Technical Report Documentation Page

1. Report No. 2. Government Accession No.

CA14-2240

3. Recipient’s Catalog No.

4. Title and Subtitle

Required Embedment Length of Column Reinforcement Extended into Type Il Shafts

5. Report Date

9/27/2013

6. Performing Organization Code

7. Author(s)

Juan Murcia-Delso, P. Benson Shing, Andreas Stavridis, and Yujia Liu

8. Performing Organization Report No.

UCSD/SSRP-13/05

9. Performing Organization Name and Address

10. Work Unit No. (TRAIS)

Department of Structural Engineering
University of California, San Diego

11. Contract or Grant No.

9500 Gilman Drive, Mail Code 0085

La Jolla, California 92093-0085 59A0710

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered

Final R
California Department of Transportation inal Report

Division of Engineering Services 14. Sponsoring Agency Code

1801 30t St., MS #9-2/5I
Sacramento, California 95816

15. Supplementary Notes
Prepared in cooperation with the State of California Department of Transportation.

16. Abstract

Cast-in-drilled hole (CIDH) shafts are frequently used to support reinforced concrete bridge columns because they have smaller footprints as compared to spread
footings. The use of enlarged (Type Il) pile shafts has additional advantages in that they provide more tolerance in pile positioning and also prevent the formation of
below-surface plastic hinges in the piles in the event of a severe earthquake. The latter will lead to easier post-earthquake damage inspection. According to the
specifications of the California Department of Transportation (Caltrans), the diameter of a Type Il shaft shall be at least 610 mm (2 ft) larger than the cross-section
dimension of the column. Hence, the column reinforcement extended into a pile shaft forms a non-contact splice with the shaft reinforcement. Because of the lack of
information on the performance of these splices, the seismic design specifications of Caltrans on the embedment length of column reinforcement terminating in a Type
I shaft are very conservative, especially for large-diameter columns. This complicates the construction work and increases construction costs.

This report presents an experimental and analytical investigation to determine the minimum embedment length required for column longitudinal reinforcement extended
into a Type Il shaft and the transverse reinforcement required in the bar anchorage regions of these shafts. Experiments were carried out to investigate the bond
strength and cyclic bond deterioration of large-diameter bars (No. 11, 14, and 18 bars), which are frequently used in large-diameter bridge columns and piles, and to
evaluate the adequacy of the development length requirements in the AASHTO LRFD Bridge Design Specifications for these bars when they are subjected to severe
cyclic tensile and compressive loads. Such data were not available in the literature and are crucial to acquiring a good understanding of the anchorage performance of
large-diameter bridge columns when they are subjected to a severe earthquake event. The experimental results have been used to develop, calibrate, and validate a
semi-empirical bond-slip model for bars embedded in well-confined concrete. The model can successfully reproduce bond deterioration caused by cyclic bar-slip
reversals and the tensile yielding of the bar. It has been implemented in an interface element in a finite element program.

While the development length tests have indicated that the AASHTO requirements are adequate to develop the expected yield and tensile strengths of a large-
diameter bar, further numerical studies using finite element models and Monte Carlo simulations have indicated that they do not have sufficient reliability to develop the
full tensile capacity of a bar when uncertainties in material properties and construction quality are considered.

In addition, large-scale tests were conducted on four column-pile shaft assemblies. Based on these tests, additional finite element analyses, and the aforementioned
reliability analysis, new design recommendations on the minimum embedment length for column reinforcement extended into enlarge shafts have been proposed.
Recommendations on the transverse reinforcement required in the bar anchorage region of a shaft are also provided. While the amount of transverse reinforcement
recommended is higher than that required by the current design specifications of Caltrans and AASHTO, the required embedment length is reduced by 40 to 50%.
Furthermore, it has also been shown in the tests that engineered steel casing is effective in providing the necessary confinement to control tensile splitting cracks
induced by bar slip in a Type Il shaft, which can minimize the need for post-earthquake damage repair on these shafts.

17. Key Words

Type Il shafts, RC columns, embedment length, development length,
bond-slip behavior, seismic performance, bond-slip law, large-
diameter bars, finite element analysis

18. Distribution Statement

No restrictions. This document is available to the public
through the National Technical Information Service,
Springfield, Virginia 22161.

19. Security Classification (of this report) 20. Security Classification (of this page) 21. No. of Pages 22. Price

Unclassified Unclassified 367

Form DOT F 1700.7 (8-72)

Reproduction of completed page authorized




DISCLAIMER

This document is disseminated in the interest of information exchange. The
contents of this report reflect the views of the authors who are responsible for the facts
and accuracy of the data presented herein. The contents do not necessarily reflect the
official views or policies of the State of California or the Federal Highway
Administration. This publication does not constitute a standard, specification or
regulation. This report does not constitute an endorsement by the California Department

of Transportation of any product described herein.

