al. 1997 All 54.0 4.5 10.14 0.0204 0.1646 2.00
Kunnath et al. 1997 Al2 54.0 4.5 10.14 0.0204 0.1646 2.00
Hose et al. 1997 SRPH1 144.1 6,0 14.82 0.0266 0.0965 [2.56
Henry 1998 415p 96.0 4.0 12.04 0.0149 0.0857 2.00
Henry 1998 415s 96.0 4.( 6.02 0.0149 0.0428 4.00
Lehman et al. 1998 407 96.0 4.0 7.22 0.0075 0.1028 2.00
Lehman et al. 1998 415 96.0 4.0 7.22 0.0149 0.1028 2.00
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Table 4-1 (cont’'d)

Lehman et al. 1998 430 96.0 4.0 7.22 0.0302 0.1028 2.00
Lehman et al. 1998 815 192.0 8.0 7.22 0.0149 0.1028 2.00
Lehman et al. 1998 1015 240.0 10.0 7.22 0.0149 0.1028 .00
Calderone et al. 2000 828 192.0 8|0 9.06 0.0273 0.113 1.33
Calderone et al. 2000 1028 240.0 10.0 9.06 0.0p73 0113 1.33
Kowalsky & Moyer 2001 1 96.0 5.3 4.31 0.0207 0.1427 4|01
Kowalsky & Moyer 2001 2 96.0 5.3 4.12 0.0207 0.1365 4|01
Kowalsky & Moyer 2001 3 96.0 5.3 4.44 0.0208 0.1478 4|00
Kowalsky & Moyer 2001 4 96.0 5.3 4.16 0.0208 0.1385 4|00
Mean 105.9 5.4 12.37 0.0221 0.1187 2.%9
Stand. Dev. 69.8 1.8 10.54 0.0063 0.0339 1.11
Statistics Coef. Var. 0.7 0.3 0.85 0.2873 0.2931 0.43
Minimum 36.6 3.5 0.34 0.007% 0.0428 0.83
Maximum 359.8 10.0 52.76 0.0362 0.2173 5.25
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4.3 OpenSees Model

In order to predict global and intermediate behavior of the colunstedliin Table 4-1, a
pushover (i.e., monotonic) analysis was performed on each using the lumgtegitplalement
in OpenSees. Although tests were performed under cyclic loadpgshever analysis was used
to capture the monotonic envelope of these tests and more effi@stithate intermediate limit
states. Four analyses were performed on each column to compaectimacy in which the
different common plastic hinge length models described in Section 2.8dictpinelastic
behavior at several limit states. A summary of the four pldsinge length expressions

implemented in these analyses is given in Table 4-2.

Table 4-2: Plastic Hinge Expressions Used in OpenSees Analysis

Reference Plastic Hinge Expression
Ly = kL +0.15d},fy = 0.3dpfy (ksi)

Priestley et al. 2007
estiey where k = 0.2 Tu [, — 1) =008

Lp = 0.0375L + 0.01fy dp (psi)
Berry et al. 2008 \/?
(s

P A
Bae & Bayrak 2008| Lp = L <0.3P— +3 A—S - o.1> +0.25h + Lgp > 0.25h
0 g

Corley 1966 Ly =0.5D

In order to implement the lumped plasticity element to each®fREER SPD columns, a
sectional analysis was first performed to obtain the momerg&tuue data for each column. The
sectional analyses were performed on fiber sections featthen@penSees material models
described in Section 3.1.1.3. The sections were typically discretited 0 transverse divisions

in the core concrete, 5 transverse division in the cover concrete, aadi@ldivisions within
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both, as shown in Figure 4-2. The number of fiber divisions however vaigédysfor some
columns in order to achieve convergence. Each intersection of thege divisions are
monitored for sectional behavior during the analysis. Moment-curvaélravior obtained from
these analyses was used to estimate yield and ultimate disy@atvalues to use as targets for
the element analysis, as well as the effective stiffnEss.lumped plasticity element was then
assigned the fiber section within the plastic hinge length. Tdsi@lportion was defined by the
effective stiffness (see Figure 2-4a) obtained from the agedtianalysis and the column’s

geometric properties.
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Figure 4-2: Typical Discretized Fiber Column Section

4.3.1 Analytical Target Displacements

Pushover analyses were performed using a displacement contgplaiote using yield and
ultimate values as target displacements. Yield and ultimamadiement were calculated from
parameters found from the sectional analysis of each column, usieggtressions discussed in
Section 2.3, specifically Equations 2-2 through 2-4. Analyses were ceahglett until yield,

then to ultimate or failure conditions.
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Experimental yield displacement was not given in the PEER &RDtherefore a calculated
estimate was required. While experimental values for ultimisfdacement are available in the
SPD, these values were not used in the analysis as the tamgeteidisplacement. Given that
the purpose of this research was to find the error between estimmatl actual limit state
behavior, it was of interest to find the difference in predictedhal displacement to that which
would occur in the simulated seismic event. In order for PBD timpé&emented, the methods
presented here would be used without any experimental data avaitabéfore it was assumed

that ultimate behavior was a limit state to be used for comparisons.

4.4 Analysis Results

In order to determine how well each of the four plastic hinge ropleiform compared to
experimental data, the displacement at which each of the sixgdastates listed in the SPD
occurs was estimated from the pushover analysis performedstiSsativere obtained to
determine the error to which each of the plastic hinge modedscpeed each limit state. In order
to compare the displacement at each limit state, data was evaluated@ntage of the column
length, which is known as drift. This offers dimensionless dataderaio avoid misleading

results. The experimental drift of each column used in this analysis is shownemMTabl
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Table 4-3: Limit State Results from Experimental Data (PEER 2011)

Reference Unit L/D | Acc/L (%) | Abb/L (%) | Afract/L (%) | Ault/L (%)
Davey 1975 No. 2 3.5 3.49 4.69 4.69
Munro et al. 1976 No. 1 5.5 1.39 - - -
Ng et al. 1978 No. 3 3.7 1.08 - - -
Ang et al. 1981 No. 1 4.0 0.94 3.75 3.75 3.75
Stone et al. 1986 Model N6 6.0 2.24 4.77 6.72 4.48
Stone et al. 1989 Full Scale Flexure 6|0 1.96 5.89 5.89 5.8
Watson & Park 1989 No. 10 4.0 - - - 1.97
Kowalsky et al. 1996 FL1 8.0 - 9.08 9.08 9.08
Kowalsky et al. 1996 FL2 8.0 1.91 5.74 - 5.74
Kowalsky et al. 1996 FL3 8.0 1.86 9.30 9.30 9.30
Kunnath et al. 1997 A2 4.5 - 4.70 - 4.98
Kunnath et al. 1997 A3 4.5 19.70 - - -
Kunnath et al. 1997 A4 4.5 - - - 4.15
Kunnath et al. 1997 A5 4.5 - - 5.47 5.47
Kunnath et al. 1997 A7 4.5 1.46 5.83 - 5.83
Kunnath et al. 1997 A8 4.5 2.33 5.83 - 5.83
Kunnath et al. 1997 A9 4.5 - 4.59 - 4.59
Kunnath et al. 1997 Al10 4.5 2.33 6.61 - 5.98
Kunnath et al. 1997 All 4.5 3.64 - 7.65 7.65
Kunnath et al. 1997 Al2 4.5 3.64 5.90 - 5.90
Hose et al. 1997 SRPH1 6.0 1.64 8.74 8.74 8.74
Henry 1998 415p 4.0 - 5.21 5.54 5.21
Henry 1998 415s 4.0 - 5.21 - 5.21
Lehman et al. 1998 407 4.0 1.56 5.21 5.21 5.21
Lehman et al. 1998 415 4.0 1.56 5.29 7.30 554
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Table 4-3 (cont’'d)

