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This study addresses low-cycle fatigue performance of high-strength steel reinforcement bars
(HSRB) when used with mechanical couplers due to the growing demand for higher-strength steel
reinforcement bars in both seismic and non-seismic applications, driven by the need to reduce bar
congestion, lower material quantities, and consider economic and environmental factors. Low-
cycle fatigue involves material failure owing to a finite number of load or deformation cycles,
generally occurring under substantial strain rates that surpasses the yielding limit. The experi-
mental program assesses the fatigue behavior of HSRB produced using microalloying, quenching,
and tempering techniques, coupled with mechanical couplers (eleven different types) from five
companies in the United Stated of America. The study highlights significant differences in fatigue
endurance based on the type and make of couplers and suggests potential improvements in man-
ufacturing processes to enhance fatigue resistance. It is found that the mechanical couplers sustain
a loading protocol of (-1% to 3%) when there is a clear distance of 2 times the diameter of the bar
between the coupler and the gripping machine from top to bottom. The coupled bars sustained a
minimum of 6 half cycles and a maximum of 38 half cycles.

Copyright: © 2024 Wrya Abdullah, Seyed Sasan Khedmatgozar Dolati and Arjun Basnet. This article is an
= open-access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY

4.0) license.

1. Introduction

There is a growing demand for higher-strength steel reinforcement bars in seismic and non-seismic
applications owing to the necessity of the reduction in the bar congestion, lower material quantities, and
considerations related to economics and the environment [1].While previous efforts have focused on testing
high-strength reinforcing bars (HSRB) monotonically, such as finding fracture strain rates and inelastic
hardening, this study explores the low-cycle fatigue endurance of HSRB with mechanical couplers. Low-
cycle fatigue refers to a material failure during fatigue testing owing to loading the material cyclically to

strain rates large enough that cause the failure with small number of loads or strain cycles [2].
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Researchers investigated the usage of HSRB in concrete beams and joints [3-5]. For instance, Zhao
et al. investigated the bending behavior of reinforced concrete beams with HSRB after exposing the speci-
mens to elevated temperatures and testing twelve beams [4]. They examined the effects of various factors,
including exposure temperatures ranging from room temperature to 1000 °C with an increment of 200 °C,
exposure duration of 0 to 2 hours with an increment of 1 hour, yield strengths of (500 and 600 MPa), and
the number of heated sides were changing between 2 and 3 sides. The effects of the testing parameters were
tested on the bending behavior of the beams, focusing on failure mode, and load-deflection response. Their
results indicated that flexural capacities remained largely unchanged at temperatures below 600 °C but
decreased significantly when temperatures surpassed 800 °C. Specifically, the ultimate load capacities of
beams with HRBS 600 MPa bars exposed to 800 and 1000 °C dropped by 12.9% and 38.7%, respectively,
compared to those at room temperature. Prolonged holding times (2 hours) also resulted in a more substan-
tial reduction in flexural capacities, with peak loads decreasing by 2.4% and 9.4% for 0 and 1-hour holding
times, respectively.

Other researchers investigated high-strength steel bars in columns [6-9]. Cai et al. [7] examined the
seismic behavior of concrete columns that incorporate recycled coarse aggregates (RCA). Tests were con-
ducted on three full size columns with a side length of 600 mm. Key parameters studied include the axial
load ratio (ALR) and the use of external confinement of CFRP combined with spiraled groove ultra-high-
strength steel bars (UHSSBs) with a nominal yield strength of 1400 MPa. The specimens were subjected
to lateral cyclic displacement control and concurrent axial loads. Their results showed that RCA concrete
columns, when equipped with both CFRP jackets and UHSSBs, maintained positive lateral stiffness at a
4% drift and exhibited less residual drift compared to traditional ductile columns. Additionally, an increase
in ALR resulted in higher residual drift.

Therefore, due to limited data on HSRB with mechanical couplers [2], [10, 11], this study investigates
the low-cycle fatigue behavior of HSRB coupled with mechanical couplers. It examines HSRB produced
using the two manufacturing techniques in the United States: microalloying, quenching, and tempering. It
is an experimental investigation conducted to assess the fatigue performance of these high strength rein-
forcing bars (HSRB) with mechanical couplers. Furthermore, the findings from this study offer crucial
insights and data that can be instrumental in formulating material specifications tailored to the seismic
demands of HSRB with mechanical splices, contributing to the development of a seismic-grade standard
for these innovative reinforcing bars.

