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This report summarizes research on bond strength and b avior
of steel reinforcing bars under cyclic loads. The repor. »rcvides
a background to bond problems, discusses the muin variubles
affecting bond performance, and describes bond be avicr under
cyclic loads. Two general types of cyclic locds < ve addressed:
high-cycle (fatigue) and low-cycle (earthg=ake and similar). The
anchorage behaviors of straight bars, heoned bai s, and lap splices
are included. Analytical bond models ai >wesc ribed, design recom-
mendations are provided for both L. *h- anu low-cycle fatigue, and
suggestions for further researc! .2 gu. 2n.

Keywords: anchorage; bar slip; bo. *;"oond models; cyclic loads; design
recommendations; develop.. »nt length, fatigue; hooks; earthquake loads;
splices.

ACI Com nittee Reports, Guides, and Commentaries are
inter, 'ed fo._uidance in planning, designing, executing, and
it oecti ¢ cor struction. This document is intended for the use
of 1. lividuals who are competent to evaluate the significance
ai 1 limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by
the Architect/Engineer to be a part of the contract documents,
they shall be restated in mandatory language for incorporation
by the Architect/Engineer.

Richard A. Ramsey
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

The transfer of forces across the interface between concrete
and steel by bond stresses is of fundamental importance to
many aspects of reinforced concrete behavior. Satisfactory
bond performance is an essential goal in detailing reinforce-
ment in structural components. Many detailing provisions ir
ACI 318 are aimed at preventing bond failures.

Bond stresses in reinforced concrete members crise from
two distinct situations. The first is anchorage or ¢2veinment
where bars are terminated. The second is flexura, bond or
the change of force along a bar due to a.change 'n bending
moment along the member. Bond perfor ance 1rader static
monotonically increasing deformations—.=ferred to as
monotonic loading—has been sumn arized in ACI 352R,
ACI 408R, and ACI Committee 402 1966, 1970, 1979).
Bond behavior under cyclic.loac: rece ved little attention
until design for earthguak~.anc wave loads became impor-
tant design topics (ACI C mm, ‘ttee 408 1979). Investigations
over the past 40 years havu clarified some of the important
parameters influencing bond behavior under cyclic loads.
However, the inficence of many of these parameters is
understeod caly ghalitatively.

In this 10001y, “bar” means “reinforcing bar” and “ribs”
refer to “he Jeformations on deformed reinforcing bars.
Lor gitudinal deformations on reinforcing bars are not clas-
sifiea 25 ribs. “Bond stress” refers to the stresses along the
bar-concrete interface. The steel stresses along the length of
the reinforcing bar are modified by transfer of force between
the bar and the surrounding concrete along the interface
(refer to Fig. 1.1).

The change in bar tensile force AF between two cracked
sections along a flexural member AF is given by

M M
AF:Tl—TzZ(.—l)—[.—zj (1.12)
Jjd, jd,

The average bond stress u; is usually expressed as

ECEFFEFEFET

fe—— AL ———f

Fig. 1.1—Definition of bond stress.
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Cyclic loadings are divided into two general categories.
The first is designated low-cycle or low-cycle, high-stress
loading, or a load history containing less than 100 cycles and
having bond stress ranges (u,) greater than 600 psi (4 MPa).
Low-cycle loadings commonly result from earthquake and
high-wind loadings. The second category is designated high-
cycle or fatigue loading with a load history containing thou-
sands or millions of cycles, but at a low bond stress range
(u,) typically less than 300 psi (2 MPa). Bridge members,
offshore structures, and members supporting vibrating
machinery are often subjected to high-cycle or fatigue
loading. High-cycle loadings can be a problem at service
load levels whereas low-cycle loadings can produce prob-
lems at the ultimate limit state.

Bond behavior under cyclic loading can further be subdi-
vided according to the type of stress applied. The first is
repeated or unidirectional loading, which implies that the bar
stress does not reverse from tension to compression during
a load cycle, the usual situation for fatigue loading. The
second is stress reversal, where the bar is subjected alterna-
tively to tension and compression. Earthquake loading typi-
cally causes stress reversals.