Lehman et al. 1998 430 4.0 1.56 7.30 - 7.30
Lehman et al. 1998 815 8.0 2.73 9.12 9.12 9.12
Lehman et al. 1998 1015 10/0 3.13 10.42 10.42 10.4p
Calderone et al. 2000 828 8.0 3.65 12.30 - 12.30
Calderone et al. 2000 1028 100 4.17 14.58 - 14.58
Kowalsky & Moyer 2001 1 5.3 - 6.15 7.66 6.15
Kowalsky & Moyer 2001 2 5.3 - 10.73 12.29 10.73
Kowalsky & Moyer 2001 3 5.3 3.02 10.74 - 10.74
Kowalsky & Moyer 2001 4 5.3 3.02 13.75 - 13.75
Mean 54 3.08 7.46 7.61 7.11
Stand. Dev. 1.8 3.66 3.00 2.26 3.03
Statistics Coef. Var. 0.3 1.19 0.40 0.30 0.43
Minimum 3.5 0.94 3.75 3.75 1.97
Maximum 10.0 19.70 14.58 12.29 14.58
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4.4.1 Limit State Analysis

In order to estimate the displacement at each damage st@déénidion of each was required.
Experimental data for each limit state in the PEER SPiased on observation during testing,
therefore in order to compare to a numerical study, damatgs steere defined based on the
strain at which the onset of the damage is expected to occurfirdtheccurrence of this strain
was then found within the analysis data and the corresponding dispidceras used to
compare to the experimental data. The definition assumed for each of the embipdrstates is
described in the subsequent sections, followed by the performance ahdhysis models in

predicting them.

4.4.1.1 Unconfined Concrete Spalling

Concrete spalling is the action of the unconfined cover concretkimgaand breaking off from
the column. Within the PEER SPD the data listed is for “significant sgalvhich indicates not
the onset of the action, but rather once a large portion of the glasge region has experienced
loss of concrete cover. What is considered to be “significandirgely dependent on the opinion
of the researcher conducting each experiment; thereforentitestate varies with individual
perception. This limit state is very ill defined among theasdecommunity and a large error in

analytical comparison is expected.

For this study, significant spalling was defined at the instdmn the unconfined concrete

reaches a strain of 0.005. It was assumed that unconfined concretdlyypegins to spall at a

strain of about 0.002; therefore, a strain of 0.005 would indicate signifgalling. The
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displacement at which the extreme compression fiber in the etencover reached a strain of

0.005 was therefore taken as the limit state for significant spalling.

The experimental versus predicted drift at the significant spditmgstate is compared for each
of the four plastic hinge models in Figure 4-3. Data points are differentiated ba aspect ratio
to view any effect that slenderness may have on the trend. dstestguares value is also given
for the trend-line of the data points. These may be compareé tytx” line, which indicates a
prediction equal to the experimental data. As shown in Figure 4-3, nothe @lastic hinge
models appear capable of capturing this limit state. The @iatassan almost constant trend,
indicating that spalling is predicted at about the same dwél leegardless of other parameters.
Significant spalling was assumed to occur at a specifimstedue, which is why the analytical
displacement for this damage state does not vary much betwkenns. The experimental
definition of significant spalling, however, varies greatly.idttherefore concluded that the
spalling limit state is not well-defined, either in observabomumerical definition, causing its

prediction for PBD extremely difficult.
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Figure 4-3: Experimental vs. Predicted Drift at Cover Spalling for Various L, Models

4.4.1.2 Confined Core Crushing

Concrete crushing is the point at which the core of the columhksew breaks apart due to
high compressive inelastic strains. Most researchers takedhage state to be the point when
the inside of the steel spiral is exposed (Lehman et al. 2004)défimstion however may vary
between researchers which, like for the spalling limit statay lead to high error when

comparing to analytical or numerical estimates.
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In this study, crushing was defined as the instant when the extempression fiber in the core
concrete reaches the maximum compressive strain as definkd @hang and Mander concrete
model described in Section 3.1.1.3 (Chang and Mander 1994). The crushingsstingirefore
computed with Equation 3-5 and the displacement at which this stréinstiseached in the

analytical data is considered the crushing limit state.

The experimental versus predicted drift at the crushing litaie s compared in Figure 4-4 for
each of the four considered plastic hinge models. While slightly axmmerate than the spalling
limit state predictions, crushing prediction appears very random,ivatbasing scatter at large
drift values. The Priestley and Berry plastic hinge models shigitlgl more success than the
Bayrak or Corley models, however not to a significant amount. Givecothelexity of concrete

as a material, it is natural that defining limit states pratlicting these numerically is difficult.
Like spalling, the comparison of observed and predicted crushing dis@ats indicates a

needed improvement before these methods may be implemented in PBD.
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Figure 4-4: Experimental vs. Predicted Drift at Core Crushing for Vaiious L, Models

4.4.1.3 Longitudinal Bar Buckling

Buckling of the main reinforcement occurs at high strain levelswihe steel bars have yielded

(and elongated) in tension and become unstable when forced to recover their ongihalipon

reloading under compression. This behavior is much less open for itagireas damage

effecting concrete limit states since steel buckling mp&r to observe in an experimental

setting, and occurs at similar strain levels.
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As previously discussed, buckling behavior is dependent on the cyclimdoadth of the
column since strains accumulate over time and the onset of bufkhdgr compressive stress)
depends on the strain level experienced in the prior tensilenderiraa monotonic analysis,
such as those performed in this portion of the study, strainsasuhaulate in a different manner
since the bar does not switch between tension and compression. Thérefmigant at which a
bar buckles may occur at a lower displacement in a cycliy@saSuch analyses are presented
in Chapter 5 of this thesis, where the discussion of this limit state is edviBiir the purposes of
the statistical analysis, however, using a monotonic analysisrhpare buckling displacement

has been determined sufficient.

