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Abstract: Ultra-high performance concrete (UHPC) has been demonstrated to be a realistic alternative
to less maintenance and significantly longer service life due to its better mechanical properties and
low permeability. The bond performance of the deformed steel bar embedded in UHPC is critically
important for the safety of the UHPC structures. This paper conducted an experimental investigation
on the bond behavior of deformed steel bars and UHPC. The impacts of loading method, UHPC
strength, steel fiber type and content, rebar diameter, and cover thickness were studied. The testing
results revealed that the specimens failed in three modes: pull-out, splitting + pull-out, and cone
failure. The main factors affecting the bond strength are UHPC compressive strength, cover thickness,
and fiber characteristics. The peak slip of rebar-UHPC increases with cover thickness and rebar
diameter. Finally, an analytical model of the bond stress-slip relationship between the UHPC and
deformed steel bar is obtained, which is in suitable agreement with the test results.

Keywords: ultra-high performance concrete; deformed steel bar; bond-slip; experimental investiga-
tion; analytical study; bond toughness

1. Introduction

Ultra-high performance concrete (UHPC) has ultra-high strength, toughness, and excel-
lent durability [1], which is suitable for new construction, structural strengthening [2], and
restoration projects such as high-rise buildings, long-span bridges [3], and ultra-thin building
components [4,5]. The excellent impermeability and very high density of UHPC prevent
the penetration of corrosive substances [6], providing better corrosion protection for steel
reinforcement, extending the service life of concrete structures, and reducing maintenance
costs [7]. With the development of precast concrete structures, UHPC is widely used in joints
to improve the overall performance of the structures [8,9]. The bond property between rebar
and UHPC is the premise of the two materials working together. It also has an essential
influence on the structural load-bearing capacity, stiffness, and crack control.

Compared with normal-strength concrete and fiber reinforced concrete, the particular
material properties of UHPC will inevitably lead to changes in the bond property between
rebar and UHPC [10]. First of all, the UHPC component does not contain coarse aggregate,
and the optimized particle gradation makes it have a compact internal structure. The
interface with the rebar is contacted more closely, and the chemical bonding force between
the two is enhanced. Secondly, the mechanical interlocking between rebar and UHPC
is improved due to the material’s ultra-high compressive strength and elastic modulus.
Finally, steel fibers in the UHPC restraint the crack development. When the steel fiber
content reaches 1.5–2%, the UHPC shows strain hardening characteristics [11], which
positively improves the mechanical interlocking and friction between the rebar and UHPC.
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Bond strength and peak slip are the key parameters to study the bond behavior
between rebar and UHPC. Fehling et al. [12] conducted a pull-out test on rebars with a
diameter of 12 mm. They found that increasing the cover thickness would increase the
bond strength of UHPC and discussed the influence of cover thickness on the bond failure
mode. Yoo et al. [11] concluded that the compressive strength of UHPC was the critical
factor determining the bond strength. Marchand et al. [13] studied the bond performance
of rebar embedded in UHPC through monotonic and cyclic loading. They proposed a
bond strength formula considering two main factors: compressive strength and cover
thickness. Alkaysi et al. [14] found that when the fiber content changed from 1 to 2%, the
bond strength increased by 36%. Sturm and Visintin [15] concluded that the bond property
was insensitive to the types of the steel fiber, and the main factors were the compressive
strength and the cover thickness. Hu et al. [16] showed that the rebar-UHPC bond strength
only increased by 0.2% when the fiber volume content varied from 1 to 3%. In the existing
studies on rebar-UHPC bond strength, there are no unified conclusions on the influence of
fiber content, and there are few studies concerning the effect of fiber type on bond strength.

The bond strength will be affected by the diameter of the rebar, which is the “size
effect” in bond performance [17–21]. Kook et al. [22] concluded that the bond strength
of rebar-UHPC could be effectively improved by increasing the strength grade of rebar,
while the bond strength decreased with the increase in rebar diameter (16–22 mm). Lagier
et al. [23] conducted direct tension pull-out tests on specimens with large-diameter rebars
(25 and 35 mm) and UHPC. They concluded that there was no noticeable size effect on
bond strength. Most of the previous research on the bond performance of rebar-UHPC
did not consider the size effect. Previous tests [16,24–26] provide a limited amount of data.
Because the size of the specimen is not proportional to the diameter of the steel bar, these
tests cannot clearly show the size effect.

The peak slip su has an essential effect on the stiffness of the rising segment of the
bond-slip curve. Existing studies have shown that concrete compressive strength, cover
thickness, stirrup, fiber content and type, rebar diameter, and rib spacing affect the peak
slip [27]. Therefore, Murcia-Delso et al. [28] suggested determining the peak slip through
specific tests. Still, it should be estimated through an empirical formula when the test data
cannot be obtained. Based on the bond test between rebar and HPFRCC, Chao et al. [29]
concluded that the peak slip was directly proportional to the peak bond stress but inversely
proportional to the matrix material’s compressive strength and rebar diameter. Sturm and
Visintin [15] conducted the pull-out test of UHPFRC. They found that the fiber content had
no effect on the peak slip, and su was closely related to the cover thickness and compressive
strength. Wu and Zhao [30] concluded that the peak slip is mainly related to the cover
thickness and stirrup content through regression analysis of normal-strength reinforced
concrete data. Xu [31] believed that the peak slip was associated with the rebar diameter
based on many pull-out tests. Murcia-Delso et al. [28] found that the peak slip is related to
the rebar diameter, which is about 0.07db, through the bond test of large-diameter rebars (36,
43, and 57 mm). Zhao and Zhu [32] proposed that the peak slip su is 0.07442db–0.00093db

2.
At present, most studies on the peak slip of rebars are focused on normal-strength concrete.
Therefore, the survey on the peak slip of rebar-UHPC needs to be carried out.

