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Abstract

Reinforced concrete structures are widely used, and the contact type between steel and concrete
directly affects the mechanical properties of the structure. Setting unbonded segments on ordinary
rebars can effectively improve the ductility and energy dissipation capacity of the structure. So, in
order to study the hysteretic performance of the ordinary rebar with unbonded segment (OR-US) in
detail, this study considered the influence of the unbonded length, rebar diameter, rebar strength,
concrete strength, and performed hysteretic tests of five specimens aiming to analyze the damage
phenomenon, hysteretic characteristics, ductility and energy dissipation capacity. The results
indicated that all the specimens exhibited earlier yielding of bonded rebar at the loading end than the
unbonded rebar; the decrease of the unbonded length or the increase of the rebar diameter or the
rebar strength all resulted in the delayed yielding of bonded rebar at the loading end; compared to
the rebar strength, the increase of rebar diameter led to the later yielding of the OR-US specimen;
increasing the unbonded length could improve the ductility and energy dissipation capacity of the
specimen; the concrete strength, however, had less impact on the ductility and energy dissipation
capacity of the specimen. A bond-slip model for the OR-US was put forward, and the errors between
theoretical results and test results were within 10%, indicating the theoretical results were in good
agreement with the test results, which provides reference for engineering application of the OR-US.

Keywords: ordinary rebar; unbonded segment; ductility; energy dissipation capacity; bond-slip

1. Introduction

Reinforced concrete structure is one of the most widely used structural forms in the world, and
the bonding properties between rebar and concrete can directly affect the mechanical behavior of the
structure [1]. The primary factors influencing the bonding properties between rebar and concrete
include the concrete strength, pouring method of concrete, rebar diameter, surface shape of rebar,
and constraints around the rebar, and so on [2]. In this paper, the mechanical behavior of the ordinary
rebar with unbonded segment (OR-US) was studied. Our research group set the unbonded segments
on the vertical rebars of the lower wall panel at the horizontal joint of the precast shear wall (Figure
1), and the research results of quasi-static tests indicated that the unbonded segments of rebars
significantly enhanced the ductility and energy dissipation capability of shear wall [3]. Consequently,
it is necessary to perform the hysteretic test on a single OR-US in order to better investigate its
hysteretic characteristics, which provides a scientific foundation for its design and application.
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Figure 1. Setup of unbonded segment.

Regarding the hysteretic performance of rebar, scholars mostly focus on studying ordinary
rebar, high-strength rebar, and composite rebar. For ordinary rebar, Qiu et al. [4] introduced an
adjustment formula of post-yield stiffness ratio on the Bouc-Wen model and developed a hysteretic
constitutive model of rebar considering the influence of buckling. Liu [5] derived the theoretical
calculation formulas for the slip and average slip strain of anchored rebar considering the relative
slip between rebar and concrete. Xiong et al. [6] put forward the calculation method of slip angle of
yield point and failure point on the basis of the existing bond slip moment-angle skeleton curve of
two-fold linear rebar. Tripathi et al. [7] proposed a cyclic stress-strain model of rebar considering the
influence of rebar buckling, low-cycle fatigue damage, and loading history. Hu et al. [8,9] studied the
effects of freezing environment and concrete strength on the bonding properties of rebar in early
frozen aged concrete. Albero et al. [10] studied the bonding properties between concrete and
unprotected, cold-galvanised, hot-dip galvanised, and stainless-steel bars after exposure to
temperatures reaching up to 600 degrees C. In addition, relevant scholars had also studied the
bonding properties between rebar and various types of concrete, such as common recycled concrete
[11,12], steel-steel fiber recycled aggregate concrete [13], ultra-high performance concrete [14], rubber
concrete [15], hybrid basalt-polypropylene fiber concrete [16], high-performance steel fiber reinforced
expanded-shale lightweight concrete [17], self-prestressed hybrid steel fiber reinforced concrete [18],
3D printed concrete [19]. Further, the bonding properties between corroded rebar and common
concrete [20,21], corroded rebar and recycled concrete [22], stainless rebar and ultra-high
performance concrete [23] had also been studied.

