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Abstract

Twelve full-scale beam specimens (2000 x 300 x 200 mm) were tested in positive bending with the
loading system designed to determine the effect of self-compacting concrete (SCC) and the diameter of
reinforcement on bond-slip characteristics of tension lap-slices. The specimens of lap-splice series were
tested with lap-spliced bars centred on the midspan in a region of constant positive bending. The splice
length of the deformed bars was set at 310 mm in all beam specimens. This value was selected to develop a
steel stress less than yield to ensure splitting mode failure in all beam specimens. The beams were cast with
the 16 and 20 mm bars (the tension lap-splices) in the bottom position. The casting procedure was the same
for all beams. Two types of concrete were used in the experimental programme, including normal concrete
(NC), with a slump less than 68 mm, as the comparatively low-slump concrete, and SCC as an extremely
high-workability concrete. The variables used in this study were the concrete type (SCC and NC) and
reinforcing bar size (16 and 20 mm). It was found that as the diameter of the steel bar increased from 16 to
20 mm the bond strength decreased regardless of concrete type. Finally, although the compressive strength
of concretes was almost the same and there were slight differences between the diameters of lap-spliced bars,
the normalised bond strengths of the SCC mixes were about 4% higher than those of the NC mixes for both
bar diameters, indicating that the reinforcing bar was completely covered by SCC due to its filling ability.
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Introduction

When a reinforced concrete (RC) member is sub-
jected to loading, the load is transferred between
the main reinforcement and the surrounding con-
crete through adhesional and mechanical bonds. If
deformed bars are used, a mechanical bond is pro-
vided by the bar lugs bearing against the surround-
ing concrete. The consolidation of the surrounding
concrete in congested RC members is an important
consideration in concrete placement and durability
of structures. Achieving proper consolidation can
require internal and external vibration. With the in-

creasing use of congested reinforcement in moment-
resisting members, for example, due to seismic con-
sideration, there is a growing interest in specifying
high workability concrete. Self-compacting concrete
(SCC) in the fresh state is known for its excellent
deformability, high resistance to segregation, and
use, without applying vibration, in congested rein-
forced concrete structures characterised by difficult
casting conditions. SCC is defined as concrete that
can be placed normally by pump or skip, and flow
under its own weight, maintaining its homogeneity.
It will completely fill the formwork of shape, even
with congested reinforcement, subjected to the ag-
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gregate size. Full compaction and in-situ strength
are achieved without the assistance of mechanical
vibration (Okamura and Ozawa, 1995). In general,
the mixture proportion of SCC includes mineral ad-
ditives, such as silica fume, fly ash and slag, as well
as chemical admixtures, such as high-range water re-
ducing (HRWR) admixtures and/or viscosity modi-
fying agents (VMA), to adjust its deformability and
cohesiveness. The use of SCC can remarkably lower
the complexity of construction by reducing the de-
mand for a significant amount of consolidation prac-
tice and skilful workmanship. Therefore, the self-
consolidation characteristics of SCC allow a much
easier construction schedule and result in a more reli-
able quality in concrete placement and a more homo-
geneous material structure. Without consolidation,
the influence of intrinsic deficiencies and material de-
fects due to bleeding or segregation induced by im-
proper vibration practice can be avoided (Hoshino,
1989). As a result, the homogeneity of SCC can be
ensured and may substantially enhance the mechan-
ical properties of RC members. In other words, the
uncertainties in RC structures caused by construc-
tion factors can be effectively eliminated. There-
fore, the designed structural performance and the
expected durability can be enhanced.

