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ABSTRACT: This study focuses on the buckling behavior of the corroded reinforcing bars in reinforced
concrete. In the previous study, buckling test on scraped reinforcing bars to simulate the corrosion was
conducted. However, actual corrosion forms various reductions of the cross-sectional area in longitudinal
direction, it is necessary to simulate the corroded reinforcing bars with more variety. Moreover, modeling
of stress-strain curve after the maximum stress has not been clearly studied. In this study, buckling tests
using non-corroded reinforcing bars, scraped reinforcing bars, and reinforcing bars by electrolytic
corrosion were conducted. The buckling strengths and the stress-strain curves of reinforcing bars were
investigated by buckling test. In addition, modeling of the stress-strain curve after the maximum stress
was proposed based on the experiment results. As a result, the buckling strengths of the scraped
reinforcing bars and the reinforcing bars by electrolytic corrosion were influenced by the reduction of the
cross-sectional area. The buckling strength of the corroded reinforcing bars was evaluated safely by full
plastic strength considering eccentric force. The stress-strain curves after the maximum stress of
corroded reinforcing bars could be mostly expressed by a proposed model.

1. Introduction

Recently, the number of RC structures which has passed years from construction has been increasing.
There has been recognized deteriorations of aged structure by environmental effect. Corrosion of the
reinforcing bar due to salt attack and carbonation has become a typical degradation cause that affects the
load resistant behavior of RC structures. Many researches on tensile performance of corroded reinforcing
bars have been conducted, while there are few researches on compression performance. In previous
studies (Suzuki et al., 2013), the bending loading test of RC beams with corroded reinforcing bars on
compression side was conducted. The result pointed out the possibility of brittle destruction by cracking of
cover concreate due to corrosion of reinforcing bar and buckling of corroded reinforcing bar. Therefore,
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focuses on the buckling behavior of the reinforcing bar and buckling test on scraped reinforcing bars to
simulate the corrosion of cross-sectional area in longitudinal direction was conducted (Kanakubo et al.,
2014). However, actual corrosion forms various reductions of the cross-sectional area in longitudinal
direction, it is necessary to simulate the corroded reinforcing bars with more variety. In this study, buckling
test using non-corroded reinforcing bars, scraped reinforcing bars, and reinforcing bars by electrolytic
corrosion is conducted. The buckling strengths and the stress-strain curves after the maximum stress of
reinforcing bars are investigated by buckling test. In addition, modeling of stress-strain curves after the
maximum stress is proposed based on the experiment results.

2. Test Outline

2.1. Test Specimen

Deformed bars were used for specimens that were prepared as non-corroded reinforcing bars, scraped
reinforcing bars, and reinforcing bars by electrolytic corrosion.

2.1.1. Non-Corroded Reinforcing Bar

Specimen list of non-corroded reinforcing bars is shown in Table 1. Deformed bar of D10 (SD295), D13
(SD295, SD490), and D16 (SD295, SD345) were used. Experimental factors were test length. The test
length of the specimen was set as from 8d to 20d (d is the bar diameter) (roughly less than 100 in the
effective slenderness ratio).

2.1.2. Scraped Reinforcing Bar

Specimen list of scraped reinforcing bars is shown in Table 2. Tested bars were same as deformed bar of
D10 non-corroded reinforcing bar. Test length is 16d. In view of the case that corrosion proceeds from the
cover concrete surface, specimens have scraped region using a disc sander as shown in Fig. 1.

Table 2 — Specimen list of scraped reinforcing bars

Table 1 — Specimen list of non- _ Test length Scraped rate(%)
. . Specimen name .
corroded reinforcing bars d:the bar diameter(mm)| U | ¢ | L
Specimen Test length w - 15 -
D10 SD295 U-15,C-0,L-15 15 - 15
SD295 U-15,C-15,L-15 15 | 15 | 15
D13 D490 20d,18d,16d,14d, U-30,C-0,L-0 30 | - -
12d,10d,8d U-0,C-30,L-0 - | 30
SD295 — ]
D16 D325 U-30,C-30,L-0 30 |30 -
U-30,C-0,L-30 16d 30| - | 3
U-30,C-30,L-30 30 | 30 [ 30
_U0C45.0 | a5 ]
_U-450-0,L-45 | 5| - |4
U-45,C-15,L-45 45 | 15 | 45
U-45,C-30,L-45 45 | 30 | 45
U-45,C-45,L-45 45 | 45 | 45
§
- < 3{‘"\ w I\
O (<=} I L
E E‘ (C) N (©) | Scraped area(Corrosion simulated)
W olishing area(Jig insertion section)
L h_ (L
x d-Bar diameter(mm)
L:Test length(mm)
Front  Aspect x:Scraped depth(mm)
Non- c UL U-C-L Scraped area
corroded  series  series  series enlarged view