For individuals with sensory disabilities, this document is available in Braille,
large print, audiocassette, or compact disk. To obtain a copy of this document in one of
these alternate formats, please contact: the Division of Research and Innovation, MS-83,
California Department of Transportation, P.O. Box 942873, Sacramento, CA 94273-
0001.



STRUCTURAL SYSTEMS
RESEARCH PROJECT

Report No. REQUIRED EMBEDMENT LENGTH OF
SSRP-13/05 COLUMN REINFORCEMENT EXTENDED
INTO TYPE Il SHAFTS

by

JUAN MURCIA-DELSO
P. BENSON SHING
ANDREAS STAVRIDIS
YUJIALIU

Final Report Submitted to the California Department of
Transportation under Contract No. 59A0710

Department of Structural Engineering
September 2013 University of California, San Diego
La Jolla, California 92093-0085




University of California, San Diego
Department of Structural Engineering
Structural Systems Research Project
Report No. SSRP-13/05

Required Embedment Length of Column Reinforcement
Extended into Typell Shafts

by

Juan Murcia-Delso
Postdoctoral Scholar

P. Benson Shing

Professor of Sructural Engineering

Andreas Stavridis
Assistant Professor, University at Buffalo
(Formerly Postdoctoral Scholar at UCSD)

YujiaLiu

Graduate Sudent Resear cher

Final Report Submitted to the California Department of Transportation under
Contract No. 59A0710

Department of Structural Engineering
University of California, San Diego
La Jolla, California 92093-0085
September 2013



ACKNOWLEDGMENTS

Funding for the investigation presented in this report was provided by the
Cdlifornia Department of Transportation (Caltrans) under Contract No. 59A0710. The
authors are most grateful to Caltrans engineers, and in particular, the General Earthquake
Committee, for their continuous technical input and advice throughout this study. Dr.
Charles Sikorsky of Caltrans was the project manager, who provided unfailing support
and guidance to assure the successful completion of this project.

The research presented in this report was part of the doctoral dissertation work of
Dr. Juan Murcia-Delso carried out under the supervision of Professor Benson Shing. The
contents of this report constituted a large portion of his doctoral dissertation titled “Bond-
slip behavior and development of column longitudinal reinforcing bars in enlarged pile
shafts.” Professor Andreas Stavridis participated in this research as a postdoctoral scholar
at UCSD. He contributed to the experimental work on the basic bond-slip tests presented
in Chapter 3, and the development length tests presented in Chapter 5. Ms. Yujia Liu
participated in the design and preparation of the first two column-shaft assembly tests
presented in Chapters 6 and 7 of this report. She also analyzed the behavior of the
columns in these two tests for her master’s thesis.

The experiments presented in this report were conducted in the Charles Lee
Powell Structural Engineering Laboratories at UCSD. The authors would like to express
their gratitude to the laboratory staff, especially Dr. Christopher Latham, for their
professionalism and high-quality technical support.

The authors would also like to thank Mr. Charles Cummings, an undergraduate
student, for his assistance in the preparation of the column-pile shaft assembly tests, and
Mr. Vassilis Papadopoulos, a graduate student researcher, for his contributions in the
evaluation and calibration of the constitutive model for concrete that has been used in the

numerical studies presented in this report.



ABSTRACT

Cast-in-drilled hole (CIDH) shafts are frequently used to support reinforced
concrete bridge columns because they have smaller footprints as compared to spread
footings. The use of enlarged (Type Il) pile shafts has additional advantages in that they
provide more tolerance in pile positioning and also prevent the formation of below-
surface plastic hinges in the piles in the event of a severe earthquake. The latter will lead
to easier post-earthquake damage inspection. According to the specifications of the
California Department of Transportation (Caltrans), the diameter of a Type Il shaft shall
be at least 610 mm (2 ft) larger than the cross-section dimension of the column. Hence,
the column reinforcement extended into a pile shaft forms a non-contact splice with the
shaft reinforcement. Because of the lack of information on the performance of these
splices, the seismic design specifications of Caltrans on the embedment length of column
reinforcement terminating in a Type Il shaft are very conservative, especially for large-
diameter columns. This complicates the construction work and increases construction
costs.

