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Low-cycle fatigue life of Grade 300E and 500E reinforcing bars including the effect of buckling is evalu-
ated. Low-cycle fatigue tests are carried out on un-machined specimens subjected to constant axial strain
loading with strain amplitude ranging from 1% to 5%. The experimental test observations suggest that
buckling of reinforcing bars has detrimental effect on its fatigue life and increase in slenderness ratio
of the reinforcing bars results in substantial reduction of their low-cycle fatigue life. Equations relating

the fatigue life (i.e. number of reversals to failure) with total strain amplitude and total energy dissipated
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as a function of buckling parameter is proposed. Also, experimental tests are carried out to investigate the
influence of mean strain ratio on low-cycle fatigue behaviour of reinforcing bars. Comparative evaluation
of the fatigue life models with the results of experimental investigation shows that the proposed model
can predict the fatigue life of buckled and unbuckled reinforcing bars with reasonable accuracy.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Reinforced concrete (RC) structures designed in compliance
with current design codes are expected to resist lateral loads by
undergoing large inelastic deformations at critical regions of the
structure (i.e. the plastic hinge regions). The inelastic deformations
in these regions are subjected to large inelastic tension-
compression strain reversals, resulting in the accumulation of
low-cycle fatigue damage in the reinforcement. Here, low-cycle
fatigue is defined as the premature failure of reinforcing bar sub-
jected to high strain amplitude cyclic loading in a relatively less
number of cycles. This accumulation of low-cycle fatigue damage
in the reinforcing bars occurs over the life span of the structure
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(during seismic events and the following aftershocks) and may
result in premature fracture of the reinforcing bars.

In RC structures designed to predominantly respond in flexure
during a seismic event, their ultimate failure is primarily associated
with either fracture of reinforcing bars due to accumulation of low-
cycle fatigue damage, or buckling of reinforcing bars due to inade-
quate lateral restraint provided by the transverse reinforcement,
or crushing of core concrete due to inadequate confinement rein-
forcement. Out of the flexural failure modes identified above, buck-
ling of reinforcing bars is arguably the most common failure mode
that has been observed in past earthquakes as well as in experimen-
tal tests carried out on RC walls and columns in the literature.
Although researchers have extensively investigated the causes and
consequences of buckling of reinforcing bars [1-8], current design
methods are still unable to avoid/restrain buckling of reinforcing
bars in flexurally dominated RC structures. Buckling of reinforcing
bars is either accompanied by fracture of the bars due to low-cycle
fatigue damage or crushing of core concrete or both, depending on
the axial strain level attained in the plastic hinge regions and the
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strain history reinforcing bars has been subjected to during the seis-
mic event. Inelastic buckling followed by premature fracture of rein-
forcing bars has been observed in past experimental investigations
carried out on RC columns and walls [9-12].

Reinforcement buckling inside RC structures is a more complex
phenomenon than buckling of bare reinforcing bars. Recent studies
have shown that multiple local parameters are known to influence
the buckling response of reinforcing bars inside RC structures as
compared to a bare reinforcing bars [13-16]. The buckling
response of bars inside reinforced concrete members primarily
depends on the resistance offered by the cover concrete and trans-
verse reinforcement to bars against buckling. However, not much
information is available on the influence of individual components
(e.g. cover concrete, core concrete, tie bar stiffness, etc.) on buck-
ling response of bars inside concrete structures. Nevertheless, the
indirect way of extrapolating the results obtained from tests on
bare bars is known to provide reasonably good estimation of over-
all response of the reinforcing bars inside reinforced concrete
members. As the buckling of bars initiates while unloading from
tensile strains (greater than yield strain of bars), the contribution
of cracked cover concrete in restraining bar buckling is minimal.
Therefore, transverse reinforcement offers the majority of the
resistance against buckling of longitudinal bars. In numerical anal-
ysis of structures, the contribution of transverse reinforcement on
buckling response is usually considered indirectly by evaluating
the buckling length of bars and assigning the average stress-
strain response of bar with the evaluated slenderness ratio.

