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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center
of excellence in advanced technology applications that is dedicated to the reduction of earthquake
losses nationwide. Headquartered at the University at Buffalo, State University of New York, the
Center was originally established by the National Science Foundation in 1986, as the National
Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout
the United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and
post-earthquake recovery strategies. Toward this end, the Center coordinates a nationwide
program of multidisciplinary team research, education and outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the
State of New York. Significant support is also derived from the Federal Emergency Management
Agency (FEMA), other state governments, academic institutions, foreign governments and
private industry.

The Center’s FHW A-sponsored Highway Project develops retrofit and evaluation methodologies

for existing bridges and other highway structures (including tunnels, retaining structures, slopes,

culverts, and pavements), and improved seismic design criteria and procedures for bridges and
other highway structures. Specifically, tasks are being conducted to:

* assess the vulnerability of highway systems, structures and components;

* develop concepts for retrofitting vulnerable highway structures and components;

* develop improved design and analysis methodologies for bridges, tunnels, and retaining
structures, which include consideration of soil-structure interaction mechanisms and their
influence on structural response;

* review and recommend improved seismic design and performance criteria for new highway
systems and structures.

Highway Project research focuses on two distinct areas: the development of improved design
criteria and philosophies for new or future highway construction, and the development of
improved analysis and retrofitting methodologies for existing highway systems and structures.
The research discussed in this report is a result of work conducted under the existing highway
structures project, and was performed within Task 106-E-5.3, “Performance-Based Specifica-
tions for the Seismic Design, Retrofit, and Repair of Reinforced Concrete Bridge Columns” of
that project as shown in the flowchart on the following page.

The overall objective of this task was to develop a performance-based approach to the seismic
design, retrofit and repair of reinforced concrete bridge columns, which is intended to supplement
the current AASHTO design procedure. This report focuses on Phase 2 of the project, which
involved using data obtained in Phase 1 to evaluate and calibrate existing analytical damage
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models for reinforced concrete columns, derive improved damage models, and develop methods
of using these models in practical design applications. This report describes an experimental set
up for low-cycle fatigue testing of reinforcing bars, and provides an analysis of the experimental
results. The study indicates that proposed fatigue-life relationships can be used in conjunction
with Miner’s linear damage accumulation law to identify ductile fracture and failure of
reinforcing bars subjected to random strain histories resulting from seismic loading.

iv



SEISMIC VULNERABILITY OF EXISTING HIGHWAY CONSTRUCTION
FHWA Contract DTFH61-92-C-00106

TASK A: PROJECT ADMINISTRATION & HIGHWAY SEISMIC RESEARCH COUNCIL

|

I

I

I

I

!

TASKS TASKS TASKS TASK
TASK B TASKD E1, E2 E3 to E7 F1 to F4 F5
State-of- Perfor-
the-art mance
Review Criteria Vulnerability Vulnerability Retrofit
l Assessment: Assessment: Technologies:
Seismic Hazard, |—p Soils & —> Soils & Special
TASK C Ground Motion, Foundations, Foundations, Studies
Spatial Variation Components, Components,
Bridge Structures, Structures,
Retrofit Systems Systems
Guidelines
(Interim)
v v
TASK G TASK F6
Retrofit Manuals
Vol Seismic Vulnerability Assessment of Highway Systems — Demonstration
Vol ll  Retrofitting Manual for Highway Bridges Projects
Vol lll Retrofitting Manual for Highway Tunnels, Retaining
Structures, Embankments, Culverts, and Pavements

!

TASK H: COST IMPACT STUDIES

|

TASK I: TECHNOLOGY TRANSFER







ABSTRACT

Current seismic design provisions for bridge columns rely entirely on proper detailing of
potential plastic hinge zones to prevent failure of the section under repeated inelastic excursions.
These provisions, however, do not offer any insight into the mechanics of damage progression
and the "damaged" state of the section or component after a seismic event. Hence, the larger
issue of modeling and calibrating cumulative damage resulting from a series of events, which
include both elastic and inelastic cycles, remains unresolved. In a recent series of experimental
tests investigating cumulative seismic damage in RC bridge piers, Kunnath et al (1997) identified
low-cycle fatigue of the longitudinal reinforcing steel as one of the potential failure modes. The
objective of this research is to provide an experimental database of low-cycle fatigue tests and to
develop fatigue-life relationships for typical longitudinal reinforcement that aid the development
of cumulative damage models.

A test setup was designed and fabricated to investigate a range of reinforcement sizes
typically used as longitudinal reinforcement (#19m - #29m) in reinforced concrete bridge
construction. In order to transfer a force of sufficient magnitude to induce an inelastic response
in the rebar, a "swaging" concept was employed to design and fabricate a special gripping
mechanism capable of resisting both tension and compression. An easily deformed material
(aluminum) was securely fastened between the specimen and custom built gripping blocks.
Deformation patterns present on both the specimen and grips allow for the transfer of force via
shear stress through the transfer media.

In addition to constant amplitude loading needed to establish fatigue-life expressions,
numerous random amplitude strain histories similar to those imposed by seismic loading were
also investigated. The strain range of interest in this study was between +/- 0.015 and +/- 0.030.
Existing fatigue life models based on total strain amplitude, plastic strain amplitude, and energy
were applied to the recorded data from the constant amplitude experiments. These models were
then used to monitor cumulative damage progression and identify failure in the random
amplitude strain history experiments. Results of the study indicate that the proposed fatigue-life
relationships can be used in conjunction with Miner's linear damage accumulation law to identify
ductile fracture and failure of reinforcing bars subjected to random strain histories resulting from
seismic loading.

It was determined that bar size has a small but noticeable effect on fatigue life.
Reinforcing bars with larger diameters exhibited improved fatigue characteristics. Better
correlations were obtained with damage models using total strain and plastic strain as opposed to
energy-based formulations. The rate of strength (stress) decay across tension peaks of the rebar
can be an important precursor of failure. Strength loss beyond 75% of the original peak stress
was rapid and catastrophic. The rate of decay for compression cycles was masked by local
buckling phenomena. The rainflow counting method was found to be satisfactory in dealing with
random strain amplitudes, as would be expected in earthquake loading.
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SECTION 1
INTRODUCTION

This project is a continuation of a previous research effort sponsored by the Federal Highway
Administration, the Multidisciplinary Center for Earthquake Engineering Research (then
National Center for Earthquake Engineering Research), the California Department of
Transportation and the National Institute of Standards and Technology. The primary scope of
the previous project was to examine progressive damage in reinforced concrete bridge piers. The
eventual goal of the research is to contribute to current efforts in the development of
performance-based criteria for the seismic design, retrofit, and repair of reinforced concrete

bridge columns.

Phase I of the project focused on the experimental behavior of typical CALTRANS circular
columns subjected to fatigue and random loading. At the end of phase I, twelve quarter scale
bridge columns were tested to failure under monotonic, low-cycle fatigue and analytically
simulated random amplitude loading. The objectives of Phase II of the project was to utilize the
experimental data obtained in Phase I and to evaluate and calibrate existing analytical damage
models for reinforced concrete bridge columns. Further, the study was also concerned with
deriving fundamental relations to improve existing damage model formulation so as to enable

their use in practical design applications.

In the first part of the Phase II project, a comprehensive review of existing damage models was
carried out so as to arrive at a set of typical models for subsequent evaluation and validation
against observed test data. Initial findings from the analytical study indicate that the damage is
controlled primarily by the inelastic low-cycle fatigue behavior of the main longitudinal

reinforcement and the strain energy capacity of transverse hoop reinforcement.

It was, therefore, concluded that a more detailed understanding of the low-cycle fatigue behavior
of reinforcing bars was essential to the development of a predictive damage model for bridge

columns. Much of the remaining effort in Phase II concentrated on developing fatigue



relationships for reinforcing bars under the action of constant-amplitude (strain) loading and
assessing the suitability of such fatigue-life expressions for predicting the cumulative damage

under random amplitude loading,.

Details of the various tasks undertaken during the Phase II effort are summarized in this report.

1.1 Background

Current seismic design provisions rely entirely on proper detailing of potential plastic hinge
zones to prevent failure of the section under repeated inelastic excursions. These provisions,
however, do not offer any insight into the mechanics of damage progression and the "damaged"
state of the section or component after a seismic event. Hence, the larger issue of cumulative
damage, resulting from a series of events that include both elastic and inelastic cycles, remains

unresolved.

As more research results on the non-linear response of RC structures in general, and RC bridge
columns in particular, become available, a performance based design approach that addresses the
relationship between structural response and damage limit states is becoming more feasible. If
the seismic demands in a structural component (and thereby, the entire structure) can be
estimated, and a structure then designed to withstand the entire deformation history expected
throughout its service life, structural failure due to accumulated seismic damage may be

controlled with greater reliability.

Based on the evaluation of numerous experimental tests on RC components and sub-assemblies,
the following three failure modes have been identified as potential causes for the loss of ductility

and/or energy-dissipation capacity of RC members (Mander and Cheng, 1995):

1. Low-cycle fatigue of the longitudinal reinforcing steel
2. Failure of core concrete due to lack of confinement or fracture of transverse

reinforcement



3. Compression buckling of the longitudinal reinforcement
The above modes are exclusively flexural failure modes and modes 2 and 3 are not necessarily
independent of each other. The subject of shear failure is a separate and critical issue but not the

subject of this study. Hence, any failure mode leading to brittle shear failure is not addressed.

If proper detailing methods (such as the provision of closely spaced transverse reinforcement) are
employed in plastic hinge regions, failure modes two and three listed above can be avoided.
Hence, it can be stated that low-cycle fatigue failure of longitudinal reinforcement is the final
unavoidable failure mode. Low-cycle fatigue is defined as failure in a material due to a relatively
small number of load or deformation cycles (< 1000) and typically involves large deformations
that exceed the elastic limit. With the exception of a small series of tests conducted at SUNY
Buffalo (Mander et al, 1994), very little data exists on the low cycle fatigue behavior of steel

reinforcement used in reinforced concrete construction.

The current research attempts to provide new experimental data on the low-cycle fatigue
behavior of reinforcing bars used in concrete construction. Isolating the reinforcement and
examining its behavior outside the context of a RC column may appear to be a gross
simplification of correlating seismic damage in reinforced concrete members. However, for
advanced analytical models that use constituent material behavior as the basis for global
modeling, this information will be vital in inelastic structural response prediction and damage
assessment following a seismic event. Considering the high cost associated with full scale

seismic testing, the development of such models can play a significant role in damage prediction.

1.2 Research Objectives and Scope of Study

The overall scope of the research effort is to investigate cumulative seismic damage in RC bridge
piers. The first phase of the study examined the response of twelve quarter-scale model bridge
columns to constant amplitude and random cyclic displacement amplitudes. The conclusion

from that investigation which is most relevant to the present study was that damage progression



in flexural elements is closely related to the performance of the longitudinal reinforcing steel and
that a comprehensive experimental study investigating its low-cycle fatigue behavior under
random cyclic loading is needed (Kunnath et al, 1997). The following tasks were carried out to

accomplish the project objectives:

. Design and implementation of an experimental setup to investigate the low-cycle
fatigue behavior of steel reinforcing bars. The setup should accommodate bar
sizes typically used as longitudinal reinforcement in RC bridge piers.

o Examine methods for measuring equivalent longitudinal strains in reinforcing bars
using member rotations or end displacements since these are readily established in
analytical evaluations using nonlinear computer software.

o Apply existing fatigue-life models to the observed data for comparison with
results of previous experiments conducted by other investigators.