This report presents an experimental and analytical investigation to determine the
minimum embedment length required for column longitudinal reinforcement extended
into a Type Il shaft and the transverse reinforcement required in the bar anchorage
regions of these shafts. Experiments were carried out to investigate the bond strength and
cyclic bond deterioration of large-diameter bars (No. 11, 14, and 18 bars), which are
frequently used in large-diameter bridge columns and piles, and to evaluate the adequacy
of the development length requirements in the AASHTO LRFD Bridge Design
Specifications for these bars when they are subjected to severe cyclic tensile and
compressive loads. Such data were not available in the literature and are crucial to
acquiring a good understanding of the anchorage performance of large-diameter bridge
columns when they are subjected to a severe earthquake event. The experimental results
have been used to develop, calibrate, and validate a semi-empirical bond-slip model for
bars embedded in well-confined concrete. The model can successfully reproduce bond



deterioration caused by cyclic bar-slip reversals and the tensile yielding of the bar. It has
been implemented in an interface element in a finite element program.

While the development length tests have indicated that the AASHTO
requirements are adequate to develop the expected yield and tensile strengths of a large-
diameter bar, further numerical studies using finite element models and Monte Carlo
simulations have indicated that they do not have sufficient reliability to develop the full
tensile capacity of a bar when uncertainties in material properties and construction quality
are considered.

In addition, large-scale tests were conducted on four column-pile shaft
assemblies. Based on these tests, additional finite element analyses, and the
aforementioned reliability analysis, new design recommendations on the minimum
embedment length for column reinforcement extended into enlarge shafts have been
proposed. Recommendations on the transverse reinforcement required in the bar
anchorage region of a shaft are also provided. While the amount of transverse
reinforcement recommended is higher than that required by the current design
specifications of Caltrans and AASHTO, the required embedment length is reduced by 40
to 50%. Furthermore, it has also been shown in the tests that engineered steel casing is
effective in providing the necessary confinement to control tensile splitting cracks
induced by bar slip in a Type Il shaft, which can minimize the need for post-earthquake

damage repair on these shafts.
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CHAPTER 1

INTRODUCTION

The performance of reinforced concrete (RC) structures depends on the composite
adion of the concrete and reinforcing steel, which relies on the bond between the two
materials. When RC structures are subjected to earthquake loads, they may experience
severe bond stress demands in regions where the reinforcement is anchored, e.g., in the
foundation of a bridge column. Inadequate embedment lengths in these regions can lead
to anchorage failures, and, thereby, structural collapse. Figure 1.1 shows the collapse of
large bridge columns during the 1971 San Fernando earthquake due to anchorage
failures. After this earthquake, the embedment length for large-diameter bars in bridge
foundations was increased and more confinement steel was provided in bridge footings
and columns (Yashinsky 2001).

Large-diameter bars are frequency used in bridge columns and pile shafts. In spite
of the fact that extensive research has been carried out over the last few decades on the
bond strength and bond-slip behavior of reinforcing bars, there were little such data
available on large-diameter (No.11 [36-mm] and larger) bars. The development length
specifications in ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design
Specifications (AASHTO 2010) are largely based on experimental data obtained from
No. 11 and smaller bars, and they do not allow lap-splicing of bars larger than No. 11.
Moreover, no data were available on the cyclic bond-slip behavior for large-diameter
bars. Most of the experimental data on the cyclic bond-slip behavior of reinforcing bars
were obtained from No. 8 (25-mm) bars by Eligehausen et al. (1983). Therefore,

experimental data on the bond strength, cyclic bond deterioration, and development of



large-diameter bars are needed to validate current code provisions and improve them if
necessary.

While the bond-slip behavior of reinforcing bars can have a strong influence on
the strength and stiffness of reinforced concrete structures, this aspect has been frequently
neglected in the finite element analysis of RC structures. Reliable bond-slip models are
essential to properly capture crack spacing, and the stiffness and deformation capability
of RC members. Such models are also needed for fundamental studies to determine the
development and lap-splice lengths required for reinforcing bars in RC members of
different designs when experimental data are not available, and for the interpretation of
experimental results. For seismic performance assessments, accurate and efficient models
that can capture the cyclic bond-slip behavior of reinforcing bars in large and complex

structures are needed.

1.1 Embedment length of column reinfor cement extending into Typell shafts

Cast-in-drilled hole (CIDH) piles are used frequently as foundations for RC
bridge columns because they have smaller footprints as compared to spread footings.
Two types of pile shafts are used in California: pile shafts that have the same diameter as
the column (Type I), and pile shafts with diameters at least 0.61 m (2 ft) larger than that
of the column (Type Il), as shown in Figure 1.2. For columns supported on Type | shafts,
plastic hinges will develop in the shafts underneath the ground surface when the bridge is
subjected to severe seismic loads (e.g., see Budek et al. 2000, Chai 2002, Chai and
Hutchinson 2002). Type Il shafts are capacity protected elements forcing plastic hinges to
form at the column base. This leads to easier damage inspection after an earthquake.
Besides the structural benefits, Type Il shafts have more tolerance in positioning without
affecting the alignment of bridge columns. However, because the column and shaft
diameters are different, it is not possible to have a continuous reinforcing cage for both
elements, and the column longitudinal reinforcement extended into the shaft is terminated
at a certain distance forming a non-contact lap splice with the longitudinal reinforcement
for the shaft.