In performance based seismic design of structures, buckling of
reinforcing bars is a limit state that restricts the structure from
performing its intended function and results in degradation of
the overall hysteresis response (i.e. the strength, stiffness, and
energy dissipation capacity) of the structure. Experimental investi-
gations were conducted by Mander et al. [17] on ASTM A722 type
I, and A615 Grade 40 deformed reinforcing bars under reversed
cyclic loading with axial strains up to 6% and low-cycle fatigue
models were proposed based on the total strain, plastic strain
amplitude, and the dissipated energy. Brown and Kunnath [18]
conducted a set of experiments on ASTM A615 reinforcing bars
with varying diameters with an aim of understanding the low-
cycle fatigue failure of reinforcing bars in plastic hinge regions.
Based on this experimental study, fatigue life of reinforcing bars
was found to be a function of bar diameter. In 2010, Hawileh
et al. [19] conducted fatigue tests on ASTM A706 and A615 Grade
60 bars with strain amplitude ranging between 2% and 8%. The
results of the experimental study were used to propose low-cycle
fatigue material models based on total strain and plastic strain
amplitudes, and the dissipated energy. Hawileh et al. [20] con-
ducted fatigue tests on bare reinforcing bars to compare the fatigue
life of different bar types and concluded that fatigue life of rein-
forcing bars with similar yield strength (but different bar types)
can be significantly different. Hawileh et al. [21] experimentally
evaluated the fatigue life of BS 460B and BS B500B reinforcing bars
and concluded that yield strength of reinforcing bars influence
their fatigue life. To the best of the authors’ knowledge, most past
research on the evaluation of low-cycle fatigue behaviour of rein-
forcing bars aimed to evaluate the fatigue life of bars excluding
the detrimental effects of buckling. Although it has been acknowl-
edged that buckling of reinforcing bars results in reduction of fati-
gue life due to weakening of material at the critical location [18],
limited research has been reported in the literature on the influ-
ence of buckling on low-cycle fatigue life of reinforcing bars. Very
few studies were directed to evaluate the influence of buckling on
low-cycle fatigue behaviour of reinforcing bars; one exception is
the study carried out by Kashani et al. [22]. Kashani et al. [22]
investigated the influence of buckling on low-cycle fatigue beha-
viour of British smooth and ribbed reinforcing bars (BS460 and

BS500B) with varying slenderness ratios. Based on the experimen-
tal investigations, a low-cycle fatigue life model, incorporating the
effect of buckling, was proposed based on total strain amplitude.
Even though the proposed fatigue model incorporated the effect
of buckling, the influence of yield strength of reinforcing bars
and the mean strain ratio alongside buckling wasn’t investigated.

In addition to the influence of buckling on low-cycle fatigue
behaviour of reinforcing bars, the effect of bar strength/grade and
loading history on their fatigue behaviour has also not been reported
in the literature. Therefore, this paper aims to investigate the effect
of inelastic buckling on low-cycle fatigue behaviour of reinforcing
bars. The main objectives of the present study are; (i) to investigate
the behaviour of Grade 300E and 500E deformed reinforcing bars
under constant strain amplitude sinusoidal loading, with non-zero
minimum strain levels; (ii) to propose low-cycle fatigue failure cri-
teria for reinforcing bars; (iii) to evaluate the effect of inelastic buck-
ling on low-cycle fatigue behaviour of reinforcing bars, and to
develop fatigue life models incorporating the effect of bar buckling;
and (iv) to investigate the effect of mean strain ratio in the presence
of buckling on fatigue life of reinforcing bars.

2. Experimental test setup and results

In this study, Grade 300E and 500E deformed reinforcing bars
are tested under repeated loading to evaluate their low-cycle fati-
gue life. These grades of reinforcing bars (with a characteristic
yield strength of 300 MPa and 500 MPa respectively) are the com-
mon types of reinforcing bars used in RC structures in New Zeal-
and. Monotonic uniaxial tension tests and low-cycle fatigue tests
are carried out on 12 mm un-machined bars using a 100 kN
servo-hydraulic controlled universal testing machine (UTM), with
hydraulic wedge grips capable of applying both the static and fati-
gue loading. This machine consists of two independent hydraulic
V-groove grips with each specimen being actuated independently
between the hydraulic grips with a grip penetration length of
60 mm. Monotonic tension tests are carried out under displace-
ment controlled loading with a constant loading rate of 1.0 mm/
min. An axial extensometer with a gage length of 25 mm and travel
range of 12.5mm (corresponding to a maximum axial tensile
strain of 50%), was mounted at the mid height of the specimen to
measure the axial strains during the test. In addition to an exten-
someter, a potentiometer was mounted between the loading grips
to measure the relative displacement of platens during the exper-
iment. Fig. 1a shows the test setup and instrumentation used for
the monotonic tension test. Monotonic tension tests were carried
out on reinforcing bars with a total length of 180 mm (i.e. the
length of reinforcing bar between the grips) and the axial strains
were measured at the mid height of each specimen within a gage
length of 25 mm. A total of three specimens for each grade of rein-
forcing bars are tested and the experimentally obtained average
stress-strain response for Grade 300E and 500E reinforcing bars
is compared in Fig. 1b, and the key characteristics of the reinforcing
bars deduced from the stress-strain plots are listed in Table 1.

Based on the monotonic tension test results summarised in
Table 1, it can be concluded that the ductility (&,/€y) of Grade 300E
reinforcing bars is 3.28 times greater as compared to Grade 500E.
This behaviour is expected and is associated with an increase in
the carbon equivalent value (Cq) of Grade 500E reinforcing bars
[23]; thereby resulting in increased brittleness of the reinforcing
bars.

