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Abstract

The ribs of deformed bars can split the cover concrete by wedging action or shear off the concrete in front of the
ribs. As slip of deformed bars increases, the rib face angle is flattened by the crushed concrete wedge, which
reduces the rib face angle to a smaller bearing angle. The roles of bearing angle are explored to simulate this

observation.

Analytical expressions to determine bond strength for splitting and pullout failure are derived, where the
bearing angle is a key variable. As the bearing angle is reduced, splitting strength decreases and shearing strength
increases. When splitting strength becomes larger than shearing strength, the concrete key is supposed to be
sheared off and the bearing angle is reduced with decreasing the splitting strength. As bars slip, bearing angle
decreases continually so that splitting bond strength is maintained to be less than shearing bond strength. The
bearing angle is found to play a key role in controlling the bond failure and determination of bond strength of

ribbed reinforcing steel in concrete structures.
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1. Introduction

From the beginning of the past century, reinforced con-
crete researchers have endeavored to increase the bond
characteristics of deformed reinforcing steel. Modern rein-
forcing bar rib geometries date from the work of Clark in
1949. Since then, knowledge concerning the bond between
concrete and deformed reinforcing bars has increased con-
siderably based on studies of the bond cracks, failure modes,
in addition to the mechanism in the concrete around ribs.

During the late 1950s and the 1960s, several researchers
observed that slip of deformed bars can occur in two ways:
the ribs can split the concrete by wedging action and the

1D Other researchers have at-

ribs can crush the concrete
tempted to derive analytical expressions for bond strength
by equating the bursting force produced by the wedging
action of the bar to the resistance to splitting provided by
the concrete cover. The influence of the deformation char-
acteristics of ribbed bars upon the bond mechanisms has

been mostly studied for the case of the splitting failure,
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being the weaker mode and primarily concern for design.”*

The ribs act as wedges and the concrete in front of the
ribs crushes gradually, resulting in a pullout-type failure.
Rehm" and Lutz? found that the concrete in front of the
ribs undergoes gradual crushing, followed by a pullout
mode. Eligehausen et al.” observed the progressive growth
of concrete micro-crushing in front of the ribs which re-
duced the tangent stiffness of bond-slip curves. The high rib
face angle on the ribs is flattened by the crushed concrete
wedge, which reduces the effective rib face angle to a
smaller value (Fig. 1) Geometry of bar deformation pattern
governs bond behavior and is instrumental in guaranteeing
in an adequate bond resistance. The geometry of ribs, as
well as the interfacial properties, have been addressed and
explicitly modeled to examine the underlying mechanism
that produces the observed bond behavior. Bond strength
and bond resistance were observed varying with the bar rib
face angle, rib height, rib spacing and relative rib area."**
An analytical study on interfacial bond with key variables,
such as bearing angle, friction coefficient, cohesion and
confinement force has been executed to predict bond
strength of reinforcing bars with rib deformation for the
case of splitting bond failure by this author.'”
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A number of researchers have developed theoretical ex-
pressions on bar-concrete bond interaction, however, stud-
ies on pullout bond failure have been limited. An empirical
relationship between bond stress and the slip for pullout
failure mode has been developed by Gambarova and
Rosati'” and they observed that bond strength exhibits an
upper bound since high confining pressure leads to bond
collapse in shear, owing to the shearing off of the concrete
keys between bar ribs. Because the confining reinforcement
opposing thé bursting force would be provided, a pullout-
type failure may develop at any level of confinement.
Splitting and pullout modes are completely different in fail-
ure mechanics, and thus analysis with different approaches
should be performed to have clear pictures of the bond
mechanism. With this information as background, this
study is intended to analyze further the basic bar-concrete
interaction. An analytical study to determine bond strength
for pullout failure, in addition to the expression to predict
bond strength for splitting, is performed, where the bearing
angle is the key variable. The roles of bearing angle are
examined to understand bond mechanism of ribbed rein-
forcing bars to concrete. The behavior of bearing angle will
help to understand the nature of the wedging action and the
interfacial bond mechanism of ribbed reinforcing steel in
concrete structures.