The strain at which longitudinal bar buckling was defined in this sadiiown in Equation 4-4.
This expression was proposed by Berry et al. in their publicatiopopmg the plastic hinge

expression used in these studies (Berry et al. 2008). The regsedumnal that the onset of bar

buckling was best predicted as a function of the effective conéinematio,peff. The constants,

X1 and % in Equation 4-4 were calibrated using experimental data fronradeest columns

from the PEER SPD. Berry et al. proposed various values farotfitants for different plastic

hinge models used in an analysis. The purpose of using different censta@ch case is to

account for the error in predicting buckling by eaghekpression, similar to the error which is

being analyzed in this thesis. Reducing the error in the predicjiatifferent Ly expressions

would defeat the purpose of this study, and the constants calibraB=tryyet al. do not include

each of the plastic hinge models being compared. The same cengtagrttherefore used for

each of the analysis cases discussed herein. Sincg éxpiessiorproposed by Berry et al. was
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also calibrated on error from the same column tests, the congtaptssed for their model are

used for all analyses (i.e., for all the Lp models).
epp = X1+ X2Peff 4-4

where X1 = 0.050 and X, = 0.224

The experimental versus predicted drift at bar buckling are cawparFigure 4-5 for each
plastic hinge model. Compared to the concrete damage statesngumiddiction data have far
less scatter. However, the plastic hinge models used also #fpmficant differences in their
ability to predict this limit state. The Priestley and Barrodels predict the limit state relatively
well, with the Priestley model showing the least amount of €efitee Priestley model also shows
a convergence with the experimental data at higher drift ratioige the Berry model shows a
divergence as drift levels increase. Both the Bayrak and Corlsticplange models show a
more constant trend, which fails to predict this limit statpeeslly at higher drift levels. A
possible explanation for the models’ abilities is the facttth@Priestley and Berry models were
calibrated with large sets of data and aim to capture defannsabased on moment gradient and
strain penetration. The Corley model does not include any steshegers, which may lead to
its poor prediction of buckling behavior. While the Bayrak model arzsyzed using a strain
penetration component, the model was calibrated with a smalleselatand focused on high

axial loads, rather than behavior of steel.
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Figure 4-5: Experimental vs. Predicted Drift at Bar Buckling for Various L, Models

Fracture of the main reinforcement occurs at very high tesisdens and typically occurs due to

low-cyclic fatigue in the steel. Like bar buckling, cyclmatling may cause these strains to

accumulate more quickly.

In this study, longitudinal bar fracture was defined as the pointhwihe tensile strain in the

extreme fiber reaches 0.1. It is well confirmed that dieeltures at a strain between 0.1-0.15
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(Priestley et al. 1996), therefore the lower limit was usedceSfracture would also typically
indicate failure of a column, a steel strain of 0.1 is also aseazhe of the three failure criteria in

the analyses.

The experimental versus predicted drift at fracture is shoviigure 4-6 for each plastic hinge
model. Few columns in the database were noted to have experiescedntiaige state, therefore
data points are limited. Similar to the buckling limit statee Priestley and Berry models
indicate better prediction of fracture than the Bayrak or Carleglels. The trends however are
slightly different. While the Priestley model shows a 1:1 sldpsgnsistently overestimates the
actual drift value. The Berry model on the other hand shows slighihg success with data
points falling within a smaller range of error with the expental values. The Bayrak and
Corley models again perform poorly with prediction of the fracturet Istate. The Bayrak

model consistently underestimates the fracture drift and divagesift values become larger.
The Corley model shows a more constant trend, which is likelytalube simplicity of the

model, having just one term in the plastic hinge expression.
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Figure 4-6: Experimental vs. Predicted Drift at Bar Fracture for Various L, Models

4.4.1.5 Transverse Spiral Fracture

Transverse steel spiral fracture typically occurs when budg&lagltudinal reinforcement pushes
against the spiral over successive loading cycles, causingvetdually kink and fracture. Such
a damage state would also result in failure of a column. Due to the fact thaintipisrent of the

column is not explicitly modeled as a steel part in the sectamallyses, this limit state was not

directly compared to the experimental data given in the SPB. ddihage state however was
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assumed as an instance of failure if a displacement wasdeecdor spiral fracture in the

database and is taken into account in the following discussion on ultimate displacement

4.4.1.6 Ultimate Displacement

Ultimate displacement is also referred to as column failutt@mwthis study. There is no damage
state listed as ultimate, or failure, within the PEER SR@yever, if a column experienced
longitudinal bar fracture or transverse spiral fracture, the sporeling displacement was
assumed to be the failure instant of the column. In a few casedumn listed in the database
was documented to have experienced spalling of crushing of concrete damage to the steel
reinforcement. In such cases, the column was assumed to have ewfal the ultimate limit

state for the column was not compared to the numerical data.

Determining failure or ultimate conditions in the finite elem&@ntulations consisted of defining
three criteria that typically indicate failure in a column. HiEplacement at first occurrence of
the following criteria was assumed to be the ultimate displacement of thencolum

e Concrete failure: The column is said to have failed by contadtee in the analyses if

the strain in the extreme fiber in the concrete core redtkeesitimate straingg, as

defined by the Chang and Mander concrete model (Chang 1994). Accoodihgs t

model, the ultimate concrete strain is defined as (variables defined iorSgdt. 1.3):

gcy = 0.004 + 1L4pgegy Ty / o 4-5
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e Steel failure: The column is said to have failed by steleiréif the strain in the extreme

tensile fiber of the reinforcing steel reaches the ultimatenstg,, defined in the bar

buckling section as 0.1.

e Capacity loss failure: The column is said to have failed dypacity loss if the load
carrying capacity of the structure falls below 80% of the marn force determined
from the element analysis before succumbing to failure ofretmor steel materials as

described above.

The experimental versus predicted drift at column failure is showigure 4-7 for each plastic
hinge model. The Priestley and Berry models again show bettefatiometo the experimental
data than the others. These models also show similar trends toatherd limit state. The
Priestley model again overestimates nearly all data pointsg wiglBerry model shows slightly
less error. The Bayrak and Corley models show slightly bptestiction of ultimate conditions
than the intermediate limit states. Since these models wanalyncalibrated with ultimate
displacements, improved results are expected. However, theiraagadar predicting ultimate

displacement is inferior to the other two models and does not show ideal results foPB&e i
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Figure 4-7: Experimental vs. Predicted Drift at Ultimate Conditions for Various L, Models

4.4.2 Conclusions of Plastic Hinge Design Models

The mean error produced by each plastic hinge model for the finvtesliates is given in Table
4-4. Based on the results of the limit state analyses, mangistrwere observed regarding the
plastic hinge models’ abilities for use in PBD. It was showntbat of the current plastic hinge
models accurately predict concrete damage states. Concretmigpéex material with largely
varying properties. While sophisticated models exist for coneretterials (OpenSees 2011,

Chang and Mander 1994), it is difficult to predict the instant at which damagertatagal will

98



initiate, either by observation or numerical studies. Also duts ttomplexity, well-defined limit
states at concrete damage states do not currently exisireBpfediction models can be
improved, a more uniform definition of concrete limit states (aafpgcconcrete spalling) is
necessary. While concrete damage states do not typically tediicgificant structural damage,
their onset indicates a need for column repair and retrofit in order to preveatsevere damage
in the future. Developing improved definitions and models for concrete géastates is very

important to the implementation of PBD.

