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EXECUTIVE SUMMARY 

INTRODUCTION 

The use of Grade 80 (550) reinforcing steel bars instead of Grade 60 (420) reinforcing steel bars, 
if used at its full design strength, could reduce material and construction costs of bridge and 
building projects. However, current federal and state codes have restrictions on the use of HSS in 
some cases. This is why Grade 80 [550] steel, though commercially available, is not commonly 
or widely used. More research needs to be done to determine the behavior of HSS in bridge and 
building components in order for designers to receive the full economic benefit of HSS for their 
projects.  

This section summarizes results of a report entitled High Strength Reinforcing Steel Bars: Low 
Cycle Fatigue Behavior. The report provides an analysis and characterization of the low-cycle 
fatigue behavior of HSS, namely ASTM A615 Grade 80 and ASTM A706 Grade 80.  

Current bridge and building code provisions do not allow HSS in plastic hinge energy dissipation 
components. This is a limitation that originates in the lack of information on the material 
properties of the Grade 80 (550) reinforcing steel.  

OBJECTIVES 

The overall objective of this research is to study the behavior of HSS so that designers can use 
the reinforcing steel in more types of bridge and building components.  

The main objective of the low-cycle fatigue research is to test the cyclic behavior of individual 
reinforcing bars to gain information on the energy dissipation behavior, number of half-cycles to 
failure under different strain histories.  

METHODOLOGY 

A total of 400 tests were performed, including 40 tensile and 360 cyclic tests. The cyclic tests 
varied in: (a) reinforcing bar grade (Grade 60 and Grade 80 (420 and 550)); (b) lateral support 
spacing to bar diameter ratios (4 and 6); (c) ratio of peak compressive strain to peak tensile strain 
(0.10, 0.50, and 1.00); (d) and maximum tensile and compressive strain (2%, 4%, and 6%). The 
tensile tests provided basic information needed to characterize the reinforcing steel bars and to 
provide basic information needed for the cyclic testing.  

The general procedure followed in this research included the following steps:  

(1) A literature review was performed to identify key concepts and to review experimental 
results available in the literature. 

(2) An experimental program was designed and new testing procedure developed. This 
program included the design of the test setup and new testing fixtures. 
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(3) Experimental results were summarized and discussed. 

(4) Conclusions were drawn from the comparisons of the different steel grades and testing 
parameters, and recommendations for future research were made. 

SUMMARY OF MAIN FINDINGS 

Overall, the results show a promising step forward for the utilization of HSS in bridge and 
building components. A new experimental setup and testing procedure was developed to 
evaluate the low-cycle fatigue performance of four reinforcing steels, including two high-
strength reinforcing steels. The research program included testing of more than 400 reinforcing 
bar specimens. The low-cycle fatigue behavior of these four reinforcing bars, A615 Grade 60, 
A615 Grade 80, A706 Grade 60, and A706 Grade 80, were assessed in this research. The main 
findings that can be drawn from the results of this research are:  

1. Comparison of the results from the A615 Grade 60 and A615 Grade 80 testing indicates 
that at higher maximum tensile strains (εt = 6%) the A615 Grade 80 specimens exhibited 
larger energy dissipation per cycle than the A615 Grade 60 specimens. Results from 
statistical testing (t-tests) indicate that there is no statistically significant difference 
between A615 Grade 60 and A615 Grade 80 for tests with lower total strain ranges for all 
other parameters assessed. 

2. Comparison of the A706 Grade 60 and A706 Grade 80 results indicate that even though 
A706 Grade 80 exhibited larger mean values for energy dissipated per cycle than the 
A706 Grade 60, there is no statistically significant difference in the low-cycle fatigue 
behavior of these specimens for most test conditions. 

3. Comparison of A615 Grade 80 and A706 Grade 80 test results indicate that the A706 
Grade 80 specimens exhibit higher mean values for energy dissipated per cycle than the 
A615 Grade 80 specimens for all test cases. However, statistical analyses comparing the 
means of the groups indicate that there is no statistically significant difference in the low-
cycle fatigue behavior of these groups. 

4. When specimens were tested with shorter lateral support spacing, specimens were cycled 
through a larger number of inelastic cycles. In addition, for specimens with longer lateral 
support spacing, low-cycle fatigue failures occurred at lower numbers of inelastic cycles 
and the onset of buckling occurred at lower strains.  

5. When the total strain amplitude, εa, was increased, all steels evaluated exhibited shorter 
fatigue lives. The Grade 60 reinforcing steels exhibited higher fatigue lives than the 
Grade 80 reinforcing steels when subjected to larger inelastic strains. However, when 
total strains were below 0.036 for the case when sh/db = 4 and below 0.022 for the case 
when sh/db = 6, the A615 Grade 80 exhibited longer fatigue lives. 
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1.0 INTRODUCTION 

Results in Trejo et al. (Trejo et al. 2014) and Barbosa et al. (Barbosa et al. 2015) indicated that 
use of Grade 80 high strength steel (HSS) reinforcement achieved similar resistances to Grade 60 
reinforcement, when the ratio of the area of the area of Grade 80 reinforcing steel bars used was 
75 percent of the area of the Grade 60 reinforcing steel bars. The authors suggested a reduction 
in longitudinal reinforcement congestion could significantly reduce cost if large quantities were 
manufactured. A concern that arose in conclusion of the ODOT research funded program that 
served as the basis for Trejo et al. (Trejo et al. 2014), which was that as the column reinforcing 
steel was reduced, low-cycle fatigue of HSS needed to be characterized.  

This report summarizes the testing program performed to characterize the performance of Grade 
80 reinforcing steel under low-cycle fatigue. The report includes 5 chapters. A brief description 
of each chapter follows.  

Chapter 1 introduces the research program and provides a basic description of the contents in 
each chapter.  

Chapter 2 includes a literature review used to develop the experimental program.  

Chapter 3 presents the experimental program, design of the test setup, instrumentation, specimen 
preparation and test procedures, and finally methods used for post-processing experimental 
results.  

Chapter 4 presents the experimental results for the test specimens.  

Chapter 5 describes the analysis of the results, including a detailed statistical analysis of the 
results. An equation for low-cycle fatigue life prediction based on the testing results is proposed.  

Finally, chapter 6 provides a summary of the research program and states the main conclusions 
obtained.
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2.0 LITERAURE REVIEW 

Failure of longitudinal reinforcing steel elements due to low-cycle fatigue in reinforced concrete 
(RC) structures, such as columns in buildings or bridge piers (Trejo et al. 2014), is one of the 
main failure modes expected for well-designed columns in a seismic event. Low-cycle fatigue is 
defined here as the failure of a material below 1000 cycles (Brown and Kunnath 2004). The 
number of cycles at specific strain amplitudes before failure will be defined here as the fatigue 
life of that material.  

In RC elements, large cyclic loading of plastic hinges causes spalling of the concrete cover over 
the longitudinal reinforcing steel elements. By losing the concrete cover, reinforcing steel is 
exposed to the air and its compression unbraced length becomes the spacing between stirrups. If 
the concrete in the core of an RC element is able to restrict movements of the bars, it is 
reasonable to expect that the bars would buckle under compression in the outward direction 
(away from the core). The large inelastic strains in compression and tension, and the additional 
effects of buckling of the bars, induce what is known as low-cycle fatigue failures, which are 
characterized by the formation of micro-cracks in the steel bars under inelastic compression and 
subsequent failure in a following tension excursion. Since low-cycle fatigue develops mainly 
after spalling of the concrete cover of RC elements, it is reasonable to test the cyclic behavior of 
individual reinforcing bars, with controlled braced lengths, to understand the low-cycle behavior 
and energy dissipation behavior of the materials. Stress-strain behavior of reinforcing bars, 
including the effect of buckling, has been studied by several researchers as is summarized in this 
section. However, difficulties in measuring strain values in compression and defining the onset 
of buckling make this topic extremely difficult and has hindered more research in the topic. This 
chapter presents a review of the literature on the topic of low-cycle fatigue.  

Monti and Nuti (Monti and Nuti 1992) studied the cyclic behavior of reinforcing bars including 
buckling in a testing program that included conducting cyclic and monotonic compression tests 
of reinforcing steel bar specimens. Reinforcing bars with lateral supporting spacing, sh, to bar 
diameter, db, values of 5, 8, and 11 were tested. The sh value is approximately equivalent to the 
unbraced length of the bars. The results showed that when sh /db goes beyond the critical value of 
5, inelastic buckling of reinforcing bars develop. Results from the monotonic axial compression 
tests are shown in Figure 2.1. As illustrated in this figure, the monotonic axial compression for  
sh /db = 5 (L/D = 5 in Figure 2.1) is similar to the tensile curve while curves for larger sh /db 
values deviate from the tensile curve once the yield point is reached. 

