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ABSTRACT

Equations of development and splice length of straight reinforcement in the ACI 318 and KCI 2012 are
not verified for large diameter and high strength reinforcement. KHBDC(LSD, 2015) for development
and splice length of straight reinforcement adopt the Eurocode 2. However, there are no clear information
on the derivation of provisions. Also, evidence in support of the accuracy, reliability and effectiveness
could not be traced. The purpose of this study is to evaluate the bond performance of large diameter and
high strength reinforcement by splice test, and to propose the provisions for development and splice
length that can be applied consistently large diameter and high strength reinforcement as well as normal
diameter and normal strength reinforcement. For ACI 318, KCI 2012, Eurocode 2, and KHBDC(LSD,
2015), safety margin decrease as development length increase. As a result, for ACI 318 and KCI 2012,
test/calculated bond strength is less than 1.0 for high strength reinforcement with yield strength exceeding
600MPa. Provision for development and splice length of straight reinforcement in tension is proposed by
analysing these test results and existing research. The proposed equation is more accurately predict the
bond strength of large diameter and high strength reinforcement as well as normal diameter and normal
strength reinforcement.

INTRODUCTION

When high strength reinforcements are used in reinforced concrete structures, required amounts of

reinforcement is reduced. As a result, there has been a decrease in cost of material, transport, labor, and
time of reinforcement work. Nuclear structure, long span bridge, and high-rise building demand high
safety level or resist high load. For this reason, a large amount of reinforcement is placed and the concrete
quality is reduced. When using high strength steel in these structures, concrete quality could be improved.
Generally, direct tensile strength and flexural tensile strength of concrete are 1/10~1/13 and 1/5~1/8 of
concrete compressive strength, respectively, which is very small compared with the compressive strength.
Therefore, concrete were resistant to compressive forces and tensile forces in reinforced concrete. This
mechanism is possible when reinforcements are well embedded in concrete. When not embedded properly
in concrete, reinforcement will be pulled out. In this case, concrete is resistant to all of tensile force and
structure performance will be decreased. When reinforcement was well embedded in concrete,
performance of reinforced concrete could be guarantee. For this reason, development of reinforcement is
essential for the performance of reinforced concrete.
ACI 318-14 and KCI(2012) specify the equation of development length, which is proposed by
Orangun(1975, 1977). Orangun(1975, 1977) proposed development strength equation by nonlinear
regression analysis of test results. However, these test results just have one specimens having large
diameter reinforcing steel over 36mm as shown in Figure 1. Such as, development length equation of ACI
318-14 and KCI(2012) is not fully verified for over D35(#11) reinforcing steel.
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Figure 1. Frequency of bar diameter used in Orangun(1975, 1977)’s proposal equation

(Tensile reinforcement)

Equation 1 was proposed by Orangun(1975, 1977).
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Where 4, is bond stress, |d is development length, C_. is thickness of minimum cover concrete, s is

1n

spacing of stirrup, n is number of bars, A, is total cross-sectional area of all transverse reinforcement.
Equation 2 and 3 were specified ACI 318-14 and KCI(2012).
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Where A is lightweight concrete factor, v/, is traditional reinforcement location factor, y/, is coating

factor, y is reinforcement size factor.

Proposal equation of Orangun(1975, 1977), which is developed 40 years ago, is focused on yield
strength below 420MPa. For this reason, when using reinforcement over 520MPa yield strength, ACI 318
equation has a lack of safety margin.

Design for nuclear safety-related concrete structure is applied ACI 349-13. Development length equation
in ACI 349-13 was based on ACI 318-08. ACI318-08 such ad ACI 318-14 was allowed yield strength
550MPa. But, ACI 349-13 was allowed yield strength 420MPa. Because safety margin of ACI 318-08
equation was decreased according to increasing yield strength of reinforcement.