2.1. Low-Cycle fatigue tests on reinforcing bars

The low-cycle fatigue tests are carried out on un-machined
12 mm Grade 300E and 500E reinforcing bars under constant
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Fig. 1. Experimental test setup and monotonic stress-strain response of reinforcing bars.
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Table 1
Mechanical properties of Grade 300E and 500E reinforcing bars.
Reinforcement type 300E 500E
Yield stress fy (MPa) 311.45 511.3
Yield strain &y 0.0015 0.0026
Modulus of elasticity Es (MPa) 206,946 203,662
Ultimate stress f, (MPa) 427.5 611.2
Ultimate strain &, 0.269 0.142

strain amplitude loading. The buckling of a reinforcing bar is
known to depend on its yield strength (f,) and slenderness ratio
(L/D), and its behaviour can be defined by using a non-
dimensional buckling parameter (1) [24] as:

L /f,

A= bV 100 (1)

Here, slenderness ratio (L/D) is the ratio of the unsupported
length (i.e. buckling length, L) to diameter (D) of the bar. The effect
of buckling on low-cycle fatigue behaviour of reinforcing bars is
evaluated by incrementing their unsupported length (i.e. the
length of the reinforcing bar between the grips representing the
total length of buckling in a typical RC member) during the test.
It should be noted that the buckling of reinforcing bars in RC mem-
bers can span multiple tie spacing and this phenomenon is known
to depend on the effective lateral restraint offered by the trans-
verse reinforcement [25]. Therefore, the low-cycle fatigue tests
are carried out on bars of different length (so that the slenderness
ratio is 6, 9, 12, and 15) under constant strain amplitude loading
with the total strain amplitudes of 1%, 2%, 3%, 4%, and 5% and 1%,
2%, 3%, and 4% for Grade 300E and 500E bars, respectively. The
slenderness ratios are selected to represent the typical buckling
length observed during tests of ductile RC structures designed
and detailed according to the modern seismic codes. Sinusoidal
loading waveform with frequency ranging between 0.025 and
0.125 Hz was selected, thereby resulting in a constant strain rate
of 0.005 mm/mmy/second for each specimen. The total length of
the specimens varied between 192 mm and 300 mm (depending
on the slenderness ratio of reinforcement) with each bar penetrat-
ing over a length of 60 mm in each grip. As the tested reinforcing
bars were prone to buckling, instead of an extensometer a linear

potentiometer (as shown in Fig. 1a) was used to measure the axial
strains (averaged over the entire length of the specimen) experi-
enced by reinforcing bars during the test. Further, low-cycle fati-
gue tests with variable mean strain ratios (R) were carried out,
where mean strain ratio (R) is defined as the ratio of minimum
(&€min) to maximum (&max ) Strain amplitude experienced by the rein-
forcing bars and is represented as:
R = &min 2)
Emax

Fig. 2a shows the sinusoidal loading history adopted in the
experiment highlighting the key points, where T is the time period
of the loading.

2.2. Low-cycle fatigue test results

The experimental test results are analysed and the number of
cycles to onset of failure in the bars are determined. In a RC mem-
ber, reduction in tensile capacity of the reinforcement by 50%
results in significant degradation of the overall hysteresis beha-
viour of the member. Therefore, the onset of failure of reinforcing
bars is taken when the tensile stress degrades more than 50% from
the stress attained in the first cycle of the same maximum tensile
strain. Fig. 2b and c illustrate the cyclic response of reinforcing bars
highlighting the key points.

Figs. 3 and 4 show the hysteresis response of Grade 300E and
500E reinforcing bars with different slenderness ratio and mean
strain ratio. Fig. 5 shows the fatigue failure of the buckled reinforc-
ing bars. Figs. 3 and 4 shows that the hysteresis response of the
reinforcing bars with L/D = 6 is symmetric in tension and compres-
sion with minimal stress degradation. Whereas, the reinforcing
bars with L/D =15 exhibits unsymmetrical tension-compression
behaviour with significant strength degradation within the first
hysteresis cycle. Furthermore, the bar with higher slenderness
ratio (i.e. greater than 6) exhibits a “pinching” type of behaviour
due to buckling as compared to the bars with lower slenderness
ratio (typically less than 6) which exhibits a “fat” type symmetrical
hysteresis loops in tension and compression. In addition to this, the
results show that the buckling results in significant reduction of
compressive and tensile stress capacity of the reinforcing bars.
However, it should be noted that buckling not only affects the com-
pression response of the reinforcing bars, but it also has detrimen-