Local bond-slip relationships significantly influence the bearing capacity, stiffness,
and deformation capacity of reinforced concrete structures [27,30,33]. The bond stress-
slip constitutive model is obtained based on the regression analysis of many test data.
However, the bond stress-slip curves are also quite different due to the complex bonding
mechanism and differences in test conditions [34–40]. According to the author’s knowledge,
Marchand [13], Yoo [11], and Sturm and Visintin [15] studied the bond-slip relationship
between rebar and UHPC. Zhou [41] analyzed the bond-slip behavior of epoxy-coated
rebar embedded in UHPC. Marchand [13] and Yoo [11] proposed an ascending section of
the bond-slip relationship between rebar and UHPC. Due to the discreteness of test data,
the proposed bond-slip constitutive model did not discuss the descending branch. Sturm
and Visintin [15] proposed two types of bond-slip models for pull-out and splitting failure
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modes, respectively. In conclusion, the descending branch of the bond-slip models for
UHPC is unclear and needs to be investigated [41].

This study aims to conduct pull-out tests to provide the bond properties of deformed
rebars in UHPC. Considering the influence of compressive strength, fiber content, fiber
type, cover thickness, rebar diameter, and rebar yield strength, we quantified the bond
strength and peak slip for deformed rebars in UHPC. We also compared the influence of the
loading method on the bond property. In addition, we proposed the local bond stress-slip
constitutive model of rebar in UHPC.

2. Experimental Program
2.1. Specimen Details

A total of 69 pull-out specimens were tested in this research. The range of design
variables and details of the specimens were listed in Tables 1 and 2, respectively. The bond
length was twice the rebar diameter to ensure the pull-out failure and obtain a relatively
uniformly distributed bond stress [11,15]. The specimen geometry is shown in Figure 1. A
PVC pipe at the loading end debonds the rebar from UHPC to avoid local failure.

Table 1. Range of design variables.

Design Variables Variation Range

Compressive strength fc UA, UB, UC, UD

Fiber volume content Vf 1%, 2%, 3%

Fiber type SFA, SFB, SFC, HFB

Cover thickness c 1db, 2db, 3db, 4db, 5.75db

Rebar diameter db 12 mm, 16 mm, 20 mm, 25 mm

Rebar yield strength fy 422 MPa, 542 MPa, 680 MPa

Loading method P, RP

Debonded length
(The distance between the bonded part and the

specimen loading surface)
0, 2.5db, 5.25db

Note: UA: compressive strength of UHPC at 3 days cure time; UB: compressive strength of UHPC at 7 days cure
time; UC: compressive strength of UHPC at 14 days cure time; UD: compressive strength of UHPC at 28 days cure
time. SFA: straight steel fiber with an aspect ratio of 30; SFB: straight steel fiber with an aspect ratio of 65; SFC:
straight steel fiber with an aspect ratio of 100; HFB: hooked steel fiber with an aspect ratio of 65. P: traditional
pull-out test; RP: revised pull-out test.

Figure 1. Dimension of specimens: (a) profile view; (b) plan view.
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Table 2. Details of specimens.

Test Variable Specimen fc
(MPa)

ft
(MPa)

c
(mm)

db
(mm) Vf (%) Fiber

Type
Loading
Method

Debonded
Length
(mm)

Rebar
Yield

Strength
(MPa)

Control group UD-S02B-6D16C5-P5 139.82 9.38 92 16 2 SFB Pull-out 84 680

Compressive
strength

UA-S02B-6D16C5-P5 98.34 6.86 92 16 2 SFB Pull-out 84 680
UB-S02B-6D16C5-P5 109.64 7.24 92 16 2 SFB Pull-out 84 680
UC-S02B-6D16C5-P5 116.10 8.50 92 16 2 SFB Pull-out 84 680

Fiber volume
content

UD-S01B-6D16C5-P5 125.18 8.24 92 16 1 SFB Pull-out 84 680
UD-S03B-6D16C5-P5 144.97 9.57 92 16 3 SFB Pull-out 84 680

Fiber type
UD-S02A-6D16C5-P5 129.93 8.27 92 16 2 SFA Pull-out 84 680
UD-S02C-6D16C5-P5 141.89 9.72 92 16 2 SFC Pull-out 84 680
UD-H02B-6D16C5-P5 133.82 9.05 92 16 2 HFB Pull-out 84 680

Cover thickness

UD-S02B-6D16C1-P5 139.82 9.38 16 16 2 SFB Pull-out 84 680
UD-S02B-6D16C2-P5 139.82 9.38 32 16 2 SFB Pull-out 84 680
UD-S02B-6D16C3-P5 139.82 9.38 48 16 2 SFB Pull-out 84 680
UD-S02B-6D16C4-P5 139.82 9.38 64 16 2 SFB Pull-out 84 680

Rebar diameter

UD-S02B-5D12C5-P5 139.82 9.38 92 12 2 SFB Pull-out 84 520
UD-S02B-5D16C5-P5 139.82 9.38 92 16 2 SFB Pull-out 84 542
UD-S02B-5D20C5-P5 139.82 9.38 92 20 2 SFB Pull-out 84 539
UD-S02B-5D25C5-P5 139.82 9.38 92 25 2 SFB Pull-out 84 534

