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Abstract: To study the bond-slip behavior of steel-steel fiber recycled aggregate concrete, push-out
tests of 16 specimens were carried out using steel fiber volume ratio, steel fiber aspect ratio, steel
protective layer thickness and steel embedded length as the design parameters. In addition, the crack
patterns, steel strain distribution, and load-slip curves were studied, in addition to the bond strengths
of the interface between the steel-steel fiber and recycled aggregate concrete. The results showed
that the fracture cracks of the specimens mainly included bond cracks and expansion cracks. For the
load increase stage, the maximum strain of the steel flange was near the loading end of the steel and
decreased toward the free end, while the strain changed linearly for the load descending stage. The
bond-slip process between the steel-steel fiber and recycled aggregate concrete included five stages,
which consisted of slight-slip, slow-slip, accelerated-slip, the sharp-slip and load-steep-drop stage,
and gentle-slip stage. Additionally, the influencing factors of bond strength were analyzed, where
the bond strength increased first and then decreased with increasing steel fiber volume and steel
fiber aspect ratios, and the bond strength increased with increasing steel protective layer thickness.
The ultimate bond strength decreased slightly with increasing steel embedded length. Finally, the
equation for calculating the characteristic bond strength of the steel-steel fiber recycled aggregate
concrete was established, which showed that the calculation results were in good agreement with the
test results.

Keywords: steel-reinforced concrete; steel fiber recycled aggregate concrete; bond failure; bond strength

1. Introduction

The proposition of using recycled concrete could realize the recycling and utiliza-
tion of construction waste, meeting the requirements of green energy and sustainable
development [1-3]. However, recycled concrete [4] has not been widely used due to its dis-
advantages of low strength and easy cracking [5-7]. Studies have shown that the addition
of steel fibers can significantly improve the performance of recycled concrete, effectively
enhancing the strength, toughness, and crack resistance of recycled concrete [8-11].

As a new type of composite structure, steel-steel fiber recycled concrete structures
not only have characteristics of a high bearing capacity and good seismic performance of
ordinary steel-concrete structures [12,13], but can also reduce the exploitation of natural ag-
gregate, offering good prospects for development and applications. Currently, some studies
have been conducted on steel-steel fiber recycled concrete structures worldwide [14,15].
Wau et al. [16] studied the flexural performance of steel fiber—concrete composite beams by
completely or partially replacing the steel cages in the beams with steel fibers. Wang [17]
studied the seismic performance of steel fiber-steel concrete beam—column composites
under low cyclic loads, and Xiao [18] studied the seismic performance of steel fiber—steel
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ultra-high-strength concrete short columns. In summary, current studies on steel-steel fiber
recycled concrete structures have mainly focused on the flexural performance of beams
and the seismic performance of beam-column composites; however, few studies have been
conducted on the bond-slip performance between the interfaces [19-21].

Existing studies [22-24] have shown that the bonds between the interface of the
section steel and concrete were the basis for the synergistic action of the section steel
and concrete, directly affecting the bearing capacity and failure status of steel-reinforced
concrete structures [25,26]. Therefore, research on the bond-slip behavior of the interface
between the steel and steel fiber recycled concrete has been the premise of structural
theoretical research and engineering applications of steel fiber recycled concrete. Thus, in
this work, we designed 16 one-way push-out specimens and investigated the bond-slip
performance of the steel and steel fiber recycled concrete interface, and assessed different
steel fiber volume ratios, steel fiber aspect ratios, and steel protective layer thicknesses and
embedded lengths, to provide a reference for future applications and development.

2. Experimental Program
2.1. Test Materials

The cement used in this work adopts Qinling brand PC42.5R ordinary Portland
cement; the river sand is medium sand with a fineness modulus of 2.8. The particle size,
apparent density, and crushing index of the recycled coarse aggregate were 5-25 mm,
2500 kg/m3, and 13.2%, respectively. The composite I-steel consisted of two 18-channel
steel and two 6 mm thick steel plates bonded with epoxy resin. The longitudinal and
hooped reinforcements consisted of 16 ribbed steel bars and 6 smooth round steel bars.
The mixture designs of the recycled concrete and steel fiber parameters are shown in
Tables 1 and 2, and the recycled aggregate and steel fibers are shown in Figure 1. The
average compressive strength of the recycled concrete was f, = 39.2 MPa at 28 days, and
the mechanical properties of the recycled aggregate and steel are shown in Tables 3 and 4.