M. Tripathi et al./ Construction and Building Materials 190 (2018) 1226-1235

1229

— oo ; 50%
%* 0=0.50, (Failure) . —
reduction Dissipated i
Emax in stress Energy :
1
: w
= =] & Enin e
2 @ & :
Enin :
|
Time Strain Strain
(a) Loading pattern (b) Failure criteria for the specimens (c) Key parameters for the low-cycle fatigue model
Fig. 2. Sinusoidal loading waveform, failure criteria and the key parameters.
500 500 500 500
/’]
= 250 2250 [ 2 250 2 250 ‘ -
[ [0 =] B
= = = P = //4
2 % < % A %
£ £ £ ~ g
©2 -250 ©n-250 @ -250 \J w2 -250 J
-500 -500 -500 -500
-0.05 -0.025 0 0.025 0.05 -0.05 -0.025 0 0.025 0.05 -0.04 0 0.04 0.08 0.12 -0.04 0 0.04 0.08 0.12

Strain (mm/mm) Strain (mm/mm)

(a) L/D=6, R=-1 (b) L/D=15, R=-1

Strain (mm/mm) Strain (mm/mm)

(c) L/D=12,R=-0.5 (d) L/D=12, R=0
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Fig. 4. Cyclic stress-strain response of Grade 500E reinforcing bars with €, = 0.04 (a &b) and €, = 0.05 (c&d).

tal effects on the tensile response of the bars in the subsequent
strain reversals as shown in Figs. 3 and 4. This change in the type
of hysteresis behaviour and degradation of the tensile stress capac-
ity of the reinforcement is due to the presence of geometrical non-
linearity in the system associated with the buckling. The results
obtained through the low-cycle fatigue tests on reinforcing bars
are analysed and the summary of the results are presented in
Tables 2 and 3.

Based on the experimental investigations carried out on rein-
forcing bars, it can be concluded that low-cycle fatigue life of
reinforcing bars is a function of the strain amplitude, yield
strength, and slenderness ratio. Although fatigue life of a bar is
also known to be influenced by its rib pattern [26], it was not
considered in this study as both tested bar types (Grade 300E
and 500E) had similar rib patterns. It should be noted that in
all the fatigue tests, the propagation of cracks started from the
inner face of the reinforcing bars at the critical location (i.e. close
to mid height of the specimen), and is associated with the com-
bined action of axial and bending stresses acting on the reinforc-

ing bars due to buckling, and is in line with the failure reported
in the literature [22].

Tables 2 and 3 show that Grade 300E and 500E reinforcing bars
showed different fatigue life due to difference in their yield
strengths. In general, for a total strain amplitude of 0.02 or higher,
the fatigue life of 500E reinforcing bars was lower compared to
Grade 300E reinforcing bars. This difference in behaviour of the
two bar types (Grade 300E and 500E) is mainly attributed to the
increased brittleness of Grade 500E bars. Increase in brittleness
expedited the fatigue damage accumulation in Grade 500E bars
at large total strain amplitudes, thereby reducing their fatigue life
compared to Grade 300E bars. This change in relative fatigue life of
two bar types with a change in total strain amplitude is in line with
findings reported in the literature. Hawileh et al. [21] conducted
tests on two bar types with an average yield strength of 515 MPa
and 611 MPa, and concluded that bars with high yield strength
have longer fatigue life at low total stain amplitudes and smaller
fatigue life at high total strain amplitudes as compared to bars with
lower yield strength.
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Fig. 5. Fatigue failure of buckled reinforcing bars with different slenderness ratio.

Table 2
Summarized results from low-cycle fatigue tests on Grade 300E reinforcing bars.
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In this study, fatigue tests are also conducted with different
mean strain ratios (R) with R=-1, —0.5, and O to evaluate the
influence of mean strain ratio on the low-cycle fatigue life of buck-
ling prone reinforcing bars. For this purpose, the bars with slender-
ness ratios of 6 and 12 are tested again with different values of ‘R’.
The loading history with mean strain ratio of R=-0.5and R=0is
more representative of the seismic demand reinforcing bars are
subjected to during an earthquake shaking (i.e. tension dominated
loading with reinforcing bars being subjected to higher tensile
strain compared to compressive strain). Tables 2 and 3 summarise
the results of the fatigue tests with varying mean strain ratios. It
should be noted that the total strain amplitude was kept constant
in these cases.

Based on the test results listed in Table 2, it can be concluded
that the mean strain ratio does affect the fatigue life of Grade
300E reinforcing bars. For Grade 300E reinforcing bars, at low total
strain amplitudes, a change in mean strain ratio from -1 to -0.5 or 0
results in an increase in the fatigue life of the reinforcing bars.
However, at larger total strain amplitudes, reinforcing bars with
lower slenderness ratio (i.e. bars less prone to buckling) exhibits
higher fatigue life for R=-0.5 and R=0, compared to R=-1.
Whereas, for reinforcing bars with a higher slenderness ratio the
fatigue life reduces with tension dominated cyclic loading (i.e.
fatigue life is lower for R=—-0.5 and R=0, compared to R=-1).
For example, when the mean strain ratio (R) is changed from —1
to 0, for a total strain amplitude (&,) of 0.05, the fatigue life of rein-
forcing bars with slenderness ratio of 6 increased from 16.7 to 22,
whereas the fatigue life of reinforcing bars with slenderness ratio
of 12 reduced from 10 to 8.