In summary, this experimental study was conducted to compare the fatigue behavior of high strength
reinforcing bars with mechanical couplers, highlighting differences in fatigue life and potential improve-

ments in manufacturing processes.
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There is an ongoing effort to develop new high strength reinforcing steel bars, motivated by factors
such as ease of use, economic considerations, and environmental concerns [12]. To better understand their
performance with mechanical couplers, an experiment was conducted to compare the fatigue characteristics
of these high-strength bars (HSRB). The research highlighted potential enhancements in the coupler man-
ufacturing processes that could boost the fatigue resistance of high-strength bars with mechanical couplers.
The research outcomes also offer valuable insights for the formulation of material specifications tailored
for a seismic-grade version of high-strength reinforcing steel bars.

The demand for stronger and more resilient structures in the case of dynamic loadings, such as earth-
quakes or severe weather conditions, has prompted the exploration of advanced construction materials and
techniques [13, 14]. Grade 80 (550 MPa) bars, characterized by higher yield strength, are a promising so-
lution to address the need for improved structural performance. Mechanical splices offer advantages in
terms of construction speed, reduced congestion, and increased flexibility in design. While the individual
merits of Grade 80 (550 MPa) bars and mechanical splices have been studied independently, the combined
behavior of these elements under inelastic cyclic loading conditions requires further investigation. Inelastic
cyclic tests serve as a critical tool to assess the ductility, strength, and energy dissipation capacity of rein-
forced concrete structures subjected to severe and repeated loading. Understanding the performance of
Grade 80 (550 MPa) bars with mechanical splices in such conditions is essential for ensuring the resilience
of structures in earthquake-prone regions and other high-stress environments. Therefore, the aim of the

study is to investigate the HSRB with mechanical couplers inelastically under the strain control loading.

2. Materials and Methods

Eleven types of couplers are used in this study produced by five different companies in the United
States. The description of the coupler and their company names are coded by the letter “C” and listed in
Table 1. Most of the couplers are joined using taper thread, which employs an internally threaded sleeve,
to connect bars [15]. To make this, the ends of the bars need to be threaded and prepared to match the
design of the couplers. Three couplers are grouted sleeve couplers, which are composed of three primary
components: a sleeve, grout, and two openings, including a grout inlet and a grout outlet [3]. The procedure
involves equally inserting the bars into the sleeve, followed by filling the sleeve with non-shrink, high-
strength grout [16]. One of the couplers was a taper-threaded and swaged coupler. In this technique, the
process begins by inserting the bars into a sleeve made of mild steel, and then a hydraulic press machine is
used to exert pressure [17]. The application of lateral force on the sleeve causes it to undergo deformation,
effectively closing the spaces between the ribs of the bars. When these connected bars are subjected to
tensile forces, the friction generated by the deformed sleeve and the ribs of the bars plays a crucial role in
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transferring stress and, as a result, prevents the bars from experiencing debonding. Figure 1 shows all the
couplers used in this study and emphasizes their length differences. Their length varies between 3 inches
(76.2 mm) and 15.5 inches (393.7 mm).

Table 1. Types of couplers used in the study.

Company Description

C1 Swaged/Taper Threaded butt splice
C2 Threaded Rebar butt splice

C3 Taper Threaded

C4 Friction Forged, tapered threaded

C5 Tapered threaded

C6 Grouted connection, tapered threaded

Mechanical Butt-Splice. Align the male-threaded coupler component, the female-threaded
c7 coupler component, and the reinforcing bars with upset heads. Installation allows pre-bent

and/or pre-tied reinforcing bars to be installed without rotating the bars.

C8
Tapered thread, butt splice
C9
C10
Grout Splice Coupler
Cc11

Figure 1. Coupler types used in the study.
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In this study, the investigation focused on the utilization of two distinct bar types, namely microal-
loying (MA) and quenching and tempering (QST). Notably, the study was constrained in terms of bar size,
limiting it specifically to #8 bars with a diameter of one inch (25 mm) [18]. The selected bars were Grade
80 (550 MPa) and adhered strictly to the specifications outlined by the American Society for Testing and
Materials (ASTM) 706 standards.

