Bond of Deformed Bars to Concrete :
Effects of Confinement and Strength of Concrete
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Abstract

Slippage of beam longitudinal reinforcement at beam-column connections is an important cause of damage to
reinforced concrete frames under static and dynamic loads. This paper summarizes the results of an experimen-
tal study on the effects of confinements and compressive strength of concrete on the local bond stress-slip cha-
racteristics of deformed bars, It is concluded from experimental results that, as far as the bond splitting cracks
are restrained by the vertical column reinforcement, confinement of concrete by transverse reinforcement has
insignigicant direct effect on the local bond behavior. The ultimate bond strength, however. increases pro-
portionally with the square root of concrete compressive strength. An empirical model was developed for local
bond stress-slip relationslip of deformed bars in confined concrete of different compressive strengths.
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1. Introduction crete structural systems under severe loading con-
ditions it 1s important to prevent slippage of rei-
In order to ensure the stability of reinforced con- nforcing bars at such critical locations as beam-col-
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umn connections (see Fig. 1)!. Experimental cha-
racterization of bond performance within the con-
fined core area of joints can thus be helpful in im-
proving the design of anchored bars at beam-dol-

umn connections, 234

Figure 1. Anchorage of Beam Reinforcement at Exterior Joints

This study has been concerned with the effects
of confinement and compressive strength of con-
crete on local bond characteristics of deformed
bars in reinforced concrete joints, Confinement is
achieved at joint regions through the use of trans
verse column reinforcement, The spacing of trans-
verse steel was used in this study as the measure
of confinement, the effects of which on local bond
behavior was assessed. This experimental study
was also concerned with the effects of concrets
compressive strength on local bond behavior, not-
ing that higher-strength concretes are finding in
creasing applications in the lower stories of hig

hrise buildings.

2. Research Significance

The slippage behavior of beam reinforcement
anchored at beam-column connections plays an im-

portant role in deciding the rigidity and stability of

reinforced concrete frames. The test data and the
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empirical model presented in this study can be
helpful in developing more reliable design rec
ommendations for anchorage of deformed bars at

beam-column joints.

3. Background

The bond of defoermed bars to concrete is pro-
vided mainly by mechanical interlocking between
the bar lugs and surrounding concrete'*. The ac-
tion of lugs against concrete produces inclined cra-
cks at relatively low bond stresses (Figure 2(a)).
After inchined cracking, the steel stresses are
transferred to concrete by inclined compression.
The radial component of this force system sim-
ulates an internal pressure inside concrete, which
causes a tendency toward failure by split cracking
(Figure 2{a)). Confinement of concrete by steel
bars crossing the potential splitting cracks can re

strain the propagation and opening of these cracks,
causing an ultimate failure by bar pul-out (Figure
2(b)).
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Figure 2. Bond Failure by Split Cracking in Unconfined Concrete, and

Pull—0ut in Confined Concrete »

In beam-column connections, the steel bars whi-
ch arrest the splitting cracks are the column verti-
cal and transverse reinforcement (see Figure 3
{a)). In order to simulate the local bond conditions

at beam column joints, Ref. 5 has used a confined
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ing of splitting cracks, however, did not signifi-
cantly mmprove the local bond stress-ship cha-
racteristics (see Figure 4(a)). Test results pre-
sented in Ref. 5 have covered only the effects of
transverse steel area (not spacing) on local bond
behavior. Considering the significance of trans-
verse bar spacing in deciding the concrete confine-
ment congditions, it is important to evaluate the
behavior of local bond in concretes confined with
transverse bars at different spacings.

Ref. 5 has also presented the results of a limited
number of tests on the effects of concrete com-
pressive strength on local bond behavior in con-
fined concrete, The results (Figtre 4(b)) indicated
that at higher concrete compressive strengths the
bond stiffness, strength and post-peak resistance
tend to be higher. These conclusions, however,
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{t) Experimental Model for Local Bond Studies

Figure 3 The Actual Joint Condition and the Experimental Model of
Ref. 2

concrete block containing a partially bonded de-
formed bar (Figure 3(h)). Test data on these spe-
cimens (Figure 4(a)) have indicatec that the beh-
avior of local bond in confined specimens is domi
nated by bar pull-out, and is quite different from
failure by split cracking in unconfined specimens,
The increase in confinement steel area above a

minimurr. value required for restraining the widen

Hi3H 2%, 1991. 6.
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Figure 4. Effects of the Confining Reinforcement Area and Concrete
Compressive Strength on the Local Bond Behavior.
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have been based on tests with only two different
levels of compressive strength. More test data on
local bond behavior in concretes of different com-
pressive strengths are needed in order to quantify
the effects of concrete strength on bond cha-
racteristics.