. Investigate load path effects (randomness) on damage progression.

. Develop fatigue-life relationships for typical reinforcing bars.

1.3  Organization of Report

This report is organized in five sections. Section 2 describes the preliminary work that was
conducted to analyze experimental data generated in Phase I research and other available
experimental data from previous testing carried out at NIST. The evaluation of selected damage
models in terms of their ability to track progressive damage is the focus of Section 2. Details of
the experimental setup and general issues regarding inelastic testing procedures of reinforcing
bars is outlined in Section 3. In Section 4, experimental results from constant amplitude tests
and variable amplitude (simulated seismic loading) tests are presented. A systematic evaluation
of the observed results and the application of fatigue-life models to the recorded data are
presented in Section 5. Significant findings from the present study and recommendations for

future work are also discussed in Section 5.



SECTION 2
EVALUATION OF SELECTED DAMAGE MODELS

2.1 Fatigue-Based Damage Models

A few fatigue-based models and some control damage models were evaluated in this phase of the
study.  Low-cycle fatigue theory is a topic that was originated and advanced for steel
construction many years ago. Only more recently has this discussion been extended to
reinforced concrete. Coffin (1954) and Manson (1953) were among the first to propose an

equation relating strain amplitude to the number of cycles to failure:

£,=6,(2N, ) (2-1)
where:
€, = plastic strain amplitude

€/ = amaterial constant to be determined from fatigue testing
2N; = number of complete cycles to failure

¢ = fatigue exponent

Kunnath et al. (1997) calibrated the model coefficients &' and ¢ to RC specimens as composite
sections. The constants defined below were derived from an experimental curve fit of the data

obtained from extensive testing of the quarter-scale flexural columns subjected to constant

amplitude cyclic loading:
£, =0.074(2N, )"*® (2-2)
£, =0.070(2N, )04 (2-3)
where:

g, = total strain amplitude



The above refined & - 2Nr relationships were used to develop a new cumulative damage model
for flexural fatigue of RC bridge piers, one of three fatigue-based models considered for further

evaluation in this report. Cumulative damage is computed from:

1

D=Y—— 2-4a
)y N, (2-4a)

N, =| 2 - (2-4b)
771 0.074

Note that Equation 4a and 4b defines the ¢- 2Nrrelationship in terms of plastic rather than total

strain amplitude.

The second fatigue-based model considered is the cumulative damage model proposed by Wang

and Shah (1987) based on the maximum deformation occurring in a cycle:

e —1
D= 2-5)
e’ -1 (
where:
5mi
B=c-Y— (2-5b)
i 5[

¢ and 7 are again user-defined constants with ¢ based purely on experimental testing and 7

dependent on the span-to-depth ratio and the amount of shear reinforcement.

Each of the two models considered so far are based exclusively on low-cycle fatigue theory in
that only damage associated directly with yield and fracture of the longitudinal reinforcement is
considered. A second relevant failure mode relating to confinement failure (failure of the hoop
reinforcement) exists and may in fact be dominant under certain types of inelastic cycling
loading. Modeling damage associated with confinement failure is somewhat more complex and

was not represented in either of the first two models considered.



McCabe and Hall (1994) have proposed a unique structural damage model with similarities to
energy-based models but with a unique means of normalization whereby the hysteretic energy
corresponding to complete damage, Hy, is a function of measured hysteretic ductility and the
number of cycles to failure (which are each in turn functions of maximum attained strain for each

hysteresis cycle). Hp, and H), refer to the positive and negative contributions.

H,+H,T [H,-H,T
DI=|Z2 I (2-6)
Ht Hl
H,=u'Ps,2N,) (2-6b)
W=p,-2N,)7 (2-6¢)

Py, and &), represent the familiar member yield strength and displacement, respectively. u* and

Hp are the hysteretic and monotonic plastic ductility, respectively. » is a calibration constant,
proposed equal to -0.6 for steel, but currently undefined for RC elements. The damage models
referred to in Equations 2-4 through 2-6 will henceforth be referred to as Fatigue-1, Fatigue-2
and Fatigue-3, respectively.

2.2 Selected Control Damage Models

To characterize and contrast results obtained from Fatigue-1 through Fatigue-3, three other well
known indices have been chosen for further analysis. Park and Ang’s hybrid model (defined
throughout as “Hybrid”) combines measures of ductility and dissipated hysteretic energy to

predict cumulative damage.

p P, 5 ldE
5, " P&

u y“u

2-7)

where: 6,, = maximum deformation experienced by element



0, = ultimate deformation capacity of the element

B = auser-defined control parameter that control the rate of strength degradation
dE = dissipated energy by the element

P, = yield strength of the element

Note that the denominator in the second term of Equation (2-7) is a normalizing factor which

should have the same units as the energy term in the numerator.

Kratzig et al. (1987) postulated a damage model which concerns itself purely with dissipated
hysteretic energy, differentiating only between what is termed primary and follower dissipated

energy. The “Energy” model is expressed as:

_SES+3E . SE+YE

D = : (2-8)
° Er+3E! ° Ej+XE

where: D, =damage index
E ; = Energy dissipated in primary cycle
E; =Energy dissipated in follower cycle

E, =Energy at ultimate deformation

In the above expression, the positive and negative superscripts refer to the energy dissipated in

the positive and negative cycles of loading.

And finally, a modified form of the damage index proposed by Lybas and Sozen (1977), based
on the principle of softening or stiffness degradation, is evaluated. This “Sofineing Index”
presented in Equation 2-9 is used to enable the description of a normalized quantity which does

not exceed unity:

D, =1-%= (2-9)
kO

where: D, = Damage index



k, = Reduced secant stiffness at maximum deformation

k, = Initial stiffness

23 Calibration of Damage Models

In order to carry out a reliable evaluation, it was necessary to calibrate the models using some
baseline data. Additionally, since all inelastic evaluations were conducted using the IDARC
(Kunnath et al.,, 1992) computer program, it was also necessary to calibrate the hysteretic
parameters to be used in all evaluations. Only flexural response is considered in these

evaluations.

Stone and Cheok (1989) performed the first laboratory testing of full-scale reinforced concrete
circular bridge piers. Two full-scale columns were fabricated, the first a flexural member with an
aspect ratio of 6 and the second, a shear column with an aspect ratio of 3. Each was subjected to
quasi-static cyclic loading to failure. Available experimental data was used to calibrate the
hysteresis parameters. For this test, referred to here as test Case Al, the member was subjected to
a standardized quasi-static cyclic loading regimen until failure. The hysteresis parameter data set

for flexural columns is provided in Table 2-1.

Table 2-1  Hysteresis Parameter Assignments, Flexural Column

HC HS HBD HBE
Flexural Member 4.0 1.0 0.0 0.1

Each of the three fatigue damage models is a function of one or more parameters. Some of these

such as member yield strength or plastic hinge length are physical system properties. Others,

like y in the McCabe or & in Wang-Shah are calibration constants that must be addressed based



on experimental test data. Ideally, a robust model will demonstrate relative insensitivity to

variations in the fixed parameters on which it is based.

Consider first plastic hinge length, Ip , a parameter which affects the Fatigue-1 and Fatigue-3
models. Plastic hinges are localized regions within an element which deform plastically when
element yield strength is exceeded. In circular reinforced concrete columns subjected to lateral
loading, a plastic hinge will typically develop at approximately 0.75D from the base of the

column where D is defined as column diameter. Assuming that plastic rotation takes place about

the center of the plastic hinge (at height Ip), plastic curvature, &y , can be defined in terms of [,
as follows (Paulay and Priestley, 1992):

o 20_p=Ap+(L—O.SIp) 210

? IP lP

The above expression provides an approximate estimate of the average curvature and is not to be

considered a measure of the maximum plastic curvature. Assuming plane-section theory, the

relationship between plastic strain index, ¢ p and plastic curvature can then be applied. In the

equation below, d is the depth of the section measured between centers of longitudinal bars.

£,=P,d /2 (2-11)

Fatigue-1 demonstrated less sensitivity than Fatigue-3 to variations in plastic hinge length,
indicating that Fatigue-3 is more sensitive to small variations in plastic strain amplitude, which is
also a function of the post-yield stiffness. Ip = 0.8D provided the best results (calibrated to
experimental tests) for each of the models that used plastic-hinge length as a variable. Figure 2-

1 shows the performance of the Fatigue-1 model to variations in plastic hinge length.

In addition to relying on one or more physical parameters, a number of the models rely on

control parameters or weighting factors which must be calibrated with respect to experimental

data. The Fatigue-2 damage model is calibrated using two constants, ¢ and 7. Fatigue-3 is

10



defined with the aid of a calibration constant, 7. Park and Ang also includes a control parameter,

B, on the second term of their damage index to limit damage associated with normalized energy

absorption. Figure 2-2 provides calibration data on each of these constants.

The Fatigue-2 model proposed by Wang and Shah proved most difficult of the three fatigue-based

models to calibrate. The authors used data from destructive testing of a 1:4 scale beam-column joint

subjected to a cyclic loading regimen to calibrate their model; geometry substantially different from

the circular columns (flexural and shear) considered in this discussion.
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Figure 2-2  Effect of Varying Model Constants on Damage Prediction
(Note: ¢ & n refer to ¢ & 1 in Equation 2-5 and y refers to Equation 2-6¢)

In this study, effort centered on calibrating the model with respect to the flexural column. Wang and

Shah propose a value of ¢ = 0.1 for the first calibration constant. Values from 0.02 to 0.18 were

attempted with m, the second control parameter, set to its baseline value of 7 = 1.0. Widely

12



diverging results were obtained with ¢ = 0.1, in fact, yielding the best solution. Varying 7 affected
the damage gradient, or relative change in damage with respect to the previously computed value,

more so than the final result as damage in each case attempts to converge to unity.  The damage
progression for 77 > 0 reflects an increasing damage gradient, where a more gradual progression of

damage is evident initially, consistent with observed results. Conversely, 77 < O returns curves that

could be described as more convex in nature indicating more rapid damage accumulation early and

during intermediate cycling. Values of 7 just greater than zero provide results that best reflect

experimental data yielding both a sufficiently gradual damage progression with an adequate ultimate

result. 77 was set equal to 0.2 for all cases.

Fatigue-3, proposed by McCabe et al. also proved highly sensitive to, ¥, the model's calibration
constant. Recall, yis used to equate monotonic plastic ductility, 1, to what is termed hysteretic

plastic ductility, u4* The author defines u* as the level of plastic ductility that results in
equivalent damage over a given number of cycles as that which would occur by monotonically

loading the member to plastic ductility tp.  The relationship restated:
i=u,- 2N, )7 (2-12)

McCabe et al. suggest y = -0.6 be specified for steel. Here, values from -0.90 to -1.10 banded
the acceptable range of damage output for the RC columns considered. Considerable variability
exists in the rate of damage progression over that range with y = -1.05 yielding the best result.