KHBDC(LSD, 2015) accepted development length equation specified in Eurocode 2(2004, 2005).
Equation 4 to Equation 6 were specified KHBDC(LSD, 2015)
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Where f_, is tensile strength of concrete, 7, is factor of related to the quality of the bond condition and

the position of the bar during concreting, 77, is related to the bar diameter and ¢, is concrete material

factor.
Ib = dfi& Q)
Hiyg
Where f (= ¢, f,)is design stress of reinforcement.
Ibd = a1a2a3a4a5a6lb 2 Ib,min (6)

Where ¢, is for the effect of the form of the bars assuming adequate cover, «, is for the effect of
concrete minimum cover, «; is for the confinement by transverse steel, ¢, is for the influence of one or
more welded transverse steels along the design anchorage length, «; is for the effect of the pressure

transverse to the plane of splitting along the design anchorage length, and ¢, is for the effect of

confinement by transverse steel in standard hook.

Development length equation of Eurocode 2 (2004, 2005) was based on CEB-FIP Model Code 1990.
However, CEB-FIP Model Code 1990’s equation was not known clearly about process of development
and reported that design code have lack of verification about reliability and accuracy(fib TG 4.5, 2014).
For this reason, CEB-FIP Model Code 1990, which was made 20 years ago, was revised to completely
different Model Code (fib 2010) for development of reinforcement. The behaviour of development of
reinforcement is too hard to investigate theoretically. Also, there is lack of clear results that most of
researcher can agree, because it is too hard to observe the behaviour of development of reinforcement
embedded in concrete.

ACI Committee 408 was specified development length equation. Development length equation in ACI
408 was not defined design code such as ACI 318-14. ACI Committee 408 is bond and development
committee in ACI. This equation was defined calculation of development length for high strength
reinforcement in ACI 349-13. Equation 7 to Equation 10 were specified ACI Committee 408.
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(C + K, ) /d, is to be 4.0 or less in order to prevent breakage and to cause splitting failure.

The purpose of this research is to propose a design equation for development of reinforcement through
the test of lap splice specimens having large diameter high strength steel.

EXPERIMENTAL STUDY

Test specimens

Specimen variables are steel diameter, splice length, thickness of concrete cover, and clear spacing of
reinforcements, absent or amount of transverse reinforcement. Spliced steel diameter is 15.9, 25.4, 35.8,
43.0, 57.3 mm. Splice length is varied from 15.7 to 69.8 times of steel diameter. Concrete over depth and
steel clear spacing is varied from 0.9 to 3.3 times of steel diameter. The specimens have the same size of
side cover, bottom cover, half of clear spacing of reinforcement. However, some of specimens have
difference between side and bottom cover depth. Amount of transverse reinforcement make difference by
using different diameter and spacing of transverse reinforcement.

Specimens had two longitudinal steel reinforcements, which is spliced at center of span as shown in
Figure 2. All of specimen was designed to prevent flexural failure and shear failure before bond failure.
Concrete strength used in specimens was 42MPa.
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Figure 2. Details of reinforcements

Test setting

Spliced beam tests were performed using the 5,000kN Universal Test Machine. The specimens have
pure banding at center of beam by two point loading test as shown in Figure 3..

Figure 3. Test setting
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EXPERIMENT RESULT

Specimens have large stiffness prior to occurrence of flexural crack. Flexural crack was happened early
at the end of splice or on the extension line of loading point. Immediately after flexural cracking,
reinforcements were resistant to tensile force.

For this reason, reinforcement strain was increase and rigidity of specimen was decrease. As the load
increase, bending cracks occurred over the entire uniform moment region and flexural crack width was
largest at the end of the splice of reinforcement. As the load increase even more, flexural cracks were
occurred between the supporting point and the loading point. As loads are added, diagonal tension crack
was occurred between the supporting point and the loading point. And then, splitting crack was started at
the end of splice. Splitting cracks were developed along the spliced reinforcing bars. Finally, as shown in
Figure 5, splitting fracture of the concrete cover occurred before the spliced reinforcing bar yield.