Mander et al. (Mander et al. 1994) studied the low-cycle fatigue behavior of #5 (#16M) 
reinforcing steel bars. The researchers tested ASTM A722 Grade 157 ksi (1080 MPa) high-
strength steel threaded bars and ASTM A615 Grade 40 ksi (280 MPa) reinforcing bars with 
lateral support spacing, sh, to bar diameter, db, values of 6, 8, and 9. The researchers concluded 
that sh/db values greater than 6 result in a reduction in strength below the yield value of the 
reinforcing bar under large compressive strains as a result of severe inelastic buckling. The 
authors reported that inelastic buckling occurs when a member fails between the plastic and 
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elastic zones. The results of this study also showed that HSS bars have a higher energy 
dissipation capacity than conventional reinforcing steel bars. 

 
Figure 2.1: Experimental monotonic compressive curves (after Mander et al. 1994). 

Rodriguez et al. (Rodriguez et al. 1999) studied the cyclic stress-strain behavior of reinforcing 
bars, including the effect of buckling. The authors conducted a series of monotonic and cyclic 
tests on reinforcing steel bars. The experimental program included testing of 0.62 in. (16 mm) 
diameter steel coupons with lateral supporting spacing to bar diameter, sh/db, values of 2.5, 4, 6, 
and 8. For cyclic tests, a cyclic frequency of 0.005 Hz was used for all tests. Two extensometers 
with a gauge length of 1.18 in. (30 mm) were used to measure the strains on both sides of the test 
specimens to estimate the onset of buckling. The strain, ε1, was measured along the fiber on the 
compressive side of the bar and the strain, ε2, was measured along the fiber on the tensile side of 
the bar. The onset of buckling is defined as the point where the difference between, ε1, and, ε2, is 
equal to or greater than 20% of ε1 for the monotonic test, and ( )+ -

m m0.2 ε - ε    for the cyclic test, 

where εm
+  and εm

-  are the peak strains reached. Rodriguez et al. (Rodriguez et al.1999) concluded 
that the onset of buckling subjected to cyclic loading may occur after the reversal from tension 
and is dependent on the maximum value of the tensile strain reached before the reversal. In this 
case, the buckling of reinforcing steel may occur on the tension side of the hysteresis cycle. A 
procedure was proposed by the authors to predict the strain at the onset of buckling of a 
reinforcing bar with the definition as follows:  

 0
* *
p pε = ε − ε      (2.1) 

where parameters 
+
0ε  and Pε  are defined as the axial strain at zero loading after return from a 

tensile strain and the axial strain at buckling, respectively, as shown in Figure 2.2. From the 

definition above, if  
+
0 Pε ε>  , then the buckling of the longitudinal reinforcing bar would occur in 

the tensile strain region. Figure 2.2 also shows the energy dissipated per cycle, Eh.   

Brown and Kunnath (Brown and Kunnath 2004) studied the effect of reinforcing bar size on 
fatigue life for sh/db values of 6. Results in Brown and Kunnath indicate that the fatigue life 
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(number of half-cycles before fatigue failure is observed) is influenced by the reinforcing bar 
size. Figure 2.3 shows a compilation of the results by the authors from which the main 
conclusions can be inferred. First, the authors concluded that reinforcing bars with larger 
diameters, such as #9 (#29M), show longer fatigue life at lower strain amplitudes than 
reinforcement with smaller diameters, such as #6 (#19M), as shown in. Second, the authors also 
concluded that fatigue life failure with increasing strain is more severe (achieving a smaller 
number of half-cycles) for reinforcing bars with larger diameters.  

In summary, low-cycle fatigue failure on longitudinal reinforcing elements is influenced by 
parameters such as lateral supporting spacing, reinforcing bar diameter values, and maximum 
value of the tensile strain before the reversal. However, insufficient research has been performed 
on the low-cycle fatigue behavior of ASTM A615 and ASTM A706 HSS reinforcing steel bars. 

  
Figure 2.2: Cyclic stress-strain curve for steel. 
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Figure 2.3: Comparison of fatigue life for different reinforcement sizes after (modified from 

Brown and Kunnath, 2004).
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3.0 EXPERMENTAL PROGRAM 

A series of monotonic and cyclic tests of reinforcing bars were performed at the Structural 
Engineering Research Laboratory at Oregon State University. The experimental program was 
developed to study the low-cycle fatigue behavior, including the effect of buckling for four test 
variables: 

1. Steel reinforcement types: Four grades of #5 (#16M) reinforcing steel were used in 
this research. These included ASTM A706 Grade 60 ksi (420 MPa), ASTM A706 
Grade 80 ksi (550 MPa), ASTM A615 Grade 60 ksi (420 MPa), and ASTM A615 
Grade 80 ksi (550 MPa). All the reinforcing steels were produced by Nucor Steel in 
Seattle, WA. Mechanical properties and chemical compositions of the reinforcing 
steel are shown in Table 3.1 and Error! Reference source not found., respectively. 

2. Lateral supporting spacing to bar diameter (sh/db): sh/db values of 4 and 6 were used in 
this research. The sh/db value of 6 represents the tie spacing most commonly used in 
reinforced concrete structures according to the current building and bridge design 
codes. The sh/db of 4 was used to provide additional results on the effect of buckling 
on specimens with reduced nonlinear geometry effects. 

3. Maximum tensile strain (εt): Three values were included in the experimental plan, 
including of 2.0 percent, 4.0 percent, and 6.0 percent. 

4. Ratio of peak compressive strain to peak tensile strain (εc/εt): Three values of 0.1, 0.5 
and 1.0 εc/εt were considered. Ratios of εc/εt of 0.1 and 0.5 are used to represent 
unsymmetrical strain histories observed in a longitudinal reinforcement in lightly 
loaded and heavily loaded columns or wall piers, respectively. An εc/εt = 1.0 is not a 
typical strain history in reinforced concrete. However, it is used for comparison with 
other low-cycle fatigue tests available in the literature (e.g., Mander et al. 1994). 

Table 3.1 and Table 3.2 list the mechanical, physical, and chemical properties of the four 
reinforcing steel types tested in this research program. All four steels were subjected to low-
cycle fatigue tests. Table 3.3 shows the legend for elements in the steel composition.  

Figure 3.1 shows the naming convention used for each test, while Table 3.4 shows the test 
matrix. Five specimens from each criterion were tested resulting in a total of 40 tensile and 360 
cyclic tests. 
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Table 3.1: Reinforcement mechanical and physical properties of reinforcing steel (mill 
data). 

Bar size 
Grade 

ksi 
(MPa) 

ASTM  Manufacturer Heat # 
Yield 

strength, 
ksi (MPa) 

Tensile 
strength, 
ksi (MPa) 

Elong. 
% 8 in. 
(0.2 m) 

Nom. 
Wt, % 

#5 
(#16M) 

Gr. 60 
(420) A615 Nucor SE14102513 68.7 (474) 101.4 

(699) 18.8 95.2 

#5 
(#16M) 

Gr. 60 
(420) A706 Nucor SE14102491 64.3 (444) 92.4 (638) 17.2 95.9 

#5 
(#16M) 

Gr. 80 
(550) A615 Nucor SE14101983 82.1 (566) 114.9 

(793) 13.3 95.2 

#5 
(#16M) 

Gr. 80 
(550) A706 Nucor SE14101987 90.4 (624) 116.9 

(806) 12.5 95.4 

 

Table 3.2: Chemical composition of reinforcement (mill data). 

Bar size 
Grade, 

ksi 
(MPa) 

AST
M C (%) Mn 

(%) 
P   

(%) S  (%) Si (%) Cu 
(%) 

Ni 
(%) 

Cr 
(%) 

Mo 
(%) 

V  
(%) CE 

#5 
(#16M) 

Gr. 60 
(420) A615 0.390 0.980 0.011 0.038 0.210 0.320 0.11 0.13 0.03 0.01 0.5 

#5 
(#16M) 

Gr. 60 
(420) A706 0.300 1.210 0.015 0.041 0.210 0.300 0.09 0.12 0.01 0.24 0.5 

#5 
(#16M) 

Gr. 80 
(550) A615 0.380 1.280 0.011 0.047 0.240 0.250 0.09 0.09 0.02 0.05 0.6 

#5 
(#16M) 

Gr. 80 
(550) A706 0.290 1.270 0.014 0.043 0.210 0.290 0.11 0.13 0.03 0.12 0.5 

 
Table 3.3: Legend of Element Abbreviations in Table 3.2. 

Element 
Abbrev. C  Mn  P    S  Si  Cu  Ni  Cr  Mo  V   

Element 
Name Carbon Mang-

anese 
Phos-
phorus Sulfur Silicon Copper Nickel Chrom-

ium 
Moly-

bdenum 
Vana-
dium 

 

 
Figure 3.1: Naming convention of the cyclic and monotonic tests. 