2. Analysis of bond mechanism
2.1 Splitting failure

Wedging action by the rib of deformed bars makes it pos-
sible to resolve bond forces into normal stress o; and tan-
gential shear stress T as shown in Fig.2. The resultant of
normal component along the bar is what places the sur-
round concrete in tension. When reinforcing bars are in
tension P, concrete under the bearing side of a rib is known
to be in a state of tri-axial compression with a major princi-
pal stress, the bearing stress o, on the rib, acting parallel to
the bar axis. Normal to the bearing stress, the minor princi-
pal stress o; acts radially around the bar. As the radial force,
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Fig. 1 Flattened rib face angle by concrete crushing”
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the wedging force is applied to the concrete cover and con-
fining bars. The method of analysis (presented here is a
slightly revised and condensed form) has previously been
used by Choi and Lee'? to evaluate the bond strength in
splitting. Bond force equal to the sum of the bearing stress
on a single rib area, T, given by

T

split

= Aro'q . (1)

in which 4, = projected area of rib parallel to the bar axis,
approximated by 4, = mdyh, where A, is the rib height, g,
= bearing stress on the bar rib acting parallel to the bar axis.

The frictional force between the concrete and the steel
(Fig. 3) on the inclined surface of the rib may be repre-
sented using the Mohr-Coulomb relation,

T=CHuo, ()

where ¢ = cohesion, i = coefficient of friction, ¢, = normal
stress.

Suppose the stresses along the interface with an angle of
a are in equilibrium with the sliding force by o, and the
normal force by ;. The variable o, in Fig. 3 is given by

3 O_(l+ycota)+ c )
47| (1-ptana) sina(cosa — usina)

Fig. 2 Stresses acting on rib of bar?
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Fig. 3 Stress along interface with angle of &
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Fig. 4 Radial stress around bar circumference®

Equation (3) is substituted into equation (1) to obtain

Ty = Ar (a(1+“°°ta)+ - j @)

(1-putane) sina(cosa— usina)

where o, acting radially around the bar axis applies to con-
crete cover as radial stress. The radial stress o; acts over a
distance of A, cotax below the rib, and exerts a bursting
force on the concrete around the bar. The component of
force in the x-direction (as shown in Fig. 4) is

dFx = ovhr cota%-bdﬁcosé? &)

The summation of the component force on the perimeter
is given by

Bl

F:= [z, dF, = grcotaheds (6)

ul

Eg. (6) is substituted in to Eq. (4) resulting in the final
equation to predict bond strength, which is expressed as
follows.

(1+ pcota) 4 c

Tyw = Ferrtana r— -
sina(cosa — usina)

(7

(1- putana)

This simple expression to predict splitting bond resis-
tance agrees well with the test results and empirical equa-
tions.'” Based on the comparison, ranges of the friction
coefficient, cohesion, the effective rib face angle can be
determined.

2.2 Pullout failure

A pullout-type bond failure develops with the concrete
being sheared on a surface across the tops of the ribs.

Roles of Bearing Angle in Bond Action of Reinforcing Bars to Concrete
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Concrete

Possible shear crack

Fig. 5 Shear crack by the concrete key

As deformed bars slip, bars bear against the concrete in
front of the ribs, thus increasing the bearing stress on the
concrete key. Bearing resistance is obtained by the concrete
key between the ribs resisting from crushing or shearing off
as shown in Fig. 5.

As in the vicinity of composite connections, direct shear
may cause the failure and potential failure plane can be
established for such cases along which direct shear stresses
are high. The basic approach is to assume that the concrete
may crack in an unfavorable manner, or that slip may occur
along a predetermined plane of weakness as in shear fric-
tion theory. A shear force acts parallel to a possible crack,
and the resulting tendency for a concrete block to slip rela-
tive to the other block is resisted largely by friction along
the concrete interface at the crack. Based on the early study
of shear —friction theory'?, for cracks in monolithic con-
crete shear strength should not be assumed greater than
02f,4. as

Ve=02f, A (8)

where A is the area of cracked surface.
The area of cracked surface which is sheared off forming
a cone with an angle of o as

2
4 = _7%_}’ ©)
sina
From Eq. (8) and (9), shearing bond resistance is
1, =32lamh (10)
sin