Table 1. Mixture design.

Strength Grade of the Concrete

Material Utilization Amount (kg/m®)

Cement Sand Ratio Recycled Aggregate Sand
409.053 34% 1195.198 615.764
C40 Water Water reducing admixture Added water Water—cement ratio
175.893 4.091 57.370 0.43
Table 2. Steel fiber parameters.
Product Nominal Tensile Strength
Name Model Diameter D/mm Rin/(N/mm?) Length L/mm
3D 60/35BG 0.58 1345 35
DRAMIX 3D 60/60BG 1.00 1160 60
STEEL FIBRE 3D 80/50BG 0.62 1270 50
3D 100/60BG 0.62 1270 60
Table 3. Physical properties of recycled aggregate.
Sizef Apparent Bulk Crush Water Void Ratio/% Mud N gft}ll ke  Sturdiness/%
1ze/mm Density kg/m? Density kg/m? Indicator/% Absorption/% o1d Ratio/7o Content/% g(e;ntznt/?’/oe urdiness/vo
5-25 2500 1200 13.2 3.8 52 0.8 0.14 5.1
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Figure 1. Experiment materials. (a) Recycled aggregate. (b) Steel fibers.

Table 4. Mechanical properties of the steel.

Category fy/MPa fu/MPa Es/MPa

Channel steel flange 275 420 2.07 x 10°
Channel steel web 335 440 2.08 x 10°

Steel plate 300 420 2.05 x 10°
Longitudinal reinforcement 440 615 2.12 x 10°
Horizontal hooped reinforcement 380 540 2.02 x 10°

2.2. Specimen Design

In this experiment, 14 steel-steel fiber recycled concrete push-out specimens and
2 contrast push-out specimens without steel fibers were designed. The detailed designs of
the specimens are shown in Table 5, and the detailed sizes of the specimens are shown in
Figure 2.

Table 5. Detailed design parameters of the specimens.

Section Steel

Steel Fiber Volume Length Diameter Ratio .
Protective Layer

Specimen Number Embedded Length of

Ratio /% of Steel Fiber L/D Thickness Cog/mm Section Steel Le/mm

SRCO01 0.0 0 55 700

SRRC02 0.0 0 55 700
S-SFRAC03 0.4 60 55 700
S-SFRAC04 0.8 60 55 700
S-SFRAC05 12 60 55 700
S-SFRAC06 1.6 60 55 700
S-SFRACO07 0.8 60 55 700
S-SFRACO08 0.8 80 55 700
S-SFRAC09 0.8 100 55 700
S-SFRAC10 0.8 60 65 700
S-SFRACI11 0.8 60 75 700
S-SFRAC12 0.8 60 85 700
S-SFRAC13 0.8 60 55 500
S-SFRAC14 0.8 60 55 550
S-SFRAC15 0.8 60 55 600
S-SFRAC16 0.8 60 55 650

Note: (60) indicates that the aspect ratio was also 60, with a different length and nominal diameter.



Buildings 2022, 12, 823

40f19

SS

4
S IS
.
& —_
Q
.
.
P
.

192

|

|

|
Seefor L7 i
/\ }
|

|

CSS

Figure 2. Test specimen size.

2.3. Instrumentation

In the experiment, grooves were milled on the steel plate and channel steel, and strain
gauges were arranged in the grooves at a certain distance, in order to measure the surface
strain of the section steel, obtain the surface strain distribution of the section steel, and
further obtain the bond stress distribution of the interface between the section steel and steel
fiber recycled concrete. The position of the strain gauge is shown in Figure 3 (unit: mm).

140
B

z L] n iR ju:;
< The strain gauge ﬁ

’ The strain gauge

110 |40]40] 60 | 60 | (L-420)The strain gauge 2-3 | 110
L (800, 750, 700, 650)

Figure 3. Strain gauge position.

2.4. Loading Scheme

The push-out test for the section steel-steel fiber recycled concrete specimens was
carried out on a 5000 kN pressure test machine located at the Key Laboratory of Structural
Engineering and Seismic Engineering of the Ministry of Education, Xi’an University of
Architecture and Technology. The loading device is shown in Figure 4. A displacement-
controlled monotonic loading scheme was applied with a loading rate of 0.2 mm/min.
The lower end of the specimen was in contact with the test bench through the steel pad
block, and the upper end of the section was fixed with the pressure testing machine. When
loading, the upper end of the section consisted of the loading end of the section while
the lower end was the free end. Loading was stopped when there was obvious slippage
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between the steel and the steel fiber recycled concrete or obvious spalling and local failure
of the steel fiber recycled concrete occurred during the loading process.
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Figure 4. Loading device. (a) Laboratory loading. (b) Load schematic.