Specimens have no transverse reinforcement in the splice region showed very brittle failure without
special indications during splitting crack propagation along the lap spliced bar as shown in Figure 4. For
specimen having D16 lap splice bar, splitting cracks were observed at splitting failure as shown in Figure
4 (a). The fracture energy increased as the splice length and the diameter of the splice reinforcement
increased. As shown in Figure 4 (b), for the specimens with the spliced reinforcing bars the concrete was
completely dropped along the lap splice section at splitting failure.

(a) D16 specimen (B)LD57 specimen
Figure 4. Typical splitting failure of non-confined experiments

The specimens with transverse reinforcement have less brittle failure than the specimen without
transverse reinforcement. As shown in Figure 5 (a), the specimens having splice with D16 and D25
reinforcing bars and those with D36 reinforcing bars did not show any fracture of the transverse
reinforcement when splitting failure occurred. As shown in Figure 5 (b), the specimens having lap splice
with D43 and D57 reinforcing bars exhibited that the transverse reinforcement fracture. As shown in
Figure 5 (¢) and Figure 5 (d), the specimens showed fracture of the transverse reinforcement.
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(¢) Fracture of confined steel (1) of confined steel (2)
Figure 5. Typical splitting failure of confined experiments

EVALUATION EQUATION AND VERIFICATOIN

Hwang’s equation

In the case where the transverse reinforcing bars are disposed across the surface where the splitting
cracks are generated, there is an effect that the splitting cracks are suppressed by the transverse
reinforcing bars. For this reason, ACI 318-14, KCI(2012), KHBDC(LSD, 2015), Eurocode 2(2004, 2005),
and fib Model Code 2010 regulate that adhesion performance is improved when transverse reinforcement
is deployed. Also concrete wall thickness plays a role in suppressing crack breaking.

For this reason, Hwang was proposed Equation 11 to Equation 13. Hwang was applied the form of
adding the transverse reinforcement index term to the concrete cover thickness term as in Equation 7 is

the basic form of the bond strength equation. (C+ Ktr)/ d, is to be 4.3 or less in order to prevent

breakage and to cause splitting failure.

| 0.41 K 0.52
£, =28, (L] [”—j (11)
d, d,
C+ Ky <43 (12)
b
K =4TA (13)
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Verification of equation

Figure 6 shows a comparison between calculated bond strength and the experimental results of
unconfined specimens. As shown in Figure 6 (a) and Figure 6 (b), Orangun and KHBDC(LSD, 2015)
equations showed that there was difference between the actual strength of the specimens and the
calculated strength even though the stress of the steel increased. Particularly, large diameter
reinforcement was very big difference. As shown in Figure 6 (c) and Figure 6 (d), ACI Committee 408
and Hwang equations showed that there was no difference between the actual strength of the specimens
and the calculated strength even though the stress of the steel increased. For large diameter reinforcement,
ACI Committee 408 equation was a little difference.
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Figure 6. Comparison of bond strength between proposed equation and test results
(unconfined specimens)

Figure 7 shows a comparison between calculated bond strength and the experimental results of confined
specimens. As shown in Figure 7 (a) and Figure 7 (b), Orangun and KHBDC(LSD, 2015) equations
showed that there was difference between the actual strength of the specimens and the calculated strength
even though the stress of the steel increased. Particularly, large diameter reinforcement was very big
difference. As shown in Figure 7 (c¢) and Figure 7 (d), ACI Committee 408 and Hwang equations showed
that there was no difference between the actual strength of the specimens and the calculated strength even
though the stress of the steel increased.
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(b) KHBDC(LSD, 2015) equation
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Figure 7. Comparison of bond strength between proposed equation and test results
(confined specimens)

CONCLUSION

Experiments were performed to evaluate the bond performance of large diameter high strength steel bars.

In this study, we proposed the bond strength evaluation formula using this test results and existing

experimental results. The conclusions of this study are as follows.

1. ACI Committee 408 and Hwang equations showed a similar safety margin to high strength
reinforcements of 550 MPa yield strength with normal strength reinforcements.

2. ACI Committee 408 and Hwang equations accurately predict the bond strength for large diameter
reinforcements of 57mm similar to normal diameter reinforcements.

3. Hwang’s equation predicts the bond strength more accurately than the current design criteria.
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