  



 

9 

Table 3.4: Test matrix. 
C

yc
lic

 te
st

 

Reinforcement Type sh/db 

Tensile 
Strain, 
𝜺𝜺𝑻𝑻 

Compressive 
Strain, 𝜺𝜺𝒄𝒄 

R 
(𝜺𝜺𝒄𝒄/𝜺𝜺𝑻𝑻) 

#  of 
Specimens 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 2.00% 0.20% 0.10 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 2.00% 1.00% 0.50 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 2.00% 2.00% 1.00 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 4.00% 0.40% 0.10 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 4.00% 2.00% 0.50 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 4.00% 4.00% 1.00 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 6.00% 0.60% 0.10 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 6.00% 3.00% 0.50 5 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 6.00% 6.00% 1.00 5 

Te
ns

ile
 

te
st

 

A615 G60, A615 G80, A706 G60, A706 G80 4, 6 - 5 

 
3.1 TEST SETUP 

Tensile and cyclic tests were performed using a MTS Universal Testing Machine (UTM) model 
641.38 with a maximum clamp pressure of 5000 psi (35 MPa), which was set to record the force 
and displacement at a frequency of 10 Hz. The UTM was connected to a FlexTest model 493.02 
controller to control the test type, test rate, and displacement amplitude. A schematic of the test 
frame is shown in Figure 3.2. Figure 3.3 shows a photograph of the test setup.  

To achieve the correct support spacing, custom grips (clamps) were machined and utilized with 
the grips of the UTM machine. A schematic view of the grip is shown in Figure 3.4. Reinforcing 
bars were cut to length based on the sh/db of each test to ensure that the reinforcing bar was 
secured by the test clamps (typically 8 inches (203 mm) on top and bottom clamps). Figure 3.5 
shows the spacing jig that was used to adjust the distance between the clamps to provide 
appropriate and consistent lengths. A setup jig was attached to the clamps before placing the 
reinforcing bar specimen into the lower UTM head grip. The setup jig ensured the specimen was 
vertical and aligned with the UTM load path, as illustrated in Figure 3.6. After gripping the 
lower clamps, the vertical alignment of the specimen was then checked, followed by the removal 
of the setup jig. The cyclic testing was then performed using displacement control mode. 
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      (a)            (b) 
Figure 3.2: Schematic view of the UTM test frame with experimental setup: (a) EW elevation, 

(b) NS elevation 

 
Figure 3.3: Photograph of the test setup 

Custom made 
measurement 
fixture 

Universal Testing 
Machine (UTM) 
Cross-frame 

Lower head of 
the UTM 
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Figure 3.4: Schematic view of the clamps with a bar (side view) 

 

 
Figure 3.5: A spacing jig used to adjust and set the distance between the clamps (side view) 

 
Figure 3.6: A setup jig used to adjust and set the distance between the clamps and grips 

3.2 INSTRUMENTATION 

The extensometer shown in Figure 3.7 was attached directly to the reinforcing bar sample and 
centered along the unbraced length. The extensometer is a 2 in. (51 mm) gauge length 
extensometer meeting ASTM E83-10a Standard Practice for Verification and Classification of 
Extensometer Systems, which was used to measure the strains in the tension tests as well as the 
strains up to the first reversal from the first maximum tension displacement in the cyclic tests. 
Since reinforcing bar samples could buckle in compression during cyclic testing, the 
extensometer was removed from the sample after reaching the first peak tensile strain to prevent 

Custom-made 
measurement fixture 

Setup jig 

Clamps 
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damage to the extensometer. For the tensile tests, the extensometer was removed from the 
samples at the onset of necking to prevent damage to the extensometer. 

 
Figure 3.7: An extensometer attached on the reinforcing bar sample centered along the unbraced 

length 

Three horizontal string potentiometers (string pots) at a 60-degree pattern (120 degree angles in 
plan between string potentiometers) were connected to the midspan of the reinforcing bar 
specimen to obtain buckling direction behavior. Horizontal string pots were looped around the 
center of the unbraced height of the reinforcing bar after gripping the lower clamps. A string 
bubble level was used to level the horizontal string pots. The midpoint displacement of the 
specimen measured by the horizontal string pots is used later in this report, along with equations 
defined in Rodriguez et al. (Rodriguez et al. 1999), to estimate the onset of the buckling in cyclic 
tests. Care was taken to prevent horizontal string pot wires from touching the extensometer.  

Three vertical string pots were also placed at a 60-degree pattern (120 degree angles in plan 
between potentiometers). The vertical string potentiometers measured relative displacement 
between the specimen facing faces of lower and upper head of the UTM. These potentiometers 
were attached to an aluminum frame to measure the vertical displacement of the reinforcing bar 
samples after removing the extensometer. In addition, the head displacement of the MTS 
machine was also tracked during testing. 

The mean displacement of the vertical string pots was used to compute the strain of the 
reinforcing bar sample after removing the extensometer. The strain measured by the vertical 
string pots is a function of the gauge length. Due to additional, but limited, elastic response of the 
UTM testing frame elements and clamps, the actual gauge length of the samples differs from the 
lateral support spacing of the specimen (grip-to-grip). To estimate the actual gauge length of the 
specimen, the maximum strain at the first cycle read by the extensometer was fitted to the 
average vertical string pot strain at the peak tension (referred to as strain fitting): 

 Maximum extensometer displacement
 Extensometer gauge length (2 in.  [51 mm])

= Average maximum displacement of string pot
 Specimen gauge length, (2 in.  [51 mm])

 (3.1) 

3.3 TEST PROCEDURES 

The experimental procedure included first performing tensile tests, which served as control tests 
for estimating reference strain values to be used in the cyclic testing program.  
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Tensile testing was performed following ASTM E8/E8M-13a, Standard Test Methods for 
Tension Testing of Metallic Materials and ASTM A370-12a, Standard Test Methods and 
Definitions for Mechanical Testing of Steel Products. For the tensile tests, the displacements 
corresponding to strain values of 0.02, 0.04 and 0.06 in./in. (mm/mm) were measured for all 
types of reinforcing bars. For tensile tests, a constant displacement rate of 0.0003 in./s (0.00762 
mm/s) was used for all the tests until the initiation of strain hardening of the reinforcing steel bar 
specimens. Then, the strain rate was increased to 0.0005 in./min (0.0127 mm/s), 0.0007 in./min 
(0.01778 mm/s), 0.001 in./min (0.0254 mm/s), 0.002 in./min (0.0508 mm/s), 0.003 in./min 
(0.0762 mm/s), 0.004 in./min (0.1016 mm/s) and 0.005 in./min (0.1270 mm/s) subsequently 
every 15 seconds until the failure of the sample.  

For cyclic testing, a setup jig was attached to the clamps before placing the reinforcing bar 
specimen and gripping at the lower head of the UTM. The setup jig ensured the specimen was 
vertical and aligned with the UTM load path as illustrated in Figure 3.6. After gripping the lower 
clamps, and verifying for vertical alignment of the specimen, the setup jig was removed. Then, 
the upper clamps were gripped. Next, vertical string pots were attached between the lower and 
upper heads of the UTM. All of the string pots were rechecked before starting the tests. Values 
of frequency (Hz), amplitude (in.), and start point (in.), for each cyclic test, were inserted to the 
FlexTest controller before running the test. A reference strain rate of 0.00083 in./s (0.02108 
mm/s) was used for the cyclic tests. The frequency (Hz) of each test was calculated based on 
required maximum tensile and compressive displacements and the reference strain rate. 
Maximum tensile and compressive displacements were calculated for each test based on the 
results of the tensile tests. Cyclic loading continued until the initiation of fatigue cracking on the 
test specimen or bar failure. 

3.4 EXPERIMENTAL PROCEDURE VALIDATION 

Figure 3.8 illustrates the stress-strain curve of a cyclic test with  εT = 6.0 percent and εC = 6.0 
percent (εC/εT = 1.0). The figure shows a good fit between the strains measured by the 
extensometer and the average strains measured using the string pots, after reversal from the 
tensile displacement. This adds evidence to the validity of the proposed procedure for measuring 
the strains in the compression region.  
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Figure 3.8: Stress-strain curve of a cyclic test with 1 0C T .ε ε =  

3.5 POST-PROCESSING OF EXPERIMENTAL RESULTS 

The average displacement of vertical string pots was used to compute the strain of the 
reinforcing bar samples after removing the extensometer. This strain was calibrated based on the 
extensometer strain that was explained above. By obtaining forces from the UTM, normalized by 
the nominal areas of the bars, and strains computed based on the displacements measured using 
the string pots, the stress-strain plots can be developed for each test.  

3.5.1 Onset of Buckling Processing 

Three horizontal string pots at 120 degree angles were connected to the midspan of the 
reinforcing bar specimen to obtain midpoint displacement of the specimen. To model the onset 
of buckling, relations between peak strains and midspan displacement were developed. 
According to Rodriguez et al. (Rodriguez et al. 1999), “the onset of buckling for the cyclic tests 
was defined by using the strain readings for ε1 and ε2 and relating these strains to the peak strains 
reached in the corresponding cycle, εm

+ and εm
-. This critical condition was defined when ε1 - ε2 

was equal or greater than 0.2 (εm
+-εm

-).” Based on the Rodriguez et al. (1999) equation, the 
relation between reinforcement midpoint displacement (a), bar diameter (d), maximum tensile 
strain (εm

+) and maximum compressive strain (εm
-), as shown in Figure 3.9, may be determined 

as follows: 

 ( )1 2 0 2 + −− = −m m   .    ε ε ε ε
     (3.2) 

where 
  

1 2

2 2
2 2

e e

d db  tanθ b  tanθ
ε    ,   ε   

l l

   + −   
   = =

  

             (3.3) 
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and  ( )2 0 2 m m
e

d tanθ   .  ε   ε
l

+ −= −  
              (3.4) 

and where b is the reinforcement midpoint displacement. 