On a more positive note, the same value of y appears useful for evaluating both flexural and shear

columns, a substantial consideration.

The Park-Ang hybrid damage model uses a weighting function, £, to limit the damage
contribution attributed to dissipated hysteretic energy. The author suggests it is a function of

confinement ratio, pyy, shear span ratio, //d, longitudinal steel ratio, py, and axial stress, n,, and

can be derived from the following expression (Park et al, 1987):

13



b= (_ O.447+O.O73§+O.24n0 +0.314p,Jxo.7Pw (2-13)

where:

I/d =1.7ifVd<1.7

n, =02ifn <0.2

p. =0.75% if p, < 0.75%

(longitudinal steel ratio is expressed as a percentage)

Kunnath et al. (1992) list the strength degrading hysteresis parameter, B, as a user-defined
parameter in IDARC. This value was assigned as part of the calibration process and is defined in

Table 2.1 as HBE.
24  Performance of Selected Damage Models

The calibrated models selected for evaluation will now be analyzed with respect to selected
laboratory testing performed at the National Institute of Standards and Technology (NIST).
Test data selected include: a full-scale flexural test on a bridge column subjected to standard
cyclic loading to failure; analytically simulated constant amplitude tests on the same full-scale
specimen; constant amplitude tests of quarter-scale specimens tested by Kunnath et al. (1997);
and finally, random amplitude testing also carried out by Kunnath et al. (1997). In the tests
conducted by Kunnath and El-Bahy, variability was limited to loading type (amplitude and
sequence) thus providing an excellent subset of data to validate the damage models. The test

data utilized in the evaluation study is summarized in Table 2-2.

2.4.1 Standard Cyclic Loading

Cumulative damage progression versus number of cycles is shown in Figure 2-3 for each of the
models considered. Peak damage indices are provided in Table 2-3. Predictably, the Softening
Index indicates the most rapid damage progression, with damage near unity indicated after just
six cycles. The Energy model proposed by Kratzig also displays significant damage early,

incompatible with the observed result. The Park model, based on a combination of ductility and

14



energy measures, shows a more gradual damage progression, somewhat linear in nature. This
type of progression is closer to what might be observed experimentally, but again, indicated

damage is over-stated initially and through the mid-portion of the test.

Table2-2  Summary of Bridge Column Tests Considered in Evaluation

Column Case L D By Py Peak 2Ny  Excitation Type
Description (Iength (dia.)  (yield (yield
disp) strength Drift
(%)
Full Scale Al 3600 60.0 4.8 300.0 312 21 Standard Cyclic
Flexural A2* 35 300.0 1.97 150 Constant, 20,
A3* 4.8 300.0 4.00 26 Constant, 35,
A4* 48 300.0 5.33 9 Constant, 45,
AS* 4.8 300.0 6.67 4 Constant, 56,
Quarter Scale C1 540 120 05 115 288 30 Standard Cyclic
Flexural C2 0.5 11.5 2.77 150 Constant, 25,
3 075 115 4.17 26 Constant 35,
C4 075 115 5.56 9 Constant, 45,
C5 075 115 6.94 4 Constant, 55,
Cé 075 14.0 2.69 N/A Random Cyclic
C7 075 140 2.79 N/A Random Cyclic
C8 0.75 14.0 3.09 N/A Random Cyclic

* Denotes analytically simulated test (units = inch, kips)

The fatigue-based models demonstrate, as a group, why they show such promise. Each
increments damage gradually through the initial reversals with damage increasing more rapidly
as higher amplitude cycles are experienced. This behavior is consistent with observed column
performance. Interestingly, Fatigue-1 and Fatigue-3 adequately predict damage to the full-scale
flexural and shear columns but diverge somewhat on the quarter-scale test. Fatigue-3

overestimates damage for this test while Fatigue-1 under-predicts it.

15



2.4.2 Constant Amplitude Loading

Tables 2-4 to 2-7 and Figures 2-4 to 2-7 provide information on damage model performance for

tests performed under constant amplitude cycling of from 26y through 56),. Recall that for each
of the constant amplitude tests, only analysis of the quarter-scale column is substantiated with
actual test data (Cases C2 - C5). Constant amplitude testing of the full-scale flexural columns

(Cases A2 -AS) was analytically simulated.

2.5  Summary

This section summarized the application of several damage models to experimental data. Test
data consisted of cyclic tests of circular bridge columns. Constant amplitude and variable
amplitude tests were considered in the evaluation. Sensitivity of the selected damage models to
model variables were first investigated. Following calibration of the experimental results using
IDARC, a series of damage evaluations using the different models were carried out. It was
generally concluded that fatigue-based models can be used with greater reliability than all the
other types of models considered in this phase of the study. Since fatigue failure in bridge
columns is controlled primarily by the fatigue behavior of the longitudinal reinforcement and the
effects of confining steel, it was considered essential to gain additional insight into different
aspects of constituent material behavior before embarking on the development of a new damage
model for reinforced concrete. The first step in this undertaking is detailed in the remainder of

this report.
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Table 2-3  Peak Cumulative Damage for Circular Columns Subjected to Standard Cyclic
Loading, Selected Damage Models

Hybrid Softening Energy Fatigue-1 Fatigue-2 Fatigue-3

Full Scale Flexural 0.96 0.84 0.99 0.88 0.86 1.13
Full Scale Shear 1.13 0.93 0.93 1.28 0.41 0.86
Quarter Scale Flexural 1.15 0.87 0.99 0.68 0.95 1.65
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Figure 2-3  Cumulative Damage to Circular Columns, Standard Cyclic Loading,
Selected Damage Models
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Table 2-4 Peak Cumulative Damage for Circular Columns Subjected to Constant Amplitude
Cyclic Loading, 26y, Selected Damage Models

Hybrid Softening Energy Fatigue-1 Fatigue-2 Fatigue-3

Full Scale Flexural 1.50 0.71 1.00 0.61 1.00 1.46
Full Scale Shear 1.37 0.87 0.98 1.19 1.00 0.72
Quarter Scale Flexural 1.67 0.81 1.00 0.69 1.00 1.92
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Figure 2-4 Cumulative Damage to Circular Columns, Constant Amplitude Loading,
25y » Selected Damage Models
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Table 2-5  Cumulative Damage for Circular Columns Subjected to Constant Amplitude Cyclic
Loading, 35y, Selected Damage Models

Hybrid Softening Energy Fatigue-1 Fatigue-2 Fatigue-3

Full Scale Flexural 0.95 0.79 0.99 1.12 0.98 1.37
Full Scale Shear 0.89 0.8 0.9 0.41 0.49 0.44
Quarter Scale Flexural 1.25 0.86 0.99 1.44 1 2.75
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Figure 2-5  Cumulative Damage to Circular Columns, Constant Amplitude Loading,
35y » Selected Damage Models
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Table 2-6  Peak Cumulative Damage for Circular Columns Subjected to Constant Amplitude
Cyclic Loading, 48y, Selected Damage Models

Hybrid Softening  Energy Fatigue-1 Fatigue-2 Fatigue-3

Full Scale Flexural 0.75 0.81 0.97 0.81 0.58 0.9
Full Scale Shear 0.53 0.81 0.77 0.29 0.22 0.29
Quarter Scale Flexural 1.25 0.86 0.99 0.95 0.74 1.99
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Figure 2-6  Cumulative Damage to Circular Columns, Constant Amplitude Loading,
49, , Selected Damage Models
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Table2-7  Peak Cumulative Damage for Circular Columns Subjected to Constant Amplitude
Cyclic Loading, 55y, Selected Damage Models

Hybrid Softening Energy Fatigue-1 Fatigue-2 Fatigue-3

Full Scale Flexural 0.79 0.85 0.96 0.72 0.4 0.75
Full Scale Shear 0.46 0.85 0.69 0.24 0.16 0.24
Quarter Scale Flexural 1.06 0.88 0.99 0.79 0.53 1.86
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Figure 2-7  Cumulative Damage to Circular Columns, Constant Amplitude Loading,
58y » Selected Damage Models
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SECTION 3
DESIGN OF EXPERIMENTAL SETUP FOR LOW-CYCLE FATIGUE
TESTING OF REINFORCING BARS

Initial findings from the analytical study presented in the previous section indicate that most of
the existing fatigue-based models are not based on test data generated from low-cycle fatigue
tests of reinforced concrete or their constituent materials. Hence, they do not consistently predict
the cumulative damage process though, conceptually, they possess the right attributes of a
reliable model. Calibrating the material constants in a fatigue-life expression requires
experimental data. It was, therefore, concluded that a more detailed understanding of the low-
cycle fatigue behavior of reinforcing bars was essential to the development of a predictive
damage model for bridge columns. Much of the effort for the reminder of the project was
devoted to the planning and design of a test set-up to facilitate the testing of standard reinforcing

bars under reversed cyclic loading. Details of this effort are summarized here.

31 Background

Low cycle fatigue (LCF) behavior is characterized by high amplitude strain reversals that result
in material failure after relatively few cycles (<1000). During a seismic event, reinforced
concrete (RC) structures are subjected to strong ground motions that induce similar cyclic
inelastic deformations in steel reinforcement. While proper reinforcement detailing in critical
regions of a structure (plastic hinge regions) may prevent collapse during large displacement
responses, structures are still susceptible to cumulative low cycle fatigue damage. The goal of
this part of the research is to isolate the damage sustained by steel reinforcement in a RC
structure due to seismic loading and apply this information in the assessment of overall damage

following a seismic event.
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3.2 Review of Literature

It is estimated that 80 percent of all machine metal failures are due to fatigue (Smith, 1990). As
a result, numerous books and journals are dedicated to the topic. The intent of this section is to
describe the fundamental concepts of fatigue and damage that pertain to this study of concrete

reinforcement.

3.2.1 The Fatigue Process

Fatigue failures occur due to cyclic loading at a stress (or strain) level that is less than what is
required to fail the material in a single application of the load. The fatigue-life of a material is
defined as the number of cycles at specific deformation amplitudes resulting in failure. Figure 3-
1 represents a fatigue-life curve for a typical engineering alloy. As the level of deformation or
load decreases, the number of cycles to failure increases. For materials that have elastic-plastic
properties, such as reinforcing steel, the fatigue-life curve can be broken up into two distinct
regions. The first describes low-cycle fatigue behavior (less than 1000 cycles to failure) and is
controlled by plastic deformations. The second describes high-cycle fatigue behavior and is
controlled primarily by elastic deformations. Once the stress or deformation level drops below
the fatigue limit, an unlimited number of cycles may be applied without experiencing fatigue

failure.
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Figure 3-1 Typical Fatigue-life Curve for an Engineering Alloy

slip planes T

Figure 3-2  Slipband Extrusion and Initial Crack Formation (Smith, 1990)

The first stage in the fatigue process is the formation of a fatigue crack, usually at or near the
surface of a specimen. Irreversible plastic strains may occur as a result of the imposed

deformations or stress concentrations (due to surface imperfections or geometric features). These
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deformations lead to the creation of slipband extrusions (shown in Figure 3-2) and slipband
intrusions that eventually manifest into cracks under repeated cyclic loading. Once the crack has

formed, it will continue to propagate until there is insufficient surface area to resist the load, and

ductile fracture will occur.