For high-strength rebar, relevant scholars mainly studied the bonding properties between
630MPa super-high strength rebar and concrete, analyzed the fatigue life, cyclic response
characteristics, and stress-strain hysteretic curve of rebar through the low-cycle fatigue test under
constant strain amplitude loading, and established its fatigue life prediction formula [24]. The
influence of different test methods and transverse rib spacing on the bonding properties of super-
high strength rebar were studied by pull-out test and beam test [25,26]. In addition, relevant scholars
had also studied the bonding properties between high-strength rebar with ultra-high performance
concrete [27] and steel fiber concrete [28].

For composite rebar, relevant scholars mainly studied the composite rebar with 304 stainless steel
clad and HRB400 core steel, analyzed the influence of buckling on the shape of the hysteretic curve,
stress-strain performance, and energy dissipation capacity of composite rebar [29], and proposed the
skeleton curve of composite rebar with different aspect ratios. A formula for calculating the low-cycle
fatigue life of composite rebar considering the influence of length-diameter ratio was proposed [30],
and hysteretic and fatigue properties of composite rebar after high temperature were also studied [31].

Compared with fully bonded rebar, the hysteretic properties of OR-US are different due to the
presence of unbonded segments. Therefore, in order to study hysteretic properties of OR-US, hysteretic
tests were conducted with the variable parameters of the unbonded length, rebar diameter, rebar strength,
concrete strength and finally the bond-slip constitutive model of OR-US was established.
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2. Test Program

2.1. Design of the Specimens

In this paper, the unbonded length, rebar diameter, rebar strength, and concrete strength were
taken as the research variables, and the hysteresis tests of five OR-US specimens were conducted. The
test parameters were shown in Table 1, among which JD was the reference specimen, WC, GZ, GQ,
HQ were compared with JD for unbonded length, rebar diameter, rebar strength, concrete strength
respectively. The specific dimensions of the specimen were shown in Figure 2. The rebar with outer
concrete was divided into the anchorage zone, unbonded zone, and bonded zone at the loading end.
In order to facilitate the installation of the specimen, the length of the protruding outward rebar at
the loading end was set as 300mm, and the length of rebar with outer concrete was set as 1400mm.
In order to accurately measure the horizontal displacement of the OR-US, the 50mm overhang length
of rebar at the anchor end was reserved for measuring the displacement of the rebar at the anchor
end, and the difference between the displacement of the rebar at the loading end and the
displacement of the rebar at the anchor end was the exact horizontal displacement of the OR-US.

Table 1. Test specimen parameters.

Sﬁﬁ::::: Unbonded Length(mm) Dianll{eetzi:mm) Rebar Strength Concrete Strength
JD 300 16 HRB400 C35
we 200 16 HRB400 C35
GZ 300 20 HRB400 C35
GQ 300 16 HRB500 C35
HQ 300 16 HRB400 C30
1
1750
50, 1400 L 300
! ©8@150 1 — ORLUS
a2 Loading end /
Anchored end ‘ ‘ s
OR-US
Anchorage zone ‘L Unbonded ‘L Bonded | Concrete 200

Figure 2. Geometric dimensions and reinforcement of the specimen (unit: mm).

2.2. Material Properties

The rebar and concrete were tested before the hysteretic test, and the measured results of the material
properties were shown in Tables 2 and 3. The tensile test graph of rebar was shown in Figure 3.

Table 2. Mechanical properties of concrete.

Specimen Failure Load ~ Compressive Strength Average Compressive
Number Concrete Grade (kN) (MPa) Strength (MPa)

1 785.4 33.2

2 C30 798.2 34.1 33.7

3 787.5 33.8

4 1006.9 425

5 35 996.7 40.4 409
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6 989.9 39.7
Table 3. Mechanical properties of rebar.
Specimen F{ebar Yield Strength Ultimate Ratio of Yleld. Percent;ilge
Number Rebar Grade Diameter (MPa) Strength (MPa) Strength to Tension Elongation
(mm) Strength After Fracture
1 469.6 678.0 0.69 26%
2 HRB400 16 456.2 670.7 0.68 26%
3 465.4 676.7 0.69 26%
4 540.6 709.7 0.76 28%
5 HRB500 16 539.6 691.3 0.78 28%
6 537.8 689.2 0.78 28%
7 455.8 610.1 0.75 23%
8 HRB400 20 457.1 601.9 0.76 23%
9 455.3 608.7 0.75 23%

Figure 3. Tensile test of rebar.