Rebar yield
strength UD-S02B-4D16C5-P5 139.82 9.38 92 16 2 SFB Pull-out 84 422

Loading
method and
debonded

length

UD-S02B-6D16C5-P0 139.82 9.38 92 16 2 SFB Pull-out 0 680
UD-S02B-6D16C5-P2.5 139.82 9.38 92 16 2 SFB Pull-out 40 680

UD-S02B-6D16C5-RP0 139.82 9.38 92 16 2 SFB Revised
pull-out 0 680

UD-S02B-6D16C5-RP2.5 139.82 9.38 92 16 2 SFB Revised
pull-out 40 680

UD-S02B-6D16C5-RP5 139.82 9.38 92 16 2 SFB Revised
pull-out 84 680

Note: fc: compressive strength of concrete cubes; ft: tensile strength of dog-bone specimens. The reported strength
values are the average of the measurements of three nominally identical specimens.

All test parameters and specimen numbers are shown in Table 2.
The specimens are numbered according to the tested parameters. For example, UD-

S02B-6D16C5-P5: UD represents the compressive strength of the UHPC curing period of
28 days. In S02B, S represents straight steel fiber, 02 represents fiber volume content of
2%. B represents the aspect ratio of 65. 6 in 6D16C5 means that the rebar yield strength
is 680 MPa, D16 means that the rebar diameter is 16 mm, and C5 means that the cover
thickness is 5.75 times the diameter of the rebar. P5 represents the traditional pull-out test,
and the debonded length is 84 mm (5.25db).

According to GB/T 31387-2015 [42], the UHPC compressive strength was tested from
a cubic block with a side length of 100 mm. The UHPC tensile strength was obtained from
the dog-bone specimen shown in Figure 2b. The UHPC compressive and tensile strength
are listed in Table 2.
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Figure 2. Test setup for UHPC mechanical properties: (a) compressive test; (b) direct tension test.

Each result is the mean of three specimens. The first half of Table 2 (up to UD-H02B-
6D16C5-P5) contains the test variables of compressive strength, fiber volume content, and
fiber type related to the UHPC properties. Therefore, the UHPC compression and tensile
strength results are different for these groups. The UHPC properties of the other test
groups, including cover thickness, rebar diameter, rebar yield strength, loading method,
and debonded length, were identical.

2.2. Materials Properties

The mix proportion design of UHPC is listed in Table 3. To improve the workability of
the mixture, we used a polycarboxylic acid superplasticizer [43].

Table 3. Mix proportion design of UHPC (mass/cement mass ratio) [43].

Cement Quartz Sand Silica Flour Silica Fume Fly Ash Water/Binder Ratio

1.0 1.1 0.3 0.25 0.1 0.18

Note: Steel fiber is 1~3% by volume fraction. Superplasticizer is 0.2% of binder by mass.

Four kinds of brass-coated steel fibers were used in the experiment (Hunan Guli
Engineering New Materials Co., Ltd., Changsha, China), including three straight steel
fibers and one hooked steel fiber. The straight steel fibers have different aspect ratios, which
were identified as steel fiber A (SFA), steel fiber B (SFB), steel fiber C (SFC). The hooked
steel fiber B was numbered as HFB. The steel fibers are pictured in Figure 3 (length of the
fiber, Lf; diameter of the fiber, df). The fiber characteristic parameters are listed in Table 4.

Figure 3. Different types of steel fibers: (a) SFA; (b) SFB; (c) SFC; (d) HFB.
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Table 4. Properties of high-strength steel fibers.

Steel Fiber ID Form Lf (mm) df (mm) Lf/df Tensile Strength (MPa)

SFA Straight 6 0.2 30 ≥2850
SFB Straight 13 0.2 65 ≥2850
SFC Straight 20 0.2 100 ≥2850
HFB Hooked 13 0.2 65 ≥2850

Note: Lf: length of the fiber; df: diameter of the fiber.

Hot-rolled deformed steel bars (HRB) were used in the pull-out test. Rebar grades
HRB400, HRB500, and HRB600 were used based on GB/T 1499.2-2018 [44]. The surface
shape of the deformed rebar is shown in Figure 4. Table 5 summarizes the mechanical
properties and geometric characteristics of the rebar.

Figure 4. The surface configuration of deformed bars: (a) schematic diagram; (b) photo of deformed bars.

Table 5. Geometric and mechanical properties of steel bars.

Type of Steel Bars HRB400-D16 HRB500-D12 HRB500-D16 HRB500-D20 HRB500-D25 HRB600-D16

Nominal diameter db (mm) 16 12 16 20 25 16

Core diameter d1 (mm) 15.4 11.5 15.4 19.3 24.2 15.4

Average rib depth h1 (mm) 1.5 1.0 1.5 1.7 2.0 1.5

Rib inclination β (◦) 60.5 60 60.5 65.2 76.3 60.5

Rib spacing C (mm) 10 7.9 10.0 11.0 12.5 10

Yield strength fy (MPa) 422 520 542 539 534 680

Ultimate strength fu (MPa) 583 695 716 714 708 861

2.3. Test Setup and Loading Scheme

Two experimental setups were used in the study, namely the traditional pull-out setup
and the revised pull-out test setup. The traditional pull-out test in Figure 5a [45] was used
to investigate the effect of various factors on the bond performance of rebar-UHPC in this
paper. A 20 mm-thick steel plate and a 5 mm-thick rubber plate were placed between the
hydraulic jack and the specimen. The surrounding concrete behind the rubber plate forms
compression struts while loading [46]. The revised pull-out test is shown in Figure 5b. A
steel bracket was placed on the specimen to eliminate the compression strut reaction of the
concrete. Both the rebar and the surrounding UHPC were in tension [14]. By changing the
distance from the reinforcement bonded part to the loading end, namely the debonded
length, the effects of the two loading methods on the bond performance of the rebar-UHPC
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interface were compared. Strain gauges were attached to the reinforcing bars near the
loading end to monitor steel yielding. Two linear displacement transducers (LVDTs) were
arranged at the free end of the specimen to measure the relative slip between the rebar
and UHPC.