The function that can describe the buckling mode for a fixed-fixed condition can be assumed to 
follow the form: 

  21
2
a πxy cos

l
  = −  

  
 

(3.5) 

where a corresponds to the time varying midspan displacement measured by the horizontal string 
pots. By differentiating equation (3.5), the angle θ at any point can be obtained. For example, the 
angle at point θ at point b is given by: 

  
2

2
elπ b

πaθ sin
l l

  −  
  =

 
 
 

 

(3.6) 

where le is effective length, and b is the vertical displacement at the tip along the axis of the bar.  

Differentiating equation (3.5) twice yields the effective length after buckling, which is equal the 
half of the length of reinforcement bar before buckling plus the length change due to axial strain 
at reinforcing bar: 

  

( )

 
 
 
 
 
 

  
     

∫
e

e

2l
+ -b

2
e a al

- -b c a a c a a2

πa 2πx1+ sin dx  = l + (ε l )
l +ε ×l l

×
+ε ×l

 
(3.7) 

where lc is distance between the clamps, la is actual gauge length, and  εa is strain recorded from 
vertical string pots. 

Determining θ for each test from equation (3.4) and substituting it in equation (3.5), the midpoint 
displacement at onset of buckling can be determined. Equation (3.7) also provides the relation 
between b and a, which can ultimately relate midspan displacement to the Rodriguez et al. 
(Rodriguez et al. 1999) equation.  
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(a)                                                      (b) 

Figure 3.9: (a) Buckling mode for fixed-fixed condition, and (b) reinforcement midpoint change 
before and after buckling.
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4.0 EXPERIMENTAL RESULTS 

This section provides the test results from the monotonic and cyclic tests. The test matrix, details 
of the test, and experimental procedures can be found in Chapter 3.  

Figure 4.1 presents the typical stress-strain relation of each of the bar types. Table 4.1 shows a 
summary of the mean tensile test results for Grade 60 and Grade 80 reinforcement meeting 
ASTM A615 and ASTM A706 standards, respectively. ASTM values reported include the yield 
stress, strain computed using the 0.2% offset method, and the 0.0035 in./in. (mm/mm) strain 
extension under load (EUL). These variables were recorded in accordance with ASTM E8/E8M. 
In addition, the tensile strength and corresponding strain, and the ultimate strength and 
corresponding strain are also reported.  

Table 4.2 to Table 4.4 include the following results:  

(1) Total energy (ksi, MPa): Total energy dissipated until failure of the specimen (WfT). 
This is determined by numerically integrating of the area the stress-strain curve for 
the entire test history.  

(2) Cycles to failure (Nf): The number of cycles achieved before failure. This is 
determined as the product of the total time between initial loading and initiation of 
fatigue cracks with the frequency of the test.  

(3) Energy per cycle (ksi, MPa): Normalized results for energy dissipated per cycle by 
dividing the total energy dissipated by the number of cycles for each test.  

(4) Strain at onset of buckling (in./in., mm/mm): The strain at initiation of buckling was 
based on the equations discussed in above for each cyclic test. 

(5)  Midspan displacement at onset of buckling (in., mm): The midspan displacement at 
initiation of buckling was determined based on the equations provided in Chapter 3, 
for each cyclic test.  

In Table 4.4, the mean values reported are based on at least 3 samples. However, due to 
misalignment of the UTM heads in the compression region during testing of some of the 
specimens, the midspan displacement measured with horizontal string pots were not sufficiently 
accurate for a few cases, and therefore the buckling behavior of these tests were not modeled 
with the proposed equations for onset of buckling, including the 3% - 6% tests for the Grade 80 
reinforcing steel bars and the 6% - 6% for all cases. 

Figure 4.2 to Figure 4.5 show illustrative plots of the stress-strain results obtained for specimens 
with  sh/db = 6. The fracture surfaces of the selected test specimen are presented in Figure 4.6.  
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Figure 4.1: Stress-strain results for monotonic tests 

Table 4.1: Reinforcement bar tensile test results summary 

Bar Size 
Grade, 

ksi 
(MPa) 

ASTM 
Desig. 

Yield Point 
(0.2% offset) 

Yield Point    
(0.0035 EUL) Tensile Strength  Ultimate Strain 

Stress, 
ksi 

(MPa) 

Strain, 
in./in. 

(mm/mm) 

Stress, 
ksi 

(MPa) 

Strain, 
in./in. 

(mm/mm) 

Stress, 
ksi 

(MPa) 

Strain, 
in./in. 

(mm/mm) 

Stress, 
ksi 

(MPa) 

Strain, 
in./in. 

(mm/mm) 

#5 
(#16M) 

Gr. 60 
(420) A615 68.1 

(469) 0.0042 68.1 
(469) 0.0035 102.2 

(705) 0.1169 75.2 
(518) 0.1492 

#5 
(#16M) 

Gr. 60 
(420) A706 64.6 

(445) 0.0043 64.3 
(443) 0.0035 93.8 

(647) 0.1180 67.6 
(466) 0.2239 

#5 
(#16M) 

Gr. 80 
(550) A615 80.7 

(556) 0.0053 80.4 
(554) 0.0035 115.9 

(799) 0.1105 93.75 
(646) 0.1973 

#5 
(#16M) 

Gr. 80 
(550) A706 86.2 

(594) 0.0051 85.4 
(589) 0.0035 114.3 

(788) 0.1066 86.8 
(598) 0.1555 

 
Table 4.2: Reinforcement bar elongation and strain hardening results summary 

Bar Size 
Grade, 

ksi 
(MPa) 

ASTM 
Desig. Elongation 

Strain Hardening Point 

Stress, ksi (MPa) Strain, in./in. (mm/mm) 

#5 
(#16M) 

Gr. 60 
(420) A615 18 % 68.2 (470) 0.0098 

#5 
(#16M) 

Gr. 60 
(420) A706 18 % 64.5 (445) 0.0089 

#5 
(#16M) 

Gr. 80 
(550) A615 14 % 81.2 (560) 0.0089 

#5 
(#16M) 

Gr. 80 
(550) A706 14 % 85.9 (592) 0.0084 
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Table 4.3: Summary of cyclic tests results (sh/db = 6) 

𝜺𝜺𝑪𝑪 − 𝜺𝜺𝑻𝑻, 
%-% 𝜺𝜺𝑪𝑪/𝜺𝜺𝑻𝑻 

Grade, 
ksi 

(MPa) 
ASTM WfT, ksi 

(MPa) Nf 
Energy/cycle, 

ksi (MPa) 

Strain at 
onset of 

buckling, 
in./in. 

(mm/mm) 

Midspan 
displacement 

at onset of 
buckling, in. 

(mm) 

0.2-2 0.1 

Gr. 60 
(420) 

A615 93.4 (644) 54.2 1.72 (11.9) * * 

A706 120.2 
(828) 90.4 1.33 (9.2) * * 

Gr. 80 
(550) 

A615 99.5 (686) 63.9 1.56 (10.7) * * 

A706 87.2 (601) 54.9 1.59 (10.9) * * 

1-2 0.5 

Gr. 60 
(420) 

A615 44.4 (306) 16.4 2.70 (18.6) -0.001 0.07 (0.18) 

A706 55.5 (383) 21.5 2.58 (17.8) -0.005 0.07 (0.17) 

Gr. 80 
(550) 

A615 46.2 (318) 16.6 2.78 (19.2) -0.003 0.07 (0.18) 

A706 36.6 (252) 12.5 2.94 (20.3) -0.004 0.09 (0.24) 

2-2 1 

Gr. 60 
(420) 

A615 26.4 (182) 6.6 4.03 (27.8) -0.005 0.09 (0.24) 

A706 27.8 (192) 8.8 3.16 (21.8) -0.009 0.09 (0.24) 

Gr. 80 
(550) 

A615 27.7 (191) 7.1 3.92 (27.0) -0.006 0.08 (0.21) 

A706 21.4 (147) 4.8 4.47 (30.8) -0.009 0.09 (0.23) 

0.4-4 0.1 

Gr. 60 
(420) 

A615 23.4 (161) 6.0 3.93 (27.1) 0.009 0.11 (0.27) 

A706 32.8 (226) 9.6 3.42 (23.6) 0.005 0.10 (0.25) 

Gr. 80 
(550) 

A615 30.2 (208) 6.5 4.62 (31.8) 0.009 0.09 (0.23) 

A706 24.7 (170) 4.6 5.36 (36.9) 0.004 0.09 (0.23) 

2-4 0.5 

Gr. 60 
(420) 

A615 14.6 (101) 2.7 5.44 (37.5) -0.001 0.13 (0.34) 

A706 20.0 (138) 4.1 4.92 (33.9) 0.012 0.14 (0.35) 

Gr. 80 
(550) 

A615 17.9 (123) 3.3 5.42 (37.3) -0.002 0.14 (0.36) 

A706 14.7 (101) 2.4 6.21 (42.8) 0.013 0.14 (0.36) 

4-4 1 

Gr. 60 
(420) 

A615 17.7 (122) 2.0 8.83 (60.8) 0.01 0.20 (0.51) 

A706 16.1 (111) 2.1 7.57 (52.1) 0.008 0.18 (0.47) 

Gr. 80 
(550) 

A615 10.3 (71) 1.1 8.98 (61.9) 0.002 0.18 (0.46) 

A706 10.3 (71) 1.4 7.55 (52.0) 0.003 0.19 (0.47) 
*: Did not show evidence of buckling before fracture was reached 
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Table 4.3: Summary of cyclic tests results (sh/db = 6) (continued) 
 

𝜺𝜺𝑪𝑪 − 𝜺𝜺𝑻𝑻, 
%-% 𝜺𝜺𝑪𝑪/𝜺𝜺𝑻𝑻 

Grade, 
ksi 

(MPa) 
ASTM WfT, ksi 

(MPa) Nf 
Energy/cycle, 

ksi (MPa) 

Strain at 
onset of 

buckling, 
in./in. 