Individual performance by plastic hinge design models varieseagtviimit states. This is
shown in Table 4-4 which gives the mean error and coefficieraridnce for each plastic hinge
model. The Priestley and Berry models generally show higherbitigpain predicting

intermediate and ultimate limit states over the models byd&agnd Corley. The model by
Berry shows more consistency in its prediction than the Priesttedel, which at increasing
damage shows over-prediction of drift. The Berry model showsetst amount of error for the
majority of the limit states as shown in Table 4-4; however ésretill quite large for the data
set of 34 columns. This therefore indicates that improvements magdessary before any of

the studied plastic hinge models may be reliably used for PBD.
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Table 4-4: Mean Percent Limit State Error and COV per Plastic HingeModel

CRUSHING L.S.
Mean Error
Lp Model (%) COV (%)
Priestley 40 79
Berry 26 70
Bayrak 27 71
Corley 30 74
SPALLING L.S.
Priestley 32 78
Berry 36 67
Bayrak 44 55
Corley 36 67
BAR BUCKLING L.S.
Priestley 42 76
Berry 22 74
Bayrak 37 40
Corley 27 68
BAR FRACTURE L.S.
Priestley 66 48
Berry 22 80
Bayrak 30 44
Corley 26 70
ULTIMATE L.S.
Priestley 75 60
Berry 32 92
Bayrak 34 71
Corley 39 72
Total
Priestley 51 68
Berry 27 77
Bayrak 35 56
Corley 32 70
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5 EVALUATION OF NUMERICAL ANALYSIS METHODS AND SLENDE RNESS

EFFECTS

This chapter documents a numerical study aimed at evaluating ingpdetthods previously

discussed in the thesis and compares them in detail to experiorertslumns of varying

slenderness. In order to study the accuracy of different nushenethods and the effect of
slenderness in reinforced concrete columns, test units wereadodith lumped plasticity and
distributed plasticity elements. The evaluation of global behavigrresented first, which

compares the predicted and experimental hysteretic responses$.bebavior was studied by
considering curvature and displacement distributions along the colineiglst. The spread of
plasticity was also determined and trends were observed tioneta the previously discussed
model by Hines et al. (2004). Finally, limit states were caegaetween monotonic and cyclic
analyses and between element models to determine any signdicantative damage effects

and accuracy to the experimental data.

5.1 Selected Columns

In order to test the validity of different numerical models gogdicting limit states as well as
study the effects of slenderness, five columns were chosmmiplete a data set of aspect ratios
(L/D) between 4 and 12. The distribution of slenderness in the oslstudied from the PEER
SPD is shown in Figure 5-1. As shown, most columns that have beeahiteste experimental
setting are between aspect ratio 4 and 6. Therefore, theréack @f research completed in
slender columns such as those with aspect ratios 8 and above. Thdisetcofumns studied
herein cover a wide range of slenderness ratios to determinefféwtiveness of several

modeling approaches as well as determine the effect of stexsdeon the spread of plasticity
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and modeling capabilities. The columns studied were three unitsl tastthe University of
California, Berkeley (L/D = 4, 8, 10) (Lehman and Moehle 2000), one usiedeat the
University of California, San Diego (L/D = 6) (Hose et al. 198i)l one tested at Michigan
State University (L/D = 12) as part of this study. All columvese half-scale models of circular
cross-section and conformed to modern seismic design standardeirfforced concrete

structures. The geometric and reinforcement properties of each columnearénghable 5-1.

Frequency of Aspect Ratio for Analyzed Columns

Frequency

o 1 2 3 4 5 6 7 8 9 10 11 12
Column Aspect Ratio (L/D)

Figure 5-1: Distribution of Column Aspect Ratio in Analyzed Columns fromthe SPD
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Table 5-1: Column Properties for Evaluation of Numerical Analysis and ®&Inderness

Column Aspect | Length | Longitudinal | Cover Transverse ﬁgg
Reference Ratio (ft.) Reinforcement | (in) Reinforcement Ratio

415 22#5 #2 spiral@ 1.25"
(Lehman and 4 8 0.75 7.22%
Moehle 2000) pI=1.5% ps=0.70%

(HSE)F;: lgtl al 6 12 20%# 7 1 #3 spiral@ 2.25° 14.82%

1007) 0| =2.7% 0=0.86% eer

815 22 #5 #2 spiral@ 1.25"
(Lehman and 8 16 0.75 7.22%
Moehle 2000) P =1.5% ps=0.70%

1015 22 #5 #2 spiral@ 1.25"
(Lehman and 10 20 0.75 7.22%
Moehle 2000) P =1.5% ps=0.70%

123007 18 #8 #4 spiral @ 3"
12 24 1 7.00%
(see Ch.4) P =3.1% pe=1.16% °

5.2 Specific Modeling Approaches

The aforementioned columns were evaluated in OpenSees simulatifomnplasing lumped
plasticity and distributed plasticity elements. The generatrgg®n and formulation of these
elements was presented in Section 3.1. The fiber section shownuire Bigg was refined to

include 50 radial divisions for the inelastic cyclic assessment in ealylsiana

Monotonic and cyclic analyses were performed as part of thiy.sMdnotonic (pushover)
loading was applied as discussed in Section 4.3.1. Cyclic loading pgigeda under
displacement control in increments of the final displacement taagedpecified by each column
loading protocol. Thus, the displacement targets used in the cyaligsas match those reached
during each test, rather than based on predicted yield and ultimags.v&his was done to

facilitate comparison of the experimental analytical responBes loading history completed
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during testing of each column and implemented in the simulatiosisoisn in Table 5-2. Pre-
yield cycles varied per column; however, for modeling purposes, peblgading consisted of
one cycle for each quarter-increment of the ideal yield fdPost-yield loading consisted of
three fully-reversed cycles for each ductility level congdgsee Table 5-2) before proceeding

to the loading/deformation level.

Table 5-2: Cyclic Load Levels of Analyzed Columns

415 SRPH1 815 1015 123007
pre-yield | pre-yield| pre-yield pre-yield pre-yield
Ay Ay Ay Ay Ay
1.5y 1.5y 1.5y 1.5y 1.5y

2Ay 2Ay 2Ay 2Ay 2Ay
3Ay 3Ay 3Ay 3Ay 3Ay
S5Ay 4Ay S5Ay S5Ay -
1Ay 6AyYy - - -

- 8Ay - - -

5.3 Global Response

The experimental global hysteretic force-displacement (dbese vs. tip lateral displacement)
response of each of the five test units was compared to analysg®oth lumped plasticity and
distributed plasticity elements. The lumped plasticity elemesgt modeled using the plastic
hinge length model by Berry et al (2008). Results from the S®lby in Chapter 4 gave

preliminary evidence of the Berry plastic hinge model being mastrate of the four studied,;

this fact is further confirmed with the results presented later inftister in Section 5.6. Thg,L

model proposed by Berry et al. was therefore used for furthdysasa Figure 5-2 through
Figure 5-6 give the experimental versus analytical respafiseach column, in order of

increasing aspect ratio. Graph (a) in each figure shows $perrse obtained from the lumped
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plasticity model against experimental results, while graphsfimws the distributed plasticity

model results against the experimental measurements.

It can be seen that for all five columns the lumped plasticity modelsanoueately captured the
initial stiffness of the column compared to the distributed pl&gtmiodels, which showed a
softer initial response. However, again for all five cases thekdited plasticity models more
accurately captured post-yield behavior than the lumped plasticitielsy which tend to over-

estimate the force capacity of the columns.

Regardless of element type, a trend in accuracy based on egjmesias also observed from the
comparisons. With the exception of column 415, the error in global fospense increases as
aspect ratio increases. The aspect ratio 4 column, while notlapredicted as the following
two columns (Hose and 815), does show reasonably accurate results. One prgkihbgion of
discrepancy between experimental and analytical data in tbésmay be due to shear effects
since column 415 is relatively short. The comparisons show thatlivams with aspect ratios 6
and 8 were very well predicted by the analyses, while the ncahgnediction for the columns
with aspect ratios 10 and 12 were over-estimated in force tapgcboth analysis approaches.
This indicates that there are factors in the higher aspect ratiomehinat are not captured by the
evaluated analysis methods. The lower capacity reflectethanexperimental response of
columns 1015 and 123007 is likely due to second order (P-delta) effeatslloumthe behavior.

