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HIGHLIGHTS

« The mean bond stress model, associated with steel strain level, is developed to simply predict bond characteristics in pre- and post-yield phases.
« The bond-strain model is presented to describe the bond behavior in terms of reinforcement strain.
« The mean bond stresses representing bond behavior in several characteristic phases of reinforced concrete members are suggested.
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The performance and behavior of reinforced concrete structures at serviceability limit state and at ulti-
mate limit state highly rely on the bond interaction between reinforcement and surrounding concrete;
therefore a proper evaluation regarding the bond behavior under corresponding state is particularly crit-
ical. However, it is not easy to implement the common bond models, characterized by nonlinearity and
affiliated with the variable of slip, into practical design and analysis. In this paper, the mean bond stress
model associated with steel strain (stress) level and the bond-strain model representing the relationship
between bond stress and reinforcement strain are developed to simplify and improve the normal analysis
Bond-strain model on bond behavior in pre- and post-yield phases. Compared with the results of some well-known exper-
Interfacial fracture energy imental campaigns, the proposed models indicate a good agreement with the bond behavior at pre- and
Slip post-yield stages. Finally, a thorough discussion about the values of mean bond stresses is carried out; the
Strain (stress) level suggested values considering bond characteristics in several phases of reinforced concrete members are
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presented by a series of analytical parametric studies on test results in the literature.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In order to precisely predict some phenomena of structural con-
crete such as cracking, tension stiffening, and ductility, the bond
behavior between reinforcement and concrete should be taken into
account. Consequently, many bond laws have been developed over
the past decades. Eligehausen et al. [1] have conducted plenty of
pull-out tests and inferred a local bond-slip model for the ribbed
bars with good confinement conditions. Since then the CEB-FIP
Model Code 1990 (MC90) [2] and the Model Code 2010
(MC2010) [3] subsequently have referred to the model of
Eligehausen et al. and presented Eq. (1) to describe the ascending
portion of bond response.
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where 7,4, is the bond strength (MPa); J, is the slip corresponding
to bond strength and depends on the confinement conditions (mm);
and 0 < o < 1 being generally 0.4.

Most bond models were derived from the pull-out tests with
short anchorage lengths and reveal the bond characteristics of bars
at elastic state. Nonetheless, a portion of rebar in specimen with a
long anchorage length usually enters into the plastic stage before
being extracted from concrete, and it is common for reinforced
concrete structures in reality. With a large tension applied to the
rebar, the circumferential contraction of rebar due to Poisson effect
tends to induce the diminishment of outward pressure and further
result in the decrease in bond stress; it becomes particularly pro-
nounced after yielding [4]. Hence the general bond models,
inferred from pull-out tests with short anchorage lengths, cannot
precisely predict the bond behavior of specimens with long
anchorage lengths.

More recently, great efforts have been made to develop
some bond models [3,5-17] to predict the bond behavior of
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reinforcement after yielding. Shima et al. [5] first performed a series
of tests on long anchored reinforcement with an embedment length
of 50, which is long enough to avoid free end slip, to study the
bond characteristics of bars at pre- and post-yield stages and for-
mulated a bond model revealing a bond stress-slip-strain relation-
ship, described by Eq. (2).
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where 7 is the bond stress (MPa) and is the function of slip and steel
strain; f, is the concrete compressive strength (MPa); ¢ is the slip
between bar and concrete (mm); & is the steel strain; ¢ is the
bar diameter (mm).

In addition, a unique bond slip-strain law, illustrated by Egs.
(3)-(7), has been presented in their research work.
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where s is the dimensionless slip normalized with regard to the bar
diameter and multiplied by a factor (Ky.) to consider the variations
in concrete strength; ¢ is the slip between bar and concrete (mm);
f. is the concrete compressive strength (MPa); ¢, is the steel strain;
¢ is the bar diameter (mm); ¢, is the steel yield strain; &, is the
steel strain at the onset of hardening; and f, and f, are the yield
strength and tensile strength of steel (MPa), respectively.

Another fulfilling experimental program to explore the bond
behavior of bars with adequate anchorage lengths was conducted
by Engstréom et al. [6,7]. With the sophisticated specimens
sketched in Fig. 1, the bond-slip relationship was indirectly evalu-
ated by analysis on the crack width, w, and tensile force, F. Then a
specific bond model for ribbed bars at pre- and post-yield stages
was formulated, as shown in Fig. 2. In this figure, the curve I, sim-
ilar to the bond model suggested by the MC90 [2], describes the
bond behavior of reinforcement under elastic state. As the steel
bar subjected to yielding is considered, the curve II is able to rela-
tively precisely predict the global bond response. The detailed
illustrations about relevant parameters describing the curves are
listed below:Curve I: 6; = 1.0mm; 6, = 3.0mm; 53 = clear rib spac-
ing; 04 = 303; Tmax = 0.45f s Tf = 0.4Tper.Curve II:
dyf = 8y + 2.5mm; 55 = 263; Ty = 0.2Tmax;Where f, is the mean
value of compressive strength of concrete (MPa) and 4§, is the slip
at yielding (mm).
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Fig. 1. Geometry of test specimens of Engstrom et al. [7].
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Fig. 2. Bond-slip model proposed by Engstrom et al. [6].

Note that there are no specific definitions about bond strength
at yielding, 7y, and its corresponding slip, d,. To acquire the two
values, the cumbersome solutions of equilibrium and compatibility
equations based on the overall behavior of anchorage region are
required [4].

Bigaj et al. [8,9] have also presented a bond model, which has
been verified through their experimental project resembling that
performed by Shima et al. [5], to illuminate the confinement effect
on bond behavior in terms of fracture mechanics, whereby the
influence of steel strain on bond behavior is effectively predicted.

With the aim of simply addressing bond behavior in design
practice and analysis, Marti and Sigrist et al. have proposed the
Tension Chord Model (TCM) [10-12] that hypothesizes a rigid-
plastic bond law affiliated with two mean bond stresses at pre-
and post-yield stages (Eq. (8)).
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where ¢&; is the steel strain; ¢, is the steel yield strain; f. is the con-
crete compressive strength (MPa). The two constant values of mean
bond stresses were derived from the nonlinear bond-slip law, which
does not consider the effect of reinforcement yielding on bond,
according to the principle of force equilibrium. Recently, in view
of some comparisons with experimental results, some researchers
[18,19] have questioned the two values and presented their
suggestions.

Miguel et al. [14] have implemented bond correction factors,
implicating the effect of bar strain on bond behavior, into the bond
laws which were deduced from pull-out tests characterized by
short anchorage lengths. It is the simple treatment that inspires
some researchers to develop various bond factors and, further-
more, a similar factor, given by Eq. (9), was adopted in the MC
2010 to consider the influence of reinforcement strain on bond
response.
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where Q, (&) is reduction factor; a and b are calculated by Eq. (10);
& is the steel strain; ¢, is the yield strain of steel; ¢, is the ultimate
tensile strain of steel; f, and f, are steel tensile strength and yield
strength(MPa), respectively.

There is a unique relationship between bond stress, slip, and
strain if the embedment length of reinforcement in the pullout
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