Figure 5. Pull-out test setup: (a) traditional pull-out; (b) revised pull-out.

The tensile load was applied with a step of 2 kN until ultimate load, then a displace-
ment load of 0.2 mm was applied per level until the slip reached 20 mm.

3. Results and Discussion
3.1. Bond Capacity Parameters

The average bond stress between the rebar and the UHPC interface was calculated
as follows:

τ =
F

πdbld
(1)

where τ is the average bond stress, F is the axial pull-out load, db is the rebar diameter, and
ld is the bond length.

The relative slip s of the steel bar and UHPC interface was obtained as follows:

s =
s1 + s2

2
(2)

where s1 and s2 are the slip measured by LVDT#1 and LVDT#2, respectively. Free end slip
was measured to eliminate the effect of elastic deformation of the reinforcement.

Bond toughness is a measure of energy dissipation in the process of bond-slip, which
was calculated as the area under the bond-slip curve corresponding to the target slip
as follows:

Ai =
∫ si

0
τds (3)

where si is the target slip, selected as the peak slip, and the slips corresponding to 80% and
50% of the post-peak bond stress.

The peak bond stress τu, peak slip su, peak bond toughness Ap, post-peak bond
toughness A80 and A50 mean the areas under the bond stress-slip curves when post-peak
stress drops to 80% and 50% of the peak bond stress, respectively, are listed in Table 6.
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Table 6. Experimental results.

Specimen τu
(MPa) Mean su

(mm) Mean Ap
(MPa.mm) Mean A80

(MPa.mm) Mean A50
(MPa.mm) Mean Failure

Modes

UD-S02B-6D16C5-P5-1 61.36 63.46 0.52 0.56 23.39 29.45 141.02 138.26 238.40 240.72 PO
UD-S02B-6D16C5-P5-2 61.72 0.61 34.58 143.09 257.13 PO
UD-S02B-6D16C5-P5-3 67.31 0.54 30.37 130.66 226.65 PO

UA-S02B-6D16C5-P5-1 52.72 50.45 0.55 0.53 20.63 23.08 109.46 100.47 214.63 192.66 PO
UA-S02B-6D16C5-P5-2 51.17 0.42 19.43 89.54 183.30 PO
UA-S02B-6D16C5-P5-3 47.44 0.61 29.19 102.41 180.04 PO
UB-S02B-6D16C5-P5-1 60.82 57.21 0.57 0.56 29.29 27.07 122.92 131.42 213.38 236.70 PO
UB-S02B-6D16C5-P5-2 59.61 0.53 27.56 131.70 244.02 PO
UB-S02B-6D16C5-P5-3 51.20 0.57 24.37 139.63 252.70 PO
UC-S02B-6D16C5-P5-1 60.24 61.12 0.55 0.54 28.12 27.71 129.25 132.21 212.37 231.20 PO
UC-S02B-6D16C5-P5-2 64.80 0.53 27.39 128.37 230.00 PO
UC-S02B-6D16C5-P5-3 58.31 0.53 27.63 139.01 251.23 PO

UD-S01B-6D16C5-P5-1 59.48 58.45 0.60 0.56 32.86 29.07 135.03 138.05 223.88 229.08 PO
UD-S01B-6D16C5-P5-2 58.18 0.47 23.36 148.28 249.11 PO
UD-S01B-6D16C5-P5-3 57.69 0.62 30.99 130.85 214.24 PO
UD-S03B-6D16C5-P5-1 74.57 71.71 0.58 0.55 38.48 34.25 149.06 141.09 294.69 273.54 PO
UD-S03B-6D16C5-P5-2 67.92 0.48 26.18 143.51 274.47 PO
UD-S03B-6D16C5-P5-3 72.63 0.60 38.09 130.70 251.46 PO

UD-S02A-6D16C5-P5-1 60.37 58.00 0.56 0.58 27.46 28.82 135.71 136.43 226.62 220.71 PO
UD-S02A-6D16C5-P5-2 58.85 0.68 35.87 127.27 202.79 PO
UD-S02A-6D16C5-P5-3 54.78 0.49 23.13 146.29 232.73 PO
UD-S02C-6D16C5-P5-1 63.23 66.97 0.58 0.57 33.67 30.48 142.19 142.54 245.16 264.08 PO
UD-S02C-6D16C5-P5-2 67.67 0.50 23.52 139.04 261.71 PO
UD-S02C-6D16C5-P5-3 70.00 0.62 34.25 146.38 285.38 PO
UD-H02B-6D16C5-P5-1 62.74 63.47 0.64 0.51 34.80 27.98 138.50 133.05 283.90 258.65 PO
UD-H02B-6D16C5-P5-2 63.33 0.46 25.62 129.01 243.27 PO
UD-H02B-6D16C5-P5-3 64.35 0.42 23.51 131.64 248.78 PO