The research reported herein has been con-
cerned with generating experimental data and em-
pirical formulations on the effects of confinement
and compressive strength of concrete on local bond
behavior of deformed bars in conditions of beam-
column joints,

4. Experimental Program

The test specimens used in this study were simi-
lar to those of Ref. 5, with a #8 deformed bar par-
tially bonded (along 5 in., 127mm, of its length) in-
side a concrete block (Figure 5(a)). The bonded
length was, according to Ref. 5, long enough to re-
duce the scatter of test data, and short enough to
produce a uniform bond stress and slip. The var-
iables in this test program were the spacing of
transverse reinforcement and the compressive str-
ength of concrete. Table 1 presents the values of
transverse bar spacing and concrete compressive
strength used In this investigation. A plastic sheet
was placed inside concrete at the level of embed-
ded bar in order to create an artificial splitting cra-
ck (which could be caused by bond stresses of the
adjacent bars) outside the confined core area. Wit-
h the arrangement shown in Fig. 5a, test con-
ditions simulate the local bond behavior of de-
formed bars with a clear spacing of four times the
bar diameter in confined concrete.

The reinforcing bars used in this study had a yie-
Id strength of 60Ksi (414 MPa). The deformation
pattern of the embedded #8 bar is shown in Fig-
ure 5(a). The maximum aggregate size in concrete
was (.75 in. (19mm), and the concrete was cast per-
pendicular to the bonded bar axis. The specimens
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Figure 5. The Test Specimen and Experimental Set-up

Table 1. Test Program

Corcrete Com-

No, of Transverse pressive Strength
Variable Specimen  Reinforcement Mpa(Psi)

Transverse 2 244 4 (395(7)/7 7
Reinforcement 2 644 27 (3950)
Spacing 2 Vertical Bars 27 (39%0)
2 Plain 27 13%0)
Concrete 2 444 24 (3500)
Compressive 2 444 29 (4220)
Strength 2 184 3 (4550
2 4 54 (7850)

were moist-cured inside their wood forms for seven
days before being demolded and exposed to the
regular lab environment. They were tested at the
age of 28 days.
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The test set-up and instrumentation are shown
in Figure 5(b). The pull-out load was spplied at
one end of the deformed bar with a hydraulic actu-
ator, A load cell with a maximum error of 1% was
used to measure the applied load. Loading was
quasi-static and displacement-controlled. Local
bond stress was derived by dividing the measured
pull-out force by interfacial area along the bonded
length (assuming a uniform bond stress distri-
bution)™. Two electrical displacement transducers
were used at the free end of anchored bar to mea-
sure pull-out displacements, Assuming a uniform
slippage along the embedrnent length, this pull-out
displacement is equal to the local bond slip.?

5. Experimental Results

Bond stress-slip relationships for specimens with
different transverse (confining) reinforcement spa
cings are shown is Figure 6. Each curve in this fig-
ure is the average of two test results, which wre
performed on two identical specimens and showed
similar trends.

Failure of plain specimens was by split cracking,
and it cccurred in a brittle manner. The presence
of vertical steel bars restrained the widening of
splitting cracks, and changed the failure mode to a
pull-out one, The differenced in bond stress-slip
characteristics of specimens with vertical bars and
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Figure 6. Effects of Confining Reinforcement on the Local Bond Str-
28s-slip Relationship of Deformed Bars
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with or without transverse reinforcement at differ-
ent spacings were practically insignificant. Noting
that split cracking in these specimens occurs paral-
lel to the plane of transverse steel bars (as is also
the case in actual beam-column connections), the
insignificant effects of transverse remforcement on
local bond behavior may be attributed to their ine-
ffectiveness in restraining the widening of splitting
cracks which run parallel to them. It is also
worth mentioning that in actusl joint conditions
the transverse reinforcement is effective in reduc-
ing the extent of concrete cracking. As a result,
the increase In transverse reinforcement ratio may
provide a better environment for bond in stress
conditions of actual joints, which could lead to
enhanced bond stress-slip characteristics.