In a study dealing with pull-out tests, Chan et
al. (2003) reported that, as compared to NC, SCC
exhibits higher bond to reinforcing bars and lower
reduction in bond strength due to the top-bar ef-
fect. Zhu et al. (2004) performed bond tests (pull-
out tests) with 12 and 20 mm deformed bars placed
in concrete specimens of 100 x 100 x 150 mm to
study the performance of SCC compared to NC.
The test results showed 10%-40% higher normalised
bond strength in SCC compared to NC. Several fac-
tors affecting the bond strength have been stud-
ied by a number of researchers. These factors in-
clude the loading condition, the size reinforcement,
the composition materials, compressive strength of
concrete (Ezeldin and Balaguru, 1989; Azizinamini
et al., 1993; Yerlici and Ozturam 2000; Turk and
Yildirim, 2003; Turk et al., 2005; Esfahani et al.,
2008) and testing methods and apparatus (Darwin
et al., 1996; Hwang et al., 1996; Esfahani and Ran-
gan, 1998), whilst there are very limited data on the
bond strength of tension lap-splices in SCC.

This paper reports an investigation aimed at eval-
uating the bond strength of tension lap-spliced bars
in full-scale beams produced from SCC and compar-
ing them in conventional vibrated concrete.
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Experimental Programme
Materials

The concrete mixes used in this study were prepared
with 42.5N grade Portland Cement (PC), and silica
fume (SF) from set cement factory in Elazig, and
Electro Metallurgy Enterprise in Antalya, Turkey,
respectively. Aggregate was obtained from the River
Murat in Elazig, Turkey. The silica fume was of
high fineness (96.5% < 45 um). The silica fume
was used as additional filler in SCC to enhance self-
compactability and segregation resistance.

Natural sand and gravel with a nominal maxi-
mum size of 20 mm were used as the aggregates.
Medium grade natural sand with a fineness modulus
of 3.05 was also used for both mixes. The relative
density values for 0-7, 7-15, and 15-20 were 2.63,
2.64, and 2.66, and absorption rates were 1.57%,
1.0%, and 0.7%, respectively. Melamine sulfonate
polymer based and modified polycarboxylates based
polymer were used, which had specific gravity of 1.22
and 1.06, for NC and SCC, respectively.

Proportions of mixes used

Two types of concrete were used in the experimental
programme, including NC and SCC. Details of mix
proportions for the conventional and the SCC are
summarized in Table 1. A typical mixture propor-
tion of NC is selected with moderate water-cement
ratio (w/c) and workability. While the NC mix con-
tains only ordinary PC, the SCC mix contains 10%
silica fume by weight of cement to enhance fluidity
and cohesiveness, as well as a particular type high
range-water-reducing admixture adopted to achieve
self-compactability.

The fresh concrete properties of the 2 different
concretes are summarised in Table 2. The slump of
NC is 68 mm as measured before casting. In addi-
tion to the slump, there are several other essential
test items for fresh concrete properties of SCC based
on guidance given in EFNARC (2005), including the
slump flow, T5p, V-funnel test, L-box test, and seg-
regation sieve test. A slump flow of 701 mm is mea-
sured for SCC, indicating good deformability. The
discharge time from the V-funnel provides an index
of viscosity of SCC. Finally, while the L-box test veri-
fies the self-compactability, the segregation sieve test
demonstrates segregation resistance of SCC. The re-
sults obtained from these tests (Table 2) show that
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the SCC mix has good flow, filling, and passing abil-
ity as well as segregation resistance.

Experimental procedures

Twelve geometrically identical beam specimens were
tested in positive bending with the loading system
designed to produce a constant moment region in
the middle of the beam specimen. The geometrical
details and compressive strength values of concretes
at 28 days are given in Table 3.

Reinforcement on the tension side consisted 2 re-
inforcing bars spliced at the centre of the span. The
beams, which had 2 lap spliced bars of 16 or 20 mm
in tension, were cast in the bottom position. The
thickness of the cover concrete was measured from
the centre of the stirrup to the nearest surface of the
concrete (Figure 1).