The Seismic Design Criteria of Caltrans (Caltrans 2010) contains the minimum
design requirements fdDrdinary bridges in California to meet the performance goals.
Section 8.2.4 of the Seismic Design Criteria requires that column longitudinal
reinforcement extended into a Type |l shaft be terminated in a staggered manner with

minimum embedment lengths of +1, andD + 21, respectively, wher®

€ max d € max C max

is the larger cross-sectional dimension of the column lgnd the development length

required for a straight bar in tension. This requirement was found to be conservative for
large-diameter columns in an analytical study conducted by Chang and Dameron (2009)
using finite element models. However, there were no experimental data on the cyclic
bond-slip behavior of large diameter bars to calibrate the finite element models used in
that study, and as a result, no definitive conclusions could be drawn on the minimum

required embedment length.

1.2 Resear ch objectives and scope

The main objective of this investigation was to determine the minimum
embedment length required for column reinforcement extended into Type Il shafts and
develop improved design recommendations on the embedment length and the transverse
reinforcement required for the bar anchorage zone of a pile shaft. To this end, basic
experimental data on the cyclic bond-slip behavior of large-diameter (No. 11 [36-mm],
14 [43-mm], and 18 [57-mm]) reinforcing bars were obtained from 22 bond-slip tests,
and 3 development length tests were conducted on No. 14 and 18 bars to evaluate the
adequacy of the current requirements in the AASHTO LRFD Bridge Design
Specifications (AASHTO 2010). In all these tests, bars were embedded in well-confined
cylindrical concrete specimens with a confinement level comparable to that required for a
Type Il shaft. A bond-slip law that accounts for the cyclic bond deterioration and the
radial stress introduced by bond-slip in a semi-empirical fashion has been developed and
implemented in the finite element analysis program ABAQUS (Simulia 2010). As part of
this study, the reliability of the development length requirements in the AASHTO LRFD
Specifications in developing the expected yield and tensile strengths of large-diameter



bars in a well-confined situation has been evaluated. With the aforementioned test data
and detailed finite element analyses of column-shaft assemblies accounting for the bond-
slip phenomenon, the minimum embedment length required for column reinforcement
extended into an enlarge shaft was determined. This was validated with large-scale tests
conducted on four column-shaft assemblies. A simplified analytical model has been
developed to determine the amount of transverse reinforcement required for the bar
anchorage zone of a shaft to counteract the splitting forces developed by bar slip and
ensure the development of adequate bond strength. Design recommendations have been

developed based on results of the numerical, analytical, and experimental studies.

1.3 Outline of thereport

Chapter 2 presents the fundamental aspects of the bond between a reinforcing bar
and the surrounding concrete, and a literature review of notable experimental and
analytical studies in this area.

Chapter 3 presents an experimental study carried out in this project to investigate
the bond-slip behavior of large-diameter bars embedded in well-confined concrete. A
total of 22 monotonic pull-out and cyclic pull-pull tests were conducted on No. 11, 14,
and 18 bars to study their bond strength and bond stress-vs.-slip relations. The tests
examined the influence of the load history and loading direction applied to a bar, and the
concrete strength on the bond strength and bond-slip behavior. The specimen design, test
setup, and experimental results are presented in detail. Based on these results and studies
carried out by others, the effects of the bar diameter, concrete strength, pull direction and
loading history on the bond strength are discussed.

Chapter 4 presents a newly developed bond-slip model that can be used in finite
element analysis to capture the bar slip behavior in RC structures. The model adopts a
semi-empirical law that can accurately reproduce the bond stress-vs.-bar slip behavior
under monotonic and cyclic load conditions. The bond-slip law has been calibrated with
the experimental data presented in Chapter 3, and implemented in an interface element in
the finite element analysis program ABAQUS. The accuracy of the model has been

validated with finite element analyses using data obtained from bond-slip tests,



development length tests, and an RC column test. Even though the model accounts for the
radial stress introduced by bar slip and the degradation of bond strength due to splitting
cracks, it is intended for bars embedded in well-confined concrete.