UD-S02B-6D16C1-P5-1 49.63 50.32 0.40 0.39 17.29 17.01 102.03 94.02 194.66 179.02 PO
UD-S02B-6D16C1-P5-2 54.46 0.43 19.42 85.17 157.38 PO
UD-S02B-6D16C1-P5-3 46.86 0.35 14.31 94.85 185.02 PO
UD-S02B-6D16C2-P5-1 59.79 59.16 0.40 0.44 20.55 22.61 98.98 109.40 187.73 197.50 PO
UD-S02B-6D16C2-P5-2 58.54 0.48 23.67 121.03 204.28 PO
UD-S02B-6D16C2-P5-3 59.14 0.43 23.61 108.20 200.50 PO
UD-S02B-6D16C3-P5-1 60.15 60.73 0.39 0.46 20.09 22.94 120.69 112.88 210.43 206.13 PO
UD-S02B-6D16C3-P5-2 61.36 0.43 20.71 106.01 216.18 PO
UD-S02B-6D16C3-P5-3 60.68 0.55 28.01 111.95 191.77 PO
UD-S02B-6D16C4-P5-1 62.66 63.16 0.45 0.52 22.39 28.72 107.15 115.87 225.69 218.61 PO
UD-S02B-6D16C4-P5-2 67.71 0.60 36.54 128.52 216.01 PO
UD-S02B-6D16C4-P5-3 59.12 0.50 27.22 111.92 214.11 PO

UD-S02B-5D12C5-P5-1 62.85 59.59 0.48 0.51 21.10 23.26 123.47 128.19 204.27 216.46 PO
UD-S02B-5D12C5-P5-2 60.54 0.56 29.48 126.43 226.02 PO
UD-S02B-5D12C5-P5-3 55.38 0.48 19.20 134.68 219.10 PO
UD-S02B-5D16C5-P5-1 59.42 60.42 0.54 0.54 26.16 27.16 135.51 137.82 268.31 270.49 PO
UD-S02B-5D16C5-P5-2 58.51 0.54 26.43 130.40 262.15 PO
UD-S02B-5D16C5-P5-3 63.33 0.55 28.88 147.54 281.00 PO
UD-S02B-5D20C5-P5-1 59.78 58.02 1.31 1.32 70.97 70.28 253.84 256.72 394.06 399.93 PO
UD-S02B-5D20C5-P5-2 57.25 1.34 69.70 261.77 404.21 PO
UD-S02B-5D20C5-P5-3 57.02 1.31 70.18 254.56 401.52 PO
UD-S02B-5D25C5-P5-1 56.06 59.31 1.80 1.92 96.62 103.04 286.18 276.36 478.71 458.97 PO
UD-S02B-5D25C5-P5-2 60.41 1.98 103.95 269.87 441.41 PO
UD-S02B-5D25C5-P5-3 61.46 2.00 108.55 273.02 456.78 PO

UD-S02B-4D16C5-P5-1 57.78 56.85 0.52 0.54 24.71 25.35 165.72 167.97 295.26 293.59 PO
UD-S02B-4D16C5-P5-2 55.58 0.65 30.65 162.79 277.03 PO
UD-S02B-4D16C5-P5-3 57.19 0.44 20.69 175.39 308.49 PO

UD-S02B-6D16C5-P0-1 45.04 43.95 0.47 0.47 15.30 15.78 33.14 44.36 62.03 79.73 SP + PO
UD-S02B-6D16C5-P0-2 47.73 0.43 16.48 57.12 99.32 SP + PO
UD-S02B-6D16C5-P0-3 39.07 0.52 15.57 42.83 77.86 SP + PO

UD-S02B-6D16C5-P2.5-1 54.10 57.40 0.61 0.51 21.54 24.30 94.49 105.60 170.10 186.90 PO
UD-S02B-6D16C5-P2.5-2 57.37 0.48 27.47 115.83 208.87 PO
UD-S02B-6D16C5-P2.5-3 60.72 0.43 23.91 106.47 181.73 PO
UD-S02B-6D16C5-RP0-1 36.88 33.91 0.44 0.45 13.15 12.77 49.55 39.65 92.41 77.04 Cone
UD-S02B-6D16C5-RP0-2 32.26 0.52 14.30 40.67 73.01 Cone
UD-S02B-6D16C5-RP0-3 32.58 0.40 10.86 28.73 65.70 Cone

UD-S02B-6D16C5-RP2.5-1 49.50 54.15 0.55 0.55 25.39 23.78 94.94 94.00 136.41 158.96 PO
UD-S02B-6D16C5-RP2.5-2 55.28 0.57 19.37 86.55 166.65 PO
UD-S02B-6D16C5-RP2.5-3 57.67 0.52 26.58 100.52 173.82 PO
UD-S02B-6D16C5-RP5-1 64.17 63.12 0.44 0.51 22.16 26.62 111.18 123.69 177.08 202.12 PO
UD-S02B-6D16C5-RP5-2 60.73 0.60 30.71 125.76 211.36 PO
UD-S02B-6D16C5-RP5-3 64.45 0.51 27.00 134.13 217.92 PO

Note: PO for pull-out of rebar from the UHPC; SP + PO for combined concrete cover splitting and rebar pull-out;
cone for UHPC cone failure.
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3.2. Failure Mode

Three prevailing types of bond failure can be observed in Figure 6. There were pull-
out failure, splitting + pull-out failure, and concrete cone failure. Because the embedment
length is only two times the bar’s diameter to prevent a rupture of the rebar before pull-out
failure [11], there was no rebar fracture failure in this study. The failure modes of all
specimens are listed in Table 6.