The casting procedure was the same for all
beams. The splice length of the deformed bars was
set at 310 mm in all beam specimens. This value
was selected to develop a steel stress less than yield
to ensure splitting mode failure in all beam speci-
mens. A yielding mode of failure provides little or

no information regarding the bond strength of a re-
inforcing bar, and the objective was to compare rel-
ative bond behaviour of lap splices and not ductility
of the splices. The variables used in this study were
the concrete type (NC and SCC) and reinforcing bar
size (16 and 20 mm). A 3-part notation system was
used to indicate the variables of each beam. The
first part of the notation indicates the beam spec-
imen. The second part is the concrete type (NC
or SCC). The third is the diameter of reinforcement
(16 and 20 mm). As an example of the notation
system, B.SCC.20 indicates that the beam specimen
was produced from SCC and had 20 mm bars (the
tension lap splices). Two different diameters (16 and
20 mm) of steel reinforcement were selected, the me-
chanical properties of which are shown in Table 4.
The bars used were from the same heat of steel and
had the same parallel deformation pattern. The bars
met TS 708 specifications and were Grade 60. The
transverse reinforcement was provided in all beams
to avoid shear failure. It consisted of 10 mm bars
spaced at 8 cm centre-to-centre and the 2 top rein-
forcing bars extending along the entire beam length
were 12 mm deformed bars (Figure 1).

Table 1. Mix proportions of concretes used during the experiments.

Mix Materials, (kg/m?) | SF w/e Aggregates, (kg/m?) SP SP
Cementitious (%) 0-7 715 1520 | (1 /m?) | (1 /m3)
NC 350 0 0.39 | 800 | 500 650 - 5.50
ScC 450 10 | 0.38% | 990 | 450 285 8.00 -
@: water to cementitious materials (PC + SF) ratio
Table 2. Properties of fresh concretes.
Mix Slump | Ts0em V-funnel L-box | Segregation
(mm) (s) | Flow time (s) | Ha/ Hy (%)
NC 68 - - - -
SCC | 7o01b 1.80 3.19 0.876 17.9
¥ Slump Flow (mm)
Table 3. Test parameters and details of beam specimens.
Mix Code ! dp ls Number of b h p
(MPa) | (mm) | (mm) | Beams Tested | (mm) | (mm) | [Ap/(b x d)]
B. NC.16 | 41.48 16 310 3 200 300 0.0116
B.NC.20 41.48 20 310 3 200 300 0.0158
B.SCC.16 | 43.11 16 310 3 200 300 0.0116
B.SCC.20 | 44.05 20 310 3 200 300 0.0158
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Figure 1. Views of the beam specimens in the casting and testing positions.

Table 4. Properties of steel reinforcement used.

dp A, f, fou Elongation
(mm) | (mm?) | (MPa) | (MPa) percent

16 200.96 | 503.18 | 636.94 26.00

20 314.16 | 509.55 | 780.25 23.60

The SCC was poured into the mould at once
without any vibration while the NC was cast in 2
layers in each beam specimen. As the beam speci-
men produced from NC was cast, a person was as-
signed to assess compaction and vibration to ensure
that the concrete placed in each specimen was of the
same consistency. A poker vibrator was used to at-
tain optimum compaction. Test beams were cast in a
horizontal position with the lap-spliced bars located
at the bottom of the steel mould. Following casting,
all beam specimens and the 150 mm concrete cubes
were covered with wet burlap, which continued for
28 days following de-moulding the specimens after
24 h. All specimens were tested at 28 days.

The test set-up and the 4-point loading arrange-
ment used during the load controlled experiments
are given in Figure 2. Beams were simply supported
over a span of 1800 mm and tested until failure took
place. An incremental load of 3.5 kN/s was applied
through a 250 kN capacity testing machine. The load
from the testing machine was transferred through a
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stiff steel girder onto the specimens in the form of 2
equally concentrated loads.