Chapter 5 presents results of experimental and computational studies on the
development of large-diameter bars in well-confined concrete. These studies included
three pull-push tests conducted to evaluate the development length requirements in the
AASHTO LRFD Bridge Design Specifications (AASHTO 2010) for large-diameter bars
in tension under a well-confined situation. Finite element analyses have been conducted
on the test specimens using the bond-slip model presented in Chapter 4. The accuracy of
the models has been validated by the test results. The models have been used to
understand the distribution of bond stress during different stages of loading. A parametric
study has been carried out with finite element models. Based on the numerical results, an
analytical equation has been derived to relate the tensile capacity of a bar with a straight
anchorage to the bar diameter, the embedment length, the compressive strength of the
concrete, and the yield strength of the steel. With this equation, a Monte Carlo simulation
has been conducted to assess the reliability of the AASHTO development length
specifications in developing the yield and tensile strengths of a bar in a well-confined
condition with different uncertainties.

Chapter 6 presents the specimen design, test setup, instrumentation, and loading
protocol for four large-scale, quasi-static, cyclic, load tests conducted on RC column-
enlarged pile shaft assemblies. This test program was to determine the minimum
embedment length required for column reinforcement extended into an enlarged shaft and
the transverse reinforcement required in the bar anchorage region of a shaft, and to
validate nonlinear finite element models used for a subsequent parametric study. The
rationale for the design of the test specimens and the embedment lengths used is
explained. An analytical model is presented to determine the minimum transverse
reinforcement required in the bar anchorage region of a shatft.

Chapter 7 presents the results of the tests conducted on the four large-scale

column—enlarged pile shaft assemblies.



Chapter 8 presents a numerical study conducted to investigate the bond-slip
behavior in column-pile shaft assemblies using nonlinear finite element analysis. Finite
element models developed for the column-pile shaft specimens discussed in Chapters 6
and 7 are described. These models were used for pre-test predictive analyses, and have
been refined and validated with the test results. The correlations between the numerical
and experimental results are presented and the bond-stress variations along the anchorage
zone of a bar at different stages of loading are obtained numerically to assess the reserve
anchorage capacities in the test specimens. A parametric study has been conducted with
finite element models to evaluate the adequacy of the minimum embedment length
requirements deduced from the assembly tests for column-shaft systems of various
dimensions and with different sizes and quantities of longitudinal bars and different
confinement conditions.

In Chapter 9, design recommendations are proposed for the minimum embedment
length required for column reinforcement extended into an enlarged pile shaft, and the
guantity of transverse steel required in the bar anchorage zone of a shaft. These
recommendations are based on the experimental, numerical, and analytical studies
presented in the previous chapters.

Chapter 10 presents a summary of the study and the major observations and

conclusions. Recommendations for future research are also presented.
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Figure 1.1: Anchorage failure of bridge columns durir the1971San Fernand
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CHAPTER 2

BOND OF REINFORCEMENT: A LITERATURE REVIEW

The stress transfer mechanism between concrete and a reinforcing bar is generally
referred to as the bond of reinforcement. It is an essential mechanism that engages the
composite action of concrete and steel in reinforced concrete (RC) structures. The study
of bond between concrete and a reinforcing bar has attracted the attention of many
researchers. According to Abrams (1913), tests to study the bond between concrete and
iron bars were conducted as early as 1876 (only nine years after Joseph Monier had
obtained his first patent on reinforced concrete) by Thaddeus Hyatt. Bond of deformed
steel bars, used in modern RC construction, has been extensively studied over the last few
decades, and comprehensive monographic reports have been published by the
International Federation for Structural Concrete @i00) and the American Concrete
Institute (ACI 2003).

In this chapter, the fundamental mechanisms governing the bond behavior of
deformed bars as reported in different studies are first discussed, and relevant
experimental studies of the bond strength and bond-slip behavior of deformed bars are
summarized. Special attention is given to studies focused on the cyclic deterioration of
bond resistance and on the bond characteristics of large-diameter bars because they are
especially relevant to the research presented in this report. Finally, different approaches
that have been proposed to model the bond-slip behavior of deformed bars are

summarized.



2.1 Bond of defor med bars

In deformed bars, the term bond refers not only to the chemical adhesion between
the two materials, but also to the resistance provided by friction forces and the
interlocking action introduced by the bar deformations (or ribs). The bond behavior of
deformed bars has been well characterized by the work of a number of researchers, which
has led to a certain agreement on its fundamental mechanisms, as documented in fib
(2000) and ACI (2003). The description of the bond behavior presented here is based on
the findings described in these two reports. This description is limited to deformed bars.
No reference to plain bars, which correspond to older concrete construction practice, is

made here.

2.1.1 Sour ces of bond resistance and bond-dlip behavior

The bond force between a deformed bar and the surrounding concrete can be
attributed to the resisting mechanisms shown in Figure 2.1: (a) chemical adhesion
between the steel and the concrete, (b) friction forces acting at the interface, and (c)
bearing forces of the bar ribs acting against the concrete. The nature and magnitude of the
bond force depends on the relative displacement, or slip, between the concrete and the
bar. Some could argue that there is no such phenomenon as bar slip based on the fact that
most of the relative displacement of a bar is due to inelastic phenomena (cracking,
crushing, and shearing) that take place in the concrete surrounding the bar, but not at the
interface. However, in this report, as in most studies, slip is idealized as the sum of the
relative displacement at the interface and that due to the above-mentioned inelastic
deformations.

