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Static loading experiment of RC beams focusing on buckling of longitudinal bars
Part 3 Analytical evaluation for drift at buckling of beam longitudinal bar
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Reinforced concrete  Safety limit ~ Seismic assessment

1. Introduction

The details of experimental results on three full scale beam
specimens were explained in Part 2 1. This part describes an
analytical evaluation for the drift at longitudinal reinforcing bar
buckling of a prototype RC beam specimen (Specimen 1).
2. Evaluation for the Buckling of Longitudinal Bar

This section explains the evaluation method for the buckling of
beam longitudinal reinforcing bar based on the previous
evaluation method 2. The details of the evaluation method are
explained in the following sections.
2.1 Evaluation of the buckling resistance stress

As explained in Part 20V, the buckling of beam longitudinal
reinforcing bar was confirmed within two subsequent shear
reinforcing bars at the beam end. Hence, the beam longitudinal
reinforcing bars and the shear reinforcing bars were replaced with
a line model to estimate the buckling occurrence limit point for
longitudinal reinforcing bars. Fig. 1 shows a conceptual diagram
of beam longitudinal bar buckling. The existence of shear
reinforcing bars were represented by fixed supports for the
estimation of buckling occurrence limit point. Thus, the buckling
resistance stress ( o g) was evaluated by using Eq. (1).
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where, I and 4, are the moment of inertia and the cross-sectional
area of beam longitudinal reinforcing bar; Lz is the center to
center distance of shear reinforcing bars (200 mm for Specimen
1) and E is the rigidity coefficient of the beam longitudinal
reinforcing bar.

Since the values, except the rigidity coefficient £ on the right
side of the Eq. (1) can be determined from the beam properties,
the buckling resistance strength (o5) is regarded as a function of
the rigidity coefficient E. It is considered that the tensile yielding
occurs before the occurrence of longitudinal reinforcing bar
buckling and the rigidity reduces after the yielding of the
longitudinal reinforcing bar. Hence, the rigidity coefficient £ on
the right side of Eq. (1) was replaced by the reduced (softened)

modulus E,.
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Fig. 1 Conceptual figures of reinforcing bar reinforcement

2.2 Evaluation of reduced modulus E..

The reduced modulus E, is the rigidity against bending
deformation of the reinforcing bar after its yielding. In this study,
the reduced modulus E, was evaluated based on the method
proposed by the previous researchers >3, which is briefly
explained in this section. Fig. 2 shows conceptual figures on the
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definition of reduced modulus E.. When buckling of a beam
longitudinal reinforcing bar occurs, the bending deformation
creates regions where the strain increases and decreases in the
cross-section of the longitudinal reinforcing bar. The rigidity
coefficient becomes tangent rigidity Ej in the region where the
strain increases, whereas that becomes elastic modulus E in the
region where the strain decreases. Hence, the stress increment in
reinforcing bar cross section occurs, as shown in Fig. 2. The
neutral axis position 6, in reinforcing bar cross section can be
obtained from Eq. (2), resulting from the balanced stress
increments in the cross section. The value of tangent rigidity £},
can be obtained by determining the instantaneous rigidity on the
investigated unloading stress-strain curve of longitudinal
reinforcing bar. In this study, the modified Menegotto Pinto
equation ¥ was adopted, as given in Eq. (3). The reduced
modulus E, can be obtained by substituting the evaluated values
as explained above into the Egs. (4) and (5).

Hence, the buckling resistance strength (o) was evaluated by
using the Eq. (1).
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In Eq. 3)

R is maximum excursion into plastic hinge and given by Eq.
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Ry is the value of the parameter R at the first loading curve and
a;, a; are the parameters to be defined together with R,

For the analysis, the values of the constants were taken from the
past research (4], as: H=0.001, Ry=20.0, a; = 18.5, a;=0.00015.
2.3 Evaluation method of the rotation angle at buckling of
longitudinal reinforcing bar

Fig. 3 shows the stress-strain relationship of the modified
Menegotto-Pinto model and the Euler’s buckling resistance
strength curve obtained by substituting the reduced modulus £, of
each strain in the unloading curve of the modified Menegotto-
Pinto model . The reinforcing bar yields in tension and the
tensile strain increases to the maximum tensile point (point A in
Fig. 3); thus unloading starts. The buckling of the longitudinal
reinforcing bars occurs at the point where the unloading curve and
the buckling strength curve intersects (point B in Fig. 3), as
beyond this point the buckling resistance strength (oz) becomes
smaller than the working stress. In the proposing method, the
compressive stress (o,) was assumed to reach zero under
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Fig. 2 Equivalent stiffness modulus

compression because the neutral axis was likely to close to the
reinforcing bar position on the compressive side; namely, the
intersection of both curves was assumed to be at point C in Fig. 3.
Thus, the buckling limit strain (ez) can be evaluated, which is the
strain at point A in Fig. 3.

The rotation angle at the buckling of longitudinal reinforcing bar
( 4 5) was evaluated by using Eq. 7. Furthermore, it was assumed

that the curvature was constant within the plastic zone.
€p

93(hinging) = ]_t Ly 7

where, j, is the center to center distance of longitudinal
reinforcing bars (= 569 mm) and /, is assumed plastic hinge length
(=350 mm) based on the experimental result, which is explained
in detail in Part 4.

The analytical rotation angle at buckling of longitudinal
reinforcing bar was found 1.26% rad based on the above
procedure.

3 Verification of the Proposed Evaluation Method

This section verifies the evaluation method for the buckling of
beam longitudinal reinforcing bar by comparing the rotation angle
at buckling obtained from the analysis and the experiment. The
rotation angle (5 at buckling of beam longitudinal bar from
the experiment was evaluated as illustrated in Fig. 5. During the
static loading experiment, the longitudinal reinforcing bars were
pulled out from the stub, which affected the experimentally
measured rotation angle. Hence, the experimentally measured
rotation angle was corrected excluding the pullout effect to
compare with the analytical rotation angle at buckling of
longitudinal reinforcing bar. The pullout length was evaluated
based on strains along the longitudinal reinforcing bar monitored
by strain gauges ). The strain distribution between the two strain
measured points were assumed to be linear, as shown in Fig. 4.
Table 1 compares the rotation angle at buckling of longitudinal
reinforcing bar from the analysis and from the experiment.

The rotation angle from the analysis (@sgminging= 1.26% rad) had
a good agreement with that from the modified experimental
buckling drift range (res:@s ~resi8Puitony=0.92 to 1.30 % rad). Hence,
the evaluation method as explained above is applicable to evaluate
the rotation angle at buckling of beam longitudinal reinforcing bar.

4. Conclusion

The drift at buckling of beam longitudinal reinforcing bar was
analytically evaluated. The evaluated drift at buckling of beam
longitudinal reinforcing bar had a good agreement with that from
the experiment.
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Fig. 5 Evaluation of rotation angle .0 from experiment
Table 1 Ultimate drift angle of buckling
Rotation Test
1
Ultimate an%:a
strain at h,WI ; Rotation angle
buck. ez 1nging testOB ~testOB (Pullowr) with pullout
4 testh(Pullout)
B(hinging)
0.647
(R=1.62%rad)
0.0204 1.26 0.92~1.30 0732
(R=2.18%rad)
Unit: %rad
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