At each load stage, deflection readings were taken
at the centre of the beam using a dial gauge and
flexural cracks were marked. Cracks at the side and
bottom (tension) faces of the specimens were marked
for further analysis. Concrete cover over the splice
length in all specimens was first to fail due to the
interfacial bond failure between reinforcement bars
and concrete.

Test Results
Beam stiffness

Figure 3a and b, and ¢ and d show typical plots of
load vs. midspan deflection for each beam produced
from NC and SCC, respectively. A dial gauge was
placed at the centre of the beam span after placing
the beam specimen. It was seen that whilst the di-
ameter of the reinforcing bar was increased the max-
imum load increased and the deflection recorded at
the centre of the beam decreased, regardless of the
concrete type. As can be seen from Figure 3, the
load vs. midspan deflection relationship was simi-
lar for each beam specimen, which indicates a good
transfer of the load up to bond failure.
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LOAD with NC was around 56 kN for both reinforcement
diameters. Furthermore, as loading increased above

both NC and SCC with 20 mm tension lap-spliced
R.C. Specimen bars had greater stiffness than did the beam speci-
- mens with 16 mm tension lap-spliced bars, because
Dial ’
SUPplortIE‘l _Dial gauge I'I:I'ISUFPOrt the beam specimens with 20 mm had greater load
Experiment table with 29.2 than did the beam specimens with 16 mm

Figure 2. Schematic of test setup. with 20.7 kN for 1 mm deflection. However, after

the cracking load, it can be seen from Figure 3 and

I—UME@C;—' Table 5 that the beam specimens produced from

the

beams reached cracking load there were slight differ-

The average cracking load of the beams with SCC ences between the stiffnesses of all beam specimens
was approximately 65 kN, whilst that of the beams for the same diameter bars.
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Figure 3. Load-deflection curves for beam specimens produced from NC and SCC.

Table 5. The values of load-midspan deflection of the beams during cracking and failure.

During Cracking During Failure
Specimens | Load | Deflection | Load | Deflection
(kN) (mm) (kN) (mm)

B. NC.16 54 0.81 156.9 5.35
B.NC.20 57 0.78 188.2 5.27
B.SCC.16 60 0.65 167 6.36
B.SCC.20 | 70.7 0.96 202 5.45
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Cracking behaviour

In all specimens, failure diminishing of load carrying
capacity took place at maximum load just after the
longitudinal splitting cracks started to form along
the splices. The final mode of failure was a face-
and-side split failure. Failure developed gradually
and was ductile especially compared to beams with
NC and with no stirrups that were tested (Turk and
Yildirim, 2003; Turk et al., 2005), because it can
be seen from Figure 3 and Table 5 that the beam
specimens with SCC had higher the midspan deflec-
tion than that of the beam specimens with NC for
both 16 and 20 mm. This ductility occurs as a result
of the transverse reinforcement and the SCC used in
producing the beams, because SCC allowed most bar
lugs to contribute to stress transfer between the bars

and concrete in the splice region.

Cracking in the constant moment region con-
sisted of vertical flexural cracks, while cracks outside
the constant moment region developed as flexural
vertical cracks at a lower load level but transformed
into inclined shear cracks at higher load in all beams.
The observed cracking patterns on the bottom ten-
sion face and on the side of all beam specimens were
similar regardless of concrete type and reinforcement
diameter. On the other hand, the longitudinal cracks
formed at the bottom face and adjacent to the rein-
forcement bars and the cracks of the beams with SCC
on the bottom tension face were more than those of
the beams with NC (Figure 4a and b) since SCC
covered the reinforcement sufficiently because of its
filling ability.
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Figure 4. Crack patterns of the beams produced from NC and SCC.
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Ultimate moment capacities

Table 6 shows the experimental and theoretical ul-
timate moment capacities of the reinforced concrete
beams produced from NC and SCC. The theoretical
ultimate moment was calculated using the limit state
design equations, derived from stress and strain dis-
tributions as shown in Figure 5, and assuming the
continuous presence of longitudinal bars (i.e. ade-
quate splice length) as