3. Roles of bearing angle in bond action

The roles of bearing angle in bond action can be explored
by examining Eq. (7) and (10). First, let us examine Eq. (7)
and the key variables for change of bond resistance in split-
ting failure. The friction coefficient y is one of the key
variables in determining the bond strength. Bond strength
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increases as the friction coefficient increases. The friction
coefficient is reported to range between 0.40 and 0.50, but
should be constant in nature. The confinement force F,
such as concrete cover or transverse reinforcement, is di-
rectly proportional to the bond strength. It is made up of the
resistance by concrete cover or by transverse reinforcement.
Resistance by cover is related to the splitting tensile
strength of concrete, the magnitude of the fracture energy,
and the area of failure surface. As slip increases, the split-
ting concrete continues or/and some amount of the concrete
crushing continues, however, the confinement force has a
limitation. When confinement has no longer further resis-
tance, the only variable in Eq. (7) is the bearing angle cor-
responding to the change of bond force as slip increases.
The bearing angle may be decreased to a less value from
the previous bearing angle such as the initial effective rib
face angle. While the ribs undergo gradual crushing from
the rigid body motion of the steel bars, the high rib face
angle is flattened by the crushed concrete wedge, which
decreases the effective rib face angle to a smaller angle.
The bearing angle may be continually reduced in any cir-
cumstance such as bars are confined by heavy transverse
reinforcement. Reduction of bearing angle definitely
changes the bond resistance in splitting. As the bearing an-
gle is reduced, the bond resistance in splitting decreases.
The change of the splitting bond strength versus bearing
angle is illustrated in Fig. 6. The splitting resistance in-
crease, as the level of confinement becemes higher, but
bond resistance by splitting decrease as the bearing angle is
decreased.

Let us also examine Eq. (10) and the key variables of
bond resistance in pullout failure. Bearing resistance is ob-
tained by the concrete key between the ribs resisting from
crushing or shearing off. As in Eq. (10), the bearing resis-
tance is attained by the concrete key which would be
sheared off forming a cone with length of several times the
rib height. The length of the cone is function of the bearing
anglec .

Reducing of shearing angle definitely increase the area of
the cone increasing the bond resistance. When the high rib
face angle is flattened by the crushed concrete wedge,
which reduces the possible shearing angle to a smaller an-
gle, the shearing bond resistance increases. Thus, the bear-
ing angle can be assumed to be continually reduced to a
smaller value so that the shearing strength would reach the
maximum bond resistance as much as possible. The shear-
ing bond strengths increases with decrease in the bearing
angle as illustrated in Fig.7.

As in the figure, the shearing resistance also increases as
h, increases. Bond strength is determined along the inter-
face at a state of forces in equilibrium under any failure
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Fig. 7 Shearing bond resistance versus bearing angle

conditions. The weaker of the two mechanisms is consid-
ered to control bond strength. If the bond strength of split-
ting is higher than that of shearing strength, the concrete
key should be sheared off the concrete key resulting in ro-
tating bearing angle and bond strength. As bars slip or bond
force increases due to increase in confinement force, and if
the bond strength of splitting becomes higher than that of
shearing strength, the concrete key should be sheared off
resulting in decreasing the bearing angle and bond strength,
until a limiting resistance of the concrete is reached. Split-
ting strength is maintained to be less than the shearing
strength. Thus,

]:plit S ijhear ( 1 1)

As the concrete key is sheared off, the bearing angle is
reduced decreasing splitting bond strength and increasing
possible shearing bond strength. The bearing angle at the
interface rotates so that splitting strength is maintained to
be less than the shearing strength. The bond strength is de-
termined from the bearing angle and the schematic deter-
mination of the bond strength with decreasing bearing angle
is shown in Fig. 8.

Journal of the Korea Concrete Institute (Vol.16 No.5, Oct., 2004)



Bond Strength
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Fig. 8 Determination of bond strength with decreasing
bearing angle

4. Discussion

There should be several stages of structural damage in
concrete depending on levels of bond stress and confine-
ment, as bond force increases. The concrete damage may be
the adhesion breaking, the transverse micro-cracks, the
splitting of concrete cover, and the crushing or shearing of
the concrete producing by the ribs. In the case of light to
medium transverse reinforcement, through splitting is mo-
bilized at increasing slip values. Splitting failure occurs
remote and results in structural damage, but simultaneously,
concrete crushing by micro-cracking occurs at the bar-
concrete interface rotating the bearing angle.