3. Results of Push-Out Tests
3.1. Crack Morphology of the Specimens
3.1.1. Crack Morphology at the Loading End of the Section Steel

The crack morphology at the loading end of steel specimens is shown in Figures 5-7.

The main crack types could be divided into expansion and bonding cracks, which were
described as follows.

@

@)

®)

We observed cracks along the plane direction of the steel web at the flanges of all
specimens; however, the locations of the cracks were different, and for most of the
specimens they appeared in the middle of the steel flange. These cracks were con-
nected with the cracks on the sides of the specimens, forming main failure cracks on
the specimen sides. As shown in Figure 5, the cracks in specimens S-SFRAC12 and
S-Sfracl4 did not reach the flanges of the steel sections when loading was stopped.
Thus, we determined that these cracks were expansion cracks, which developed from
the edges of the specimen to the internal steel section.

In all specimens, we observed cracks at the limb tip on both sides of the steel flanges,
extending roughly to the edges of the specimen at a 45-degree angle, as shown in
Figure 6. When these cracks reached the edges of the specimens, they were almost
vertical to the specimen edge. During the later stages of loading, most of these cracks
extended to the sides of the specimens, and some cracks did not extend to the edges
of the specimens at the end of loading in SRRC02, S-SFRAC04, 08, 09, 11, and 15.
This type of cracking was produced by the bonding between the steel and steel fiber
recycled concrete interface under loading, which developed from the inside of the
specimen to the surface and consisted of a bonding crack.

For S-SFRACO05 and S-SFRAC13, cracks only appeared on one side; however, for
S-SFRACO08 and S-SFRACO09, cracks were found at the flanged extremity tips along
the flat sides of the flanges, but they did not extend to the edges of the specimens. The
two cracks that formed are shown in Figure 7.
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Figure 7. Other cracks morphologies. (a) S-SFRACO05. (b) S-SFRAC13. (c) S-SFRACO08. (d) S-SFRAC09.
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3.1.2. Side Crack Morphology

Figure 8 shows the side cracks of the four specimens. Specimens S-SFRAC04, 09, 12,
and 16 were one of the specimens whose design parameters are steel fiber volume ratio,
steel fiber aspect ratio, section steel protective layer thickness, and section steel embedded
length. We found that the cracks were focused near the central axis of the steel flange
side. In addition, a through-crack and a few longer cracks extended to both ends of the
specimens. The cracks that were located in the middle of the steel flange connected into a
main crack at the loading end and side; however, the cracks on both the steel flange tips did
not extend to the side, or only extended a short distance. Considering the crack phenomena
at the loading end of the section steel, these longitudinal main cracks on the sides of the
specimens were mostly caused by expansion cracking of the steel fiber recycled concrete.

Figure 8. Cracks in the side of the specimen. (a) S-SFRACO04. (b) S-SFRACO09. (c) S-SFRAC12.
(d) S-SFRACT6.

Figure 9 shows two typical lateral crack patterns, Figure 9a shows a single long-pass
crack, and Figure 9b shows multiple oblique cracks. The development of these two types
of typical lateral cracks at different times occurred as follows.

As shown in Figure 9a, the ultimate load of the S-SFRAC15 specimen was 793.27 kN,
where numbers (D, @), @), and (@ represent the crack states of Py (S = 0.45 mm), 47%P,
(S =4.5 mm), 44%P, (S = 8.5 mm), and 43%P, (S = 13 mm), respectively. Under loading,
the specimen formed long cracks (represented by no (D) primarily at the upper and lower
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ends of the sides. Before crack connection, the cracks continued to expand under loading,
and finally the cracks at the upper and lower ends connected at crack 2). When loading
continued, new cracks (3) and (@ appeared on the sides. These cracks slowly developed
until the end of loading but did not connect.
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o) © 2

— =1

==
|
~

@1

@ 3 iR
7 I e [
//////////////////////; NEANESS ~~ 1D

s
S
1

\

>
/
5
o

N\
M~ _/\\/@7

s

(a)

Specimen north surface Specimen top surface  Specimen south surface

(©) ©)

11 N g

==
=
&)
S\

/
Q
A
o 1y
il
/1]

)

IS
o
\
©
A
\

1
o/

m e
| g~ | L] 1 P

=
|_syss
)
[\

(b)
Figure 9. Typical side cracks in the specimens. (a) S-SFRAC15. (b) S-SFRACOS.