For Grade 500E reinforcement (Table 3), at low total strain
amplitude the low-cycle fatigue life reduces with tension domi-
nated cycle. Whereas for large total strain amplitudes, it can be

Mean strain  Slenderness Buckling Total strain Frequency = Max tensile Max compression Total dissipated Half cycles to
ratio R ratio L/D parameter i amplitude &, f strain & max strain &c max energy AWrqtal failure 2N¢
-1 6 10.59 0.01 0.125 0.010 -0.010 2159.46 838.7
0.015 0.0833 0.015 -0.015 1087.36 214.0
0.02 0.0625 0.020 —-0.020 787.86 114.7
0.03 0.04167 0.030 —0.030 515.31 50.0
0.04 0.03125 0.040 —0.040 343.47 24.0
0.05 0.025 0.050 —-0.050 310.48 16.7
9 15.88 0.01 0.125 0.010 —-0.010 711.94 290.7
0.02 0.0625 0.020 —-0.020 333.85 72.0
0.03 0.04167 0.030 —-0.030 255.75 36.0
0.04 0.03125 0.040 —0.040 207.63 22.0
0.05 0.025 0.050 —-0.050 173.12 14.0
12 21.18 0.01 0.125 0.010 -0.010 394.23 218.0
0.02 0.0625 0.020 —-0.020 223.03 61.3
0.03 0.04167 0.030 —0.030 151.72 273
0.04 0.03125 0.040 —0.040 125.43 16.0
0.05 0.025 0.050 —-0.050 101.11 10.0
15 26.47 0.01 0.125 0.010 —-0.010 275.26 188.7
0.02 0.0625 0.020 —-0.020 104.35 30.7
0.03 0.04167 0.030 —-0.030 78.04 153
0.04 0.03125 0.040 —0.040 77.38 113
0.05 0.025 0.050 —0.050 71.26 8.0
-0.5 6 10.59 0.02 0.0625 0.027 —-0.013 1140.37 147.0
0.04 0.03125 0.053 -0.027 543.75 36.0
0.05 0.025 0.067 —-0.033 445.42 22.0
12 21.18 0.02 0.0625 0.027 -0.013 335.30 85.0
0.04 0.03125 0.053 -0.027 116.28 12.0
0.05 0.025 0.067 —-0.033 102.27 8.0
0 6 10.59 0.02 0.0625 0.040 0.000 1119.31 142.0
0.04 0.03125 0.080 0.000 488.61 31.0
0.05 0.025 0.100 0.000 430.64 22.0
12 21.18 0.02 0.0625 0.040 0.000 289.22 70.0
0.04 0.03125 0.080 0.000 112.60 10.0
0.05 0.025 0.100 0.000 115.12 8.0
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Table 3
Summarized results from low-cycle fatigue tests on Grade 500E reinforcing bars.
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Mean strain ~ Slenderness Buckling Total strain Frequency = Max tensile Max compression Total dissipated Half cycles to
ratio R ratio (L/D) parameter A amplitude &, f strain & max strain &c max energy AWrotal failure 2N¢
-1 6 13.57 0.02 0.0625 0.020 —-0.020 1075.04 118.0
0.03 0.04167 0.030 —-0.030 550.42 36.7
0.04 0.03125 0.040 —0.040 428.47 20.7
9 20.35 0.01 0.125 0.010 -0.010 1175.81 439.0
0.02 0.0625 0.020 —-0.020 395.83 61.3
0.03 0.04167 0.030 —-0.030 284.27 28.0
0.04 0.03125 0.040 —0.040 223.03 153
12 27.13 0.01 0.125 0.010 -0.010 515.51 204.0
0.02 0.0625 0.020 —-0.020 243.61 47.3
0.03 0.04167 0.030 —-0.030 176.83 22.0
0.04 0.03125 0.040 —0.040 126.66 10.7
15 33.92 0.01 0.125 0.010 -0.010 311.78 154.0
0.02 0.0625 0.020 —-0.020 151.84 34.7
0.03 0.04167 0.030 —0.030 105.17 14.7
0.04 0.03125 0.040 —0.040 84.06 8.0
-0.5 6 13.57 0.02 0.0625 0.027 -0.013 1069.62 113.0
0.04 0.03125 0.053 —-0.027 387.06 17.0
0.05 0.025 0.067 -0.033 302.97 9.0
12 27.13 0.02 0.0625 0.027 -0.013 207.82 35.0
0.04 0.03125 0.053 -0.027 141.11 10.0
0.05 0.025 0.067 -0.033 130.00 7.0
0 6 13.57 0.02 0.0625 0.040 0.000 950.33 100.0
0.04 0.03125 0.080 0.000 431.49 20.0
0.05 0.025 0.100 0.000 280.42 8.0
12 27.13 0.02 0.0625 0.040 0.000 219.54 35.0
0.04 0.03125 0.080 0.000 154.46 10.0
0.05 0.025 0.100 0.000 160.79 8.0