This effect is addressed in the following section.
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5.3.1 Second Order Effects

5.3.1.1 Effect of Column Test Setup

In an experimental setup, axial load is typically applied ams of external hardware (see
Section 3.2.5 for more information). In most cases, the axial forcersddeemain vertical as the
column is displaced, but rather follows the trajectory of exterod$é used to compress the
column. Because of this, there is a horizontal component to thefardalthat is being resisted
by the actuator applying the lateral load, leading to “incdrmaetasured horizontal shear forces

resisted by the column. The SPD User’'s Manual addressessiiesaad outlines how the force
data reported by the researchers should be corrected to obtaincginattal force, | (Berry et
al. 2004). According to the SPD User’s Manual, there are four comnetimods by which axial

load is applied to cantilever test columns, each requiring diffésemulations to correct for the

net horizontal force. The two cases representative of thecéise study columns are shown in

Figure 5-7, where P is the applied axial loadefis the reported lateral force from the actuator

and Lygp is the distance from the effective height to the point wherd &ad is applied (other

terms are visually explained). Of the five columns studied hefeim, were reported in the
PEER SPD as being tested according to axial load ‘Caséd ¥ fifth, SRPH1, was reported as
being tested according to ‘Case I'. In order to obtain the “ctadeforce” the following set of

equations should be used for Case IV:

. A (%) 5-1
a = tan~
Py =P *sina 5.2
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Fy =FRep —PH 5-3
And Equation 5-4 should be used for Case I:

Fip = FRep =P/, 5-4
The majority of researchers do not correct test data wémarting information and comparing
analytical results. For low aspect ratio columns (i.e., L/®),the horizontal component of the
axial load setup is insignificant and correction is not typicalgessary. However, as aspect
ratio increases, this component becomes increasingly large andalsashanges the global
response of the column. The global hysteretic response of thedlumns has been corrected
according using the appropriate equations and the results are shogamparison to the

reported data in Figure 5-8 through Figure 5-12.

FRep__,.,.]

(a) Case | (b) Case IV

Figure 5-7: Axial Load Correction Cases for Experimental Columns (Berry tal. 2004)
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5.3.1.2 P-Delta Effects

The test columns likely experienced geometrié)Bffects at large displacements since the axial
load does not directly follow the centerline of the column, a@eds in the analyses. This may
explain the increasing error between the experimental and ianblgysteretic responses for
high aspect ratios. When the force data is corrected, theffects are also being accounted for.
It is therefore reasonable to compare the corrected hysteesfponse of the columns to an
analysis that considers P-delta effects. Such comparisonshaven in Figure 5-13 through
Figure 5-17. The analyses were completed using a distributeticitia element with the
integration scheme discussed previously. A distributed plasticity Invegle chosen for this
comparison over a lumped plasticity one since it can be definadwultiple sub-elements and

integration points allows the analysis to more accurately cagaometric (F3) effects, which
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is not possible with a single element. P-delta effects aradswed in OpenSees by modifying
the geometric transformation input to the element from “Linéar'PDelta” (OpenSees 2011).
As shown in Figure 5-13 through Figure 5-17, while the analyses withtd&eaffects softens in a
way similar to the corrected experimental data, the err@nalysis is identical to the error
observed in Figure 5-2 through Figure 5-6. For the high aspect ratimm®sl(L/D = 10, 12),
these results indicate that there are additional effects icotbenn response that are not captured

by the analysis, even with P-delta effects considered.
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Figure 5-13: 415 Corrected Hysteresis vs. P-Delta Analysis
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To justify the adequacy of the distributed plasticity integraticmese utilized, an additional
analysis was considered. Since Bffects are only captured when decomposing an element into
sub-elements, a distributed plasticity element was analyzédawnhigher resolution integration
scheme. An element with four sub-elements and four integration popéntelement was
analyzed with P-delta effects for column 123007, since P-deltat®ffeould have the largest
consequence on this column. The difference in integration resolution betiwsenalysis and

the previous one using three sub-elements and three integrationipa@htsvn in Figure 5-18.
The two analysis results are compared to each other in Figilfelbean be seen that the higher
resolution does not make a significant difference in the reshltsefore the resolution of the

previous analyses was determined to be adequate.

. @ node 4 — node 5

sub-el 4
2 ysub-el 3

node 4
ip-< |@node 3 ip—<C } sub-el 3

L (O ysub-el 2 L ® node 3
® node 2 5 } sub-el 2

® node 2

b node 1 1 node 1

77’/7// 77’/7//
(a) 3 Sub-Elements with 3 Integration Points (b) 4 Sub-Elements with 4 negPaints
Figure 5-18: Distributed Plasticity Integration Schemes
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Figure 5-19: 123007 Distributed Plasticity Integration Schemes with P-lta

In summary, using the corrected force data from each testamnplacing it to analysis results
considering P-delta effects is the most accurate and appropppteach for predicting these
column’s responses. However, due to the evidence shown in this sectngnthes“corrected”
approach does not offer any improvement in the predicted global respimsefore the
uncorrected (no P-delta effects) results will be used fohdurtliscussion in this thesis, which
also offers more consistency to work completed by other rdsardt is however noted that P-
delta effects have a noticeable effect on flexural columnsicplarly with very high aspect
ratios. It is thus recommended that these effects be consideiefdllgain the design and

analysis of slender columns.
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5.4 Local Response

While global responses give an indication of overall element pesfore) local responses,
which better relate to damage, offer further insight into thelsilitty of an element for PBD.
Numerical models are typically calibrated for global resppystlocal responses are necessary
for predicting the onset of intermediate limit states. Thisi@egresents analysis results from
the simulations using the distributed plasticity element and cosplaeen to each of the five
column’s curvature and displacement profiles at various ductiltglde Since the distributed
plasticity element allows the user to extract data ab eacle and integration point along the
length, it is the most appropriate numerical model available fairoby inelastic local response
profiles. Lumped plasticity elements utilize internal integiatpoints (see Section 2.4.1) to
monitor element behavior, however these points are not user-defimethédual fiber sections
and output data is not available in the OpenSees platform. Thisatlonitis a notable
disadvantage of the lumped plasticity element for extractingrnmdtion needed for PBD.
Therefore, the distributed plasticity element is currently iwst accurate tool available for
extracting intermediate local behaviors and was thus chosen to @agzanst the experimental

data in the following discussion.