3.2.2 High Cycle Fatigue in Concrete Reinforcement

Under normal service load conditions, the response of all members in a structure is expected to
remain elastic. The cyclic nature of loading in bridge structures due to vehicle action, however,
still allows for the failure of flexural elements from fatigue. To ensure that fatigue failures do
not occur in RC bridges, the following formula is used to determine the allowable stress range

permissible in main longitudinal reinforcement (Corley et al, 1978):

[ =21-0.33f, +8% (3-1)

where: Jf= allowable stress range due to live load plus impact (ksi)
f m = minimum stress level, tension positive (ksi)

r/h = ratio of base radius to height of rolled on deformation

Corley's study (1978) was based on 353 RC beams tested under fatigue loading. Size of beam,
size of bar, grade of bar, deformation geometry, mean stress, and stress ranges were all varied.
The conclusion most relevant to the present study is that geometric properties of the reinforcing
bar have a significant effect on the fatigue-life. Even the manufacturer's identification markings

were noted as a potential cause of reduced fatigue resistance.
3.2.3 Low-cycle Fatigue in Concrete Reinforcement
A series of low-cycle fatigue tests were performed at the State University of New York, Buffalo,

in 1994 (Mander et al, 1994). Both Grade 40 and high strength prestressing bars were examined.

Due to the presence of rolled-on deformations and the inelastic buckling that occurs during
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compression cycles, it was decided to leave the original cross-section of the specimen in tact.
This requirement posed a considerable challenge in the design of the test setup. The transfer of
forces to the specimen in such a way that the fatigue failure occurred away from the gripping
mechanism required an elaborate procedure. The unsupported length (s) of the specimens tested
was equivalent to six bar diameters (dp). s/dp, ratios of 6,8, and 9 were examined with uni-axial
compression tests in order to determine how this ratio affects the loss of strength at high
compressive strains. Results indicated that s/dp ratios larger than six led to a reduction in
strength below the yield value as large compressive strains (approximately 0.06) were imposed.
This was a result of severe inelastic buckling. Previous research (Mander et al, 1988) indicates
that well confined concrete is capable of achieving strains on the order of .06 without failure.
From this, Mander concludes that center to center transverse reinforcement spacing greater than
six dp may be inadequate. This conclusion also served as the basis for using an unsupported

length of six dp (9.5 cm for #16m Grade 40 rebar) in the tests.

Deformation measurements were made using a custom-built aluminum extensometer. This
device was designed to monitor deformations over the central 1.875 inches of the specimen (s/2).
Assuming completely fixed end conditions, this gage length corresponds to the area between
inflection points of a double-curvature buckling profile. Results have been presented for 10 low-
cycle fatigue experiments on Grade 40 reinforcement and 22 experiments on high strength
prestressing bar. It was shown that the two material types had different low-cycle fatigue
properties and that the high strength prestressing bar generally offered greater resistance to

fatigue.

Mander used two separate criteria to identify failure (occurring after 2Nrcycles). The first, used
for small amplitude strain ranges (< .02), involved monitoring the ratio of stress developed at the
first tension peak (f) to the stress developed at subsequent tension peaks (f;). After the first few
cycles of strain hardening, the ratio f;/f,, remained stable. Upon the formation of a fatigue crack,
a marked drop in this ratio occurred and the specimen was considered to have failed. The second
method, used for strain amplitudes > .02, relied on the visual observation of fatigue cracks and a

rapid loss of strength prior to achieving the peak tensile strain (negative slope on the stress vs.
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strain curve). Mander also reported that the initiation of a fatigue crack was quickly followed by

complete failure of the specimen.

Several existing fatigue-life models were applied to these results. The objective of these models
is to provide a mathematical relationship between the imposed deformations (strain amplitudes
or cumulative energy) and the number of cycles to failure. Based on experimental data, material
constants (such as ¢'rand ¢ in equation 1) may be established. The following fatigue-life models

were utilized by Mander:

1. Coffin - Manson equation for plastic strain amplitude (Coffin, 1954; Manson 1953):

Agl’ ’
=—r=e "“(2N,) (3-2)

Eap
where: &g = plastic strain amplitude
Agp, = total plastic strain range
2Nf=number of cycles to failure

s'fand ¢ = material constants

2. Koh and Stephens' equation for total strain amplitude (Koh and Stephens, 1991):

Ag
£ =T=M (2Nf)'” (3-3)

a

where: g, = total strain amplitude
Ag = total strain range (€, - €min)

M and m = material constants

3. Modified SWT equations for total strain amplitude (Koh and Stephens, 1991) and for
plastic strain amplitude (Lorenzo and Laird, 1984):

Eqfme =C(2N ;) (3-4)

EapSue =L(2N ) (3-5)

where: f;;x = maximum tensile stress at the half-life of each specimen
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C and y= material constants for total strain model

L and I = material constants for plastic strain model

4. Energy based models proposed by Mander et al (1994):

W =Wi(e,)" (3-6)
Wi =Wep(€4)? (3-7)
Wi =Wl foxta) (3-8)
Wi =Wp( foxtpa)’ (3-9)

where:  fy;y = maximum tensile stress achieved in each specimen
Wyr = total strain energy to failure
Wa Wap, Wfa, Weap, p, g, 1, and s= material constants

Table 3-1  Fatigue-life Model Curve Fits (Mander et al, 1994)

Model Equation Curve Fit r
Number
Coffin - Manson 1 £ = 07TTT2NY 984
Koh - Stephens 2 g, = .0791(2NH** 985
Modified SWT _ -541
(total strain) 3 Jmax €= 51.62Np 991
Modified SWT _ 581
(plastic strain) 4 Jmasx € = 50.62Np) 988
Energy - _ -961
(total strain) 5 Wyr=6.72(¢,) 914
Energy - - -884
(plastic strain) 6 Wrr 8.00(z.,) Al
Energy - (stress X _ 961
fotal strain) 7 Wyr=1,840(fmax €.) 922
Energy - (stress X _ 745
plastic strain) 8 WiT = 1,456(/max €) 918
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This series of tests served as an important reference for the experiments conducted in the present
study. However, Mander's tests were limited to small bar sizes (#16 metric designation) not
typically used for longitudinal reinforcement and only involved constant amplitude strain
histories. As a result, it is believed that further experimental research on the low-cycle fatigue
behavior of concrete reinforcement is necessary to gain a better insight into the damage process

and failure of reinforced concrete structures under seismic loads.

3.3  Test Setup

In order to simulate the effects of seismic loading on the concrete reinforcement (rebar), the
following test setup characteristics were identified:

e Tensile and compressive loading

e Accommodate full size specimens typically used for longitudinal reinforcement

¢ No physical alteration of the specimen over a given test length (six dp)

e Apply constant and variable amplitude strain histories to the specimen
The following considerations were also critical in the development of the test program:

e Use of existing facilities at NIST

e Re-usable gripping mechanism for transferring force to rebar

To induce low cycle fatigue behavior, the axial loads transferred to the specimen had to be
sufficiently large to yield the specimen. Mill report data (Table 3-2) provided for each bar size
(ASTM Designation A 615/A 615M — 96a, Grade 60[420] reinforcement) indicated an ultimate
stress of the material ranging from 655 to 725 MPa. This translated into a minimum design force
of 467 kN (105,000 1bf) for each component of the test setup. A factor of safety of two was
employed to ensure that any dynamic response of the system (resulting from the rapid release of

energy at specimen failure) would be safely accommodated.
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Table 3-2

Mill Report Data for Rebar Specimens

Bar Size Diameter Area Yield Stress Ultimate %
metric (std.) mm (in.) mm? (in.%) MPa (ksi) Stress MPa | Elongation
(ksi) in 203 mm

19 (#6) 19.1 (.750) 284 (.44) 420 (60) 620 (90) 9

22 (#7) 22.2 (.875) 387 (.60) 420 (60) 620 (90) 8

25 (#8) 25.4 (1.00) 510(.79) 420 (60) 620 (90) 8

3.3.1 Hydraulic Actuator and Reaction Frame

Typically, fatigue experiments are performed on specimens that are notched or machined down
to ensure that all damage and crack propagation occurs in a specific region. Minimum cross-
section diameters of such specimens (shown in Figure 3-3) are on the order of 5 - 10 mm and are
chosen based on the strength of the material. As a result, fatigue-testing machines (capable of
both tensile and compressive loading) usually have very limited force capacity. To
accommodate the force requirements of specimens with diameters up to 25 mm (and for future
experimental work on specimens with diameters up to 43 mm), a 2700 kN (tension/compression)
servo-driven hydraulic actuator and reaction frame system was identified as the only viable
alternative. In this system, two vertical columns (W12x87) are tied down to the facility's strong
floor, and a main crossbeam (composed of 2 - W36x170 sections) provides a reaction point for
the top of the specimen. The hydraulic actuator rests on two box beams, also tied down to the
strong floor, and imposes deformations by displacing the bottom of the specimen (shown in
Figure 3-4). The load frame is completed by a short W12x190 section aligned perpendicular to
the main crossbeam. This member acts to transfer load directly from the specimen gripping

mechanism to the main crossbeam.
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Diameter =
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5-10 mm

(@ (b)

Figure 3-3  (a) Gage length of rebar specimen used in present testing (b) Typical fatigue
test specimen used in conventional testing

Figures 3-4 and 3-5 provide a general schematic drawing of the load frame and hydraulic
actuator system. The vertical columns are oriented such that strong axis bending occurs with
deflections in the east-west direction. Since the loading was expected to be entirely concentric,
little attention was given to providing lateral support in the north-south direction (perpendicular
to page). Unfortunately, weak axis bending in the vertical columns led to severe north-south

deflections of the main crossbeam when the specimen was subjected to compressive forces.

Top and bottom plate
thickness =3.18 cm
wall thickness = 1.59 ¢cm

Actuator secured to
box beams with 8 -
3.18 cm dia. threaded
rods

Tied down to

strong floor \

Figure 3-4  Actuator and box beams anchored to strong floor
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East &——> West Main Crossbeam

2 - W36x190

:] E\wmwo

load transfer member

Vertical Colurnn

WI2x87 10509 (fully retracted)

- 600 kip (tension/compression)

. Shore Western hydraulic actuator
Tied down to strong floor ;i total stroke = 15.24 cm (6 in.)
with 2 - 4.13 cm dia.
threaded rods

Strong Floor
2 - Box Beams
for anchoring actuator
[ |

426.72

267.33

Figure 3-5 General schematic of load frame and hydraulic actuator (dimensions in ¢m)

3.3.2 Force Transfer to Specimen

In order to generate an inelastic response in each test specimen, sufficient axial force must be
transferred via shear stress over a specific development length (illustrated in Figure 3-6). It is of
utmost importance that any damage and subsequent fatigue failure occur in the specimen gage
length away from the gripping mechanism. Should the gripping mechanism lose its ability to
transfer force, yielding of the specimen was unlikely and the test could not be completed. The
task is usually accomplished by either increasing the cross-sectional area of the specimen
throughout the development length or decreasing the cross-sectional area within the specimen's

gage length.
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A pilot study was conducted in order to develop a suitable means for transferring force to the
specimen gage length. The concept under consideration is best described as swaging. A soft,
easily deformed material is placed between the specimen and large gripping blocks to act as a
force transfer medium. The assembly is placed in a compressive testing machine and a force is
applied such that the deformations present on the rebar impart their pattern on one side of the
medium and machined deformations on the gripping block impart their pattern on the opposite
side. The assembly is then bolted together and the gripping blocks are connected to the hydraulic

actuator and reaction frame.