2.1. Machines Used

A universal testing machine from MTS with a capacity of 270 kip (1200 KN) was used for testing the
coupled bars. The ultimate speed of the instrument is 11 inches per second, even though strain control was
used for testing with different speed rates. A Digital Image Correlation (DIC) system was used to monitor
different target points on the bars during the tests and calculate strain, displacement, slip, and other prop-
erties between any two points on the bars. After scraping off the surface of the bar, glue was used to attach
the paper targets on the bars at the specified locations shown in Figure 2. A unique pattern was printed on
a piece of paper, and then the targets were cut to a size of approximately 0.25 inches (6.35 mm) then placed
on the bars. Seven targets were mounted on each of the coupled bars before testing, while nine targets were
selected in the software to increase the accuracy of monitoring the top and bottom targets. Two sets of
targets were essential in calculating the strain between any two points. Several trials were made to find the
correct set that can represent the actual strain of the bars and the couplers in between. First, only the targets
on the top parts of the couplers were monitored. After that, the targets on the bottom parts were monitored.
After a few trails and testing many coupled bars, two sets of targets were used to monitor the strain, which
were (0, and 6) and (2, and 8) to count for the strain of the couplers along with the top and bottom strain of
the bars. The total length of the bar from the edge of the coupler to the end of the bar was 6.75 inches
(171.45 mm), where 2 inches (50 mm) represented the clear gripping distance between the edge of the
coupler and the edge of the gripped part, and the remainder was gripped inside the machine. The decisive
factor in restricting the distance to those 2 inches (50 mm) was the buckling of the coupled bars during

testing. Therefore, several trails were made before the final gripping distance of 2 inches (50 mm).

2.2. Testing Parameters
2.2.1. Gripping Distance

The gripping distance is the distance between the end of the coupler to the location of the grip in the
machine which affects the behavior of the bars during testing. To avoid buckling during testing, different

gripping distances are tested.
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The gripping distance of 2 db, where db is the diameter of the bar, was used to avoid buckling. This
distance is selected after testing different gripping distances ranging from 4 db to 2 db, but the failure mode

in the larger couplers was buckling of the bars, which led to a loss of the number of targets on the coupled

bars, as shown in Figure 3. —

Figure 2. A coupled bar in between the grips of the machine with the targets.

Excessive buckling
for long devices

/] 3|8 2 Zd / /=

Figure 3. Excessive buckling of long couplers and losing targets in the DIC system.

2.2.2. Loading Protocol

The tests were carried out under strain control of (-1% to 3%) with a speed rate of 0.012 Hz. This
strain range was selected based on avoiding buckling in the couplers, as other strain ranges were checked
but resulted in buckling of the coupled bars. Therefore, the specimens were loaded until the strain between

the two targeted points reached 3% in tension and then loaded in compression until that strain became -1%.
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2.2.3. Testing Procedure:

To conduct the experimental phase, a minimum of three bars underwent strain-controlled testing until
reaching failure. The bars were precisely cut to the specified length, with a primary segment measuring
4.75 inches (120.65 mm) for engagement with the gripping machine, and a secondary length of 2 inches
(50 mm), representing the distance from the coupler's edge to the gripping machine. Consequently, the
variability in specimen length stemmed from the non-uniform coupler lengths. Subsequently, targets were
affixed to the bar's surface at seven distinct locations, as illustrated in Figure 2. The specimens were then
securely gripped from both ends by applying a pressure of 7000 psi (48.26 MPa). The speed of the testing

was affixed to 0.012 HZ for all the specimens, and the test continued until observable failure occurred in

the specimens.

3. Results and Discussions
3.1. Bare Bars:

A typical stress strain of the bare bars is shown in Figure 4. Strength degradation is present in the
QST bars but not in the MA bars. This can be observed even in bars with couplers. Both of the bars reached
the ultimate stress of 100 ksi (689 MPa), which is 1.25 times the yielding stress of 80 ksi (550 MPa) based
on ASTM 706. 107

100

50

Stress (ksi)

50

-100 -

-15-%.02 -O.IO1 6 0.61 0.62 0.63 O.IO4
Strain of [0, 2] and [2, 8](in/in)
Figure 4. Typical stress-strain of the bare bars.
A typical fracture plane of both bar types is shown in Figure 5. A similar fracture plane is observed

in all the bars with mechanical couplers, where the MA bars fail as a straight plane while the QST bars fail

with an angle.
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(a) QST bar fracture plane (b) MA bar fracture plane
Figure 5. Bare bar fractures.

3.2. Bars with Couplers
3.2.1. Number of Half Cycles to Failure

The total number of half cycles to the failure of each specimen was measured and is presented in
Table 2. Coupler C11 resisted the maximum number of half cycles of 38, while coupler C2 restored the
minimum number of half cycles due to the loss of their threads. It is worth mentioning that the strain rates
are higher than those set by AC133 [19].