5.4.1 Curvature

Curvature profiles were created by averaging the experimeala¢s from the peak push and
pull directions at each ductility level. Since base curvatuhgesaare typically not included in
experimental data due to unreliable measurements, base curvagregstimated from the
average profiles. A least-square linear fit of the data irpthstic curvature region was used to
extrapolate the curvature at the base of the column. This datdnevasompared to the positive

peak values determined from an OpenSees analysis.
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The resulting profiles are shown in Figure 5-20 through Figure 5f2#ile3 are shown in graph

(a) for the first two or three ductility levels past figgeld, while profiles in graph (b) show the
higher ductility levels. The resulting trends in curvature profesdifferent for various aspect
ratios. For aspect ratios 4 and 6, base curvatures are underastiméie OpenSees analysis for

lower ductility levels; however, they are overestimated for higloetility levels. In the case of

column 415, a jump in the experimental base curvature appears betwez@andua=3. For

column SRPHL1, this jump in curvature distribution occurs betwgerd andua=6. The analysis

also fails to capture intermediate curvature values for coluRPH3; as the predicted
curvatures are very low above the base, indicating less spresakt€ity than the experimental
data indicates. The performance of curvature profile preditioremainder of the columns was

random. The predicted curvatures for column 815 have the best compariseretgérimental

data, slightly overestimating curvatures betwaarl and 2 and with very close prediction at

uAa=3 and 5. The prediction of Column 1015 was good for plastic curvatuges-atand 1.5;

however, the analysis values begin to deviate after this pointa#2 throughpa=5, the base

curvatures are underestimated by the analysis, but the sprplstafity is overestimated, since
the intermediate values are much higher than indicated byxfierimental data. Results for
column 123007 are in good correlation with intermediate curvaturesgveowthe base
curvatures were overestimated by the OpenSees analysis. Overaliethdseindicate difficulty
in predicting inelastic curvature distributions, especially ghéi ductility levels, with random

trends between aspect ratios.
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5.4.2 Lateral Displacement

Lateral displacement profiles were also extracted fronfitite element analyses to compare the
displacement shape of each column at various ductility levels. Exgaral lateral displacement
profiles, like curvature, were created by averaging the aisphent in the push and pull
directions at each peak level. As previously noted, cyclic analyses completed by using the
target tip displacements reported in the PEER SDP experimdgiizal The experiment and
analysis top displacements were thus equal for each loading level. HoWwevthe intermediate
lateral displacements that were of interest to verify whiethe analysis is able to capture the
bending within the element, which is related to the spread of pastaptured by the numerical
model. The distributed plasticity element in this case is ablenty capture global structural

deformation response at element nodes, rather than at all integration points.

The resulting displacement profiles for each column are shovgure 5-25 through Figure
5-29 for each ductility level after first yield. For column 415 agibh e observed that there is less

obvious bending than in the more slender columns; however, the majotitg behding occurs
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within approximately 24-inches of the column height. The analysighis case slightly
underestimates the intermediate lateral displacements. Themegptl displacement profile for
column SRPH1 indicates large bending at a height of about 30-inches,aigkein the data is
observed. This is clearly the transition between the plastic lastceportions in the column.
The analysis, however, does not capture this kink and slightly oveatss the intermediate
lateral displacements. The higher aspect ratio columns, (1l8D18, 12) are better predicted by
the analyses, by better capturing the onset of the effect aicplieformations (i.e., the kink in
the displacement profile.) There is some discrepancy at losigitis, most likely due to the lack
of nodal output in this region. This lack of data may also be #sorefor discrepancy in the
lower aspect ratio columns. Since the plastic region in short colaomuss at lesser heights, the
discretization for the 415 and SRPH1 columns was unable to capturéehetvior. A model
with more elements (distributed plasticity) may improve resnlthis circumstance. In general,
the analysis models were able to capture transverse disglatsemore accurately curvature,

which proved difficult to estimate as it depends on localized strains within asé&beon.
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5.5 Spread of Plasticity
To assess the spread of plasticity in each column, experimdaitalwas compared to the
simulation results by utilizing the shear crack model proposedirgs et al. (2004), see Section

2.3.1. The predicted spread of plasticity was found by plotting thegplaege region length,

Lpr found by Equation 2-13 against the curvature ductility. The experifregrtad of plasticity

was determined from the average curvature profiles given in éweops section. b, was taken

as the height at which the curvature profile of each ductilityl lenassed the yield curvature
limit. Curvature ductility was then taken as the ratio of thenesed base curvature (see Section
5.4.1) at each level to yield. The resulting comparisons of the engraial data to prediction by
the Hines shear crack model are shown in Figure 5-30 through FigB4e alongside the

experimental curvature profiles. Columns of aspect ratio 4 and 6 shhow sandom scatter;
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however the overall trend in spread of plasticity is simibathe prediction, with the extent of
plasticity growing steadily for increasing curvature dugtili€onversely, the experimental data
of columns 815, 1015 and 123007 shows a large increase in the extent oitylasticafter

yield, but the data indicates a less rapid increase of teégtagion at higher ductility levels.

The decreasing rate oflincrease seems to occur more quickly as aspect ratio ingredsieh

is not captured by the analytical model. The cause for the ndtxtsefor slender columns is
attributed to P-delta effects. It is thought that a very slesdermn will experience large
inelastic curvatures very quickly, however once displacementsrieetarge, it takes less energy
for the column to displace by the overturning P-delta effectserahan increase the extent of

yielding along the length. Similarly, P-delta effects mbkely be the reason for the

experimentally observed higher rate of growth gf &t low ductility levels, which also cannot

be captured by the analytical model. This indicates thatspimead of plasticity in slender
columns increase rapidly at low ductility levels but will notesgh much at high ductility

demands.

The Hines et al. (2004) model for spread of plasticity is found to bepremising for use in
PBD since it captures the growth of the plastic region quité Weé link of this model with a
simplified elasto-plastic, i.e., lumped-plasticity, model with aalde plastic hinge length could
be a valuable tool for PBD. However, refinements of the Hines. epread of plasticity model

seem to be needed to properly capture the effects of column aspect ratio.
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The value of ky in the Hines model may be related to the plastic hinge lehgthised for

lumped plasticity models. According to Hines et al. (2004) the relation is as $ollow

L
_ tpr ]
Lp =——+Lsp 5-5

where Lgp in this case is the strain penetration component given by Byiesitlal. (1996), see
Equation 2-8. In this manner, the trend of the plastic hinge by Huagsbe compared to other
models. In order to show the difference in assumptions, the plastic hinge |lemgtiné Hines et

al. (2004) model is compared to that proposed by Berry et al. (200Bjgime 5-35. The

comparison is shown for column 815; however, it was found to be similailfbve columns

discussed in this chapter. Since the assumptions behind theptwmdels are quite different

(i.e., constant vs. linear curvatures and constant vs. varyygthey cannot be directly

compared. To compare the use of the plastic hinge length for all meliima calculated ultimate
displacements as proposed by Priestley, Berry and Hines are shdwable 5-3. Two values are
given for the Priestley and Berry models to show the differenegveen the ultimate
displacement predicted by the OpenSees monotonic force-displacamedgses using the

lumped plasticity element and that using an elasto-plastic @asglyccording to Equation 2-2

where Ap is according to Equation 2-7). It is seen in Figure 5-30 through Find4 that

although the Hines model more accurately predicts the spreadspicyy and assumes a more
realistic plastic hinge (see Figure 5-35), the Berry model stillgreslicts ultimate displacement,

as shown in Table 5-3. The reason for this is that the Berry Incod&ins two independent

variables (ly and ¢p) that may be incorrect separately but are calibratedhtegéd obtain a

correct®p, which leads to the correct displacement values.
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Table 5-3: Comparison of Predicted Ultimate Displacement (in.)