(mm/mm) 

Midspan 
displacement 

at onset of 
buckling, in. 

(mm) 

0.6-6 0.1 

Gr. 60 
(420) 

A615 14.1 (97) 2.6 5.34 (36.8) 0.035 0.16 (0.40) 

A706 17.2 (119) 3.7 4.70 (32.4) 0.033 0.16 (0.41) 

Gr. 80 
(550) 

A615 15.2 (104) 2.7 5.58 (38.4) 0.021 0.16 (0.40) 

A706 17.1 (118) 2.6 6.51 (44.9) 0.028 0.16 (0.40) 

3-6 0.5 

Gr. 60 
(420) 

A615 9.6  
(66) 2.1 4.68 (32.2) 0.029 0.22 (0.55) 

A706 8.7  
(60) 1.6 5.57 (38.4) 0.027 0.22 (0.55) 

Gr. 80 
(550) 

A615 11.4 (78) 1.3 8.92 (61.5) 0.023 0.21 (0.54) 

A706 11.8 (81) 1.3 8.89 (61.2) 0.026 0.22 (0.55) 

6-6 1 

Gr. 60 
(420) 

A615 12.0 (82) 0.9 13.26 (91.4) 0.025 0.29 (0.73) 

A706 12.6 (87) 1.1 11.72 (80.7) 0.023 0.28 (0.72) 

Gr. 80 
(550) 

A615 12.7 (88) 0.9 14.28 (98.4) 0.017 0.27 (0.69) 

A706 14.3 (98) 0.9 16.26 (112.0) 0.022 0.28 (0.72) 
*: Did not show evidence of buckling 
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Table 4.4: Summary of cyclic tests results (sh/db = 4) 

𝜺𝜺𝑪𝑪 − 𝜺𝜺𝑻𝑻, 
%-% 𝜺𝜺𝑪𝑪/𝜺𝜺𝑻𝑻 

Grade, 
ksi 

(MPa) 
ASTM WfT, ksi 

(MPa) Nf 
Energy/cyc

le, ksi 
(MPa) 

Strain at 
onset of 

buckling, 
in./in. 

(mm/mm) 

Midspan 
displacement 

at onset of 
buckling, in. 

(mm) 

0.2-2 0.1 

Gr. 60 
(420) 

A615 192.3 (1325) 131 1.47 (10.1) * * 

A706 184.2 (1269) 107 1.71 (11.8) * * 

Gr. 80 
(550) 

A615 127.9 (881) 86.6 1.48 (10.2) * * 

A706 103.3 (712) 68.7 1.50 (10.4) * * 

1-2 0.5 

Gr. 60 
(420) 

A615 97.1 (669) 39.1 2.48 (17.1) -0.005 0.031 

A706 99.7 (687) 41.6 2.39 (16.5) -0.008 0.030 

Gr. 80 
(550) 

A615 83.7 (577) 29.2 2.86 (19.7) -0.006 0.031 

A706 60.2 (415) 19.7 3.06 (21.1) -0.007 0.029 

2-2 1 

Gr. 60 
(420) 

A615 43.9 (302) 11.5 3.82 (26.3) -0.010 0.043 

A706 67.3 (464) 17.7 3.79 (26.1) -0.016 0.041 

Gr. 80 
(550) 

A615 45.4 (313) 9.8 4.64 (32.0) -0.012 0.040 

A706 35.5 (245) 7.0 5.09 (35.1) -0.015 0.042 

0.4-4 0.1 

Gr. 60 
(420) 

A615 24.5 (169) 11.7 2.09 (14.4) 0.002 0.032 

A706 55.0 (379) 13.7 4.01 (27.6) -0.001 0.046 

Gr. 80 
(550) 

A615 26.0 (179) 11.2 2.32 (16.0) 0.001 0.027 

A706 16.7 (115) 6.8 2.45 (16.9) -0.002 0.026 

2-4 0.5 

Gr. 60 
(420) 

A615 19.5 (134) 2.8 7.03 (48.4) -0.004 0.061 

A706 18.2 (125) 2.9 6.20 (42.7) 0.002 0.061 

Gr. 80 
(550) 

A615 24.2 (167) 3.5 6.87 (47.3) -0.005 0.062 

A706 19.7 (136) 2.6 7.61 (52.4) 0.003 0.062 

4-4 1 

Gr. 60 
(420) 

A615 19.9 (137) 2.1 9.65 (66.5) -0.012 0.081 

A706 23.3 (160) 3.0 7.82 (53.9) -0.013 0.084 

Gr. 80 
(550) 

A615 21.6 (149) 2.0 10.77 
(74.2) -0.014 0.080 

A706 11.4 (79) 1.0 11.20 
(77.2) -0.015 0.079 

*: Did not show evidence of buckling 
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Table 4.4: Summary of cyclic tests results (sh/db = 4) (continued) 
 

𝜺𝜺𝑪𝑪 − 𝜺𝜺𝑻𝑻, 
%-% 𝜺𝜺𝑪𝑪/𝜺𝜺𝑻𝑻 

Grade, 
ksi 

(MPa) 
ASTM WfT, ksi 

(MPa) Nf 
Energy/cyc

le, ksi 
(MPa) 

Strain at 
onset of 

buckling, 
in./in. 

(mm/mm) 

Midspan 
displacement 

at onset of 
buckling, in. 

(mm) 

0.6-6 0.1 

Gr. 60 
(420) 

A615 15.6 (107) 2.7 5.84 (40.3) 0.012 0.070 

A706 27.5 (189) 3.8 7.27 (50.1) 0.011 0.069 

Gr. 80 
(550) 

A615 31.2 (215) 3.5 9.04 (62.3) 0.005 0.068 

A706 24.3 (167) 2.4 10.23 
(70.5) 0.008 0.070 

3-6 0.5 Gr. 60 
(420) 

A615 11.5 (79) 1.4 8.44 (58.2) 0.002 0.096 

A706 21.7 (150) 2.4 9.24 (63.7) 0.001 0.093 

*: Did not show evidence of buckling 
 

 
Figure 4.2: Selection of typical strain-stress curve for 0.2-2 cyclic tests 
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Figure 4.3: Selection of typical strain-stress curve for 1-2 cyclic tests 

 
Figure 4.4: Selection of typical strain-stress curve for 2-4 cyclic tests 
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Figure 4.5: Selection of typical strain-stress curve for 3-6 cyclic tests 

 

      
(a)                                                                                   (b) 

      
(b)                                                                                 (d) 

Figure 4.6: Selection of typical rupture section of cyclic tests



 

25 

5.0 ANALYSIS OF THE RESULTS 

5.1 STATISTICAL ANALYSIS OF THE RESULTS 

This section presents the statistical analysis of the test results. This analysis is intended to assist 
the reader in evaluating and predicting the low-cycle fatigue performance and/or behavior of 
different types and grades of steel reinforcement. For the steel reinforcement evaluated in this 
research, the following were analyzed: (i) Total energy, WfT; (ii) number of cycles to failure, Nf; 
(iii) hysteretic energy dissipated per cycle; (iv) strain at onset of buckling; and (v) midspan 
displacement at onset of buckling. The analysis and graphs presented in this section were created 
using the statistical software IBM SPSS v0.22 using data obtained from cyclic tests presented in 
Chapter 4.0 (Table 4.2) and Table 5.1 and Table 5.2 in this section. Table 5.1 and Table 5.2 
provide statistical analysis of the test results. P-values below 0.05 in these tables represent that 
there is a significant difference between the mean values of the analyzed data groups. A 
comparison of the results was performed for five groups: (1) the ASTM A615 specimens; (2) the 
ASTM A706 specimens; (3) the Grade 60 specimens; (4) the Grade 80 specimens; and for the (5) 
Lateral spacing to reinforcement bar diameter (sh/db = 4 and 6). 

ASTM A615 specimen comparison  

This section compares the results from the A615 Grade 60 (G60) and A615 Grade 80 (G80) 
specimens with sh/db values of 4 and 6. Figures 5.1 through 5.8 show the following for tests with 
sh/db of 4 and 6 for tests with different εc/εt values: (i) the mean number of cycles to failure, Nf; 
(ii) the mean total energy dissipated, WfT; (iii) the mean energy dissipated per cycle; and (iv) the 
mean strain at onset of buckling. 