Fig. 1 — Detail of scraped reinforcing bars
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Scraped position is varied as central part only (C series), two positions of upper and lower (U-L series),
and three positions (U-C-L series). Scraping was carried out by controlling a scraped depth in the
minimum diameter direction between lugs of reinforcing bar (Fig. 2). An ellipse having a nominal cross-
sectional area is assumed to determine cross-sectional area ratio (scraped rate), which was set to be
15%, 30%,and 45%.

2.1.3. Reinforcing Bars by Electrolytic Corrosion

Six compression side reinforcing bars of RC beams which were subjected to electrolytic corrosion and
loading test (Suzuki et al., 2013) were chipped out after loading. Fig. 3 shows the corroded bars after rust
removal. Specimen No.1 has the overall corrosion, and specimen No.6 also has overall corrosion with
localized corrosion. Cross-sectional area distributions of the specimens were measured using the cross-
section measurement method by 3D scanner (Oyado et al., 2006). The measurement results are shown
in Fig. 4. Dashed line in the figure shows the average cross-sectional area (67.11mm?) of the same non-
corroded reinforcing bar by 3D scanner. The average cross-sectional area, minimum cross-sectional area
and cross-sectional reduction rate (ratio of average cross-sectional area to the non-corroded reinforcing
bar) of reinforcing bars by electrolytic corrosion are shown in Table 3. The tensile test results of non-
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L
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Fig. 2 — Scraped rate and depth
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Fig. 4 — Cross-sectional area distribution in the axial direction of the reinforcing bars by
electrolytic corrosion
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corroded reinforcing bar are shown in Table 4.

2.2. Loading and Measurement Method

Loading and measurement method are shown in Fig. 5. Monotonic compression loading was carried out
using a universal testing machine of 500kN capacity. The jigs for fixing specimen were attached to the
heads of the testing machine, so the boundary condition was to be fixed-end by inserting the ends of 8d
of the reinforcing bar in the jigs. The inserted ends of reinforcing bar were polished to produce no gap
between the holes of the jigs and the reinforcing bar. Measurement items were compressive force and an
axial deformation using LVDTSs in three positions between the jigs.

3. Test Result

3.1. Non-Corroded Reinforcing Bar

Specimens after loading and examples of stress-strain curves of non-corroded reinforcing bars are shown
Fig. 6 and Fig. 7, respectively. Stress is determined by dividing compressive force by the nominal cross-
sectional area. Strain is calculated by dividing axial deformation in test region by test length. The
deformation in test region is obtained by subtracting the deformations of the bar in the hole (assumed as
elastic) from the measured deformation by LVDT. The specimens showed buckling after reaching yield
strength. The buckling occurred around weak axis, which corresponds to the direction between
longitudinal ribs in the section. As the test length becomes smaller, yield plateau is clearly observed and
the stress-strain curve after the maximum stress shows more gradual declivity.

Table 3 — Cross-sectional area of the reinforcing bars by electrolytic corrosion

Specimen Test length Minimum cross-sectional area| Average cross-sectional area
name | d:the bar diameter(mm)| (mm?) |Reductionrate(%)| (mm?) |Reduction rate(%)
No.1 52.79 21.34 58.66 12.60

" No2 | 34.25 48.96 52.95 21.10
No.3 164 53.32 20.54 57.86 13.79
No.4 44.59 33.55 53.32 20.55
No.5 42.38 36.84 55.06 17.96
No.6 24.99 62.76 46.29 31.02

Table 4 — Tensile test results

Specimen Ultimate tensile strength | Yield strength |Elastic modulus | Yield strain
(MPa) (MPa) (GPa) (%)