Mipcor. = Ay x fy x (4= 3) 1)

where a = k1 X x, and k1 = 0.85 — (fer, — 25) x 0.006
The experimental moment was calculated as

Mup =P x L (2)

It can be seen in Table 6 that the theoretically
predicted ultimate moment capacity of the beams
made of NC and SCC takes into account only approx-
imately 80% and 84% of the rebar ultimate tensile
strength, respectively, though all beam specimens
had the same splice embedment length with 310 mm
and there were no significant differences with approx-
imately 2.1 MPa between the compressive strengths
of the beams made of NC and SCC. This result is
somewhat verified by Valcuende and Para (2009),
who proposed a reduction in the anchorage length
of reinforcements according to the concrete’s com-
pressive strength for SCC.

Bond strength

Using the limit state design equations (Dogangun,
2003), it is possible to calculate the tensile strength
of the spliced rebar at failure, considering that the
spliced rebar is acting as one continuous rebar. The
failure mode in all beam specimens was a face-and-
side split failure suggesting that the splice reached its

Table 6. Summary

maximum capacity. Therefore, bond strength could
be determined directly from the stress developed in
the steel. The stress in the steel, fs, was calculated
based on elastic cracked section analysis and was de-
termined from the maximum load obtained for each
beam specimen. The analysis ignored the tensile
stresses in the concrete below the neutral axis and
assumed linear stress-strain behaviour. In this anal-
ysis the modulus of elasticity of steel, Fs, was taken
as 203,000 MPa and the modulus of elasticity of con-
crete was calculated as the average of 3 samples. The
end faces of the samples are ground using an end-
face grinder, and then checked for evenness and per-
pendicularity with respect to the vertical axis. To
obtain the average bond stress, u:, the total force
developed in the steel bar (Ayx fs, where A, is the
cross-sectional area of the bar) was divided by the
surface area of the bar over the splice length (7Xd} x
ls) as follows:

(Ap x fs)  fsxdp

T X dy x0T X, ®)

where dp is the bar diameter and 1, is the splice

length. Neutral axis width (¢) and steel stress (fs)
are given in Table 6.

Table 6 also summarises the test results indicat-
ing the effect of the concrete type and the diameter
of the reinforcing bar on bond strength. It can be
clearly observed in Table 6 that as the diameter of
the steel bar increased from 16 to 20 mm the bond
strength decreased regardless of concrete type. How-
ever, a higher bond strength was obtained from the
beams produced from SCC for both the diameters
of 16 mm and 20 mm. Therefore, the normalised
bond strengths of the SCC mixes were found to be
about 4% and 3% higher than those of the NC mixes
for the reinforcing bar of diameter 16 and 20 mm,

of test results.

Mix Code 1l Mexp | Mineor

(MPa) | (kN.m) | (kN.m) | (mm)

c fs Uexp Uexp | Mode of
Ve
(mm) | (MPa) | (MPa) Failure

B.NC.16 | 41.48 47.07 52.10 5.35

32.97 | 463.71 5.98 0.93 | Splitting

B.NC.20 | 41.48 56.47 81.94 5.27

37.46 | 358.23 5.78 0.90 | Splitting

B.SCC.16 | 43.11 50.10 54.12 6.36

33.18 | 493.26 6.36 0.97 | Splitting

B.SCC.20 | 44.05 60.60 81.92 5.45

38.43 | 384.22 6.20 0.93 | Splitting
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respectively, though the compressive strengths of NC
and SCCs were almost the same and there were few
differences between the diameters of lap-spliced bars
used as variable. Hence, it can be concluded that the
reinforcing bars were completely covered by SCC due
to its filling ability when involving the reinforcement
(Valcuende and Para, 2009).

For the test results, (u/+v/f.) was plotted against
1/¢ in Figure 6.