observed that the mean strain ratio (R) has little/no effect on the
fatigue life of reinforcing bars regardless of its slenderness ratio
(L/D). For example, when the mean strain ratio (R) is changed from
—1 to 0, for a total strain amplitude (&,) of 0.02 the fatigue life of
reinforcing bars with slenderness ratio (L/D) of 6 reduced from
118 to 100, whereas for a total strain amplitude (g,) of 0.04 the
fatigue life of reinforcing bars with slenderness ratio (L/D) of 6
remained approximately 20. Overall, the mean strain ratio (R)
has some effect on the fatigue life of the reinforcing bars, but no
sustained trend can be observed. Hence, quantifying and generalis-
ing the effect of mean strain ratio on the fatigue life needs further
investigation and is outside the scope of this paper. In this study,
the results obtained through the fatigue tests on reinforcing bars
with mean strain ratio equal to -1 are adopted for development
of the low-cycle fatigue models.

3. Low-cycle fatigue behaviour of Grade 300E and 500E
deformed reinforcing bars including the effect of inelastic
buckling

Test results obtained from the low-cycle fatigue tests on Grade
300E and 500E bars are analysed and a fatigue life model is devel-
oped to relate the key fatigue parameters (total strain amplitude
and total energy dissipated) with the number of cycles to failure.
The low-cycle fatigue life models developed in the literature are
based on the total strain amplitude, plastic strain amplitude and
dissipated energy. Although these models are capable of predicting
the fatigue life of unbuckled reinforcing bars with reasonable accu-
racy, they do not incorporate the detrimental effect of buckling on
fatigue life. Among the above mentioned fatigue life models, strain
based fatigue life models (total strain and plastic strain amplitude)
are popular due to their ease in application in finite element pro-
grams. Fatigue models based on total strain amplitude are pre-
ferred over the plastic strain amplitude due to the limitation in
identifying the accurate plastic strain amplitude from the experi-
mental test results (due to the Bauchinger effect). Therefore, a
low-cycle fatigue model based on total strain amplitude incorpo-

rating the effect of buckling of reinforcing bars is proposed and cal-
ibrated in this study using the test results. In addition, a fatigue
model relating the dissipated total energy to the number of cycles
to failure is proposed. It should be noted that the fatigue life mod-
els developed in this study are based on the experimental tests car-
ried out on reinforcing bars under equal strain amplitude loading
and therefore a suitable cycle counting algorithm [27,28] can be
used to determine the cumulative fatigue damage under random
loading histories.

3.1. Relationship between the total strain amplitude and low-cycle
fatigue life

The low-cycle fatigue life of metals can be represented in terms
of the total strain or plastic strain amplitude. Coffin Jr and Schenec-
tady [29], and Manson [30] proposed a generalised expression for
representing the fatigue life of metals:

o )
€a = Eelastic + Eplastic = ff (ZNf)b +é f(ZNf)C (3)

The original low-cycle fatigue model proposed by Coffin Jr and
Schenectady, and Manson relates the plastic strain amplitude with
the number of half cycles to failure and is represented as:

Eap = €1(2Np)° 4)

where, ‘¢, is the plastic strain amplitude experienced by the rein-
forcement, and ‘s’ and ‘¢’ are the fatigue life material constants to
be calibrated using the experimental test results. Koh and Stephens
[31] extended the low-cycle fatigue model proposed by Coffin Jr and
Schenectady, and Manson and proposed a low-cycle fatigue damage
model solely based on the total strain amplitude, suggesting that for
most of the fatigue analysis problems the elastic strain part remains
constant and can be ignored. Therefore, the low-cycle fatigue life of
reinforcing bars can be evaluated using total strain amplitude given
by the expression:

& = B(2Np)* )
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where, ‘B’ is the fatigue ductility coefficient and ‘a’ is the fatigue duc-
tility exponent, which can be calibrated using the experimental test
results, and ‘N¢’ is the number of cycles to the onset of failure.
Fig. 6a and b show the variation of the number of half cycles to failure
against the total strain amplitude for Grade 300E and 500E reinforc-
ing bars, respectively, with different slenderness ratios. Fig. 6 clearly
shows that the fatigue life reduces as the slenderness ratio is
increased (i.e. as the bars become more prone to buckling). In the
Fig. 6, the normalised total strain amplitude (shown in right vertical
axis) is the total strain amplitude divided by the yield strain of the
reinforcing bar (&,/€y).