At low bond stress demands, bond is mostly due to chemical adhesion, and no slip
occurs between the bar and the concrete. As the chemical adhesion is overcome by
increased bond stress demand, the bar starts to slip with respect to the concrete, which
mobilizes friction forces at the bar surface due to its roughness and bearing forces at the
ribs against the concrete. The pressure that the ribs exert onto the concrete creates micro-
cracks, commonly referred to as Goto cracks (Goto 1971), starting at the tip of the ribs
and propagating transversely away from the bar, as shown in Figure 2.2. The opening of
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these micro-cracks allows further slippage of the bar with respect to the concrete. As slip
occurs, the wedging action of the ribs tends to introduce a radial expansion at the
interface, which activates the passive confinement in the concrete. Radial expansion
produces a hoop tension in the concrete, which causes splitting cracks to develop at the
surface in contact with the bar and propagate radially, as shown in Figure 2.2. This hoop
tension is balanced by the undamaged outer concrete ring as well as the confining
reinforcement if any. For low confinement conditions, splitting cracks propagate radially
through the concrete cover and the bond fails abruptly, as shown in Figure 2.3. This type
of failure is referred to as splitting failure. Figure 2.4 shows a splitting failure obtained
during a pull-out test by Choi et al. (2011).

With sufficient cover and confining reinforcement, the opening of splitting cracks
is prohibited and large normal stresses can be developed at the contact surface between
the concrete and the steel, which increase the bond resistance. In this case, further slip is
achieved by crushing the concrete in front of the ribs. The accumulation of crushed
particles in front of the ribs contributes to the expansion of the interface and increases the
radial component of the bearing forces. At this stage, the increase of the hoop stresses can
still result in a splitting failure if the cover and the confining reinforcement are not
sufficient. When the concrete is well confined, splitting failure is precluded and higher
bond strengths can be achieved, as shown in Figure 2.3. In this case, the bond fails due to
loss of the interlocking action caused by the crushing and shearing of the concrete keys
between the ribs. Finally, the bar is pulled out from the concrete, and only a residual
frictional resistance remains. This type of failure is referred to as pull-out failure. Figure
2.5 shows a bar that was pulled out from the concrete during a test presented in Chapter
3, with crushed concrete particles visible between the ribs.

The bond-slip mechanism for bars with pull-out failures under cyclic loading has
been theorized by Eligehausen et al. (1983). Figure 2.6 shows the damage mechanisms
and bond-slip behavior under cyclic loading as presented by Eligehausen et al. (1983). In
Figure 2.6a, it is assumed that the slip is reversed before horizontal shear cracks develop.
After unloading (along path AF in the figure), the gap between the right side of the ribs

and the adjacent concrete, caused by concrete crushing on the left side of the ribs,
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remains open with a width equal to the residual slip at point F. Only a small fraction of
the slip is recovered by the elastic unloading of the concrete. When the slip is reversed
(along path GH), some frictional resistance is built up. At H, the ribs are in contact again
with the concrete (but a gap has opened on the left side of the ribs). Because of a resumed
contact with the concrete, a sharp increase in stiffness occurs (along path HI). With
increasing load, the opened inclined cracks close, allowing the transfer of compressive
stresses across them with no noticeable reduction in stiffness (with the monotonic loading
curve recovered at this point). Inclined cracks perpendicular to the previously opened
ones appear as the stress increases in this direction. At point I, a gap equal to the distance
between points F and | has opened. When reversing the slip, the path IKL is similar to
AFH, described previously. However, the bond resistance starts to increase again at L,
when the ribs start to press broken pieces of concrete against the previous bearing face.
With further bar slip, the transverse cracks previously closed are opened and the cracks
previously opened are closed. At M, the ribs and the concrete are in full contact and the
monotonic loading curve is recovered.

If the slip reversal takes place after horizontal shear cracks have initiated, a
different behavior is obtained as shown in Figure 2.6b. When loading in the opposite
direction (along path Hl), the ribs press against the concrete in between, whose resistance
has been lowered by the shear cracks. Therefore, the bond resistance is lowered
compared to the monotonic curve. When reversing the slip again (along path IKLMN),
the resistance is further lowered compared to that at point | because of the additional
shearing damage in the concrete.