As shown in Figure 9b, the ultimate load of S-SFRAC08 was 770.96 kN. When the
load reached 70%Py (S = 0.22 mm), crack (D) appeared at both ends of the specimen sides,
developing roughly along the central axis of the side. When the load reached the ultimate
load value Py (S = 0.48 mm), many oblique cracks (@) formed. These oblique cracks did not
connect; however, their ends were close to each other and were distributed near the central
axis of the side. After continued loading, the cracks showed slow downward development,
but did not connect until the end of loading. When loading reached 62%P,, (S = 5.1 mm)
and 60%Py (S = 10.1 mm) kN, new cracks 3) and (9 appeared at the other positions on the
sides, respectively.

As shown in Figure 10, there were many branch cracks near the main cracks in
specimens S-SFRAC06 and S-SFRACI10. In addition, crack development of the specimens
with steel fibers was slightly slower than the specimens without steel fibers, mainly because
the deformation energy released after the occurrence of microcracks was first used for
steel fiber debonding, instead of supporting continued crack growth, thus delaying the
cracking process.

Figure 10. Branch cracks. (a) S-SFRAC06. (b) S-SFRRACI10.
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3.2. Distributions of Strain and Bond Stress in the Steel Sections

Figure 11 shows the strain distributions in the flanges of the four specimens, indicating
that the strain distributions at the flanges of the sections under increasing load were
consistent with the changes in load, where the strain reached its maximum near the loading
end of the section, and gradually decreased from there to the free end, while the slope of
the strain distribution curve decreased gradually. The strain distributions of the section
steel flanges in the loading drop section changed in an oblique straight line.
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Figure 11. Section steel flange strain distribution. (a) Load increase section. (b) Load decrease section.

According to the variations in the steel flange strain curves in the loading rising
section, the negative exponential function could be used to fit the strain distributions of
each specimen steel flange under the various loading values, and the fitting equation was
as follows:

e(x) = 7£maxe*k1x, (1)

where &(x) is the strain value at any point along the embedded length of the section steel, ¢
is the strain correction coefficient, emax is the local maximum strain value at the loading
end of the specimen, and k is the characteristic value of the strain index of the section steel
in the load increase section, which could be obtained by fitting the strain distribution curve
of the section steel.
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According to mechanical theory, the bonding stress on the surface of the section steel

could be deduced by

Asdoy,  As . dey
T(x) = e = By 2
where E; is the elastic modulus of the steel, do, and de, denote the increase in stress and
strain on the cross-section of the section along the embedded length range, respectively, and
ox, As, and u denote the average stress, cross-sectional area, and perimeter of the contact
part between the cross-section and concrete, respectively.

For the load increase stage, the strain distribution of the section steel flange under the
various loading values in Figure 11a was fitted with Equation (1), and then substituted
into Equation (2) to obtain the bond stress distribution of the section steel flange for each
specimen; the results are shown in Figure 12. As shown in the figure, the distribution of
bond stresses at the flanges of the four specimens was similar to the strain, in which the
peak bond stress values were 4.57 MPa (SRRC02) and 3.63 MPa (S-Sfrac06). Although the
peak value of SRRCO02 was large, the bond stress curve decreased more rapidly, and the
distribution of bond stress was more uneven along the embedded length of the section steel.
For the load decrease stage, because the strain distribution of the section steel flange was
basically linear, the bond stress obtained by linear fitting had a certain value inserted into
Equation (2); thus, the bond stress was evenly distributed along the section steel flange.
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Figure 12. Bond stress distributions at the steel flanges in the load increase section.
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3.3. Load-Slip Curves of the Specimens