Figure 6. Typical failure modes: (a) pull-out failure; (b) splitting + pull-out failure; (c) cone failure.

For the traditional loading specimens, the ribs of the tensile rebar cut the UHPC around,
resulting in pull-out failure. No cracks were observed on the surface of the specimens, as
shown in Figure 6a. However, when the bonded part closed to the loading end, radial
splitting microcracks were observed on the surface of the specimen near the loading end,
resulting in a slip of rebar followed by splitting of UHPC, as shown in Figure 6b. The
specimens suffered cone failure, and a significant drop in bond resistance occurred for the
revised pull-out specimens when the bonded part was located at the loading end, as shown
in Figure 6c.

3.3. Bond Stress-Slip Curves

The bond-slip curves for steel rebar in UHPC are shown in Figure 7, divided into
three stages: Firstly, the bond stress is gradually transferred from the loading end to the
free end at the beginning of loading. At this stage, all specimens exhibit approximately
linear bond-slip behavior. However, its practical application is restricted because this stage
is limited compared to the entire bond-slip curve. Secondly, the mechanical interlocking
force gradually replaced the chemical bonding force with the load increase. The interface
near the loading end generates local debonding, which progresses to the free end, where
the UHPC between the steel ribs is further squeezed, and sliding occurs. As a result, the
stiffness of the ascending branch diminishes and exhibits nonlinear behavior until the peak
load. Finally, the slip increases rapidly with the decrease in the load until the failure of the
specimen. The resisting force mainly includes friction rather than aggregate interlocking
forces because the UHPC has no coarse aggregate.
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Figure 7. Bond-slip curves of specimens: (a) compressive strength; (b) fiber volume content;
(c) fiber aspect ratio; (d) fiber type; (e) cover thickness; (f) rebar diameter; (g) rebar yield strength;
(h) traditional pull-out test; (i) revised pull-out test.

3.4. The Effects of Parameters on Bond Behavior
3.4.1. Compressive Strength

The influence of compressive strength on the rebar-UHPC bond property is shown in
Figure 8. The most significant factor affecting the bond strength is the concrete compressive
strength. The contribution of concrete to bond strength can be described as a power
of compressive strength (fc0.25~0.75) [35,47]. Based on the test results, an excellent linear
correlation between τu and fc0.5 (R2 = 0.99) was obtained, consistent with Alkaysi and
El-Tawil’s findings [14].

Figure 8b shows that the increase in compressive strength of UHPC improves the bond
toughness. When the compressive strength increased from 98.34 to 139.82 MPa, Ap, A80,
and A50 increased by 27.6%, 37.6%, and 24.9%, respectively.
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Figure 8. Effect of compressive strength on bond performance: (a) bond strength; (b) bond toughness.

3.4.2. Steel Fiber

The influence of steel fiber on rebar-UHPC bond property is shown in Figure 9. The
increase in fiber volume content can significantly improve the bond strength. When the fiber
volume content increased from 1% to 3%, the bond strength increased by 22.7% (Figure 9a).
The reason is that the increase in steel fiber can improve the compressive capacity of UHPC
and inhibit the microcracks in the specimen to enhance the bond performance [48].

The bond strength also increased with the steel fiber aspect ratio. When the aspect
ratio of steel fiber raised from 30 to 100, the bond strength increased by 15.5% (Figure 9b).
The bond strength of the specimens with the hook steel fiber has no significant difference
from the straight steel fiber.

A fiber characteristic factor λf (λf = Vf × Lf/df) was proposed to evaluate the effects
of fiber volume content and aspect ratio [49]. The increase in fiber characteristic factors,
such as fiber volume content or aspect ratio, can improve fiber bridging effectiveness
and, consequently, bond strength [38,50]. The bond strength is plotted against the fiber
characteristic factor λf in Figure 9c. The bond strength and the fiber characteristic factor
have a linear relationship (R2 = 0.82).

As shown in Figure 9d, with fiber volume content from 1% to 3%, the bond toughness
AP, A80, and A50 increased by 17.8%, 2.2%, and 19.4%, respectively. As shown in Figure 9e,
the bond toughness AP, A80 were almost unchanged with the fiber aspect ratio. However,
A50 grew with the fiber aspect ratio. The reason is that the larger fiber aspect ratio plays a
more significant role in preventing microcracks.

3.4.3. Cover Thickness

The influence of cover thickness on the bond performance of rebar-UHPC is shown in
Figure 10. The pull-out failure occurred in all specimens in the concrete cover group. The
bond strength increased by 17.6% when the cover thickness increased from 16 to 32 mm.
After that, the bond strength changed little. Marchand et al. [13] concluded that when the
cover thickness is greater than 4db, its effect on bond strength can be ignored.

The peak slip raised with the increase in the cover thickness. The peak slip increased
by 43.6% when the cover thickness increased from 1db to 5.75db. Wu and Zhao [30] demon-
strated that increasing the cover thickness impacts the ascending branch of the bond-slip
curve, resulting in increased peak slip by evaluating a database of plain concrete. The
rise of Ap, A80, and A50 is 73.1%, 47.1%, and 34.5%, respectively, when the cover thickness
increased from 1db to 5.75db. The reason is that increasing the cover thickness eliminates
circumferential tensile stresses on the concrete surface, prevents the development of micro-
cracks inside the specimen [51], and delays the premature concrete cracking, consequently
improving the bond performance of the rebar-UHPC interface.
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Figure 9. Effect of steel fiber on bond performance: (a) bond strength-fiber volume fraction; (b) bond
strength-fiber type; (c) bond strength-fiber characteristic factor; (d) bond toughness-fiber volume
fraction; (e) bond toughness-fiber type.