Bond strength reaches a peak and then starts decreasing.
Bond behavior tends to become of the dry-friction type, as
the concrete keys between ribs are crushed or sheared off.
The bearing angle is reduced and rotates decreasing split-
ting bond strength with shearing off the concrete key. The
observed behavior from decreasing bearing angle closely
matches the experimental observation that high rib face
angle is flattened by the crushed concrete wedge that de-
creases the effective rib face angle to a smailer angle.

Fig. 8 also shows that bars with higher rib height pos- -

sessing higher shearing resistance can maintain larger bear-
ing angle & , and consequently higher bond force, than bars
with lower rib height. This behavior matches the finding by
the previous study ® that lower crushed angles were ob-
served on the bars with lower ribs, while higher angles were
observed for the bars with higher ribs producing higher
bond strengths.

A similar expression to predict bond strength has been

)

developed by Cairns and Jones” as,

z-bu = (o—sp + 2ﬁ,‘0th)COt wb (12)

Roles of Bearing Angle in Bond Action of Reinforcing Bars to Concrete

where 7,, is the bond strength, o,
f.., is the cohesion, f,, is the relative rib area and @, is
the angle of internal friction. Equation (12) suggests that

bond strength consists of two contributions, one related to

is the confining stress,

the splitting resistance and the other to a non-splitting resis-
tance component dependent on the friction at bar-concrete
interface, which is observed in this study. The angle of fric-
tion in Eq. (12) seems to be related to the bearing angle in
this study, however, the role of the bearing angle on the
bond strength in Eq. (7) and (10) becomes much clear.

Fig. 8 offers an explanation that when the shearing resis-
tance is constant, the bearing angle decreases as confine-
ment increases and; when the Splitting resistance is constant
the bearing angle increases, as the rib height increases. The
analysis using decreasing bearing angle will help to illus-
trate the beneficial effects of high rib area bars on bond
performance.

The role of bearing angle is examined and found to play
the key role for the nature of the wedging action by the ribs
of deformed bars to concrete. The mechanism of the flat-
tened rib face angle becomes clear in this study. The bear-
ing angle at the interface decreases so that splitting strength
is maintained to be less than the shearing strength. Further
research related to the decreasing bearing angle will help to
understand several key behaviors of bar-concrete interac-
tion.

5. Conclusions

Analytical expressions to determine the bond resistance
for splitting and shearing failures are derived and finally
used to predict bond strength. It is found that the bearing
angle is the major variable in the expressions. Following is
the summary of findings in this study.

1) As the concrete key is crushed or sheared off, the bearing
angle is reduced decreasing splitting bond strength and
increasing possible shearing bond strength;

2) The weaker of the two mechanisms controls bond
strength. As the splitting strength is higher than the
shearing strength, the concrete key is crushed or sheared
off and the splitting strength decreases with decreasing
the bearing angle;

3) The bearing angle at the interface decreases so that split-
ting strength is maintained to be less than the shearing
strength as bars slip;

4) The bearing angle plays a key role in controlling bond
mechanism and determination of the bond strength of re-
inforcing bars to concrete.

723



The behaviors of bearing angle in this analytical study
agree well with the findings by the previous studies. This
study will provide a rationale to develop high rib area bars
possessing apparently better bond performance and help to
understand the major aspects of ribbed reinforcing bar-
concrete interaction.

Notation
4 = area of cone with an angle of &
4 = projected area of rib parallel to bar axis
¢ = cohesion
ds = bar diameter
F = total bursting resistance on bonded length in the
x direction
Jon = cohesion
Joo compressive strength of concrete
Jx = relative rib area
B —tib height
Lo splitting bond resistance
Torear = shearing bond resistance
a = bearing angle
H = coefficient of friction
G=  =normal stress on interface
i = sliding stress on bar rib acting parallel to bar
axis
G = radial stress on bar rib acting perpendicular to
bar axis
% = confining stress
2 = shear stress on interface
“w  =bond strength
P = angle of internal friction
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