1
w/(f)12 =32/ +0.7683 %
5 ° -

oos| RE=085 - 9
o % - 2
go 09 ﬁ
= A uiE)2=2.83/¢ +0.751

0.854 R2 =075 A NC

x SCC
0.8 , , ,
0.045 0.05 0.055 0.06 0.065

/6

Figure 6. Proposed equations for bond strength for beam
specimens with NC and SCC.

The best fit obtained from the test results is given
for both NC and SCC. However, the fitted curve for
SCC had the greater coefficient and the better cor-
relation with R? = 0.85, indicating that there were
less deviations between the bond values at beams
with SCC due to its filling ability.

Comparison With Other Methods

Experimental bond strength results of the beams
with 2 different diameters of reinforcement were com-
pared to theoretically predicted values, by using the
empirical equations developed by Orangun et al.
(1977):

u=[1.243(c/dy) + 50(dv/1s) + kj, )/ fe  (4)

where kf, = st e <95 k1, < 3.0

u theoretical bond stress, (psi)

¢ the smaller of cyor ¢,

¢cp clear (bottom or side) cover to main reinforce-
ment, (in.)

cs half clear spacing between bars or splices or
half available concrete width per bar or splice resist-
ing splitting in the failure plane, (in.)

dp diameter of reinforcing bar (in.)

f. compressive strength of concrete, (psi)

k’;, confinement factor, carries no units

A, area of transverse reinforcement crossing the
potential plane of splitting adjacent of single an-
chored reinforcing bar, (in?)
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f+ specified yield strength of transverse reinforce-
ment, (psi)

s centre-to-centre spacing of transverse reinforce-
ment within splice length, (in.)

The constant 500 carries the unit (psi); 1 in. =
25.4 mm, and 1 MPa = 145 psi.

And by Esfahani and Rangan (1998):

y 1+1/M
“1.85 4+ 0.024v/M

Cm

<0.88 + 0.120’”“’) (5)

where u, = 4.9%&&01" f; < 50 MPa,

ue = 49220283 for f, > 50 Mpa, and M =

cosh <0.0022Ld Rg—é), and Uand f. are in Mpa;
fet = 0.55\/f". ¢y, is the

smallest value and ¢4 is the second larger value
of side cover, bottom cover or 1/» of centre-to-centre
spacing of bars. R varies between 3 and 4.25, de-
pending on the type of reinforcing bar. U is equiv-
alent uniform bond stress at failure (bond strength)
and u. is bond stress when the concrete cover cracks.

Moreover, experimental bond strength results of
the beams were also compared to the equation de-
veloped by Darwin et al. (1996). The equation can
be expressed in terms of u as

(50"
doasrs 163 X 1s X (e + 0.5 X dp)

+ 2130 x Ay (0.1% + 0.9)

u =

(6)

in which (fé)1/4 is psi.

Cm, €y minimum and maximum value of ¢g or
e (emr/em < 3.5), (in.)

¢s min (cg; +0.251n., ¢4 ), (in.)

¢si one-half of clear spacing between bars, (in.)

Cso, Cp side cover and bottom cover of reinforcing
bars, (in.)

Ay, area of one reinforcing bar being spliced, (in?.)

L4 development length (in.)

The results related to comparisons are given in
Table 7. The measured bond stress for each speci-
men was divided by the predicted values to obtain
the bond efficiencies listed in Table 7. The mean
bond efficiency for all bar splices using Eq. (4) from
Orangun et al. (1977) is 1.23 with a standard de-
viation of 0.002. Moreover, Eq. (5) from Esfahani
and Rangan (1998) gives 1.35 with a standard devi-
ation of 0.004, and Eq. (6) from Darwin et al. (1996)
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Table 7. Bond efficiencies from Orangun et al. (1977), Esfahani and Rangan (1998), and Darwin et al. (1996).