Berry Priestley Hines
LD | Bxp. FEM* EF’# % Error FEM* EF’# % Error| SCM' | % Error
4 5.3 6.2 6.6 25.4 8.5 8.6 62.7 10.5 98.3
6 126 | 123 | 134 6.3 18.2 18.Y 48.2 9.6 24.p
8 175 | 179 | 20.0 14.1 27.0f 28.1 60.7 31.0 77.0
10 25.0| 258 | 29.1 16.3 39.8| 41.9 67.7 45.7 82.7
12 N/A 42.7 46.1 N/A 65.0 68.5 N/A N/A N/A

FEM: Lumped plasticity element model

#EP: Elasto-plastic analysis (Eqgns. 2-2, 2-3 and 2-5 to 2-7); used for erroatafcul
*SCM: Shear crack model (Egn. 2-13)
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5.6 Performance of Predicted Limit States

Prediction of the limit states discussed in Chapter 4 is regigitthis section in further detail for
the five selected columns. Limit states are defined accotdittte previous criteria (see Section
4.4.1), and are explored for various plastic hinge models, numerical metmatddoad

conditions.

First explored are graphical representations of the plastic nnogkel evaluations completed in
Chapter 4. The monotonic envelope for each plastic hinge model is pkgtEdst the
experimental response of columns with L/D = 4, 6, 8 and 10. Column 123007sisonat since
it is not part of the PEER SPD. Figure 5-36 shows the comparis@actlhfreodel in addition to
the predicted limit state displacements. It is shown withtgregistinction that the Berry et al.
plastic hinge model best represents not only the global behaviorchf cgdumn, but the
intermediate limit states as well. The Priestley ptabtnge model overestimates the ultimate
displacement in each case, which in turn tends to overestimatestates such as bar buckling
or bar fracture. While the Corley model shows ultimate displaceprediction similar to the
Berry model, it tends to predict intermediate limit stategersimilarly to the Bayrak plastic
hinge model, which shows relatively poor performance in comparison whbe models. The
Berry and Priestley plastic hinge models are compared nurieiitderms of percent error in
Table 5-4, where the model with the least error is shaded. Bas#tesm results, the Berry
plastic hinge model was determined to be the most suitable fitrsiate prediction and was

used for the lumped plasticity element models in other evaluations preseeted ais chapter.

138



Force (kips

Displacement (in.)
(a) Column 415

N
o

w
o

Force (kips
N
o

=
o

Displacement (in.)
(c) Column 815

15 20 25 3

0 2 4 6 8 10 12 14 16 1&C
Displacement (in.)
(b) Column SRPH1

Displacement (in.)
(d) Column 1015

Priestley

Berry

Bayrak

Corley

Crushing L.S.
Spalling L.S.

Bar Buckling L.S.
Bar Fracture L.S.
Ultimate L.S.
Experimental

(e) Key

Figure 5-36: Limit State Prediction with Lumped Plasticity Monotonic Analyses
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Table 5-4: Mean Percent Limit State Error for Case Study Columns

L/D 4 6 8 10 Average
Priestley | Berry | Priestley | Berry | Priestley | Berry | Priestley | Berry | Priestley | Berry
Crushing 61 40 44 19 51 16 57 20 53 24
Spalling N/A N/A 12 8 5 24 0 21 6 18
Buckling 40 1 21 17 26 14 31 13 30 11
Fracture 21 13 N/A N/A 54 2 59 3 45 6
Ultimate 60 15 45 2 54 2 59 3 54 6
Total 38 13
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Limit state predictions in cyclic analyses were performed far each column and the results
are presented in Figure 5-37 through Figure 5-41. Three caspseasented for each column:
graph (a) shows the limit state predictions using a lumped piastiement that utilized the
Berry plastic hinge model; graph (b) shows the limit sgatedictions using a distributed
plasticity element; and graph (c) shows the limit state piedgtusing a distributed plasticity
element in an analysis that takes P-delta effects intouatcWhen comparing the lumped
plasticity results to those in the monotonic plots (Figure 5-3@),9een that results are slightly
different, however there is no apparent trend in these differencedorerthe cyclic analysis
indicate better or worse results in overall limit state ptexic By comparing graphs (b) and (c)
of Figure 5-37 through Figure 5-41, it is seen that displacematenthich each limit state is
predicted is nearly identical. This indicates that although P-d#&ats have a significant effect
on a column’s global response, intermediate displacement limésstae not significantly
affected. Interest therefore lies in comparing the lumped @lgsand distributed plasticity
results in graphs (a) and (b), respectively. Both elements gimilar results, yet the lumped
plasticity model shows slightly more accuracy across Istates. This observation is verified
numerically by comparing the error for each model. Table 5-5dive error produced by each
model at the different limit states. It is seen that the dacrushing limit state has the highest
error in prediction by both models, however the distributed plasgaitr is almost double that
of the lumped plasticity model for this damage state. Interneetimait states, i.e., spalling and
buckling, show less error and are very similar between thentweerical models. Fracture and
ultimate displacement, on the other hand are predicted very wiiedymped plasticity model,
with about 15% less error than the distributed plasticity modes iSHikely due to the fact that

the plastic hinge model by Berry was specifically calibrateceduce error in bar buckling and
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ultimate displacement. The overall average error for each stamgiven in Table 5-6, showing
14% total error for the lumped plasticity model and 17% error fordik&ibuted plasticity

model. The total average error in prediction for varying aspeotisaalso given in Table 5-6. It
is shown that columns 415 and 815 have the smallest percent errotthehéeor in columns

SRPH1, 1015 and 123007 are highest.
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Figure 5-37: 415 Hysteretic Limit State Comparisons
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Table 5-5: Error in Limit State Prediction for Cyclic Analyses

CRUSHING L.S.
L/D Lump. Plas | Dist. Plas.
4 0.40 0.92
6 0.21 0.75
8 0.23 0.66
10 0.26 0.72
12 0.53 0.18
Average 0.33 0.65
SPALLING L.S.
4 N/A N/A
6 0.07 0.35
8 0.19 0.08
10 0.16 0.11
12 0.39 0.10
Average 0.20 0.16
BAR BUCKLING L.S.
4 0.01 0.09
6 0.15 0.25
8 0.16 0.06
10 0.14 0.12
12 N/A N/A
Average 0.12 0.13
BAR FRACTURE L.S.
4 0.13 0.14
6 N/A N/A
8 0.01 0.19
10 0.02 0.27
12 N/A N/A
Average 0.05 0.20
ULTIMATE L.S.
4 0.15 0.13
6 0.11 0.23
8 0.01 0.19
10 0.02 0.27
12 N/A N/A
Average 0.08 0.21
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Table 5-6: Total Mean Error per Element Type and Aspect Ratio

L/D Lump. Plas. | Dist. Plas. Total
4 0.09 0.18 0.13
6 0.15 0.19 0.17
8 0.09 0.14 0.11
10 0.14 0.19 0.17
12 0.20 0.16 0.18
Average 0.14 0.17 0.15

5.7 Relevant Conclusions

Several aspects of column behavior may be obsdreedthe analytical and experimental data
presented within this chapter. By exploring severmaimerical methods, conclusions on the
effectiveness of different techniques can be m@waenparisons to several types of output data
also allow for conclusions on the effect of slem&sis on column behavior and on the abilities of

the numerical models. These issues are discuspacasely in the following sections.