Figure 13 shows the P-S curves for the load value and slip of the loading and free ends
of each specimen, depicting the development of side cracks in the specimens at different
loading times. We found that the variation rules of all curves were basically the same, and
the load-slip curves of loading and free ends could be divided into ascending, descending,
and smoothing stages. Relative slip was observed at the loading end before it occurred
at the free end. For the loading end, the load value at initial slip was smaller than at the
smoothing stage, and the increasing stage of the load—slip curve for the free end was very
short. When the ultimate load was reached, a slip difference AS was found between the
loading end and the free end. Both the loading and free ends of the descending stage of the
curve showed a stage of rapid load decline, and the decline rate gradually slowed down,
while the slip difference AS between them gradually decreased. After a certain amount of
time in the smooth stage of the curve, the two basically slipped synchronously, and AS was
constant. For specimens S-SFRAC09 and S-SFRAC13, large overall slip occurred again after
the load increased during the descending stage.
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Figure 13. P-S curves of the test specimens. (a) SRCO1. (b) SRCO02. (c) S-SFRACO03. (d) S-SFRAC04.
(e) S-SFRACO05. (f) S-SFRACO06. (g) S-SFRACO07. (h) S-SFRACO08. (i) S-SFRACO09. (j) S-SFRAC10.
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4. Comparative Analysis of the Push-out Test Results
4.1. Load-Slip Curve Analysis

According to the characteristics of the load-slip curves at the loading and free ends,

the entire process of bond slip could be divided into five slip stages, namely, the slight-slip
stage, slow-slip stage, accelerated-slip stage, steep-slip and load-drop stage, and gentle-slip
stage. The four characteristic loads were defined as the initial slip load at the loading end,
initial slip load at the free end, ultimate load, and residual load, as described by the model
shown in Figure 14.
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For the slight-slip stage (OA section), during the initial stage of loading, the load was
very small, and elastic deformation of the loading end, free-end steel, and steel fiber
recycled concrete was not compatible, resulting in minimal relative slip. At this stage,
the chemical cementing force of the contact interface between the steel and steel fiber
recycled concrete at the loading end gradually increased until the displacement meter
at the loading end showed a non-zero reading (0.01 mm), and the load at this time
was defined as the initial sliding load Py at the loading end.

For the slow-slip stage (AA’ section), when the initial slip occurred at the loading end,
within a certain load range, the slip increment of the loading end was the same as the
load. The added value was almost proportional, indicating the performance of slow
infiltration and the accumulation of bonding. When the load increased to initial slip
at the free end, the load could be defined as the initial slip load P at the free end.
For the accelerated-slip stage (A’B section), when the load reached the initial slip load
of the free end, most of the chemical bonding force within the embedded length of the
section steel was lost, and the ends and sides of the specimen contained tiny cracks.
Then, as the load increased, the crack width increased, and the constraint effect of the
steel fiber recycled concrete on the steel was weakened, and the slip of the loading
end was accelerated until the load reached the ultimate load Py. During this process,
although the frictional resistance and mechanical bite force increased, the increase
rate was less than the decrease rate of the chemical bonding force, and the load-slip
curve presented an obvious convex shape.

For the sharp-slip and load-steep-drop stage (BC section), the chemical cementing
force that provided bonding failed as a whole, resulting in reduced bonding, the
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load dropped rapidly, and the loading and free ends slipped sharply. Afterward,
the friction resistance and mechanical bite force of the contact interface were mainly
provided by the bonding effect. The cracking of the steel fiber recycled concrete
continued to be affected by the bonding effect, and cracks developed slowly. When
slip developed to a certain extent, the steel fiber recycled concrete surface layer that
was in contact with the section steel formed a stable failure mode due to sliding wear.
At this time, the mechanical bite force quitted, and the load at this time was defined
as the residual load P;.

(5) For the gentle-slip stage (CD section), when the load reached the residual load P,
the load was essentially stable, and the loading and free ends slipped synchronously.
Then, cracks in the steel fiber recycled concrete slowly developed, and bonding
between the steel and steel fiber recycled concrete interface was only provided by
friction resistance, with a stable development stage of bond slip.

4.2. Definition of Characteristic Bond Strength

The average bond stress could be defined as the average value of the load on the
contact interface area of the steel-steel fiber recycled concrete, namely,

p
T= CfLe, (3)
where T is the average bonding stress, P is the load value, L. is the embedded length of the
steel section, and C is the perimeter of the steel section.

In addition, the average bonding stress corresponding to load P could be defined
as the bonding strength of the steel-steel fiber recycled concrete; thus, the characteristic
bonding strengths of Py, Py, Py, and Py could be obtained, including the loading end initial
bond strength T, free end slip sliding bond strength T; fr ultimate bond strength T, and
residual strength T,. The test results of characteristic load and corresponding characteristic
bond strength are shown in Table 6.

Table 6. Characteristic loads and bonding strengths.

Initial Slip State Initial Slip State . .