$ Shear stress, 1s, acts over
(D &« development length, L,, to
- — generate inelastic response
in gage length.

Figure 3-6 Force transfer to specimen gage length

A simple force equilibrium equation was used to determine the required development length:
Pu= ITS dA (3-10)

where: P, =total factored force required to fail specimen
A = contributing area of transfer media
15 = shear stress developed in transfer media
Assuming a shear stress distribution as shown in Figure 3-7 and that only 40 percent of the
specimen's surface area participates in the force transfer process, equation 2-1 may be expressed

as:
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1
P, = —Z—meLo( 0.4)P; (3-11)
where:  Pg = perimeter of specimen
L, = required development length

Tmx = maximum shear stress developed in transfer media

2024 - T4 aluminum (Al) was chosen as the force transfer mediumThe ultimate shear stress of
this material is approximately 282 MPa. To avoid the potential for pullout, the allowable
maximum shear stress was set at 70 percent of this value, or 198 MPa. P, was obtained by

increasing the force required to fail each specimen by a factor of 1.4.

Ts = Tmx

€S> €D € € > S > &>
€D € S S S > S>>

Figure 3-7  Assumed shear stress distribution within development length

The concept was tested on a #16 (metric designation) Grade 60 rebar (Figure 3-8). The force
required to fail this specimen was approximated at 143.3 kN, resulting in a development length
of 10.16 cm. Two pieces of Al 0318 cm thick and 1.91 cm wide were used as the force transfer
medium. Figure 3-8 provides a detailed drawing of the gripping block (machined from AISI

1018 steel) used in the experiment. A uni-axial tension force was applied to the specimen using
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a 266 kN capacity SATEC Universal Testing Machine (UTM). The fabricated blocks gripped

only one end of the specimen with the other end held by standard tension grips.

|+9| 254
p i i
$2.54
Grooves milled to depth
T
9 cm, equall
/ o o o oot
®2.54 5.08
all units in cm
- 10.16 -]

Figure 3-8  Detail drawing of pilot grip for use with Grade 60, #16 rebar

Results from this experiment indicated that the swaging concept is an effective means of
transferring axial force to deformed rebar. The ultimate strength of the specimen was realized
without any pullout or slip in the gripping mechanism. Another very important observation was
that the milled-out deformations in the gripping block were damaged during the swaging process.
While this did not affect its ability to transfer force in this experiment, it was felt that repeated
swaging might lead to a reduction in the grip's performance. The following section describes

modifications made in the design of the prototype grip for implementation into the test setup.

3.3.3 Prototype Rebar Grip

The prototype rebar grip was designed to accommodate bar sizes ranging from 19 to 29 mm in
diameter. A required development length of 20.3 c¢m was determined using the procedure
outlined in the pilot study. To avoid damaging the grips during the swaging process, the
deformations were fabricated with a high-hardness weld diode. This ensures that the aluminium

force transfer medium is the only component to undergo inelastic deformations during swaging.

36



Flanges were also added that enable the grip assembly to be secured to the reaction frame and

hydraulic actuator. The final grip used in the testing is shown in Figures 3-9 and 3-10.

9.97 Deformations fabricated w/

I-— 0.72
12.38 1 /  high hardness weld diode
OEH0
R1.27 4

20.32

of
i
je

2.54 0.32

Figure 3-9 Detail drawing of prototype grip (all units in cm)

3.3.4 Load and Deformation Measurements

A 667 kN capacity (tension/compression) load cell was incorporated into the test setup as shown
in Figure 3-11. Two adapters, also shown, were required to connect the load cell to the hydraulic
actuator and specimen grip assembly. This configuration resulted in problems during testing due
to the relative slenderness of the load cell. When high compressive forces develop in the

specimen and buckling occurs, the load cell offers limited resistance to lateral deflections.
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Unfortunately, this was the only device available with the required tension/compression load

capacity.

Figure 3-10 Prototype rebar grip

Deformation measurements were made using two types of sensors. Linear variable differential
transformers (LVDTs) were mounted to the bottom of the grip assembly and positioned to
monitor the relative vertical displacement between grips. Additionally, a standard extensometer
with a gage length of 5.08 cm was attached directly to the specimen. The configuration of these

devices is illustrated in Figure 3-12.

Load cell/grip adapter

Mates to grip and
actuator adapter w/
5.08cm dia. studs.
Assembly is post-
tensioned to 556 kN
and secured w/
10.16cm OD lock rings.

667 kN tension/
compression load cell

Actuator/ load cell adapter

Figure 3-11 Load cell with actuator and grip adapters
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3.3.5 Data Acquisition and Control

The most important feature of this test setup is the closed loop active hydraulic control. A target
level of deformation (strain) is supplied to the control program, which then decides the required
direction of actuator displacement. The actuator is given small increases in command voltage via
a servo control box until the desired level of deformation has been obtained. Upon reaching the
target strain, the direction of the actuator's displacement is quickly reversed (so as not to
overshoot the target). The control program then receives a new target and the process is

repeated. This procedure is illustrated in Figure 3-13.

Figure 3-12 LVDTs and extensometer used for deformation measurements
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LVDT #1
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LVDT #2
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Extensometer

Actuator
LVDT

—>

Load Cell

Figure 3-13 Schematic of closed loop hydraulic control

3.4  Summary

A review of the literature on low-cycle fatigue testing of reinforcing bars indicated that the only
data set relevant to this study was a series of tests conducted by Mander and co-workers at the
University at Buffalo. A brief summary of Mander’s tests and findings were presented in this
section. Next, details of the experimental setup designed to carry out the proposed fatigue
experiments were described. The most important criteria used in the development of the rebar
grip was the fact that no physical alteration of the rebar across the gage length was permitted. A
preliminary reduced scale model of the grip was first fabricated and proof-tested prior to

fabricating the full-scale grip to be used in the fatigue testing. Results of the experimental testing

Power Supply and
Signal Conditioning
v
A/D PC and
Control
Converter
Program
Servo ‘L
Control D/A
Box Converter
Hydraulic
Actuator

are reported in the following section.
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SECTION 4
RESULTS OF FATIGUE TESTS ON REINFORCING BARS

4.1  Constant Amplitude Testing

The purpose of the constant amplitude tests is to establish a fundamental relationship between
strain amplitude and the number of cycles to failure. These results will form the basis for the
development of a fatigue-life relationship such that behavior under random loading is
predictable. A total of 34 constant amplitude tests were performed. Bar sizes tested include #19,
#22, and #25 (metric designations). Details of the testing and a summary of the results are

presented here.

4.1.1 Specimen Preparation

The first stage of specimen preparation is the deformation of the Aluminium (Al) force transfer
medium. A detail drawing of the aluminium used is provided in Figure 4-1. Each end of the grip
assembly was placed in a 1330 kN capacity SATEC UTM, and the maximum compressive force
is applied transverse to the specimen.

#19 and #22 #25
Y 1 F

N

6061 T-6 Al

2000 2000
V\\
2024 T-3 Al

1Y _1

%/— R1.27 F{/i R1.27
all units cm
0.64 : : 0.40
vT:"l:T.so 207

Figure 4-1  Force Transfer Medium Detail
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1.91 cm dia. guide pins were placed in the eight bolt holes to ensure that proper grip alignment
was maintained during the swaging process. Once the aluminium has been properly deformed,
the grip assembly is bolted together with eight 12.7 - 1.91 cm diameter bolts on each end. It is
extremely important that the exact alignment achieved during swaging is maintained throughout
the assembly process. If done properly, the four pieces of aluminium could be reused on
multiple specimens of the same bar size. Figure 4-2 and 4-5 illustrate the main features of

specimen preparation.

Figure 4-2  Deformation of Force Transfer Media with UTM

4.1.2 Observations and Results

Figure 4-6 provides typical stress vs. strain data recorded during these constant amplitude
experiments. In each experiment, the hydraulic control program was provided a target strain
value (.025 for experiment #24), and the level of deformation was applied cyclically at the given
value. The same rate of deformation was maintained for all experiments at approximately .001
strain/sec. Due to the size of the hydraulic actuator being used, very little could be done to alter
this rate of loading. The initial slope of the stress vs. strain graphs was roughly 200,000 MPa for
all tests indicating that the experimental setup was working as designed and that the

deformations of the aluminum were effectively excluded from the measured rebar strains.
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Figure 4-3  Specimen in Grips Ready for Bolting

Figure4-4  Securing Specimen in Rebar Grip

43



Figure 4-5 Completed Specimen Ready for Testing

Experiment #24

200
stress (MPa)

-0.03

0.03

strain (cm/cm)

Figure 4-6  Stress vs. Strain data: Experiment #24

A common observation made in all experiments was the formation of multiple fatigue cracks at
the base of rolled on deformations. The exact instant of the formation of a fatigue crack was not
readily discernable by the naked eye. The stress-strain plots also did not provide any clue on the

formation of the first fatigue crack. With the continued application of cyclic deformations,
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additional fatigue cracks would develop along the length of the specimen. It is important to note
that the presence of a fatigue crack, or even multiple fatigue cracks along the length of the
specimen, does not result in immediate failure. While it was often difficult to note the exact
cycle in which crack formation occurred, results from these tests indicate that as much as 40-50%

of the specimen's total fatigue-life still remains after initial crack formation.