2.3. Test Device and Measurement Scheme

The test device included a loading device and a fixing device. The loading device (Figure 4) was
mainly arranged at the loading end, including a loading terminal composed of steel plates, the steel
jig, and the horse part; the role of the horse part was not only to facilitate the disassembly of the rebar
but also the recycling of the steel jigs, and two steel jigs and horse parts made the rebar closely
connected with the loading terminal, so that the rebar could effectively transfer force. The fixing
device was shown in Figure 5, the specimen was fixed vertically by applying 40kN pressure through
20t jacks and horizontally by the steel beam at the loading end and the steel plate at the anchoring
end through four long screws. The steel beam was fixed on the reaction frame at the loading end;
furthermore, the 25t MTS actuator was adopted to apply the horizontal load.

The displacement meters were set at the rebar at the loading end, the protruding outward rebar
and the concrete at the anchorage end, respectively. In order to facilitate the measurement of the
displacement of the rebar at the loading end, a handle-shaped member was set on the rebar at a distance
of 3cm from the concrete interface, as shown in Figure 6. The handle-shaped member and the rebar
were fixed through bolts, and the measuring end of the displacement meter was close to the handle-
shaped member. In order to obtain the yield order of rebar in bonded zone and unbonded zone, three
strain gauges with equal spacing were pasted in bonded zone and unbonded zone, respectively, and
two strain gauges with equal spacing were pasted in anchored zone, as shown in Figure 7.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1883.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2025

doi:10.20944/preprints202509.1883.v1

5 of 15

Loading terminal

\

Steel jig

/ Horse part

| Vo ]
3
\J

Specimen

-

Figure 4. Test loading device.
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Figure 6. The handle-shaped member (a) and its position (b).

8 7 654 321
Anchored end Loading end
L Anchorage zone(2) | Unbonded | Bonded |
’ T zone(3) 1 zone(3)

Figure 7. Position and number of strain gauge (unit: mm).
2.4. Loading Regime

Displacement loading was adopted in this test. With the increase of loading displacement, the
elongation of the rebar increased. Since the rebar was mainly in tension in actual structure, and when
the rebar was under pressure, it might be bent, the loading method of positive hysteresis was adopted

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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in this paper, and the tensile direction of the rebar was set to the positive direction. According to {
Standard for test method of concrete structures) (GB/T 50152-2012) and the results of previous
numerical simulation, it was stipulated that when the positive tensile displacement was less than 10mm,
the tensile displacement of each stage was 1mm, and the positive compression returned to zero; when
the positive tensile displacement was 10mm-20mm, the tensile displacement of each stage was 2mm,
and the positive compression returned to Imm; when the positive tensile displacement was 20mm-
30mm, the tensile displacement of each stage was 3mm, and the positive compression returned to 2mm,
and so on. Each stage was cycled once, and the loading regime was shown in Figure 8. Due to the impact
force on the MTS actuator caused by the rebar break, the normal operation of the MTS actuator was
affected. Therefore, in order to protect the test equipment and combined with the previous numerical
simulation results, the tests were terminated when the specimens were loaded to about 40mm or when
both the bonded rebar at the loading end and the unbonded rebar yielded.

404

204

Displacement(mm)

=

T
0 5 10 15 20 25
Loading cycle

Figure 8. Diagram of loading regime.
3. Test Results and Analysis

3.1. Damage Phenomenon

In order to facilitate comparative analysis, the test phenomena of each specimen were summarized,
as shown in Table 4, and the final failure pattern of each specimen was shown in Figure 8.

Table 4. Test phenomena of specimens.

. The Time and The Yield Time of . . The Final
Specimen . The Yield Time of _ .
Number Location of thethe Bonded Rebar at Unbonded Rebar Failure Pattern Others
Crack the Loading End and Time

When stretched When stretched
When stretched positively to 14mm, positively to 32mm, When stretched