When a large slip is imposed during the first cycle, almost all the concrete
between the ribs can be sheared off and the behavior will be like the one shown in Figure
2.6¢. When moving the bar back (along path GH), the frictional resistance is higher than
that for the above cases, in which the slip in the first cycle is smaller, because the
concrete surface along the shear crack is rougher. When reloading in the opposite
direction, the peak resistance (point 1) is lowered. When reversing the slip again, the

frictional resistance is lowered because the surface has been smoothened (path KL).
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2.1.2 Factor s affecting bond resistance

The bond between reinforcement and concrete depends on many factors that
involve not only the characteristics of the contact surface but also the concrete properties,
bar properties, and structural properties as discussed in ACI (2003). Concrete properties
that have an important influence on the bond are the compressive and tensile strengths.
Bar properties that influence the bond include, but are not limited to, the bar size, the rib
geometry, and the yield strength of the bar. Among the structural properties, the most
important ones are the cover and spacing of bars, the quantity and spacing of the
transverse reinforcement, and the bar casting position. The influence of these factors is
summarized in the following paragraphs. A more exhaustive list of factors and a detailed
explanation of their effects are provided in ACI (2003).

Bond resistance is related to the compressive and tensile strengths of concrete
because it depends on the bearing resistance of the concrete in front of the ribs, the
shearing resistance of the concrete keys between the ribs, and the tensile strength of the
concrete to resist splitting stresses (fib 2000). Experimental studies have shown a
significant increase of the bond strength with the increase of the compressive strength of

the concrete,f,. A number of studies, e.g., Eligehausen et al. (1983), have suggested

that the bond strength can be assumed to be proportiorigt 1o This relation has been

adgted in bond-strength equations (ACI 2003) and in development-length equations
given in design codes such as ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge
Design Specifications (AASHTO 2010). However, there are other studies that have

indicated that the bond strength is proportional ffo (Rehm 1961) orf/"® (Zsuty

1985). Based on a large number of lap-splice tests, Zuo and Darwin (2000) have
concluded that for splices not confined by transverse reinforcement, the average bond

strength is proportional th**, and the additional bond strength attributed to the
presence of transverse reinforcement is proportional f{d'*. Based on these

observations, the relation between the compressive strength of concrete and the bond

strength seems to depend on the level of the confinement, which could explain the
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different conclusions obtained in different studies. ACI (2003) statesffffatmay not

accurately represent the effect of the concrete strength on the bond strength because the
effect of other parameters has been generally overlooked. In conclusion, even though the
resisting mechanisms of bond are known to be related to the concrete strength, a general
theory to relate the compressive and tensile strengths of concrete with the bond strength
is not available.

Regarding the effect of the bar size on the bond resistance, it is generally accepted
that smaller bars have an advantage as compared to larger bars (ACI 2003). Several
researchers, e.g., Eligehausen et al. (1983), have reported a reduction of the bond strength
with increasing bar size. As a result, the ACI 318-08 (ACI 2008) and AASHTO LRFD
(AASHTO 2010) provisions for the development length consider that the bond strength is
larger for smaller bars. However, Ichinose et al. (2004) have provided experimental
evidence that the influence of the bar size on the bond strength depends on the level of
confinement. In their tests, the bond strength decreased with increasing bar size for
specimens with low levels of confinement and splitting failures, but this effect was
negligible for specimens with high levels of confinement and pull-out failures.

As explained earlier, the bond resistance of deformed bars depends to a large
extent on the wedging action of the ribs. Therefore, the geometry of the ribs can be
regarded as an important parameter affecting bond strength. Some studies have shown
that the rib pattern has a strong influence on the bond strength, but others have shown
that this influence is very small (ACI 2003). Current ASTM standards for reinforcing
bars, e.g., ASTM A706 (ASTM 2009), have specifications on the height and spacing of
the ribs, which are based on test results obtained by Clark (1946, 1950) for bars with
different deformation patterns. Studies by Clark have shown that bond performance tends

to improve as the relative rib areR () increases. The relative rib area is defined as the
ratio of the projected rib area normal to the bar as)(to the bar perimeter times the

certer-to-center rib spacings( . ), i.e.,

R == 2.1)
ﬂdbsR,C
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in which d, is the bar diameter. Typical valuesRffor bars used in the US are between

0.067 and 0.087 (Choi et al. 1990). Based on the results of an experimental investigation,
Darwin and Graham (1993) have concluded that under conditions of relatively low
confinement, in which bond is governed by the splitting of concrete, the bond strength is
not influenced by the rib pattern, but the bond strength increases as the relative rib area
increases (regardless of the rib height and rib spacing) when additional confinement is
provided by transverse reinforcement or larger concrete covers.