Specimen of the Load}i)ng End of the Frei End Ultimate State Residual State

Number - - — -

Py /kN T4/MPa Py/kN T4/MPa Py/kN To/MPa P,/kN 7./MPa

SRCO01 294.60 0.478 566.40 0.919 834.04 1.354 380.35 0.617

SRRC02 202.45 0.329 486.40 0.790 668.23 1.085 386.52 0.627
S-SFRACO03 262.15 0.426 424.10 0.689 747 .58 1.214 480.28 0.780
S-SFRAC04 249.88 0.406 537.68 0.873 839.88 1.364 488.45 0.792
S-SFRACO05 587.25 0.954 459.70 0.747 825.68 1.341 542.30 0.880
S-SFRAC06 145.15 0.236 492.05 0.799 803.90 1.305 520.35 0.844
S-SFRACO07 200.25 0.325 584.80 0.950 879.67 1.428 520.27 0.844
S-SFRACO08 237.00 0.385 386.60 0.628 770.96 1.252 513.30 0.833
S-SFRAC09 207.90 0.337 480.15 0.780 747.49 1.214 528.24 0.857
S-SFRAC10 289.00 0.469 494.70 0.803 927.67 1.506 500.10 0.812
S-SFRAC11 330.80 0.537 533.55 0.867 989.49 1.607 544.75 0.884
S-SFRAC12 388.50 0.635 527.35 0.856 1058.24 1.718 612.40 0.994
S-SFRAC13 168.55 0.383 335.65 0.763 431.37 0.981 316.52 0.716
S-SFRAC14 226.85 0.469 365.55 0.755 693.87 1.434 371.20 0.767
S-SFRAC15 250.40 0.474 428.80 0.812 793.27 1.503 385.85 0.730
S-SFRAC16 273.65 0.479 557.70 0.976 794.94 1.390 446.25 0.780

Figure 15 shows the distribution of characteristic bond strengths of each specimen.
According to the figure, the ultimate bond strength and residual bond strength of each
specimen (except specimen S-Sfrac13) were all greater than the SRRCO02 specimen after
steel fibers were added to the recycled steel concrete. This showed that the ultimate bond
strength and residual bond strength of the steel fibers obviously increased. However, the
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effects of steel fibers on the initial slip bond strength were difficult to observe and thus
call for further discussion. Meanwhile, as shown by the distribution of the ultimate bond
strength and residual bond strength, the ultimate bond strength of certain specimens and
the residual bond strengths of all specimens exceeded SRCO01, indicating that the bond
strength of the interface between the steel and steel fiber recycled concrete could reach the
bond strength of ordinary steel concrete.

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

SRCO1 * S-SFRAC09
SRRCO02 * S-SFRAC10
S-SFRAC03 @ S-SFRACI11
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Figure 15. Distribution diagram showing the characteristic bond strengths of each specimen.

4.3. Analysis of the Influencing Factors of Bond Strength
4.3.1. Volume Ratio of Steel Fibers

As shown in Figure 16, with increasing volume ratio of steel fiber, the initial slip bond
strength, ultimate bond strength, and residual bond strength at the loading end increased
first and then decreased, while the initial slip bonds in the recycled concrete matrix played a
bridging role among the various components. These could effectively hinder the expansion
of microcracks in the recycled concrete and delay the formation of macrocracks, playing a
role in strengthening the recycled concrete, as well as cracking resistance and toughening.
However, when the volume ratio of the steel fibers was too large, full contact between the
cement mortar and aggregate was blocked; thus, the binding force between the two was
reduced, and the strengthening effect of the steel fibers was reduced. According to the
experimental results, the enhancement effect of the steel fibers was better in the range of
0.8-1.2% volume ratio.

35F T X I ™ 3.5
=272 +127x-0.57x% R?=0.95
30f Y 13.0
o
S
A 251 y = 1.60 +0.90x - 0.35x%, R* = 0.92 125
g ° v
= 2.0t v v . °42.0
> o
c
£ 15¢ 11.5
(7]
he]
< m
S 10f 11.0
~ y =0.85+0.68x - 0.53x%, R*=0.98
0.5 W initial slip bond strength at the loading end 4 ultimate bond strength 105
® initial slip bond strength at the freeend ¥ residual bondstrength
0.0 0.0

0.0 0.4 0.8 1.2 1.6
(SRRC02)  (S-SFRAC03) (S-SFRAC04) (S-SFRACO5) (S-SFRACO6)
Volume ratio of steel fibersh /%