During the loadin
the rebars at strain  the rebar at strain ~ positively to ] &

ositively to rocess, the tensile and
P y gauges No. 1 and gauge No. 4 40mm, a large P .
14mm, cracks . ; compression sound of the
JD . No. 2 yielded; when  yielded; when number of .
appeared in the L o\ rebar kept appearing, and
stretched positively stretched positively concrete blocks
concrete at the . the cracks kept
. to 18mm, the rebar to 40mm, the rebar at the loading . .
loading end. . . developing. Finally, the
at strain gauge No. 3 at strain gauge No.  end fell off. .
. . rebar at the loading end
yielded. 5 yielded. .
When stretched When stretched appeared to shrink. The
e .\ When stretched When stretched cracks of the specimen GQ
positively to  positively to 16mm, ., .. . .
. positively to 32mm, positively to developed in a ring along
12mm, cracks the rebars at strain . . .
WC . the rebar at strain  36mm, a large the junction of the concrete
appeared in the gauges No. 1 and
. gauge No. 4 number of and the rebar.
concrete at the No. 2 yielded; when .
yielded. concrete blocks

loading end.  stretched positively
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GQ

HQ

to 18mm, the rebar at the loading
at strain gauge No. 3 end fell off.
yielded.

When stretched
ex? S PN When stretched When stretched
positively to . ., When stretched
positively to 26mm, positively to 40mm,

16mm, cracks . . positively to
. the rebars at strain  the rebar at strain
appeared in the 40mm, the crack
gauges No. 1, No. 2 gauge No. 4
concrete at the . . broke through.
. and No. 3 yielded. yielded.
loading end.
When stretched

d positively to 16mm,

When stretch
ex? S FENCE the rebars at strain~ When stretched
positively to . When stretched
Ldmm. cracks  83U8es No.1land positively to 29mm, ositively to
’ No. 2 yielded; when the rebar at strain p Y

appeared in the stretched positively gauge No. 4 32mu, the crack
concrete at the . broke through.
loading end to 18mm, the rebar yielded.
&M% ot strain gauge No. 3
yielded.
When stretched
When stretched positively to 12mm, When stretched

the rebars at strain ~ When stretched ~ positively to

gauges No. 1 and positively to 32mm, 36mm, a large
No. 2 yielded; when the rebar at strain ~ number of
stretched positively gauge No. 4 concrete blocks

positively to

12mm, cracks
appeared in the
concrete at the

. to 16mm, the rebar yielded. at the loading
loading end. .
at strain gauge No. 3 end fell off.
yielded.

7 of 15

As can be seen from Table 4 and Figure 9, for all specimens, protruding outward rebar at the
loading end yielded first, then the bonded rebar at the loading end yielded, and finally the unbonded
rebar yielded. Moreover, the reduction of the unbonded length, the increase of the rebar diameter or
the rebar strength all led to the later yielding of the bonded rebar at the loading end, and the decrease
of the concrete strength led to the earlier yielding of the bonded rebar at the loading end.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Final failure patterns of (a) JD, (b) WC, (c) GZ, (d) GQ, and (e) HQ.

3.2. Hysteresis Characteristics

According to the test results, hysteretic curves and skeleton curves of each specimen were
obtained, as shown in Figures 10 and 11.

125 125

1004

751

-3
o

50 S04

Load(kN)
Load(kN)

0 10 20 20 40
Displacement(mm) Displacement(mm)

@ (b)

Load(kN)
Load(kN)

] 1¢ Zh Sh 4b

Displacement{mm) Displacement(mm)
(9 (d)

125

Load(kN)
o 9 B
T il T

I~
i

o

Displacement(mm)

(e)
Figure 10. Hysteresis curves of (a) JD, (b) WC, (c) GZ, (d) GQ, and (e) HQ.
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Figure 11. Skeleton curves of specimens.

It should be noted in particular that the yield platform in the hysteretic curve and skeleton curve
represented the yield of the protruding outward rebar at the loading end. As can be seen from Figures
10 and 11, by calculation, the cumulative energy consumption of JD, WC, GZ, GQ, and HQ were
2891.3, 2687.1, 3904.0, 3589.5, 3043.5Nm respectively, and the detailed comparative analysis was in
Section 3.4. The skeleton curves of each specimen included elastic stage, yield stage and strengthening
stage. The increase of rebar strength or the decrease of unbonded length all led to the increase of
elastic stiffness of the specimen. Compared with the effect of rebar strength, increasing the rebar
diameter could lead to a later yield of specimen. Reducing the unbonded length could lead to an
earlier yield of specimen. Concrete strength had little influence on the skeleton curve.