Bond resistance is also affected by the strain in the reinforcing bar. This influence
is small as long as the steel remains in the elastic range (fib 2000). Experimental studies
by Viwathanatepa et al. (1979) and Shima et al. (1987b) have shown that bond resistance
can be considerably reduced after a reinforcing bar yields in tension. In the pull-out tests
carried out by Shima et al. (1987b), the bond stress-vs.-slip relations were estimated at
different locations along the embedment length of a bar being pulled out from a concrete
block. As shown in Figure 2.7, their results have indicated that the bond resistance
dropped rapidly to 25% of the peak stress once a bar yielded regardless of the amount of
bar slip.

The concrete cover and bar spacing are important parameters that affect the bond
resistance and bond failure mode. With the increase of the cover and spacing, the failure
mode changes from concrete splitting to bar pull-out resulting in an increased bond
strength. Additional confinement can be provided by transverse reinforcement. The
confining effect of concrete and transverse steel is accounted for in the development-
length equations of most design codes. For example, the development length required in
ACI 318-08 (ACI 2008) is inversely proportional to a confinement index defined as

(c, +40A, /'s,n)/d,, in which ¢, is the smaller of the cover of the bar measured from
its center and half of the center-to-center spacing of the Bars the spacing of the

transverse reinforcemenf, is the transverse reinforcement area within distaqy¢ceand

N is the number of bars being spliced or developed at the plane of splitting. According to

ACI 318-08, whenl(c, +40A, /sn)/d, is less than 2.5, a splitting failure is likely, and for

values above 2.5, a pull-out failure is expected.
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Finally, the position of the bar during concrete casting affects the bond
performance. Horizontal bars located near the top face of a concrete member have lower
bond strengths than horizontal bars lower in the member. This is because the higher the
location of a horizontal bar is, the more is the paste settlement and the accumulation of
bleed water underneath the bar (ACI 2003). This effect is taken into account in the ACI
318-08 provisions on the development length of bars. For bars that are vertical during
casting, bond performance is better when the bars are loaded upward than when they are
loaded downward because the qualities of the concrete above and below a rib are

different for similar reasons (fib 2000).

2.2 Experimental characterization of bond of reinfor cement

2.2.1 Basic bond-dlip tests

Pull-out tests of bars with short embedment lengths (typically equal to or less than
five times the bar diameter) are commonly used to study the bond strength and bond
stress-vs.-slip relations. Test specimens and setups used in different studies are all very
similar to those shown in Figure 2.8, which was proposed by Rehm (1961). With this
type of setup, the concrete is placed in compression when the bar is pulled, which does
not represent the actual stress state in concrete in real structures. However, this is
adequate for the assessment of the local bond behavior of a bar. In these tests, the bonded
area of the bar is located away from the surface on which the compressive force is
applied to reduce the arching effect that may unrealistically increase the bond strength.

Many researchers have conducted pull-out tests to obtain the bond strength and
bond stress-vs.-slip relations of bars subjected to monotonically increasing slip. However,
few studies have focused on the cyclic bond-slip behavior of bars. The study by
Eligehausen et al. (1983) has been the only major effort that has provided most of our
understanding of the cyclic bond-slip behavior of reinforcing bars. Their experimental
investigation focused on the bond deterioration of deformed bars under fully reversed
cyclic loading with confinement conditions similar to those in beam-column joints. A

typical specimen and the test setup are shown in Figure 2.9. A total of 125 pull-out tests
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were carried out to study the influence of different parameters, such as the loading
history, the level of confinement, and the bar size, on the bond-slip behavior. Most of the
tests were carried out with 25-mm (1-in.) diameter bars, and some tests were done with
32-mm (1.25-in.) bars. The bond stress-vs.-slip relations obtained from some of these

tests are shown in Figure 2.10.

2.2.2 Effect of confinement on bond strength and radial dilatation

A few researchers have investigated experimentally the interaction between the
tangential (bond) stress-displacement (slip) relations and the normal (confining)
stress/displacement (radial dilatation) along a bar-concrete interface. They carried out
pull-out tests with short embedment lengths and employed special setups to control
and/or monitor the confining stress and radial dilatation. These studies have provided
very valuable data to understand the effect of confinement on the bond-slip behavior of
bars.

Gambarova et al. (1989, 1996) carried out pull-out tests on bars in pre-splitted
concrete specimens subjected to external confinement, as shown in Figure 2.11. Most of
the specimens were tested by maintaining the crack opening constant during the test. The
bond stress-vs.-slip and confining stress-vs.-slip relations were obtained for different
values of crack opening. With increasing crack opening, both the bond strength and
stiffness decreased, as shown in Figure 2.12. Gambarova et al. (1996) conducted a second
set of tests on specimens that were subjected to a constant confining stress. Results of
these tests show that the bond strength varied almost linearly with the confining stress.

Malvar (1992) carried out 