The remainder of this chapter provides essential results from the constant amplitude experiments

performed. Complete stress vs. strain data for all experiments are reported in the thesis by Jeff
Brown (1996).

fatigue cracks also first crack occurs at

observed on location of smallest \
adjacent radius -
deformations additional cracks form

———— as test progresses

fatigue crack occurs
at base of rolled on
deformations

Figure 4-7  Location of Fatigue Crack Formation

#19m Specimens

Table 4-1 #19m Specimens: Constant Amplitude Results

Half Half Total Energy
Total Strain | Plastic Strain | Cyclesto | Cycles to to Failure
Amplitude | Amplitude | 1" Crack | Failure W
Experiment # +/-g +-gp Nf Nf (MPa)

21 0.015 0.011 56 87 725.5

22 0.0175 0.0135 31 61 600.1

23 0.02 0.0155 31 49 —

24 0.025 0.0198 17 30 478.9

25 0.03 0.023 9 22 385.8

26 0.0225 0.018 25 44 642.1
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Figure 4-10 Strain Amplitude vs. Total Energy to Failure

#22m Specimens

Table 4-2 #22m Specimens: Constant Amplitude Results

Half Half Total Energy
Strain Plastic Strain | Cyclesto | Cycles to to Failure
Amplitude | Amplitude | 1* Crack | Failure W
Experiment # +/-g +H-gp Ny Ny (MPa)
27 0.02 0.0155 23 46 570.3
28 0.0175 0.0135 33 61 608
29 0.0225 0.018 21 42 601.7
30 0.025 0.0198 21 38 655.7
31 0.0275 0.0229 15 22 428.2
32 0.015 0.011 43 92 8313
33 0.0125 0.0094 87 154 1123
34 0.0175 0.0135 35 95 1011.2
35 0.025 0.0198 22 38 633.8
36 0.03 0.023 10 24 518.8
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Figure 4-12 Fatigue-life Data (Plastic Strain)
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Figure 4-13 Strain Amplitude vs. Total Energy to Failure

#25m Specimens

Table 4-3 #25m Specimens: Constant Amplitude Results

Half Half Total Energy
Strain Plastic Strain | Cyclesto | Cycles to to Failure
Amplitude | Amplitude | 1% Crack | Failure Wh
Experiment # +-g, g, Ny N (MPa)
43 0.015 0.011 45 111 962.7
44 0.02 0.0155 33 61 767.6
45 0.025 0.0198 21 28 454.9
46 0.0175 0.0135 21 78 884.4
47 0.0225 0.018 15 44 672.5
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Figure 4-15 Fatigue-life Data (Plastic Strain)
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Figure 4-16 Strain Amplitude vs. Total Energy to Failure

4.2 Random Amplitude Testing

In order to investigate the low-cycle fatigue behavior of concrete reinforcement under seismic
loading, random amplitude strain history experiments were also performed. These tests could be
utilized to calibrate and validate a cumulative damage model that characterizes low cycle fatigue
behavior under seismic loading. A brief summary of the random strain histories utilized in the

experiments and a summary of the observed results are described in the succeeding sections.

4.2.1 Generation of Random Amplitude Strain Histories

The strain histories used in the present study were chosen to match the random loading histories
developed by Kunnath et al (1997) to investigate load path effects in cumulative seismic damage
of RC bridge piers. In the study by Kunnath et al., three classes of displacement histories (each
class containing several specific histories) were derived from ground acceleration data that were
expected to result in varying levels of damage. By assembling event histories from each of the
classes in pre-arranged orders to reflect different damage scenarios, load histories for each of the

six specimens tested were created. Table 4-4 describes the purpose of each load history class.
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More information regarding the procedure and techniques used to determine the random

displacement histories is available in Kunnath et al (1997).

Table 4-4 Description of Load History Classes Used for Random Testing

Class Description

Minor earthquake activity not expected to
I severely damage structural components.
Also used to simulate aftershock activity.

Moderate to substantial earthquake activity

II

signifying a major event.

Severe earthquake expected to result in
" high levels of damage to structural

components. This class of histories was

used to ultimately fail each specimen.

The procedure used to test the model columns involved imposing lateral cyclic deformations at
the column tip. Before the load history data could be applied in the present study, it was
necessary to convert these tip displacements into equivalent strains occurring in the column's
plastic hinge region. Paulay and Priestley (1992) have proposed the following relationship for

determining plastic curvature resulting from plastic tip displacements (Figure 4-17):

o LA (L=05l,)

p lp

(4-1)

where: @, = plastic curvature
Ip = plastic hinge length
Ap = plastic tip displacement
L =length of column
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linear strain profile

Figure 4-17 Assumed Curvature-Strain Relationship

Once the equivalent plastic curvature has been determined, plastic strains may be obtained with

the relationship:
@,d’
Ep = 5 4-2)
where: g = plastic strain

d' = distance between extreme longitudinal rebars
This relationship assumes that depth of the neutral axis remains essentially the same for both
forward and reverse cycles, which is reasonable for bridge columns with low levels of axial
loads. Further, the computation of plastic strain using the above relationships are approximate.
For the purpose of generating random amplitude strain histories, however, it was deemed
sufficient. In order to implement each strain history into the hydraulic control routine, it was
necessary to eliminate strain cycles with peak to peak magnitudes less than .001. This limitation
was a result of the actuator's inability to produce sufficiently small displacements without
overshooting the target. Table 4-5 summarizes the actual strain histories used in the random
amplitude tests. The table also shows the total energy dissipated prior to fracture of the
specimen. The number of cycles to failure varied from one experiment to another because of the
random nature of the imposed history. Additional discussion on random amplitude tests and
converting random cycles into equivalent constant amplitude cycles is presented in the next

section.
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Table 4-5 Imposed Strain Histories for Random Amplitude Experiments

Loading Total
History Energy to
Experiment Case Failure
(bar size) Sequence Earthquake Record Strain History
Loma Prieta 1989 -
il (Presidio) .
I Imperial Valley 1979 -
37 I (Superstition Mountain) 4528 o
(22) m San Fernando 1971 ) °
(2011 Zonal Ave.) o
a-n* San Fernando 1971 -
(455 S. Figueroa) o
Imperial Valley 1979 -
I (Superstition Mountain) ~
. I San Fernando 1971 - mh n n M P\
(2011 Zonal Ave.)
(22) IIIII Loma Prieta 1989 689.4 - Wl .M' ST
(Presidio) o r w r r
1-3) San Fernando 1971 -
(455 S. Figueroa) -
San Fernando 1971 .
I (Orion Blvd.) -
I San Fernando 1971 w
39 II (2011 Zonal Ave.) B
22) I El Centro 1940 563.8 -
I San Fernando 1971 ¥
(455 S. Figueroa) -
(1-4) San Fernando 1971 -
(Orion Blvd.) -
I -
I ”
40 I .
11 random history #4 500.3 -
(22) I '
(1-5) w
I -
41 I .
I random history #5 662.4 -
(22) I "
2-4 -
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Table 4-5 (continued) Imposed Strain Histories for Random Amplitude Experiments

Experiment
(bar size)

Loading
History
Case
Sequence

Earthquake Record

Total
Energy to
Failure
(MPa)

Strain History

42
(22)

I
I
2-1

random history #6

507.9

E B 8§ & 3

48
(25)

IT

I
@-4)

random history #1

600

H

sle & 8 & .

49
(25)

II

II
I
2-2)

random history #4

520.1

. &8 8 B E §|8

50
(25)

Il
II

I
G-2)

random history #3

695.9

E 0 st &8 5 &

51
25)

II
II

I
G-2)

random history #3

711.4

P
2 8§ & ®& &l & g o 2
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Table 4-5 (continued) Imposed Strain Histories for Random Amplitude Experiments

Loading Total
History Energy to
Experiment Case Failure
(bar size) Sequence Earthquake Record (MPa) Strain History
I -
I .
ég) III random history #7 806.3 J-M A-M ﬁ- ﬁ-
I . l"l"’”'lpl"’”' "'H'lVl'lvl'
3-5 .
II -
I -
ég) III random history #3 6860 | - MA MA A‘M
I
(3-4 .
II
I
ég) III random history #3 625.4
m
(-2
I
II
(32) III random history #7 813.0
11
(3-5)

**(n - m) indicates specimen survived n full sequences and failed during event m of following sequence

4.3 Observations

Figure 4-18 provides stress vs. strain data obtained from experiment #48. Fatigue crack and
failure patterns were similar to those encountered during the constant amplitude experiments.
Several fatigue cracks along the specimen's length would develop at the base of rolled on
deformations roughly half way through each experiment. Each crack would continue to

propagate throughout the remainder of the experiment until rupture finally occurred. Prior to the
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last one or two cycles, it was not possible to recognize exactly which crack would result in
rupture. This indicates that, even after crack formation, the entire length of the specimen is

absorbing deformations.

Experiment #48

stress (MPa) 00

0.05

strain (cm/cm)

Figure 4-18 Stress vs. Strain Data: Experiment #48

A particularly interesting observation made during these experiments was related to the behavior
of the buckled profile. In the constant amplitude tests, the specimen's buckled profile varied
from perfectly straight to severe in tension and compression, respectively. In the random
amplitude tests, however, it was common for large tension cycles to permanently increase the
length of the specimen. When the following compression cycle was experienced, a new buckled
profile would result. Until the specimen was subjected to a tension cycle of near equal or greater
magnitude than the previous maximum, there was a tendency for the buckled profile to remain
during smaller tension cycles. This observation is illustrated in Figures 4-19 and 4-20, which

show a slight buckled profile remaining just prior to and after tension rupture.
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Figure 4-19 Fatigue Crack Just Prior to Failure (Experiment #48)

Figure 4-20 Final State of Specimen After Rupture
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44  Summary

Results of fatigue testing on three different rebar sizes under both constant-amplitude loading
and variable amplitude loading were summarized in this section. Constant-amplitude tests
consisted of reversed cyclic strains in the range of 0.015 to 0.03. The strain histories for the
random-amplitude tests were determined from analytically estimated rebar strains in the plastic
hinge region of a flexural bridge column subjected to a series of earthquake loads. Fatigue life
was defined in two ways: (1) the occurrence of the first crack as determined by visual
observation; and (2) the rupture of the rebar. In addition to calibrating the number of half-cycles

to failure, the total strain energy was also established for each rebar size.

59






SECTION 5
ANALYSIS OF RESULTS, OBSERVATIONS AND SIGNIFICANT
FINDINGS

In this section of the report, existing fatigue models are applied to the constant amplitude fatigue
experiments and these relationships are extended to address random loading histories. Issues
regarding cycle counting techniques will also be examined. Finally, results of these experiments

will be compared to those of Mander et al (1994).

5.1 Fatigue-life Models

The objective of a fatigue-life model is to predict the failure of a material or component
subjected to cyclic loading. By examining quantities such as total strain amplitude, plastic strain
amplitude, absorbed energy, and number of cycles to failure from experimental data, observed
trends become the foundation for such models. In general, fatigue-life models for constant

amplitude experiments take the following form:

y=a(x)’ (-1)

where: y = deformation quantity
x = number of half or full cycles to failure

a and ¢ = constants derived from experimental data

When plotted on a log-log scale, the above relationship becomes linear. This is a commonly
observed phenomenon in fatigue-life testing. As seen in the plots presented in Chapter 4, the
data collected during these experiments also follows this trend. Each of the following
subsections will document the application of various existing fatigue-life models. This will

provide the necessary calibration constants required for the analysis of random load histories.
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5.1.1 Total Strain Amplitude

Koh and Stephens (1991) proposed the following fatigue-life model used to relate total strain

amplitude to the corresponding number of half cycles (or strain reversals) to failure:

A&

sa = =M(2N,)" (5-2)

where: g, = total strain amplitude
Ag = total strain range (€,,,, - €)
M and m = material constants

2Nf=number of half cycles to failure

It is important to establish precisely the definitions of the variables used in the above equation.
Consider the simple constant amplitude strain history shown in Figure 5-1. In this case, the total
number of half cycles to failure is four. This is the result of having been subjected to cyclic
deformations at a constant level of +/- €,. For random load histories, the equation is easier to

implement in terms of Ae since this quantity represents the total strain range experienced during

a single half cycle.
2Nr=1 2Ny=3
& }
v
Ear \/ \/ Aj
2Ny=2 2Nr=4

Figure 5-1  Simple Constant Amplitude Strain History

Curve fit data for all three bar sizes tested is presented in Figure 5-2. Resulting fatigue-life

curves generated for each bar size are very similar, and a fatigue-life curve obtained by
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combining results from all of the constant amplitude experiments fits the data very well.
Without additional testing to create a statistically valid database of fatigue-life data, any
conclusion regarding bar size effects may be premature. From the data collected, however, the
following general trend was observed: At high deformation amplitudes, smaller bar sizes exhibit
a slightly higher resistance to fatigue failure. At relatively low levels of deformation amplitude
(high number of cycles to failure), larger bar sizes offer better resistance. This trend may also be
a result of the rolled on deformation geometry in combination with the specimen's cross-sectional

arca.