Figure 10. Effect of cover thickness on bond performance: (a) bond strength; (b) peak slip;
(c) bond toughness.

3.4.4. Rebar Diameter

The influence of rebar diameter on the bond performance is shown in Figure 11. The
bond strength remained almost unchanged with the rebar diameter, indicating that the size
effect of rebar on bond strength was negligible.
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Figure 11. Effect of rebar diameter on bond performance: (a) bond strength; (b) peak slip;
(c) bond toughness.

The peak slip increased with the rebar diameter. When the rebar diameter increased
from 12 to 25 mm, the peak slip increased by 276.4%. The bond toughness also increased
significantly with the rise of the rebar diameter. The Ap, A80, and A50 of the specimen with
25 mm rebar were 342.9%, 115.6%, and 112.0% higher than the 12 mm rebar, respectively.

3.4.5. Rebar Yield Strength

The influence of the rebar yield strength on the bond behavior is shown in Figure 12.
The bond strength increased with the rebar yield strength, and the HRB400 (fy = 422 MPa)
reinforcement has reached the yield stage. When the rebar yield strength increased from
422 to 680 MPa, the bond strength increased by 11.6%. This shows that the bond strength
is reduced when the reinforcement yields [52]. When the rebar yields, the Poisson effect
induces a radial contraction of the rebar, reducing the external pressure surrounding the
rebar and causing a reduction in the bond strength [53]. However, with the yield strength
of 680 MPa steel bars compared to 422 MPa steel bars, the post-peak toughness of A80 and
A50 was 17.8% and 18.0% lower, respectively.

Figure 12. Effect of rebar yield strength on bond performance: (a) bond strength; (b) bond toughness.

3.4.6. Loading Method and Debonded Length

The influence of the loading method and the debonded length on the bond property
is shown in Figure 13. The formation of compression struts between the support and the
surface of the reinforcing bar due to the support conditions, placing the surrounding concrete
in compression [46]. The additional constraints increase the bond strength for the traditional
pull-out test when the debonded length is less than the bond length (Figure 13a). The revised
pull-out test bonded the reinforcement to the concrete at the loading surface, causing concrete
spalling damage before the bars pull-out failure occurs [54], reducing the bond strength.
UD-S02B-6D16C5-RP0 has 22.8% reduced bond strength compared to UD-S02B-6D16C5-P0.
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When the debonded length was 40 mm (2.5db), the influence of the loading method on the
bond strength was reduced to 6%. The effects of the loading methods on the bond strength
were less than 1% when the debonded length was 84 mm (5.25db).

Figure 13. Effect of loading method and debonded length on bond performance: (a) bond strength;
(b) bond toughness.

In conclusion, when the compressive force is applied to the loading surface at a
distance larger than the bond length (32 mm) to the traditional pull-out test reinforcement,
the desired stress state for the steel and the surrounding UHPC is close to simultaneously
in tension [47]. The impact of the loading methods on the bond strength can be neglected.

The bond toughness of the traditional pull-out test specimens was more significant
than the revised pull-out test specimens, as shown in Figure 13b. Ap, A80, and A50 improved
by 23.6%, 11.9%, and 3.5%, respectively, when the bonded part was located at the loading
surface. Ap, A80, and A50 improved by 2.2%, 12.3%, and 17.6%, respectively, when the
debonded length was 40 mm. Ap, A80, and A50 improved by 10.6%, 11.8%, and 19.1%,
respectively, when the debonded length was 84 mm. According to the findings, the
traditional pull-out test setup provided better energy-absorbing capabilities during the
bond failure process than the revised pull-out test setup.

4. Analytical Model
4.1. Bond Strength Model

The existing bond strength models are reviewed, as listed in Table 7. The calculated
results are compared with the experimental results [11,16,22,24,55,56], as shown in Figure 14.
The existing models underestimate the actual bond strength.

Table 7. Summary of typical bond strength equations (SI units).

Type Reference Equations

NC

Orangun et al. [57] τu =
√

fc
′[0.10 + 0.25(c/db) + 4.15(db/ld) + (Asv fsv/41.5sndb)]

AS3600 [58] τu = 0.265
√

fc
′(c/db + 0.5)

CEB-FIP [35] τu = 2.5
√

fc
′

Zuo and Darwin [59] τu = fc
′1/4

(0.23 + 0.46cmin/db + 14.05db/ld)(0.1cmax/cmin + 0.9)

UHPC
Marchand [13] τu = 0.875

√
fc
′(c/db) c/db ≤ 4 ; τu = 3.9

√
fc
′ c/db ≥ 4

Roy [60] τu = (0.45c/db + 38.5/ld + 0.23Vf ) ft
Sturm [15] τu = (0.0018c + 0.186) fc

′

Note: fc’: compressive strength of concrete cylinder; ft: tensile strength of concrete; c: concrete cover; db: diameter
of bar; ld: embedment length; Asv: area of transverse reinforcement; fsv: yield strength of transverse reinforcement;
s: spacing of transverse reinforcement; n: number of bars developed at the same location; cmax, cmin: maximum
and minimum concrete cover.
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Figure 14. Comparative the calculated bond strength of steel bar in UHPC: (a) the average ratio;
(b) the coefficient of variation.