5.7.1 Effect of Element Type

The effect of using different element types to pedolumn behavior shows significance at both
the global and local levels. Global behavior isdmed quite similarly by both the lumped
plasticity and distributed plasticity models. Theanped plasticity model tends to show more
accurate comparison to the experimental hystebeti@avior at early stages of damage, while the
distributed plasticity model tends to be more aatat later stages of inelastic response. The
lumped plasticity model however does not offer dbdity to capture local behavior along an
element length, making the distributed plasticityd®l more appropriate for such predictions.
The distributed plasticity model showed high accyria predicting lateral displacement profiles

for all columns; however curvatures distributiomeyed much more difficult to predict. While
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the general shape and trend of the curvature psofilere captured, specific values predicted
with the analysis were not found to be consistergliable. This is due to the fact that localized
behavior in a column is controlled by many factorsluding crack location and localized
buckling, making it difficult to predict. Predicginimit states for the benefit of PBD is sporadic
for both element types; however the lumped plagtielement using the Berry plastic hinge
model shows slightly better results than the disted plasticity model. Concrete limit states are
generally difficult to predict since such damagepetels more heavily on material-level
characteristics (i.e., concrete mix design and résalting microstructure) however, spalling
proved to be better predicted by the models thashing. Bar buckling was predicted fairly well
by both models, showing similar error. Ultimate dibions however were predicted very well by
the lumped plasticity model, and only moderatelythy distributed plasticity model. The plastic
hinge expression by Berry et al. was calibrateadettuced error in ultimate displacement in
modern columns which explains its high performalesel. It may therefore be concluded that
both the lumped plasticity and distributed plasgienodels offer advantages and disadvantages

in predicting column behavior.

5.7.2 Effect of Aspect Ratio

Identical analyses were performed on five columhsawsying aspect ratio. The aspect ratios
included represent a wide range, with L/D =4 belrgyleast slender of columns appropriate for
flexural response, and L/D =12 being the most ®erdlumn tested in an experimental setting
(using the data in the PEER PDB as reference.)efieet of slenderness in a column has the
greatest consequence in predicting global behaviowas observed that for very slender
columns (L/D =10, 12) P-delta effects control tlystbretic response. While P-delta effects may

be taken into account in the analysis, the effeetschot seem to be fully captured. There appears
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to be additional geometric effects that cause Boftein the column and that were not captured

by the finite element models evaluated in this gtudis trend was also observed by assessing

the spread of plasticity in each column, as the ib higher aspect ratio columns tends to

increase more rapidly at low ductility levels anecabase its rate of growth at larger levels of
ductility demand. This behavior is not capturedtbg OpenSees distributed plasticity finite

element analyses or the Hines shear crack model.

While aspect ratio has a large effect on predictiolymn force capacity, its effect was not as
apparent in predicting local behavior and interragdilimit states. It was shown that P-delta
effects did not significantly change the displacetre which limit strains were reached. While
error in limit state prediction was slightly highfer columns with aspect ratio 10 and 12, it was
smallest for aspect ratio 8; therefore, no obviousclusion can be made on this trend. Based on
the data, it seems limit states are best predfoteditermediate aspect ratios, and error increases
for aspect ratios that are very low or very higlerywlow aspect ratios likely have shear effects
that are not being taken into account, while veighhaspect ratios are controlled by P-delta

effects that are not well accounted for in the appate analyses.
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6 CONCLUSIONS AND RECOMMENDATIONS

Column behavior and limit state prediction was eatdd by analyzing reinforced concrete

columns with fiber-based nonlinear finite elemenénmeents with lumped plasticity and

distributed plasticity formulations. Several treratsd conclusions were made by comparing a

large data set of previously tested columns topiteslicted response from lumped plasticity

elements with commonly used plastic hinge lengthwell as comparing a smaller set of

columns with varying aspect ratio to detailed nuoamodels. The following conclusions are

therefore made in terms of the previously propdsgmbtheses:

Current plastic hinge length models do not offer #litcuracy in predicting intermediate
limit states required for the implementation offpanance-based design. This was tested
by analyzing 34 columns from the PEER StructuralffdPmance Database with four
common plastic hinge models. The most accurateesgmms are those that include a
component for moment gradient as well as strairepation, such as those proposed by
Priestley et al. (1996) and Berry et al. (2008). itbése two, the Berry model is
recommended for limit state analysis. While theegttey model is currently the most
commonly used by researchers, it tends to overastinmit states that occur at high
displacement levels, such as bar buckling andr&illhe Berry model was calibrated for
this type of error and had better prediction fasth limit states. However, it did not show
enough accuracy, especially for concrete limitestasuch as spalling and crushing and
improvement is necessary before performance-bassdrdcan be utilized based on this
model.

Neither the lumped plasticity nor the distributethsticity nonlinear beam-element

formulations show significant evidence as a moqg@giate analysis tool for prediction
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of inelastic behavior. Both models contain advaesagnd disadvantages for modeling
inelastic behavior. Lumped plasticity elements aepinitial stiffness and yield behavior
quite accurately; yet tend to overestimate the roolicapacity at large ductility levels.
When using the plastic hinge model by Berry etthe,lumped plasticity model predicts
limit state displacements with slightly more acoyréghan a distributed plasticity finite
element analysis. However, lumped plasticity madglioes not have the capability of
capturing local behavior along the element lengthich offers important insight into
column behavior. Modeling with distributed pladiycelements predicted a softer initial
global response for the studied columns, yet itenamcurately predicted force capacity at
large ductility levels. While the distributed pliagly element allows the extraction of
intermediate local behavior, it does have limitasiolntermediate damage states are very
difficult to predict and the model showed a randoemd in predicting them for varying
column aspect ratios. Limit state prediction wausilsir between the lumped plasticity
and distributed plasticity element models; howeviure conditions using the
distributed plasticity element were generally ogéreated.

Slenderness in reinforced concrete columns grestlcts their global response and
challenges the analysis methods for its predicthamalyses with both lumped plasticity
and distributed plasticity elements failed to reljacapture to the softening hysteretic
response caused by P-delta effects in slender csludnalyses with P-delta effects
taken into account captured the softening trenth@fresponse; however, the models still
largely overestimates the column’s force capaditsaluation of the spread of plasticity
in slender columns showed that P-delta effects @pjmeincrease the rate of growth of

the plastic region at ductility levels close tolglevhile the plastic region growth reduces
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and seems to plateau at higher levels of ductliyand, which was not well captured by
any of the evaluated numerical models. Howeves, ttieind did not have a large effect on
limit state prediction. Error in overall limit s&atprediction ranged between 11% and
18%. The smallest of which was for intermediatecaspatios (L/D = 8) and the largest
for high aspect ratios (L/D = 12).
Based on these conclusions, the following recomragmas for future research are made: First,
a more unified definition of limit states is necassbefore performance-based design can be
implemented into common practice. This is espeactalle for limit states pertaining to concrete
damage, which show large and random error acréstualerical models. Higher accuracy in
numerical methods is also recommended for the im@igation of PBD. Error in limit state
prediction by both lumped plasticity and distritdifgasticity elements should be reduced while
maintaining the efficiency of these formulationsstly, the behavior of slender columns should
be analyzed carefully by evaluating their behadoe to P-delta effects. The destabilizing
effects experienced is very slender columns isaedk captured by current models and must be
accounted for to ensure controlled seismic perfageaof bridge columns with high aspect

ratios.
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