From the figures it can be seen that the mean number of cycles to failure for the A615 G60 
reinforcing steel bars is higher than the mean number of cycles to failure for the A615 G80 
specimens for all tests except for the 2-4% and 0.6-6% tests in the sh/db = 4 group. In addition, in 
tests with the same tensile strain (εt  = 2%, 4% and 6%) and across all compressive strain values, 
the mean number of cycles to failure increase with decreasing compressive strains for both sh/db 
values (4 and 6). Lastly, the difference between the mean number of cycles to failure for the 
A615 G80 and the A615 G60 specimens increases with decreasing maximum compressive strain 
for tests with a Sh/db of 4. This result elucidates on the effect of maximum compressive strain on 
the low-cycle fatigue failure of longitudinal reinforcing steel elements with shorter lateral 
spacings.  

With a few exceptions, the mean energy dissipated per cycle values exhibit similar results. The 
exceptions are the 0.4-4%, 0.6-6% and 3-6% test results when sh/db = 4 and test results with 
maximum tensile strains of 6% when sh/db = 6. In these cases, the A615 G80 specimens exhibit 
higher energy per cycle than the A615 G60 specimens. It can be seen that the results for 
specimens tested under the same tensile strains, the mean energy dissipated per cycle increases 
with increasing compressive strains for both lateral spacing conditions (sh/db = 4 and sh/db = 6). 
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The onset of buckling for the A615 G60 specimens occurs at larger positive strains than the 
A615 G80 specimens for all the tests with sh/db values of 4 and 6. It also can be seen that for the 
sh/db = 6 specimens, the difference between the results from the A615 G60 and A615 G80 
specimens increase with larger maximum tensile strains. 

Results of t-tests indicate that there is no statistically significant difference between the mean 
values of the A615 G60 and A615 G80 specimens for tests with lower total strain ranges (0.2-
2%, 1-2%, 2-2% and 0.4-4%). When tensile strains increase (e.g., εt = 6%) the difference 
between the A615 G60 and A615 G80 results increase for both the sh/db = 4 and 6 specimens.  

ASTM A706 specimen comparison  

This section compares the results from the A706 G60 and A706 G80 for specimens with sh/db = 
4 and 6. Unlike the A615 specimens, the A706 G60 and A706 G80 specimens exhibited different 
behaviors.  

The mean number of cycles to failure of the A706 G60 specimens were consistently higher than 
the mean number of cycles to failure of the A706 G80 specimens for tests with sh/db values of 4 
and 6. Results of the t-test of the mean number of cycles to failure confirm that this difference is 
statistically significant.  

The mean total energy dissipated for the A706 G60 specimens were consistently higher than the 
A706 G80 specimens for both tests with sh/db = 4 and 6. This difference was higher for tests with 
lower maximum tensile strains (εt = 2% and 4%). However, the results of t-tests of the mean total 
energy dissipated indicates that the 0.2-2% and 2-4% tests with and sh/db = 4 and tests with lower 
total strain ranges (0.2-2%, 1-2%, 2-2%, 0.4-4% and 0.6-6%) for the sh/db = 6 group do not 
exhibit significant differences in the mean values. 

As can be seen from the plots, there is a meaningful difference in mean energy dissipated per 
cycle values for the A706 G80 and the A706 G60 specimens for the Sh/db = 4 and 6 specimens. 
The A706 G80 specimens exhibit higher values in all the tests. However, this difference is not 
significant in all the tests. The difference is more significant when total strain range is higher, 
especially for the sh/db = 6 group. This is believed to be due to effect of buckling on specimens 
with longer lateral support spacing. 

The A706 G60 and A706 G80 specimens exhibit similar behavior in buckling under all the test 
conditions. The onset of buckling is also similar in both sh/db groups (4 and 6). T-test results 
indicate that there is no statistically significant difference between the mean strain at onset of 
buckling of A706 G60 and A706 G80 in tests with smaller total strain range (0.2-2%, 1-2%, 2-
2% and 0.4-4%). 

Grade 60 specimen comparison 

This section compares the results from the A615 G60 and A706 G60 for specimens with sh/db = 
4 and 6.  

From Figure 5.1 (mean number of cycles to failure) and Figure 5.2 (mean total energy 
dissipated), it can be seen there are similar trends between the sh/db = 4 and 6 specimens. In the 
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specimens with sh/db = 4 and 6 the A706 G60 specimens exhibit higher mean number of cycles 
to failure and higher mean total energy dissipated than the A615 G60 specimens. It should be 
noted that the 0.2-2% test with a sh/db value of 4 and the 4-4% test with a sh/db value of 6 did not 
follow this trend. In the specimens with sh/db = 6, the energy per cycle for the A615 G60 
specimens exhibit higher values for all tests except the 3-6% test. This is likely due to the lower 
number of cycles to failure that occur with the A615 G60 reinforcing bars, which is likely a 
result of the higher overall ductility of the A615 G60 specimens.  

The results of the mean energy dissipated per cycle show larger scatter for the sh/db = 4 test 
conditions and no general trends are observed. However, by separating the sh/db = 4 tests into 3 
groups based on the maximum tensile strain (εt = 2%, 4% and 6%), a trend seems to emerge. In 
each group, the mean energy dissipated per cycle for the A615 G60 specimens is less than the 
mean energy dissipated per cycle for the A706 G60 specimens at lower maximum compressive 
strain. By increasing the maximum compressive strain, the A615 G60 exhibit higher energy per 
cycle than the A706 G60 specimens. This indicates that the effect of maximum compressive 
strain on cyclic behavior of A615 G60 and A706 G60 reinforcing bars is significant. Results of t-
testing indicates significant differences between the mean values of the A615 G60 and A706 
G60 specimens for mean number of cycles to failure. T-testing also indicates no significant 
difference in means for total energy dissipated and mean energy dissipated per cycle for the same 
groups. However, statistical testing indicates that there is significant difference on mean values 
for the total energy dissipated and mean energy dissipated per cycle for the tests with larger total 
strains. 

Except for the 4-4% test, the A615 G60 specimens exhibit larger positive strains at the onset of 
buckling than the A706 G60 specimens for all the test conditions. In the 4-4% tests with sh/db = 4 
and 6, the A706 G60 specimens exhibit evidence of buckling lower than the A615 G60 
specimens. However, t-test results indicate that there is no statistically significant difference 
between the mean strain at onset of buckling for the A615 G60 and A706 G60 specimens tested 
at higher total strains (4-4%, 0.6-6%, 3-6% and 6-6%). 

Grade 80 specimen comparison 

This section compares the results from the A615 G80 and A706 G80 specimens with sh/db = 4 
and 6.  

The A615 G80 specimens exhibited higher mean number of cycles to failure and higher mean 
total energy dissipated than the A706 G80 specimens for both lateral support spacings (sh/db = 4 
and sh/db = 6).  

Comparison on the initiation of buckling for the A615 G80 and A706 G80 specimens are 
separated into two groups. The A615 G80 specimens exhibit higher strains at the onset of 
buckling than the A706 G80 specimens for tests with maximum tensile strains of less than 2%. 
When the maximum tensile strain exceeds 2% the behavior changes and the A706 G80 
specimens exhibit higher strains at the onset of buckling. T-test results indicate that with the 
exception of the 4-4% and 1-2% tests in the sh/db = 4 group and the 1-2%, 2-2% and 4-4% tests 
in sh/db = 6 group, that all tests exhibit significant differences in mean values. 
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Lateral spacing to reinforcement bar diameter (sh/db = 4, 6) specimen comparison 

This section compares the results from the tests with sh/db = 4 and 6. Overall, increasing lateral 
spacing results in lower mean number of cycles to failure, lower mean total energy dissipated, 
lower mean energy dissipated per cycle, and lower mean strains at onset of buckling. This 
behavior was expected because larger values of sh/db increase the effects of buckling on failure 
of the specimens during cyclic loading.  