According to the test results and the existing formula, the main influencing factors
are UHPC compressive strength fc, cover thickness to rebar diameter ratio c/db, and fiber
characteristic factor λf (Vf × Lf/df). Using the least square method, we obtain the bond
strength expression of rebar-UHPC as follows:

τu =
√

fc(0.13c/db + 0.47λ f + 3.91) (4)

The proposed formula fits well with the test results in this paper and the collected
results from previous literature [11,16,22,24,55,56], as shown in Figure 15. The average
ratio of the calculated value to the experimental value is 1.010. The coefficient of variation
is 0.080.

Figure 15. Comparative measured and predicted bond strength of UHPC.

4.2. Bond Stress-Slip Relationship Model
4.2.1. The Peak Slip su

According to the test results, the compressive strength, fiber content, and fiber type of
UHPC have little influence on the peak slip. The cover thickness and rebar diameter are
the significant factors affecting the peak slip. The expression for peak slip is obtained by
regression analysis.

su = 0.04c/db + 0.0036db
2 − 0.569 (5)

where su is the peak slip, c is the concrete cover thickness, db is the rebar diameter.
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The calculated peak slips by Equation (5) are compared with the test results [9,11,24,56,61]
in Figure 16. The average value and coefficient of variation of the predicted value to the
test value are 1.006 and 0.185. Equation (5) provides suitable predictions.

Figure 16. Comparative measured and predicted results: (a) the peak slip su; (b) histogram.

4.2.2. Bond-Slip Relationship Model

According to the test results and the previous literature [11,15], a two-stage local
bond stress-slip constitutive model of rebar-UHPC is proposed, which is in the form of an
exponential function:

Ascending : τ = τu(1− e−s/sr )
a

s ≤ su (6)

Descending : τ = τue−β(s−su) s > su (7)

where τ is the local bond stress, s is the relative slip between rebar and concrete, τu is the
bond strength corresponding to the peak load, and su is the peak slip, which Equation (4)
and Equation (5) determine, respectively. sr, a, and β are obtained by regression analysis of
experimental results.

The characteristic parameters of sr, a, and β in the formula are determined as 0.112,
0.805, and 0.157, respectively, by the least square error method. The statistical results of
fitting coefficients are listed in Table 8. The test results in this paper and performed by
other researchers [11,24,62,63] are compared with analysis models, as shown in Figures 17
and 18, respectively. The proposed model can reasonably predict the bond stress-slip curve
of rebar-UHPC.

Table 8. Statistical results of fitting coefficients.

Coefficient Mean Standard Deviation Coefficient of Variation

sr 0.112 0.034 0.301
α 0.805 0.178 0.221
β 0.157 0.029 0.183
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Figure 17. Comparison of the model predictions with the tested bond-slip curves: (a) UA-S02B-
6D16C5-P5; (b) UB-S02B-6D16C5-P5; (c) UC-S02B-6D16C5-P5; (d) UD-S02B-6D16C5-P5; (e) UD-
S01B-6D16C5-P5; (f) UD-S03B-6D16C5-P5; (g) UD-S02C-6D16C5-P5; (h) UD-H02B-6D16C5-P5;
(i) UD-S02B-6D16C2-P5; (j) UD-S02B-5D16C5-P5; (k) UD-S02B-6D16C5-P2.5; (l) UD-S02B-6D16C5-RP5.
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Figure 18. Comparison of the model predictions with the tested bond-slip curves by other researchers:
(a) U3-16-2d; (b) R16C2L2N6.5-2; (c) R16C2L3N6.5-2; (d) R18C2L1N6.5-2; (e) D16-1.5d-1; (f) D16-2d-1;
(g) 1-2d-1; (h) 3-1d-2; (i) 3-2d-2.

5. Conclusions

Sixty-nine rebar-UHPC pull-out specimens were designed and tested under monotonic
loading. The variables include UHPC compressive strength, steel fiber volume content,
steel fiber types, cover thickness, rebar diameter, yield strength, loading method, and the
debonded length. Based on the results and discussions above, the main conclusions are
as follows:

(1) The UHPC effectively increases the bond strength of the rebars. The bond strength is
linearly related to the square root of UHPC compressive strength in MPa;

(2) Increasing the fiber volume content and aspect ratio can increase the bond strength.
A fiber characteristic factor λf (λf =Vf × Lf/df) is used to evaluate the effects of fiber
volume content and aspect ratio. The bond strength of the specimens with the hook
steel fiber has no significant difference from the straight steel fiber;
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(3) As the cover thickness increases from 1db to 2db, the bond strength increases by 17.6%.
The bond strength remains unchanged when the cover thickness is greater than 2db.
The peak slip increases by 43.6% when the cover thickness changes from 1db to 5.75db;

(4) The influence of rebar diameter on bond strength is negligible since bond strength
remains almost constant as rebar diameter increases. When the rebar diameter raises
from 12 to 25 mm, the peak slips improve by 276.4%. The bond strength increases
with the rebar grade;

(5) The impact of the loading methods on the bond strength can be neglected when the
debonded length is greater than the bond length;

(6) A simplified bond strength formula is suggested, fitting well with the test results in
this paper and the collected results from previous literature. The average ratio of the
calculated value to the experimental value is 1.010, with the coefficient of variation
being 0.080. The peak slip expression is developed for the rebar-UHPC interface,
which has significant consequences for cover thickness and rebar diameter;

(7) A two-branch bond stress-slip constitutive model is proposed to describe the bond
behavior of rebar in UHPC. The predicted bond-slip curves are in suitable agreement
with the test curves.
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