1.2—Scope

This report reviews bond and anchorage of steel reinforcing
bars in normal and lightweight concrete, with emphasis on
bond under cyclic loading. Although the amount of infor na-
tion about the bond behavior of epoxy-coated reinf woii g
bars subjected to cyclic loading is limited, availab.o. 1 >fer-
ences on this topic were reviewed and are pre en‘ed in the
document. Bond and anchorage of prestre.sing-<tcel and
headed reinforcing bars are not addressed 1. this report. This
report serves both designers and researches, and is orga-
nized accordingly. Chapters 3 an¢ 4 present background
information on the issue of bond 1ndc.2yclic loading. Chap-
ters 5, 6, and 7 deal with resv'*- ot -=search and development
of analytical bond models: Chasters 8 and 9 review inter-
national design guidelines dc ‘ung with bond under cyclic
loads and should be ot iaterest to designers. This report also
introduces designers to tne basic mechanisms involved in
bond, the variables that affect those mechanisms, and differ-
ences in bon.' behavior under cyclic and noncyclic loads.

“HARTEF 2—NOTATION AND DEFINITIONS

2.1- Notation
Ay = cross-sectional area of reinforcing bar, in.? (mm?)
.. = area of concrete cross section, in.> (mm?)

A, = area of transverse reinforcement, in.”> (mm?)

BI = representation of the severity of bond stresses rela-
tive to the bond strength

C = concrete cover, in. (mm)

cp = smaller of: (a) the distance from center of a bar or

wire to nearest concrete surface; and (b) one-half

DCH =

DCM =

db =

dpr
fo =

=
Ja =
Jfo =
fcrm =

f min
‘f;_ —

the center-to-center spacing of bars or wires being
developed, in. (mm)

development length according to AIJ (1990), in.
(mm)

ductility class high, based on the maximum
behavior factor

ductility class medium, based on the maximum
behavior factor

depth from extreme compression fiber to centroid
of tensile reinforcement, in. (mm)

diameter of bar, or diameter of bar being devei »ped,
in. (mm)

= nominal diameter of longitudinai hars, in. (mm)

static bond strength as used for offs, ore structures,
psi (MPa)

bond strength at 2,000, 10 ccles as used for
offshore structures, psi (MPa,

specified concrete comidressive strength, psi (MPa)
design concrete comp:2 sive strength, psi (MPa)
stress range in.concete, 1 si (MPa)

mean value-of . = *ensile strength of concrete, psi
(MPa)

= minimum su =ss level, ksi (MPa)

svess range due to live loads and impact recom-
mel led by AASHTO, ksi (MPa)

= sta‘ic modulus of rupture, psi (MPa)

catsting reinforcement strength based on available
development length, psi (MPa)

yield strength divided by a factor of safety (typi-
cally = 1.15), offshore structures, psi (MPa)

= yield strength of bar being developed, psi (MPa)
= design value of the yield strength of bars, psi (MPa)

yield strength of transverse reinforcement, psi (MPa)
depth of member, in. (mm)

= width of the column parallel to the bars, in. (mm)
= joint dimension parallel to the bar, in. (mm)

internal moment arm at section , in. (mm)

= transverse reinforcement index
= factor reflecting the ductility class equal to 1 for

DCH and to 2/3 for DCM

= total length of the member, in. (mm)

provided length of straight development, lap splice,
or standard hook, in. (mm)

= development length, in. (mm)
= equivalent straight bar anchorage length corre-

sponding to a hooked bar anchorage, in. (mm)
lead embedment length for a hook, in. (mm)
length of embedment of reinforcement, in. (mm)

= moment at section i, Ib-in. (N-m)

number of cycles to failure

design axial force, 1bf (N)

change of bar force per unit length of bar, Ib/in. (N/mm)
ratio of base radius to height of rolled transverse rib
applied stress range, psi (MPa)

= maximum bond strength as used for offshore struc-

tures, psi (MPa)
stress range as used for offshore structures, psi
(MPa)
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