 

Figure 5.1: Mean number of cycles to failure for reinforcement with sh/db = 4 
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Figure 5.2: Mean energy dissipated for reinforcement with sh/db = 4 

 

 

Figure 5.3: Mean energy dissipated per cycle for reinforcement with sh/db = 4 
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Figure 5.4: Strain at onset of buckling for reinforcement with sh/db = 4 

 

 

Figure 5.5: Mean number of cycles to failure for reinforcement with sh/db = 6 
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Figure 5.6: Mean total energy dissipated for reinforcement with sh/db = 6 

 

 

Figure 5.7: Mean energy dissipated per cycle for ASTM A615 reinforcement with sh/db = 6 
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Figure 5.8: Mean strain at onset of buckling for reinforcement with sh/db = 6 

 

Table 5.1: T-test results (sh/db = 4) 
Comparison 0.2-2 1-2 2-2 0.4-4 2-4 4-4 0.6-6 3-6 6-6 

ASTM 
A615 

Energy dissipated per cycle 0.879 0.084 0.365 0.568 0.77 0.075 0** 0.778 - 
Total energy dissipated 0.084 0.265 0.622 0.522 0.004 0.09 0 0.146 - 
Number of cycle to failure 0.062 0.062 0.073 0.592 0 0.307 0 0.393 - 
Strain at onset of buckling * 0.235 0.007 0.184 0.287 0.087 0.014 - - 

ASTM 
A706 

Energy dissipated per cycle 0.102 0 0 0 0.095 0.003 0 0 - 
Total energy dissipated 0.061 0 0 0 0.294 0 0.006 0 - 
Number of cycle to failure 0.015 0 0 0 0 0 0 0 - 
Strain at onset of buckling * 0.354 0.202 0.154 0.312 0.042 0.033 - - 

Grade 
60 

Energy dissipated per cycle 0.108 0.068 0.673 0.245 0.148 0 0 0.139 - 
Total energy dissipated 0.087 0.78 0.215 0.124 0.065 0.061 0 0 - 
Number of cycle to failure 0.125 0.542 0 0.163 0 0 0 0 - 
Strain at onset of buckling * 0.175 0.016 0.001 0.016 0.132 0.187 0.245 - 

Grade 
80 

Energy dissipated per cycle 0.755 0.083 0.073 0.096 0.321 0.666 0 0 - 
Total energy dissipated 0.056 0.093 0.054 0.065 0.085 0 0 0.003 - 
Number of cycle to failure 0.088 0.006 0 0 0 0 0 0 - 
Strain at onset of buckling * 0.098 0.033 0.001 0.012 0.087 0.048 - - 

*:  Did not show evidence of buckling 
**:  Highlighted values indicate significant difference (p-value<0.05) 
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Table 5.2: T-test results (sh/db = 6) 
Comparison 0.2-2 1-2 2-2 0.4-4 2-4 4-4 0.6-6 3-6 6-6 

ASTM 
A615 

Energy dissipated per cycle 0.053 0.358 0.578 0.085 0.915 0.811 0.299 0** 0.071 
Total energy dissipated 0.576 0.593 0.604 0.06 0.072 0 0 0 0.114 
Number of cycle to failure 0.164 0.916 0.48 0.193 0.013 0 0.467 0 0.687 
Strain at onset of buckling * 0.06 0.112 0.541 0.171 0.012 0.007 0.016 0.082 

ASTM 
A706 

Energy dissipated per cycle 0.068 0.232 0.071 0.1 0 0.961 0 0 0 
Total energy dissipated 0.313 0.073 0.068 0.083 0 0 0.933 0 0.004 
Number of cycle to failure 0.003 0 0 0 0 0 0.001 0.001 0 
Strain at onset of buckling * 0.123 0.654 0.145 0.161 0.021 0.021 0.124 0.133 

Grade 
60 

Energy dissipated per cycle 0.685 0.678 0.081 0.079 0.121 0.097 0.004 0.001 0.004 
Total energy dissipated 0.059 0.069 0.524 0.09 0.101 0.207 0.025 0.002 0.185 
Number of cycle to failure 0.001 0 0.014 0 0.001 0.005 0.001 0 0.001 

Strain at onset of buckling * 0.023 0.025 0.017 0.0076 0.064 0.056 0.063 0.089 

Grade 
80 

Energy dissipated per cycle 0.125 0.158 0.055 0.266 0.096 0.014 0.005 0.891 0.052 

Total energy dissipated 0.313 0.062 0.062 0.09 0.001 0.994 0 0.038 0.097 

Number of cycle to failure 0.271 0.014 0.069 0 0 0.012 0.418 0.509 0.463 

Strain at onset of buckling * 0.145 0.085 0.036 0.006 0.174 0.014 0 0.021 
*:  Did not show evidence of buckling 
**:  Highlighted values indicate significant difference (p-value<0.05) 

5.2 FATIGUE LIFE PREDICTION 

Fatigue life models have been developed to predict the low-cycle fatigue behavior of steel 
reinforcement. Koh and Stephans (Koh and Stephans 1991) developed the following model to 
relate total strain (ɛa) with fatigue life data: 

 ( )m
a fε M 2N =  (5.1) 

where M and m are the material constants, εa is total strain amplitude, and 2Nf is the number of 
half-cycles to failure. By plotting the models on a log-log scale, constants can be determined 
using the least squared method. Another approach to develop models for fatigue life is to use 
plastic strain (ɛp) instead of total strain (ɛa). Plastic strain is used in many fatigue life models. 
However, this presents challenges due to difficulties resulting from the Bauschinger effects. 
Table 5.3 provides equations for best fit and their respective correlation coefficients (R2) for both 
elastic strain and plastic strain models. Figure 5.9 shows the fatigue life relationship based on 
half-cycle to failure for ASTM A615 G60 specimens with sh/db=4 and 6, respectively. 

The energy-based model is another form of representing fatigue life prediction. Mander et al. 
(Mander et al. 1994) proposed the following model by eliminating the half-cycle to failure and 
directly relating total energy to failure to the strain amplitude: 

 ( )W W= p
fT a a ε  (5.2) 
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where Wa and p are material constants. Both total strain and plastic strain can be used in this 
model which is represented by ɛa. Table 5.4 provides best fit equations and their respective R2 
values.  

The energy based models (Table 5.4) provide lower R2 values compared to the models that use 
half-cycle to failure (Table 5.3). This indicates that the half-cycle model provides a better fit than 
the energy-based model. Figure 5.10 shows the fatigue life relationship based on total energy 
dissipated for A615 G60 specimens with sh/db=4 and 6.  

Figure 5.11 and Figure 5.12 present fatigue life prediction equations for specimens with sh/db=4 
and 6, respectively. The relationships proposed by Brown and Kunnath (Brown and Kunnath 
2004) are also included in Figure 5.12 for comparison. Tables 5.3 and 5.4 show results of fatigue 
life models equations based on the half-cycle models and the energy-based models. It can be 
seen that the R2 values for the half-cycle model are near 1, and in all cases these are higher than 
the R2 values obtained for the energy models. 

 
(a)                                                                                          (b) 

Figure 5.9: Fatigue life relationship based on half-cycle to failure: (a) ASTM615 G60 specimens 
with Sh/db=4; and (b) ASTM615 G60 specimens with Sh/db=6. 

 
(a)                                                                                    (b) 

Figure 5.10: Fatigue life relationship based on total energy: (a) ASTM A615 G60 specimens 
with sh/db = 4; and (b) ASTM A615 G60 specimens with sh/db = 6. 
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Figure 5.11: Fatigue life prediction for specimens with sh/db = 4 

 

 

 

Figure 5.12: Fatigue life prediction for specimens with sh/db = 6 
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Table 5.3: Results of fatigue life models (half-cycle model) 

Model 
type Bar size Grade, ksi 

(MPa) ASTM Gage length Equation R2 
To

ta
l s

tra
in

 

#5 
(#16M) Gr. 60 (420) A615 

4db ɛa = 0.061 (2Nf)-0.32 0.96 

6db ɛa = 0.069 (2Nf)-0.42 0.95 

#5 
(#16M) Gr. 60 (420) A706 

4db ɛa = 0.069 (2Nf)-0.34 0.96 

6db ɛa = 0.070 (2Nf)-0.38 0.96 

#5 
(#16M) Gr. 80 (550) A615 

4db ɛa = 0.065 (2Nf)-0.36 0.98 

6db ɛa = 0.062 (2Nf)-0.38 0.95 

#5 
(#16M) Gr. 80 (550) A706 

4db ɛa = 0.057 (2Nf)-0.35 0.97 

6db ɛa = 0.062 (2Nf)-0.41 0.93 

Pl
as

tic
 st

ra
in

 

#5 
(#16M) Gr. 60 (420) A615 

4db ɛp = 0.058 (2Nf)-0.35 0.95 

6db ɛp = 0.067 (2Nf)-0.47 0.93 

#5 
(#16M) Gr. 60 (420) A706 

4db ɛp = 0.068 (2Nf)-0.38 0.97 

6db ɛp = 0.069 (2Nf)-0.43 0.97 

#5 
(#16M) Gr. 80 (550) A615 

4db ɛp = 0.063 (2Nf)-0.40 0.98 

6db ɛp = 0.061 (2Nf)-0.43 0.96 

#5 
(#16M) Gr. 80 (550) A706 

4db ɛp = 0.054 (2Nf)-0.39 0.97 

6db ɛp = 0.061 (2Nf)-0.46 0.94 
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Table 5.4: Results of fatigue life models (energy-based model) 

Model 
type Bar size Grade, ksi 

(MPa) ASTM Gage length Equation R2 
To

ta
l s

tra
in

 

#5 
(#16M) Gr. 60 (420) A615 

4db ɛa = 0.164 (Wft)-0.52 0.82 

6db ɛa = 0.240 (Wft)-0.71 0.86 

#5 
(#16M) Gr. 60 (420) A706 

4db ɛa = 0.252 (Wft)-0.60 0.91 

6db ɛa = 0.215 (Wft)-0.64 0.89 

#5 
(#16M) Gr. 80 (550) A615 

4db ɛa = 0.275 (Wft)-0.66 0.87 

6db ɛa = 0.235 (Wft)-0.69 0.89 

#5 
(#16M) Gr. 80 (550) A706 

4db ɛa = 0.225 (Wft)-0.65 0.80 

6db ɛa = 0.255 (Wft)-0.74 0.80 

Pl
as

tic
 st

ra
in

 