468 346 192 0.178

D10 SD295 (538) (400) (188) 0.215
D13 SD295 484 344 192 0.178
SD490 707 565 196 0.295
SD295 482 334 197 0.174

D16 SD345 516 358 198 0.190

( ): test result of reinforcing bar used for electrolytic corrosion

Displaement
gage o100,

20d 18d 16d 14d 12d 10d 8d

Fig. 6 — Non-corroded reinforcing bar after

. . loadi
Fig. 5 - Loading and measurement method oacing
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3.2. Scraped Reinforcing Bar

Examples of scraped reinforcing bars after loading are shown in Fig. 8. The buckling occurred showing
largest lateral deformation at the scraped position with the minimum cross-sectional area. In case of
having two or three positions with the same minimum cross-sectional area including the center, the
buckling occurred showing largest lateral deformation at the center position. Examples of stress-strain
curves of scraped reinforcing bar are shown Fig. 9. Examples of normalized stress-strain curves by the
maximum stress of each specimen are shown in Fig. 10. As the reduction ratio of the cross-sectional area
increases, the maximum stress decreases, and the stress-strain curve after the maximum stress shows
more gradual declivity. The differences of stress-strain curves after the maximum stress are observed
depending on the belly position of buckling mode. The reason of that is considered that the belly position
affects the bending stiffness of reinforcing bar. In case of that the belly is in the center of test region, the
stress-strain curve after the maximum stress shows steep declivity. The relation between cross-section
reduction rate and the buckling load ratio (ratio of buckling load to non-corroded reinforcing bar) of
scraped reinforcing bar is shown in Fig. 11. Buckling strength is evaluated by the yield strength for two
cases, i.e. (1) in consideration of cross-section reduction in the scraped position, and (2) in consideration
of the full plastic moment (Fig. 12) by the eccentric load of scraped section. These evaluations are
indicated by lines in Fig. 11. The case (2) is considered taking into account to the eccentricity of the acting
force. The strength is calculated by section analysis under the assumption that the stress distribution of

—o—1:20d —=—L:16d —o—1:20d —=—L:16d —o—1:20d —&—L:16d

—&—:12d ——L:8d 400 —A—:12d ——L:8d 400 —A—L:12d ——L:8d
o 3d3\pPa T T i | ‘ " 334MPa ]
6 i D10(SD295) | T 300 D13(sD205) | © 300 16(SD345)
=3 | 2 > 12 ]
2 200 ? 200 18 200 J
® 100§ 1 ® 1008 | @ 100§ ]
0 5 10 15 0 5 10 15 0 5 10 15

Strain(%) Strain(%) Strain(%)
Fig. 7 — Example of stress-strain curve of non-corroded reinforcing bar

Fig. 8 — Scraped reinforcing bar after loading
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Fig. 9 — Example of stress-strain curve of scraped reinforcing bar
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compression and tension side in the scraped section exhibits full plastic state. The test results can be
evaluated in the safe side in the yield strength (2).

3.3. Reinforcing Bars by Electrolytic Corrosion

The stress-strain curves of reinforcing bars by electrolytic corrosion are shown in Fig. 13. Maximum stress
decreased as well as the increase of reduction ratio of cross-sectional area. The relationship of cross-
section reduction rate and buckling load ratio is shown in Fig. 14. It is considered that the buckling load
can be evaluated in the safe side by the yield strength (2) using a cross-section reduction rate by the
minimum cross-sectional area measured by the 3D scanner. It is assumed that the corroded reinforcing
bars in the actual structure have various form of corrosion. However, the yield strength (2) is considered
to represent the lower limit of the buckling load in consideration of the uneven distribution of corrosion.
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o —Non-corroded | @ r

51 uocisL0 4 B 1 ]
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2 04 4 2 04 ]

2] ]

¢ 02f 1 8 02} .