Buckling of reinforcing bars has been extensively investigated in
the literature, and it has been concluded that the buckling response
of reinforcing bars can be defined using a non-dimensional buckling
parameter (1) [24]. Therefore in this study, non-linear regression
analysis is carried out to correlate the fatigue life coefficients and
the buckling parameter. The results obtained from low-cycle fatigue
tests on reinforcing bars are fitted to the power law function and
non-linear regression analysis is carried to obtain low-cycle fatigue
life coefficients for different slenderness ratios. The results of regres-
sion analysis are summarised in Table 4.

A nonlinear regression analysis is conducted on the proposed
fatigue life coefficients (summarised in Table 4) for different slen-
derness ratios and yield strengths. The results of the regression anal-
ysis indicates that the fatigue life coefficients, i.e. ‘#’ and ‘a’, are
strongly correlated with the buckling parameter ‘A’. The fatigue life
coefficients, ‘8’ and ‘a’, are consequently defined as a function of the
buckling parameter (1) of the reinforcing bars (i.e. the effect of
inelastic buckling of reinforcing bars is taken into account) and is
given by Egs. (6) and (7). Fig. 7 shows the calibration fit of the pro-
posed expressions with the coefficients obtained from regression
analysis of the test results for Grade 300E and 500E reinforcing bars.
The low-cycle fatigue life of reinforcing bars using total strain ampli-
tude can be obtained using Eq. (5) together with these two expres-
sions for the fatigue life coefficients. The fatigue ductility
coefficient (B) and ductility exponent (a) are both found to be nega-
tively correlated with the buckling parameter, i.e. the fatigue life
coefficient reduces as the buckling parameter increases (as shown
in Fig. 7).
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Table 4
Calibration of low cycle fatigue material based on total strain amplitude for different
slenderness ratio.

Reinforcement Slenderness Buckling Coefficient p Coefficient a R?

grade ratio L/D parameter A

300E 6 10.59 0.17 —0.45 0.99
9 15.88 0.153 -0.454 0.97
12 21.18 0.138 —0.458 0.99
15 26.47 0.123 —0.462 0.93

500E 6 13.57 0.16 —0.452 0.97
9 20.35 0.14 —0.4575 0.99
12 27.13 0.12 —0.463 0.99
15 33.92 0.103 —0.468 0.99

a= ‘L 0.441 (7)
— o \1200 "

3.2. Relationship between hysteresis energy dissipated and low-cycle
fatigue life

The hysteretic energy dissipated by the reinforcing bars under
constant strain amplitude loading has been calculated by numeri-
cally integrating the area enclosed under the experimentally
obtained stress-strain curve. In this study, a fatigue life model
relating the total hysteresis energy dissipated before the onset of
failure (AWrta) with the number of half cycles to failure (2Ny) is
proposed. The low-cycle fatigue model based on the total dissi-
pated energy for reinforcing bars can be represented as:

AWTotal = Cl (2Nf)y1 (8)

where, ‘C;” and “,” are the fatigue life material coefficients that can
be calibrated using the test data. Fig. 8 shows the variation of total
energy dissipated for Grade 300E and 500E reinforcing bars with
different slenderness ratios. The test results listed in Tables 2 and
3 and presented in Fig. 8 show that an increase in the slenderness
ratio of a reinforcing bars can result in a significant drop in the total
dissipated hysteresis energy due to premature failure of the bar
along with the “pinching” type hysteresis response.

The total energy dissipated before the onset of failure has
been calculated and a fatigue model relating the number of
reversals to failure with the total energy dissipated for each
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Fig. 6. Experimental data for total strain amplitude vs reversals to failure for Grade 300E and 500E reinforcing bars.
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Fig. 8. Experimentally obtained total energy dissipated versus number of half cycles to failure.

Table 5
Calibration of low cycle fatigue material based on the total energy dissipated.
Reinforcement Slenderness Buckling Coefficient Coefficient R?
grade ratio L/D parameter A C; Y
300E 6 10.59 74 0.51 0.99
9 15.88 41.6 0.51 0.98
12 21.18 27.5 0.51 0.97
15 26.47 20 0.51 0.98
500E 6 13.57 86.97 0.51 0.96
9 20.35 48.82 0.51 0.98
12 27.13 3241 0.51 0.98
15 33.92 23.59 0.51 0.98

slenderness ratio is proposed. The fatigue life material constants
are calibrated for each slenderness ratio of the reinforcing bars
by fitting the power law function to the test results and the
results of the regression analysis are summarised in Table 5. Fur-
thermore, non-linear regression analysis of the proposed fatigue
life coefficients is carried out for each slenderness ratio and a
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Fig. 9. Calibration of fatigue material coefficient ‘C; including the effect of buckling.
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Fig. 10. Validation of the proposed fatigue life model.

unified energy based low-cycle fatigue model incorporating the
effect of buckling is proposed. The total energy dissipated before
the onset of failure can be evaluated using Eq. (8), where the
fatigue life coefficient ‘C; and ‘Y, mentioned above can be calcu-
lated as:

Ci = 76,01 9)

7, = 0.51 (10)

Fig. 9 shows the calibration fit for the proposed expression with
the coefficients obtained from regression analysis of test results for
Grade 300E and 500E reinforcing bars.