Figure 16. Relationship between the bond strength and volume ratio of the steel fibers.
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4.3.2. Length-to-Diameter Ratio of the Steel Fibers

As shown in Figure 17, when the aspect ratio of the steel fibers increased, the initial
slip bond strength and ultimate bond strength at the loading ends both increased first
and then decreased, while the residual bond strength increased slightly, and the initial
slip bond strength at the free ends did not change significantly. With fine cracks in the
recycled concrete, the steel fibers on both sides of the cracks were pulled out. Due to the
bonds between the steel fibers and recycled concrete matrix, the development of cracks and
damage to the recycled concrete was delayed, and the bond performance of the steel and
recycled concrete was enhanced. When the length-to-diameter ratio of the steel fiber was
large, the long steel fibers affected the uniform mixing of the recycled concrete, or the steel
fibers were bent during mixing. Thus, the strengthening effect of the steel fibers did not
occur, and the bond strength of the section steel-steel fiber recycled concrete was reduced.

T T T T T T
35} A 13.5
2 B2 _ A A

3.0k y=2.75+0.02x - 1.91x%, R =0.91 13.0
o
2
X 25¢ 125
= .
= 20} e 120
B
£ 15} y=1.558+0.01 x-3.93x%, R?=0.99  ° 115
(7]
o
c
guop  —————=——a 410
~ y = 0.83 + 0.008x - 7.64x%, R? = 0.99

05§ initial slip bond strength at the loading end A ultimate bond strength 105

F initial slip bond strength at the freeend v residual bond strength
0.0 : : : : +10.0
0 20 40 60 80 100
(SRRCO02) (S-SFRACO04) (S-SFRACO08)(S-SFRAC09)

Length-to-diameter ratio of the steel fibersL /D
Figure 17. Relationship between bond strength and length-diameter ratio of the steel fiber.

4.3.3. Protective Layer Thickness of the Steel Section

The influence of the thickness of the protective layer on the bond properties of the
steel was assessed, as the steel fiber recycled concrete was mainly realized through the
restraint of the protective layer on the transverse deformation of the steel. As shown in
Figure 18, within a thickness range of the steel section protective layer set in this test, the
greater the thickness of the protective layer, the stronger the constraint effect on the steel
section. The initial slip bond strength, ultimate bond strength, and residual bond strength
at the loading end of the specimen were all larger and showed a linear increase, while the
initial slip bond strength of the free end did not change significantly.

4.3.4. Embedment Length of the Steel Section

As shown in Figure 19, the ultimate bond strength between the steel and steel fiber
recycled concrete interface decreased with increasing embedded length of the steel, while
the residual bond strength increased slightly. The initial slip bond strength of the free end
tended to increase, while the increase or decrease effects of the initial slip bond strength
of the loading end were not obvious. Thus, the larger the embedded length of the steel,
the larger the bond area of the steel-steel fiber recycled concrete, and the corresponding
bond force was also larger. However, the stress distribution on the bond interface was less
uniform, the high-stress zone was shorter, the low-stress zone was longer, and the ultimate
bond strength showed a decreasing trend. In the residual stage, bonding between the steel
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and steel fiber recycled concrete was distributed evenly along the contact interface; thus,
the bond strength was minimally affected by the embedded length of the steel.

4.5 — . 4.5
4.0+ 14.0
=1. +0. 2-0.
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< ° L °
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§ 1.0+ y=-0.0427 + 0.0193x,R? = 0.99 11.0
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Protective layer thickness of the steel section C, / mm

Figure 18. Relationship between the bond strength and thickness of the section steel protection layer.
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Figure 19. Relationship between bond strength and embedded length of section steel.

4.4. Calculation Equation for the Characteristic Bond Strength

According to the effects of the above factors on the initial slip bond strength T at the
loading end, the initial slip bond strength T at the free end, the ultimate bond strength
Ty, and the residual bond strength T;, 14 specimens (excluding SRC01 and S-Sfrac07) were
deduced and fitted to establish the characteristic bond strength calculation equation. The
test and calculation results of the characteristic bond strength of each specimen are shown
in Table 7. The calculation results showed that the established characteristic bond strength
calculation equation were consistent with the changing trends of the test results and the
values were similar, meeting the calculation requirements.
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Table 7. The experimental results of the characteristic bond strength compared with the calculated results.