#5 
(#16M) Gr. 60 (420) A615 

4db ɛp = 0.181 (Wft)-0.59 0.85 

6db ɛp = 0.274 (Wft)-0.79 0.88 

#5 
(#16M) Gr. 60 (420) A706 

4db ɛp = 0.289 (Wft)-0.67 0.92 

6db ɛp = 0.242 (Wft)-0.72 0.90 

#5 
(#16M) Gr. 80 (550) A615 

4db ɛp = 0.319 (Wft)-0.74 0.88 

6db ɛp = 0.268 (Wft)-0.77 0.91 

#5 
(#16M) Gr. 80 (550) A706 

4db ɛp = 0.257 (Wft)-0.74 0.81 

6db ɛp = 0.298 (Wft)-0.83 0.82 
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6.0 CONCLUSION 

A new experimental setup and testing procedure was developed to evaluate the low-cycle fatigue 
performance of four reinforcing steels, including two high-strength reinforcing steels. The 
research program included testing of more than 400 reinforcing bar specimens. The low-cycle 
fatigue behavior of these four reinforcing bars, A615 G60, A615 G80, A706 G60, and A706 
G80, were assessed in this research. The main conclusions that can be drawn from the results of 
this study are:  

1. Comparison of the results from the A615 G60 and A615 G80 testing indicates that at 
higher maximum tensile strains (εt = 6%) the A615 G80 specimens exhibited larger 
energy dissipation per cycle than the A615 G60 specimens. Results from statistical 
testing (t-tests) indicate that there is no statistically significant difference between 
A615 G60 and A615 G80 for tests with lower total strain ranges for all other 
parameters assessed. 

2. Comparison of the A706 G60 and A706 G80 results indicate that even though A706 
G80 exhibited larger mean values for energy dissipated per cycle than the A706 G60, 
there is no statistically significant difference in the low-cycle fatigue behavior of 
these specimens for most test conditions. 

3. Comparison of A615 G80 and A706 G80 test results indicate that the A706 G80 
specimens exhibit higher mean values for energy dissipated per cycle than the A615 
G80 specimens for all test cases. However, statistical analyses comparing the means 
of the groups indicate that there is no statistically significant difference in the low-
cycle fatigue behavior of these groups. 

4. When specimens were tested with shorter lateral support spacing, specimens were 
cycled through a larger number of inelastic cycles. In addition, for specimens with 
longer lateral support spacing, low-cycle fatigue failures occurred at lower numbers 
of inelastic cycles and the onset of buckling occurred at lower strains.  

5. When the total strain amplitude, εa, was increased, all reinforcement evaluated 
exhibited shorter fatigue lives. The Grade 60 reinforcements exhibited higher fatigue 
lives than the Grade 80 reinforcements when subjected to larger inelastic strains. 
However, when total strains were below 0.036 for the case when sh/db = 4 and below 
0.022 for the case when sh/db = 6, the A615 G80 exhibited longer fatigue lives. 

Although this research has made significant contributions to understanding the low-cycle fatigue 
of conventional and high-strength steel reinforcement, other research topics could be value-
adding. Some suggested topics follow: 

• Sensing for tracking of out-of-plane buckling would be beneficial and should be 
developed. This could include LED-based sensing or others; 
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• All tests performed in this research were #5 (#16M) reinforcing steel bar specimens. 
Several researchers have shown that there may be an effect of bar size on the low-
cycle fatigue performance of reinforcing steel. Additional research on the topic is 
needed, especially for high-strength steel reinforcement (including grades higher than 
80 ksi (550 MPa) with larger diameter bars).
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APPENDIX A 

ONSET OF BUCKLIN MATLAB CODE 
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APPENDIX A: ONSET OF BUCKLING MATLAB CODE 

Definition of onset of buckling in a cyclic test: 
 
“The onset of buckling for the cyclic tests was defined by using the strain readings for ε1 and ε2 
and relating these strains to the peak strains reached in the corresponding cycle, εm

+  and εm
- . This 

critical condition was defined when ε1 - ε2 was equal or greater than 0.2(εm
+ -εm

- ).” Rodriguez et al. 
(1999). To model the onset of buckling, relations between peak strains and midspan 
displacement developed. 
Definition of parameters: 
lc = distance between the supports (in) 
la = actual gauge length (in) 
le = effective length (in) 
d = bar diameter (in) 
a = midspan displacement (in) 
εm

+  = peak tensile strain (in/in) 
εm

-  = peak compressive strain (in/in) 
ε1 = strain along the fiber on the compressive side of the bar (in/in) 
ε2 = strain along the fiber on the tensile side of the bar (in/in) 
b = reinforcement midpoint change before and after buckling (in)   
𝜃𝜃 = reinforcement midpoint angle 
Formulation: 
For fixed-fixed condition, the effective length is half of the distance between the supports: 

 2
c

el
l

=
 (A-1) 

To estimate the actual gauge length (𝑙𝑙𝑎𝑎) of the specimen, the maximum strain at the first cycle 
read by the extensometer was fitted to the average vertical spot strain at the peak tension: 

 Maximum extensometer displacement Average maximum displacement of string pots
Extensometer gauge length (2 in.) Specimen actual gauge length

=  (A-2) 

The onset of buckling under cyclic loading based on Rodriguez et al. (1999):          

 ( )1 2 0 2 m m.ε ε ε ε+ −− = −
 (A-3) 

Relating Eq. A-3 to Figure A.1 the compressive stains are given by: 

 
1

2
2

b

e

db tan

l

θ
ε

 + 
 =

 (A-4) 



 

A-2 

 
2

2
2

b

e

db tan

l

θ
ε

 − 
 =

 (A-5) 

Substituting Eq. A-4 and Eq. into Eq. A-3: 
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Figure A.1: Reinforcement steel before and after buckling. 

                                                                                                          
Figure A.2 illustrates the general buckling mode assumed for the reinforcing steel bars. The 
general equation for the buckling mode is be given by: 
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a xy x cos

l
π  = − −       (A-7) 

and the rotation at each point is given by: 

 
( ) ( ) 2a xx y' x sin

l l
π πθ   = = −       (A-8) 

Assuming the midpoint angle after buckling at point x, and the distance between clamps is n db: 
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   (A-9) 

and for a given value of a, the length of the bar between supports is given by: 

 c a al l lε= +  (A-10) 

and the rotation is therefore given by: 
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Using trigonometric relations and equating to the updated length of the bar: 
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Figure A.2: Buckling mode for fixed-fixed condition. 



 

A-4 

Equations (A.3), (A6.3), and (A.12) relate the midspan displacement to the equation proposed by 
Rodriguez et al. (1999). Figure A.3 presents the onset of buckling for Cyclic_1-
2_A615_G60_6db test. The obtained results show a good correlation to Figure 10 in Rodriguez 
et al. (1999). The codes for this modeling generated in Matlab software and presented in 
APPENDIX B.  

                  
Figure A.3: onset of buckling for Cyclic_1-2_A615_G60_6db test.



 

 

 

 

 

 

 

APPENDIX B 

ONSET OF BUCKLING MATLAB CODE
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APPENDIX B: ONSET OF BUCKLING MATLAB CODE 

Codes generated in Matlab to model the onset of buckling: 
 
clc 
clear 
 
a;                       % (Read in vector of test results for midspan disp.) 
E;                       % (Read in vector with strains values) 
r = 6;                   % (Lateral spacing to bar diameter ratio, r= 4 or 6) 
d = 0.625;               % (Bar diameter (in)) 
lc=r*d;                  % (Lateral spacing (in)) 
le=lc/2;                 % (Effective length (in)) 
la;                      % (Updated gauge length – see Chapter 3 for Proc.) 
emax=0.02;               % (Max tension strain, 0.02 for 2%-2% test) 
emin=0.02;               % (Max compression strain, 0.02 for 2%-2% test) 
   
syms x z 
  
for i = 1:length(a) 
    y = sqrt(1+((2*pi^2*a(i)/((lc+E(i)*la)^2)))*(cos(2*pi*x/(lc+E(i)*la)))); 
     
    I = int(y,z-0.9375,0.9375-z); 
    B = solve(I-(le+E(i)*la) ==0, z); 
    b(i) = double(B); 
     
    T = -(pi*a(i)/(lc+E(i)*la))*sin(2*pi*(b(i)-0.9375)/(lc+E(i)*la)); 
  
    teta(i) = double(T); 
end 
   
R=0.2*(emax+emin); 
for i = 1:length(teta) 
    if (teta(i) -(atan((le*R)/(2*d))) < 0.001); 
        ans(i) = teta(i); 
        N(i) = i; 
    else 
        break; 
    end 
end 
   



 

 
 



 

 
 

 

 

 

 

 

APPENDIX C 

TEST SETUP OVERALL VIEWS
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APPENDIX C: TEST SETUP OVERALL VIEWS 
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