Predicted bond stress (MPa) Bond efficiency
. Measured bond - -
Specimens Orangun | Esfahani and | Darwin | u¢/Uorangun | Ut/UEsfahani | Ut/UDarwin
stress, u; (MPa)
et al. Rangan et al.
B. NC.16 5.98 4.99 4.60 4.77 1.20 1.30 1.25
B.NC.20 5.78 4.77 4.27 4.70 1.21 1.35 1.23
B.SCC.16 6.36 5.13 4.68 4.82 1.24 1.36 1.32
B.SCC.20 6.20 4.92 4.43 4.77 1.26 1.40 1.30

gives 1.28 with a standard deviation of 0.004. It is
seen in Table 7 that whilst all the methods devel-
oped by other researches gave very good estimates
of bond strength the predicted bond strength values
using Eq. (4) were closer to the experimental values
with the smallest standard deviation. However, it is
clear that Egs. (5) and (6) underestimate the bond
strength between reinforcement and concrete in this
study. On the other hand, the discrepancies between
the measured bond stress and the values predicted
by Egs. (4), (5), and (6) may be attributed to the
properties of materials, the geometric parameters of
the specimen, the detailing of reinforcement, and the
loading velocity during the experiments etc.

Conclusions

Based on the results of 12 beam specimens produced
from NC and SCC with 2 lap-spliced bars 16 and
20 mm in diameter, the following conclusions can be
drawn:

1. Whilst the diameter of the reinforcing bar
was increased, the maximum load increased and the
deflection recorded at the centre of the beam de-
creased, regardless of the concrete type. As load-
ing increased above the cracking load, NC and SCC
beam specimens with 20 mm tension lap-spliced bars
had greater stiffness than the beam specimens with
16 mm, that is, the beam specimens with 20 mm had
greater load with 29.2 kN than did the beam speci-
mens with 16 mm with 20.7 kN for 1 mm deflection.
However, there were slight differences between the
stiffnesses of all beam specimens for the same diam-
eter bars, after cracking load.

2. Load transfer within the tension lap-spliced
bars embedded in SCC in a reinforced concrete beam
was better than that of the tension lap-spliced bars
embedded in NC. Moreover, failure developed grad-
ually and was ductile especially in these beams com-
pared to beam specimens produced from NC and
with no stirrups, because it was concluded that SCC

allowed most bar lugs to contribute to stress transfer
between the bars and concrete in the splice region.

3. The beam specimens produced from SCC had
generally longer cracks than the beams produced
from NC regardless of the reinforcing bar diameter,
indicating that SCC surrounded the reinforcing bar
sufficiently due to its filling ability.

4. The normalised bond strengths of the SCC
mixes were about 4% higher than those of the NC
mixes for both bar diameters (16 and 20 mm),
though there were few differences between the com-
pressive strengths of normal and self-compacting
concretes with approximately 2.1 MPa.

5. The experimental results were compared to
those reported by Orangun et al. (1977), Esfahani
and Rangan (1998), and Darwin et al. (1996). The
method developed by Orangun et al. (1977) pro-
vides a better estimate of bond strength than those
developed by Darwin et al. (1996) and Esfahani and
Rangan (1998), whilst all of these methods also gave
good estimates of the experimental findings with
small standard deviations.

Nomenclature

C compressive load on the concrete (N)

X distance from extreme compression fibre to
neutral axis (mm)

d effective depth (mm)

d’ cover concrete (mm)

fy effective yield strength of rebars (MPa)

fou ultimate stress in reinforcing bar

ls splice length (mm)

M, theoretical ultimate moment due to com-

pressive load (Nmm)

M, theoretical ultimate moment due to the ten-
sile reinforcement (Nmm)

P applied load (N)

T/ tensile load on the top reinforcement (N)
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Ty tensile load on the reinforcement due to
compressive load (N)
Ty tensile load on the reinforcement due to the

compressive reinforcement (N)

u average ultimate bond strength
7 distance between the resultant tensile and

compressive loads (mm)
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