Initial Slip State

Specimen of the Loading End Initial Slip State of the Free End Ultimate State Residual State
No. - —e - —e - —e - —e - —e — —e - —e — —e
Ts/MPa Tg4/MPa TalTg Tss/MPa T/MPa Tof Tyg Ty/MPa 7,/MPa Tol Ty 7./MPa 7,./MPa T /T
SRRC02 0.329 0.330 0.997 0.790 0.799 0.989 1.085 1.087 0.998 0.627 0.626 1.002
S-SFRACO03 0.426 0.425 1.002 0.689 0.698 0.987 1.214 1.219 0.996 0.780 0.764 1.009
S-SFRAC04 0.406 0.437 0.929 0.873 0.821 1.063 1.364 1.352 1.009 0.792 0.798 0.992
S-SFRACO05 0.954 _ —_— 0.747 0.844 0.885 1.341 1.376 0.975 0.880 0.830 1.060
S-SFRACO06 0.236 0.237 0.996 0.799 0.765 1.044 1.305 1.291 1.011 0.844 0.860 0.981
S-SFRACO08 0.385 0.397 0.970 0.628 0.762 0.824 1.252 1.284 0.975 0.833 0.829 1.005
S-SFRAC09 0.337 0.335 1.006 0.780 0.728 1.071 1.214 1.200 1.012 0.857 0.858 0.999
S-SFRAC10 0.469 0.497 0.944 0.803 0.834 0.963 1.506 1.477 1.020 0.812 0.853 0.952
S-SFRAC11 0.537 0.556 0.966 0.867 0.847 1.024 1.607 1.603 1.002 0.884 0.908 0.974
S-SFRAC12 0.635 0.615 1.033 0.856 0.860 0.995 1.718 1.729 0.994 0.994 0.963 1.032
S-SFRAC13 0.383 0.438 0.874 0.763 0.783 0.974 0.981 _— —_ 0.716 0.720 0.994
S-SFRAC14 0.469 0.438 1.071 0.755 0.792 0.979 1.434 1.477 0.971 0.767 0.740 1.036
S-SFRAC15 0.474 0.438 1.082 0.812 0.802 1.012 1.503 1.435 1.047 0.730 0.759 0.962
S-SFRAC16 0.479 0.438 1.094 0.976 0.812 1.202 1.390 1.394 0.997 0.780 0.779 1.001

Error analysis Mean value 1.074 Mean value 1.001 Mean value 1.001 Mean value 1.000
Yy Standard deviation 0.246 Standard deviation 0.087 Standard deviation 0.021 Standard deviation 0.029

Note: superscript E represents the calculated fitting value.
(1) The initial slip bond strength at the loading end was given by

T = 0.0001(1.3 + 79.41 — 59.75% + 0.45L/D — 0.0069(L/D)* +495.2Css /d + 48.2Le /d) fou  (4)

(2) The initial slip bond strength of the free end was given by

Ty = 0.0001(151.1 + 175.75 — 80.7% — 1.9L/D — 0.0079(L/D)? + 63.4Css /d + 9.5Le /d) feu  (5)

(3) The ultimate bond strength was given by

Ty = 0.0001(249.7 + 188.17 — 86.442 — 0.2L/D — 0.0051(L/D)? + 615.3Css /d — 40.8Le /d) feu  (6)

(4) The residual interface bond strength was given by

Ty = 0.0001(13.4 + 24.457 — 2.04> + 0.5L/D — 0.0005(L/D)* +269.2Css /d + 19.0Le /d) feu  (7)

5. Conclusions

In this study, 14 steel-steel fiber recycled concrete push-out specimens and two contrast
push-out specimens were fabricated to study the bond slip performance of the interface
between steel-steel fiber recycled concrete, and the following conclusions were drawn.

(1) The failure cracks of the specimen mainly included bonding cracks and expansion
cracks, while the side cracks of the specimens mainly consisted of vertical through-
cracks and oblique cracks.

(2) In the load increase stage, the flange strain was the largest near the loading end of
the section, and gradually decreased toward the free end, and the slope of the strain
distribution curve gradually decreased.

(3) The load-slip curve of the specimens could be divided into five slip stages, namely,
the slight-slip stage, slow-slip stage, accelerated-slip stage, sharp-slip and load-drop
stage, and gentle-slip stage.

(4) Based on the analysis of the influencing factors of bond strength, the optimal volume
ratio range of the steel fibers was 0.8-1.2%. The established equation for calculating
the characteristic bond strength of the section steel-steel fiber recycled concrete,
considering multiple factors, had a good fitting effect.
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