Table 2. Low cyclic test results

Specimens tested MA Number of half-cycles QST Number of half-cycles
Cc2 12 2 (lost threads)

C3 10 NA

C9 6 6

cs8 20 18

Cc7 18 NA

C5 10 26

C11 38 NA

3.2.2. Stress-Strain of The Bars

A typical stress-strain of the coupled bars is shown in Figure 6, where the strain goes from -1% to 3%
and the maximum stress varies between -100 ksi (-689 MPa) and 100 ksi (689 MPa). The bars do not
possess a clear yield stress as these are high-strength steel bars [20]. It was noted that the bars fractured in

the tension eventually after a complete cycle.
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150

100 -

50

Stress (ksi)
o

-100

150 . . \ \
-0.02 -0.01 0 0.01 0.02 0.03 0.04

Strain of [0, 2] and [2, 8](in/in)

Figure 6. Stress-strain of bar coupled with the mechanical coupler of C7.
3.2.3. Top and bottom bar strains

It was found that there is a difference between the top and bottom parts of the bars in all the specimens
tested. The machine was pulling the coupled bars from the top, which means that only the top part of the
machine was moving during the test. Figure 7 shows a typical stress-strain diagram of the top and bottom
bars with the coupler. The strain of the bottom bar was greater than that of the top bar, where it was moving
from (-1%) to (3%) while the average strain was the same as shown in Figure 6. This was not the case for

all the couplers as in some of them, the top part strain was greater than that of the bottom part.

150

——0-2 (Top rebar)

50 [

Sress (ksi)

-50 |

-100 |

-150 ;
-0.02 -0.01 0 0.01 0.02 0.03 0.04

Strain (in/in)

Figure 7. Top and bottom bar stress-strain comparison of coupler C7.
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3.2.4. Coupler Strain

The strain on the couplers was monitored, and it was found that there is enough strain on the couplers
to cause their yielding. Figure 8 (a) shows the coupler strain, which was at the top of -0.5%, which is beyond
the yielding strain of 0.275% for a high-strength steel of grade 80 (550 MPa). This was the reason behind

the visible bent in the couplers as shown in Figure 8 (b).

” x1073 Coupler Strain vs. Time
i I
e Ll
Al LR o
Y T A I
= TV AL AR (R T
= | i p |
£ \' TR RATR
\E_ :‘:& 7_,‘ ';‘{ 1‘4“ I i
g T i
h - i H ‘
-6 L I 1 I I |
0 200 400 600 800 1000 1200

Time (s)

(a) Stress-strain of the mechanical coupler C7.

(b) Visible bending of mechanical coupler C5
Figure 8. Coupler strain and bending of C7.

3.2.5. Coupler Slip

Figure 9 shows the slip of the coupler C7, which was prevalent in all the couplers and consisted of

two separate parts. There was a maximum slip of more than 0.1 inch (2.54 mm) in the upper part of the

coupler.
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Figure 9. Coupler C7 slip.

3.2.6. Failure Mode
All of the failures occurred in the bars, either on the upper part of the coupled bar or the lower part.

Some of the coupled bars failed at the junction between the coupler and the bar, as shown in Figure 10,

while others failed in between the coupler and the grip of the machine, as shown in Figure 11.

Figure 10. Fracture of the coupled bar with mechanical coupler C3

Figure 11. Fracture of the coupled bar with a mechanical splice of C7.

Figure 12 (a)-(d) shows the failure mode of the other couplers fractured in the bars. The buckled bars

with couplers are not shown.
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(c) Fracture of coupler C8

P

)

(d) Fracture of coupler C9

Figure 12. Fracture of couplers

4. Conclusion

From the current study, it can be concluded that the coupled bars of grade 80 (550 MPa) can sustain
a loading protocol ranging from a strain rate of -1% to 3%, with most of the couplers withstanding a mini-

mum of six half cycles without failure. Additionally, all the couplers successfully met the elastic limits set
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by AC133. During inelastic cyclic testing, the upper part of the coupled bar exhibits different strain com-
pared to the lower part. Also, the couplers yield under a loading strain rate of -1% to 3%, as the strain in
the coupler surpasses the yielding strain. A clear distance of twice the bar diameter between the edge of the
coupler and the gripping machine leads to buckling failure in couplers longer than 10 inches (254 mm).

Finally, fracture occurs in the bar, either at the junction or between the coupler and the gripping machine.
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