3.3. Ductility

Ductility refers to the ability of a structure or component to resist plastic deformation without a
significant reduction in bearing capacity. For ordinary rebar, if the yield platform of the rebar was
ignored, that was, the rebar entered the strengthening stage immediately after yielding, the
deformation capacity of the rebar would be underestimated, which could not provide an accurate
basis for seismic design. Therefore, the yield platform elongation [32] « was adopted in this paper as
the ductility index of the rebar, and its calculation formula was as follows.

=" (1)

Where, 0y was the elongation of the rebar when the bonded rebar at the loading end yielded,
and [ was the sum of the length of protruding outward rebar and the length of bonded rebar at the
loading end.

After calculation, the yield platform elongations of each specimen were shown in Table 5.

Table 5. Ductility comparison of specimens.

Specimen Number JD WC GZ GQ HQ
a 5.4 4.3 4.8 3.3 5.5

As can be seen from Table 5, the decrease of unbonded length or the increase of rebar diameter
or the rebar strength all led to the ductility reduction of the specimen, and the concrete strength had
little influence on the ductility of the specimen.

3.4. Energy Dissipation Capacity

The area of the hysteresis loop in the hysteresis curve reflects the energy dissipation capacity of
the structure. The larger the area of the hysteresis loop, the stronger the energy dissipation capacity

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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of the specimen, and the sum of each hysteresis loop area is the cumulative energy dissipation of the
specimen [33]. The cumulative energy dissipation of each specimen was shown in Figure 12.

&~
th

4.0 ——JID

3.0

Cumulative energy consumption(kNm)

Loading level

Figure 12. Energy dissipation capacity of each specimen.

As can be seen from Figure 12, take the cumulative energy consumption of the last level for
example, the energy dissipation capacity of specimen GZ was 8.8% larger than that of specimen GQ,
that was because compared with GQ, GZ had a higher deformation ability, which led to a higher
energy dissipation capacity. The energy dissipation capacity of specimen WC was 7.6% smaller than
that of specimen JD, that was because the unbonded length of specimen WC was smaller than that of
specimen JD, which led to a smaller displacement. The energy dissipation capacity of JD and HQ was
5% different, which indicated that the concrete strength had little influence on the energy dissipation
capacity of the specimen, that was because the concrete strength affected the bond performance
between rebar and concrete, when the concrete strength decreased, the bond performance between
rebar and concrete also decreased, leading to the increase of rebar displacement and the decrease of
bearing capacity, so the area of hysteresis ring might change little.

4. Bond-Slip Constitutive Model of OR-US

Due to the presence of the unbonded segment in OR-US, the bond-slip constitutive model of
ordinary rebar could not be directly adopted. Based on the test results, this paper established the
bond-slip constitutive model of OR-US by considering the influence of unbonded length, rebar
strength, rebar diameter, and concrete strength.

4.1. Proposal of the Bond-Slip Constitutive Model of OR-US

The bond-slip curve of OR-US could be obtained after transforming the load-displacement curve
obtained by the OR-US hysteresis test, as shown in Figure 13, where s was the displacement at the
loading end, T was the bonding strength and its calculation formula was as follows.

F
r= ndl, (2)

Where F was the load applied at the loading end, d was the rebar diameter, and 1 was the length
of the rebar in the concrete.
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Figure 13. Bond-slip curve of OR-US.

As can be seen from Figure 13, the bond-slip curve of OR-US could be divided into three stages:
elastic stage, yield stage and strengthening stage, and its bond-slip constitutive model was as follows.

(1) Elastic stage:

This stage could be regarded as a straight line, and the formula was as follows.

T=B5,0<s<s 3)

T
F=: (4)

Where f represented the slope at the elastic stage, 7: was the bonding strength corresponding to
the initial yield of the rebar, and s: was the displacement at the loading end corresponding to the
initial yield of the rebar.

(2) Yield stage:

This stage could be approximated as a horizontal line, and the calculation formula was as
follows.

T=T1y $1<S=Z5, (5)

Where 52 was the displacement at the loading end corresponding to the starting point of the
strengthening stage.

(3) Strengthening stage:

This stage was a curve, and the calculation formula was as follows.