(7) O RS S S S S S S S ﬁ O PSS S S RS S S
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Strain(%) Strain(%)

Fig. 10 — Example of normalized stress-strain curve of scraped reinforcing bar
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Fig. 11 — Relation between cross-section
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Fig. 12 — Evaluation of the yield strength by the
eccentric load of scraped section
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Fig. 13 — Stress-strain curve of reinforcing bar by electrolytic corrosion
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Fig. 14 — Cross-section reduction rate and buckling load ratio by electrolytic corrosion

4. Model of Stress-Strain Curve after Maximum Stress

4.1. Method of Modeling

4.1.1. Non-Corroded Reinforcing Bar

The stress-strain curve after the maximum stress is formulated by Equation (1). 8 is a coefficient
representing the difference in the stress-strain curve after the maximum stress. It is evaluated by the
function of the test length from the experimental results. In case that the yield plateau is not observed, the
buckling strength (o,) and buckling strain (&,) are given as the maximum stress and strain at the
maximum stress, respectively. In the case of specimens with yield plateau, the strain at yield point (oy) on
the stress-strain curve is defined as ¢,' , oy is replaced by the average value of the stress between ¢, -&/
as shown in Fig. 15. The strain at the intersection with oy is substituted for ¢,. The value of B8 for each
specimen is determined by the least-square method by the stress-strain curve after the maximum stress.
The relationship between the value of 8 and the test length by bar diameter is shown in Fig. 16. As the
test length reduces, the value of 8 decreases, that expresses the tend that the stress-strain curve after
the buckling stress shows more gradual declivity. The relation is formulated in Equation (2) by the least-
square method using the results of all specimens.

oc=0,(g,/¢) )
£ =0.049(L/d) )

Where, gy buckling strength, e, buckling strain, L: test length, d: bar diameter.

The relationship between buckling strain &, and the test length divided by the bar diameter is shown in Fig.
17. The buckling strain &, is standardized by yield strain ¢, obtained by tensile test. The buckling strain
increases with the reduction of test length. The relation is formulated by Equation (3) by the least-square
method using the results of all specimens.

@21 7/(LId) 3)

&y =&y,

Where, ¢ yield strain in tensile test.

4.1.2. Scraped Reinforcing Bar and Reinforcing Bars by Electrolytic Corrosion

From the test results, the stress-strain curve after the maximum stress shows more gradual declivity by
increasing the cross-section reduction rate. This phenomenon is introduced into Equation (1) in
consideration of the reduction of the minimum cross-sectional area. As a result, Equation (4) is derived.

o= Ub (gb /8),3\/1—(1/100

(4)

Where, a: reduction of the minimum cross-sectional area.
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4.2. Comparison of Test Results and Model

Comparisons of the test results and the proposed model are shown in from Fig. 18 to Fig. 20. Stress is
normalized by o,. The proposed model is appropriate for simulating the stress-strain curves after the
maximum stress of non-corroded reinforcing bar, scraped reinforcing bar and reinforcing bars by
electrolytic corrosion.

(Eb,O'b)
Ob

&y & &

Fig. 15 — Definition of o» and &b

155 D10(SD295) X D16(SD345) |
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1 1A D16(SD295) 1
w [+ D13(SD490)
05 B
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o " Il " Il " Il " Il "
0 5 10 15 20 25

Test length L/Bar diameter d

Fig. 16 — Relationship between B and test length by bar diameter
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Fig. 17 — Evaluation of buckling strain
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Fig. 18 — Comparison of test results and proposed model in non-corroded reinforcing bar
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Fig. 20 — Comparison of test results and proposed model in reinforcing bar by electrolytic

5. Conclusion

The buckling occurred showing largest lateral deformation at the scraped position with the minimum
cross-sectional area. The maximum stress decreases with the increase of the reduction ratio of the cross-
sectional area, and the stress-strain curve after the maximum stress shows more gradual declivity. In
consideration of the full plastic moment by the eccentric load of scraped section, buckling strength of
scraped bars can be evaluated in the safe side. Also in reinforcing bars by electrolytic corrosion, buckling
load can be evaluated using the reduction of the minimum cross-sectional area measured by the 3D
scanner. Modeling of stress-strain curve after the maximum stress was proposed based on the
experiment results. The comparison of simulated result and observed result showed that the proposed
model is appropriate for modelling the stress-strain curves of non-corroded reinforcing bar, scraped

corrosion

reinforcing bar and reinforcing bars by electrolytic corrosion.
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