4. Validation of the low-cycle fatigue models

To validate efficacy of the proposed fatigue life model, low-
cycle fatigue tests carried out on reinforcing bars with different
slenderness ratio under variable loading histories are consoli-
dated and compared against the analytically predicted parame-
ters (i.e. number of half cycles to failure and the total energy
dissipated). Fig. 10a and 10b show the efficacy of the proposed
fatigue life model for evaluating the number of half cycles to
failure and hysteresis energy dissipated in presence of buckling,
respectively. As shown in Fig. 10a, the proposed analytical model
correlates well with the experimental results and is able to pre-
dict the number of half cycle to failure with reasonable accuracy,
except for the cases with low total strain amplitudes resulting in
higher fatigue life. Similarly, it can be seen in Fig. 10b that the
proposed model is reliably able to predict the total hysteresis
energy dissipated with reasonable accuracy. The proposed fati-
gue life model can be used alongside a suitable reinforcement
material model to numerically simulate the cyclic behaviour of
RC members with reasonable accuracy. For design or assessment
application, the proposed fatigue model can be used by evaluat-
ing the number of equal amplitude strain cycles a reinforcing bar
is subjected to in a structure (using the cycle counting algo-
rithms) when the structure is exposed to design basis or actual
earthquake, respectively.

5. Conclusions

In this paper, low-cycle fatigue tests on Grade 300E and 500E
reinforcing bars under constant strain amplitude loading were car-
ried out to quantify the detrimental effect of buckling on low-cycle
fatigue life of reinforcing bars. The major parameters considered in
the study were the grade of reinforcing bars (Grade 300E and
500E), slenderness ratio of reinforcing bars (6, 9, 12, and 15) and
mean strain ratio (R = —1.0, —0.5, 0). The experimental results were
analysed and a fatigue life model relating the total strain ampli-
tude to the number of cycles to failure was proposed by incorpo-
rating the effect of inelastic buckling of reinforcing bars. The
detrimental effect of buckling was taken into account through cal-
ibration of the fatigue life coefficients as a function of the buckling
parameter (1). Furthermore, an energy based fatigue life model
relating the total energy dissipated to the number of cycles to fail-
ure has also been proposed. The major outcomes of the present
study are:

1. Inelastic buckling of reinforcing bars has detrimental effect on
their low-cycle fatigue life. Increase in the buckling length to
bar diameter ratio of the reinforcing bars (which makes them
more prone to buckling) results in decrease of their fatigue life.
In other words, buckling prone reinforcing bars fail much earlier
than reinforcing bars with minimal or no buckling. For instance,
an increase in the buckling length of a Grade 300E bar from 6 to
15 times its diameter results in reduction of its fatigue life
(number of reversals to failure) from 50 to 15 half cycles at a
total strain amplitude of 0.03.

2. Inelastic buckling of a reinforcing bar results in substantial loss
of its load carrying capacity both in tension and compression. As
a result, in addition to adversely affecting the fatigue life of the
reinforcing bars, buckling also influences the overall hysteresis
behaviour of the structure. In the post-buckling phase, the peak
stresses attained by a bar in the first cycle drop substantially in
the subsequent cycles.

3. Yield strength of a bar significantly affects its low cycle fatigue
life. For large total strain amplitudes (&, > 0.02), low-cycle fati-
gue life of higher strength reinforcing bars is less than that of
lower strength bars.
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4. A generic fatigue life model including the effect of buckling is
developed and the fatigue life coefficients used in the model
are calibrated against the results of the experimental investiga-
tion. Generalized expressions for the fatigue life coefficients
including the effect of bar buckling are proposed as a function
of the buckling parameter (1) (which relates the extent of
buckling in terms of the yield strength (f,) and slenderness ratio

(L/D) of reinforcing bars i.e. 1 = %\/lf—yo).
5. Including the effect of bar buckling, the low-cycle fatigue life of
reinforcing bars can be calculated as:

& = B(sz)a
where,
-2
ﬁ = ﬁ + 02
A
a=— <m + 0.441)

The proposed low-cycle fatigue model is found to be well
corroborated with the experimental test results and can be imple-
mented into existing finite element programs to simulate the cyclic
behaviour of flexurally dominated RC structures with reasonable
accuracy. Further, the proposed low-cycle fatigue model along
with the relevant cycle counting algorithm can be efficiently used
as a tool for assessing the remaining fatigue life of RC structures
after seismic events.
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