Another fatigue model involving total strain amplitude was also considered. This model, again
proposed by Koh and Stephens, includes the effect of strength degradation by considering the
stress developed at the tension peak corresponding to the specimen's half-life. The following

expression summarizes this relationship:

Eofmx =C(2N; )y (5-3)

where: f;;; = maximum tensile stress at the half-life of each specimen

C and y = material constants

Figure 5-3 presents fatigue-life curves that appear very similar to those shown previously. The
only major difference is that the y-axis is scaled by the corresponding maximum tensile stress
achieved at the specimen's half-life. It is difficult to draw certain conclusions about the value of
stress obtained at the specimen's half-life since both strain hardening and strength degradation

effect this number simultaneously.
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Figure 5-2  Fatigue-life Curves Considering Total Strain Amplitude

5.1.2 Plastic Strain Amplitude

#22 Specimens
Total Strain
0.1
o
3 y=0.11x%%
g* R*=0.94
&
g PN
,Eé * « L]
0.01
10 100
2N/
(b)
All Specimens
0.1 - Total Strain
3
2 o
B y=0.11x""
g
£
g
E

1000

1000

When considering low-cycle fatigue, it is often common to focus only on the plastic strain

experienced by the specimen. The original Coffin-Manson equation (1953-54) was of this sort

and served as the basis for many subsequent fatigue-life models. Figure 5-4 illustrates the

difference in plastic strain amplitude, Ag,, and total strain amplitude, Ae

Lorenzo and Laird (1984) also proposed a modification to the Coffin-Manson equation that

includes the effects of maximum stress at each specimen's half-life. Fatigue-life curves and

resulting curve fit equations are presented for each bar size tested in Table 5-3.
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Figure 5-3  Fatigue-life Curves Modified for Max Stress at Specimen Half-Life

Table5-1  Summary of Fatigue-life Curves: Koh and Stephens' Model for Total Strain
Bar Size Curve Fit r
19 g, = 0.142(2N))* 984
22 £,= 0.115(2Np* 937
25 €, = 0.091(2Nf)‘“377 975
all tested £, = 0.1122Np™ 941
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Table 5S-2  Summary of Fatigue-life Curves: Koh and Stephens' Modified for Strength

2

Bar Size Curve Fit r
19 Jmx €= 97.192NH 974
22 Jmx €= 81.4802Np*" 945
25 Jmx £ = 62.892Np 974
all tested Smx &= T1.61QNpY™* 939
Experiment #32

stress (MPa) o

-0.02 0.02

n (cm/cm)

Figure 5-4  Plastic Strain Amplitude, A€,

Table 5-3  Summary of Fatigue-life Curves: Coffin-Manson Model for Plastic Strain

Bar Size Curve Fit r
19 g = 0.124(2Np 968
22 g = 0.1052Np" 939
25 £ = 0.088Q2Np 960

all tested gap = 0.10202Np" 938
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Figure 5-5  Fatigue-life Curves Considering Plastic Strain Amplitude

Table 5-4  Summary of Fatigue-life Curves: Lorenzo and Laird Modified for Strength

Bar Size Curve Fit e
19 Sins: € = 85.202Np>* 953
2 Sinx €y = 433N 946
25 Sin € = 60.62(2Np 960

all tested S €= T0.50(2Np ™ 933
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Figure 5-6  Plastic Strain FLCs Modified for Max Stress at Specimen Half-Life

The data collected during these constant amplitude experiments appears to follow very closely
the trends established in existing fatigue-life models. The experiments were useful in obtaining
the material specific quantities that each model requires. Unfortunately, there is insufficient data
present to draw any firm conclusions regarding the effect of bar size. With reference to equation
5-1, the a and c terms present both tend to decrease as the bar size increases. Including all
specimens in the curve fit process yields a result most closely related to the #22 specimens. This
is most likely a result of the non-proportional quantity of data associated with these specimens.
Overall, however, the curve fit obtained from including all specimens tested appears to provide
an acceptable relationship between number of half cycles to failure and deformation amplitude

for all bar sizes (#19-#25).

68



The fatigue-life models containing provisions for the maximum stress experienced at the
specimen's half-life differ very little from those considering only deformation amplitude. This is
to be expected since the maximum stress experienced will not vary considerably after yielding.
The original formulation was intended to include the effects of mean stress, presumably in the
high cycle fatigue range. Curve fit data was provided for the purpose of comparison with

previous work and will not be utilized in the analysis of random load histories.

5.1.3 Energy Based Formulations

Mander et al (1994) proposed several fatigue-life models that relate total energy absorbed by the
specimen and deformation amplitude. This particular quantity is obtained by numerically
integrating the stress vs. strain data collected during each experiment. Similar to the fatigue-life
models discussed previously, deformation quantities are described in terms of total strain
amplitude, plastic strain amplitude, and a product of each quantity with the maximum stress
achieved by the specimen during each experiment. Details of these four models were presented

in Section 1.

Total strain amplitude vs. energy to failure is plotted in Figure 5-7 for all specimens tested.
There is certainly an observed trend; however, the correlation is not as well defined as with the
previous fatigue-life models. As the total deformation amplitude decreases, there is an increase
in the energy absorption capacity of the specimen. Even though the quantity of energy absorbed
during each cycle is greater for larger deformation amplitudes, the damage incurred reduces a
specimen's energy capacity at a rate faster than that of smaller deformations. Curve fit data for

these models is provided in Table 5-5.
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Figure 5-7  Total Strain Amplitude vs. Energy to Failure

Table 5-5  Curve Fit Data for Energy Based Models Proposed by Mander et al (1994)

Model Curve Fit r
Energy - s
) Wyr=2.16(g,)" ‘ .688
(total strain)
Energy - 781
Wﬂ" =2.50(g,,)" .678

(plastic strain)

Energy - (stress X
WyT=2123.5(fmax g,) 5% 677
total strain)

Energy - (stress X W 246177 o 667
= . Ea) .
plastic strain) T rax e

5.2 Observations on Stress vs. Strain Behavior

Another phenomenon that can also be attributed to fatigue is strength degradation. As the
specimen repeatedly deforms to its maximum level of deformation, the corresponding stress at
subsequent cycles will be different. This is a very important concept in the global modeling of

RC columns since a loss of strength in a column's reinforcement will tend to alter its moment-
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curvature (hysteresis) behavior under cyclic loading. These experiments offered an excellent
opportunity to monitor strength decay and relate this quantity to the specimens' deformation

amplitude.

A convenient way to monitor strength decay is by normalizing all peak stresses recorded for each
cycle, f;, with respect to the stress achieved at the first peak, f,. Tension and compression peaks
are treated separately to better observe the trend in each. Figure 5-8 provides a plot for select
#19 specimens of f; / f,, vs. number of full cycles to failure at each tension peak. The first few
cycles in every experiment possess f; / f, ratios greater than 1 as a result of strain hardening. The
maximum ratio achieved is a function of the level of imposed deformations. Larger strain
amplitude cycles will result in higher degrees of strain hardening. After the peak ratio has been
obtained (near the second or third cycle), the f; / f, ratio begins to decline, the rate of which is,
again, dependant upon the level of imposed deformation. Larger strain amplitude cycles will

lead to a higher rate of strength decay.

Figure 5-9 shows a similar plot for compression peaks. Unlike the tension peaks, no strain
hardening is visible and strength decay begins immediately. The rate of decay is observed to be

a function of the deformation amplitude and remains essentially constant up to specimen failure.

What is most interesting to note about both tension and compression peaks is that soon after a f; /
fo ratio of approximately 0.75 is reached, the rate of strength decay increases dramatically and is
followed closely by failure. This trend does not seem to be affected by deformation amplitude
and was observed in the majority of experiments. f;/f, data for each experiment is located in the

appendix.
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Figure 5-8  f,/f, vs. Nf for Different Strain Amplitudes (Tension Peaks)
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Figure 5-9  f./f, vs. Nf for Different Strain Amplitudes (Compression Peaks)
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5.3 Random Amplitude Strain History Analysis

Data collected during the constant amplitude experiments provided a relationship between
deformation amplitude and number of cycles to failure. The objective of this section is to apply
this relationship, in combination with an appropriate cycle counting technique, in an attempt to

predict failure under random cyclic loading,.

Miner (1945) proposed a simple model that assumes a linear accumulation of damage as a

function of the number of cycles experienced at a specific deformation amplitude:

1
D, = (5-4)
(i)
2N )

where: D = damage index
Dyj) = resulting damage from one half cycle at deformation &;)

2Nf(i) = number of half cycles to failure at deformation level &j)

In a constant amplitude experiment, failure is always indicated by a damage index equivalent to
one. For random load histories the same is expected to be true; however, since this model does
not take into account sequence effects, computed damage indices often differ. By applying this
linear accumulation rule to the data collected in the random deformation history experiments,

conclusions regarding its applicability may be formed.

5.3.1 Rainflow Cycle Counting Method

For random strain histories in which there are relatively few cycles to failure and the majority of
damage is attributed to large strain reversal, the rainflow cycle counting is most commonly
employed (Suidan and Eubanks, 1973). The objective of this method is to identify strain ranges
in a random history such that fatigue-life curve data may be used in the computation of Miner's

damage index.
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If the random load history is rotated 90 degrees (as shown in Figure 5-10), the resulting profile
resembles a series of pagoda style roofs. By carefully monitoring the behavior of a fictitious
rainfall (hence the name) as it flows down the series of roofs, equivalent full and half cycles are
determined. Rules governing the flow of rain are somewhat difficult to verbalize; however,
combined with an example, the method becomes clear. A new water source begins to flow down
the roof at every peak. Flow from each source will continue until: (a) it falls from a roof and
does not land on a roof below; (b) water falling from a peak crosses a stream flowing in the same
direction that originated at a peak of larger opposite magnitude than the flow being terminated;

or (c) water running down a roof is met by water falling from a higher roof.

Consider the random strain history shown in Figure 5-10. Flow begins at A and falls off the roof
at B. This flow is terminated at B, representing one half cycle of magnitude A-B, since it would
fall onto a stream originating at C (of larger opposite magnitude than A). Flow beginning at B
would stop at C due to a similar situation with the stopping flow originating at D. Water flowing
from C to D, E to F, G to H, and I to J all represent half cycles terminated due to either
intercepting flow originating at a peak of larger opposite magnitude or not falling on any roofs
below. Flow originating at F, H, and J is stopped as soon as it intercepts flow falling from E, G,

and I, respectively.

Table 5-6 provides a summary of the resulting strain ranges when this method is applied to the
sample random strain history. The algorithm was implemented in a simple C++ computer

program for use with the actual strain histories.