_ (552 Y _
T= (53_52) (T3 Tz) + Tys So <s< S3 (6)
— ulyct+pd
y=(250)e ™

Where, s3 was the displacement at the loading end corresponding to the end point of the
strengthening stage, 72and 73 were the bonding strength corresponding to the starting and end point
of the strengthening stage, respectively, y was the shape parameter, which considered
comprehensively the influences of the unbonded length, rebar diameter, rebar strength, and concrete
strength, where u was the influence coefficient of the unbonded length, lwc was the unbonded length,
p was the influence coefficient of rebar diameter, and ¢ was the comprehensive influence coefficient,
reflecting the influence of rebar strength and concrete strength. §, v, 11, p, ¢ were obtained by fitting
according to the test results.
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Therefore, the bond-slip constitutive model of OR-US was as follows.

Bs,0<s<s;
Ty $1<S5<s,

7= 3

S5—S 14
( 2) (T3_T2)+T2; 52<SS53
S$3—S2

The model reflected the influence of unbonded length, rebar strength, rebar diameter and
concrete strength on the bond-slip of OR-US, and was capable of capturing the entire stress-strain
process of OR-US.

4.2. Verification of the Bond-Slip Constitutive Model of OR-US

According to the hysteretic test results, the test data of each key point was obtained, as shown
in Table 6. The test results were substituted into the formulas of each stage, and the parameters were
evaluated reversely and fit, as shown in Table 7.

Table 6. Test data of key points of the bond-slip model.

S . Numb Test Data
pectmen Yumber 71 (MPa) s1 (mm) 72 (MPa) s2 (mm) 73 (MPa) s3 (mm)
JD 7.3 16.8 74 20.8 9.4 40.0
WC 7.2 13.9 7.2 19.0 9.0 36.0
GZ 11.6 24.4 11.6 314 13.0 40.0
GQ 9.2 16.7 9.2 19.6 10.7 32.0
HQ 7.2 16.5 7.2 19.9 9.2 36.0
Table 7. Parameter fitting values of bond-slip model.
Specimen Number Parameters
B Y # p P
JD 0.42 0.95 0.61 0.32 1.44
wWC 0.52 0.83 0.54 0.33 1.55
GZ 0.48 0.84 0.42 0.58 1.43
GQ 0.55 0.96 0.44 0.55 1.83
HQ 0.44 0.98 0.64 0.29 1.48

Put the data in Tables 6 and 7 into formula (3) to (7), and the bond-slip theoretical curves of all

specimens could be obtained, which were compared with the test curve, and the results were shown
in Figure 14.
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Figure 14. Verification of bond-slip model of (a) JD, (b) WC, (c) GZ, (d) GQ, and (e) HQ.

It could be seen from Figure 14 that except the second point of HQ bond-slip model, the errors
of other bond-slip models were within 10%, which indicated that the theoretical values were in good
agreement with the test values, therefore, the bond-slip constitutive model proposed in this paper
could better reflect the bond-slip characteristics of OR-US.

However, in this model, only the influence of unbonded length, rebar strength, rebar diameter
and concrete strength were considered, the location of unbonded segment was not considered,
moreover, the number of test specimen was small, so it was necessary to conduct a lot of tests to
verify the accuracy of the model consider all the influencing factors.

5. Conclusions

In this paper, the hysteretic properties of OR-US were studied by considering the effects of
unbonded length, rebar diameter, rebar strength, concrete strength, and the damage phenomenon,
hysteretic characteristics, ductility and energy dissipation capacity were analyzed, and finally the
bond-slip constitutive model of OR-US was proposed. Specific conclusions are as follows.

(1) All the specimens exhibited earlier yielding of bonded rebar at the loading end than the
unbonded rebar. The reduction of the unbonded length, the increase of the rebar diameter and the
rebar strength all resulted in the delayed yielding of bonded rebar at the loading end. The reduction
of concrete strength led to the earlier yield of bonded steel.

(2) The increase of rebar strength and the decrease of unbonded length all led to the increase of
elastic stiffness of the specimen. Compared with the effect of rebar strength, the increase of the rebar
diameter led to the later yield of the specimen. The reduction of unbonded length led to the earlier
yield of specimen. Concrete strength had little influence on the hysteretic curve and skeleton curve.

(3) The decrease of unbonded length or the increase of rebar diameter or strength all reduced
the ductility of the specimen, and the increase of unbonded length improved the energy dissipation
capacity of the specimen. The concrete strength had little influence on the ductility and energy
dissipation capacity of the specimen.

(4) The three-stage bond-slip model proposed in this paper could better reflect the bond-slip
characteristics of OR-US.
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