The effects of concrete compressive strength on
local bond stress-slip relationship in confined spe-
cimens are shown in Figure 7. Each curve in this
figure is again the average of two similar curves
obtained 1n tests on identical specimens, The test
results shown in Figure 7 indicated that ultimate
bond strength increases with increasing compress-
ive strength of concrete, The other characteristic
stess and slip values in bond stressslip rel

ationships are, however, not consistently inf

luenced by the variations in concrete strength.
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Figure 7. Effects of Concrete Compressive Strength on the Local Bond
Stress-Slip Characteristics of Deformed Bars in Confined
Concrete
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Figure 8. General Shape of the Local Bond Stress-Siip Model

6. Empirical Modeling

The general shape of local bond stress-slip re-
lationship for deformed bars embedded in confined
concrete can be simulated by the model shown in
Figure 87, This model consists of a curvilinear as-
cending branch, a flat segment at the peak bond
stress, a linear descending branch, and a flat tail.
It includes 5 parameters (characteristic bond str-
esses 7, and =, and slips s;, s, and s3), to be de-
rived empirically. Test results presented here and
also those given in Ref. 6 indicate that the charac-
teristic values s,, s,, s; and = are largely indepen-
dent of concrete strength, confinement by trans-
verse reinforcement and bonded bar diameter, Test
resuls presented in this paper and Ref. 6 indicate
that the compressive strength of concrete has a
definite influence on peak bond stress, =), Figure 9
shows that the peak bond stress tends to increase
proportionally with the square root of concrete com-
pressive strength. Ref. 6 also provided experimental
evidence on the dependence of peak bond stress on
the bonded diameter.
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Figure 9. Effect of Concrete Compresssive Strength on Local Bond
Strength (Bar Diameter—1 in, 25.4 mm) )

Table 2. Empirical Values and Expressions for the Characteristic Local
Bond Stress and Slip Values (units, mm, Mpa: Imm—0039 in, 1
Mpa— 144 psi)
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Figure 10. Comparison of the Experimental and Analytical Bond Str-
ess-Slip Relationships (Bar Diameter-1 in., 25.4mm)

The average values of s|, s,, s, and =, and the
empirical expression (based on test results of this
paper and Ref, 6) for =, in terms of bar diameter
(dy,) and concrete compressive strength (f.) are
shown in Table 2. Typical experimental and ana-
lytical local bond stress-slip relationships for con-
cretes of different strengths are compared in Fig-
ure 10. The developed model seems to provide a
basic tool for future analytical studies on beam-col-
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umn conrections,
7. Summary and Conclusions

Effect of confinement by transverse reinforce
ment and compressive strength of concrete on lo
cal bond stress-slip characteristics of deformed
bars were assessed experimentally through tests on
specimens simulating the local bond condition of
beam reinforcement in beam-column connections,
The results indicated that :

(1) confinement of concrete by transverse re
inforcement does not directly influence the local
bond behavior of deformed bars in joints with ver
tical columm bars sufficient to restrain the widen-
ing of bond ép]itting cracks.

(2} The ultimated bond strength increases alm
ost proportionally with the square root of concrete
compreseive strength. The other characteristic
values of bond stress and ship in local bond stress:
ship relazionships are not strongly influenced by
variations in concrete compressive strenth,

An empirical model was developed for predicting
the local bond stress-slip relationship of deformed
bars with different diameters in confined concretes
having different compressive strengths.
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Notations
d - Bar diammeter
', —~Concrete compressive strength
@ —Coefficient in local bond constitutive
model (see Figure 4)
$ - Bond slip

Sy, Su, 83 —Characteristic bond slip values for local
bond constitutive model{see Figure 9)
T —Bond stress
7. 7, 75 —Characteristic bond stress values for lo-
cal bond constitutive model
. (MR 2 1991.4.15)
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