5.3.2 Calculated Damage Indices

After applying the rainflow cycle counting method to the random strain histories, it is possible to
compute a resulting damage index based on the constant amplitude experimental results. Recall

that for a given strain range:
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Figure 5-10 Sample random load history to demonstrate rainfall counting method

Table 5-6  Resulting Deformation Ranges from Sample Strain History

Strain Range Number of Half
Ae Cycles
A-B 1
B-C 1
C-D 1
D-K 1
E-F 2
G-H 2
IJ 2
K-L 1
%‘5 =a(2N, ) (5-6)

Rearranging and solving for 2Ny

Agl/c

' g D
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Equation 5-7 can be used to determine the number of cycles to failure for a strain range Ag(;).
The corresponding 2Ny;;) is used in Equations 5-4 and 5-5 to compute the damage index.
A total of four damage indices were computed for each random amplitude experiment:
e D, - a and c values were obtained from total strain range curve fit data. All constant
amplitude experiments were considered.
e D, - Similar to D, except only the constant amplitude experiments involving the same bar
size under consideration were used to determine a and c.
e D, - aand c values were obtained from plastic strain range curve fit data. All constant
amplitude experiments were considered.
e D, - Similar to D, except only the constant amplitude experiments involving the same bar

size under consideration were used to determine « and c.

For the damage indices involving plastic strain amplitude, the elastic portion of each deformation
range must be removed. This is a very difficult quantity to determine due to the Bauschinger
effect. After initial yielding of the specimen occurs, subsequent yield points are not well defined
and vary with each cycle. Rather than determining the plastic strain ranges directly from the
collected data, a linear relationship was obtained from the constant amplitude experiments that

relates this quantity to total strain range:

g, = 0.8334¢ - 0.0023 (5-8)

where: Agp = plastic strain range

Ag = total strain range

Calculated damage indices are presented in Table 5-7. Even though an ideal value of one was
not obtained for all cases, the computed damage indices do provide a good indication of when
failure is likely to occur. There is also relatively close agreement between indices based on
plastic and total strain amplitude. Additionally, the computed damage indices do not appear to
be sensitive to a and ¢ constants determined from each specific bar size. Utilizing curve-fit

expressions from all constant amplitude experiments also provides similar results.
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It is difficult to say with confidence why some of the specimens performed better than others.
There is certainly enough scatter in the constant amplitude data to account for some error in the
random strain history experiments. The sequence of applied deformation may also have an effect

on the total fatigue-life, a factor not considered by Miner's damage index.
5.4  Cumulative Damage Approach

The damage indices computed in the previous section are very useful in making predictions
regarding fatigue failure. However, this approach fails to address the ultimate effect of fatigue: a
reduction in specimen ductility due to the repeated application of load or deformation. This
concept is illustrated for a constant amplitude experiment in Figure 5-11. As soon as the tensile
strain exceeds the maximum tensile strain limit, failure occurs. Assuming a linear relationship
between the number of strain reversals and the maximum tensile strain limit, the following

equation may be used:

-Ag/2
- =go_(go_g__)(HC) (5-9)
2N,
where: €z, = maximum achievable tensile strain
€0 = initial tensile strain capacity

HC = number of strain reversals experienced by specimen

This relationship can be further manipulated to determine the maximum achievable tensile strain

after experiencing i strain reversals during a random amplitude experiment:

(a-Ag;,/2)(2a)"¢

1/¢
Ae(,-)

Emx(i) = Ems(icl) (5-10)
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Table 5-7  Calculated Damage Indices for Random Amplitude Experiments

D, D, D, D,

Experiment # | Total Energy to | (total strain, (total strain, (plastic strain, (plastic strain,
(bar size) Failure (MPa) | all specimens) | specific bar size) | all specimens) | specific bar size)
37 (#22) 452.8 0.669 0.651 0.650 0.635
38 (#22) 689.4 1.218 1.186 1.183 1.157
39(#22) 563.8 0.810 0.790 0.793 0.778
40(#22) 500.3 0.765 0.744 0.746 0.730
41(#22) 662.4 0.944 0.921 0.930 0.913
42(#22) 507.9 0.719 0.702 0.703 0.689
48(#25) 600 0.787 0.737 0.780 0.740
49(#25) 520.1 0.785 0.787 0.768 0.759
50(#25) 695.9 1.107 1.128 1.080 1.080
51(#25) 711.4 1.131 1.150 1.107 1.104
52(#25) 806.3 1.414 1.433 1.384 1.379
53(#25) 686.0 1.248 1.269 1.222 1.219
54(#25) 625.4 1.083 1.096 1.059 1.054
55(#25) 813.0 1.363 1.377 1.335 1.326
Average 631.05 1.003 0.998 0.981 0.969

Std. Deviation 108.1501 0.24233 0.257132 0.236666 0.241187

In this equation, €, has been replaced with the experimentally determined constant, a. Suidan
and Eubanks (1973) reported that this quantity is a reasonable approximation of the ultimate

tensile strain. Mill report data also supports this assumption. Figure 5-12 provides the actual
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strain history used in experiment number 41 along with the resulting maximum tensile strain as

computed with equation 5-10. Failure of the specimen is predicted with reasonable accuracy by

the damage model. Similar plots for all tests can be found in Brown (1996).
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Figure 5-11 Cumulative Damage in Generic Constant Amplitude Experiment
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5.5  Application to Reinforced Concrete

It is important to realize that low-cycle fatigue failure of reinforcement is only one potential
failure mode in a RC member. Though the damage model outlined in the previous section is
capable of predicting failure in concrete reinforcement with some degree of accuracy, it does not
address the effects of fatigue on confining steel or the performance of surrounding concrete.

Such issues are beyond the scope of this research.

Rather than using this information to predict the exact point in a deformation history that a RC
member is expected to fail, it is perhaps more logical to simply identify when low-cycle fatigue
of reinforcement becomes a potential failure mode. Mander et al (1988) have shown that the
ultimate strain achievable in well-confined concrete is near .05. It would be very unlikely that
strains of any magnitude greater than this could be imposed on a member's reinforcement
without also resulting in significant visible damage to surrounding concrete. Figure 5-1
illustrates this concept. As the maximum tensile strain limit drops below .05 (perhaps some
other threshold value is more appropriate), low-cycle fatigue failure of reinforcement becomes a
potential failure mode. Once this point is reached, the usable service life of a member has been

spent and provisions for its retrofit or replacement should be considered.

Another observation made during these experiments that is also potentially relevant to RC was
the inelastic buckling behavior exhibited by each specimen. Recall that considerable lateral
bracing was employed in attempt to control this response with somewhat limited success. As
mentioned previously, tension rupture of confining steel is a common failure mode in RC. The
mechanism involved in this failure mode is not readily quantifiable in terms of plane section
curvature and may in fact be heavily influenced by buckling of longitudinal reinforcement. Even
at strains as low as .015, which far exceed the ultimate compressive strain of unconfined
concrete, significant bar buckling was observed. Experimental results reported by Kunnath et al
(1997) also support this observation in that all tension rupture failures of confining reinforcement

were preceded by longitudinal bar buckling. This phenomenon may also have an adverse effect
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on nearby concrete since any buckling between lateral reinforcement may also lead to a loss in

confinement. Longitudinal bars, however, may buckle without rupturing the ties.
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Figure 5-13. Damage Progression and Resulting Potential Failure Modes

5.6  Comparison With Previous Work (Mander et al, 1994)

The only other

readily available information for comparison of results consists of a relatively

small number of tests presented by Mander et al (1994) (specific details regarding these tests are

presented in Section 1). Figure 5-14 provides the fatigue-life curves for total strain amplitude

from Mander's 1994 study and the current study. The slopes of both curves are very similar;

however, the current study results indicate consistently longer fatigue lives for the strain

amplitudes under consideration. This is primarily due to the definition of fatigue life — which in

Mander’s study was defined as the appearance of the first fatigue crack while here it was

considered at specimen failure.
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Figure 5-14 Comparison of Fatigue-life Curves: Current Study vs. Mander et al (1994)

Table 5-8 summarizes curve fit predictions from both studies. The following additional items

have been identified as possible causes for differences in results:

e The deformation measurement technique employed in the present study results in a measure
of average strain across the full gage length and not the peak strain experienced at the
location of the fatigue crack. This would account for the resulting longer fatigue lives.

e The measurement technique employed by Mander does not accurately reflect specimen
deformations due to inelastic buckling. Experiments performed in the current study with a
similar technique did not yield consistent results.

e The specimen preparation process used in Mander's study involved welding. This may have
resulted in the specimen test length being exposed to extremely high temperatures, thereby

altering the fatigue-life of the material.

There are also several other variables that must be considered: different grades of concrete
reinforcement were used, a different size of reinforcement was tested, and the rate of deformation

differed by almost a factor of five. It must be noted, therefore, that since fatigue-life results are
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extremely sensitive to experimental techniques, careful consideration must be used in their

application to RC.

Table 5-8  Fatigue-life Summary (Curve Fit Predictions)

Present Study Results Mander et al (1994)
Total Strain Amplitude (2Np (2Np
015 104 41
.02 53 22
025 32 13
.03 21 9

Note: 2N; in Mander’s tests were defined at the appearance of the first fatigue crack. In this study, it was

defined at failure of the specimen.

5.7  Summary

The results of the fatigue testing presented in Section 4 were applied to numerous existing
fatigue-life models. Fatigue life relationships for total strain amplitude and plastic strain
amplitude were established. Correlation between total and plastic strain indices to the total strain
energy was verified. Damage relationships were derived from the fatigue models developed for
the constant-amplitude tests. The rainflow counting method was used to determine the number

of cycles for the random amplitude tests.

The primary scope of this research is to contribute to current efforts in the development of
performance-based criteria for the seismic design, retrofit, and repair of reinforced concrete
bridge columns. It is the premise of the study that there exists an implicit relationship between
seismic performance of a structural component, the imposed demand on the element and its
capacity. The inter-relationship of these quantities can be derived through damage models.

Consequently, the derivation of basic relationships to improve existing damage model
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formulation so as to enable their use in practical design applications is also a significant objective

of the study.

The following constitutes a brief summary of the essential findings of the research effort:

1. Bar size has a noticeable effect on fatigue life. Reinforcing bars with larger diameters
exhibited improved fatigue characteristics.

2. Results of the testing indicate that definition of fatigue life is important when comparing
different fatigue-life models. In this study, fatigue life was defined at the actual rupture
of the rebar and not the first identification of a fatigue crack. In the present case it was
found that the fatigue life expressions derived in this study varied significantly from those
obtained by Mander et al. (1994) since the definition of fatigue life differed in the two
studies. Additionally, the experimental setup, particularly the assembly and procedure
used to grips the rebars, may have contributed to some of the observed differences.

3. Better correlations were obtained with damage models using total strain and plastic strain
as opposed to energy-based formulations. The total energy dissipated to failure as a
function of strain amplitude did reveal some trend, however, it was less reliable than
measures utilizing strain-based parameters.

4. The rate of strength (stress) decay across tension peaks of the rebar can be an important
precursor of failure. Strength loss beyond 75% of the original peak stress was rapid and
catastrophic. The rate of decay for compression cycles was masked by local buckling
phenomena.

5. The rainflow counting method was found to be satisfactory in dealing with random strain

amplitudes, as would be expected in earthquake loading.
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