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Abstract: The integration of steel fibers into high-strength concrete (HSC) offers a solution to address the
brittleness and limited ductility typically associated with conventional HSC structures. To investigate
the bonding properties between shaped steel and high-strength concrete with steel fiber (SFRC), thirteen
tests of the shaped steel/SFRC specimens are conducted to explore the effects of various factors such as
steel fiber volume ratio, concrete strength grade, reinforcement ratio, steel embedment depth, and cover
thickness on bond–slip behavior. Three distinct failure modes, such as pushout failure, bond splitting,
and yielding failure of steel, are identified during the pushout tests. Three different types of bond
strength, such as the initial bond strength, the ultimate bond strength, and the residual bond strength,
are observed from the load–slip curves between the shaped steel and concrete. By incorporating
nonlinear spring elements, a numerical model for accurately simulating the bond performance between
the shaped steel and SFRC specimens is developed. The bond strength between the shaped steel and
concrete increase as the concrete strength, cover thickness, steel fiber volume ratio, and stirrup ratio
increase, while it decreases as the steel embedment depth increases. A model for the bond strength
between shaped steel and SFRC is developed, and it agrees well with the test data.

Keywords: shaped steel; steel fiber; high-strength concrete; bond strength; finite element analysis

1. Introduction

The steel–concrete composite structure has the characteristics of high bearing capac-
ity and superior seismic performance, and it is widely used in building structures in
high-rise and high-intensity seismic areas [1–3]. However, challenges arise regarding duc-
tility when employing high-strength concrete (HSC) in such structures. While HSC can
enhance axial and shear bearing capacities, its flexural performance and ductility are often
limited [4]. To overcome this limitation, incorporating an appropriate amount of fiber
reinforcement material into the concrete matrix is proposed. The micro-reinforcement effect
of fibers effectively mitigates concrete crack development and enhances ductility [5–8], thus
compensating for the inherent weaknesses of high-strength concrete in terms of ductility
and brittleness [9–11].

Currently, some scholars [12–21] have conducted extensive research on steel–concrete
materials and components, but the exploration of steel-fiber-reinforced concrete composite
structures is relatively scarce. Bui [22] found that reinforced concrete beams reinforced with
steel fiber concrete can effectively limit the development of cracks and exhibit good ductility
performance. Lin et al. [23] analyzed the failure mechanism of steel-concrete composite
beams and found that steel fibers can change the failure mode of steel–concrete compos-
ite beams from shear to bending. Wu et al. [24,25] studied the mechanical properties of
steel-fiber-reinforced bending members with different steel fiber contents and compared the
failure modes of unframed and framed steel-fiber-reinforced bending members, concluding
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that the configuration of steel reinforcement can enhance the influence of longitudinal rein-
forcement on the bearing capacity of steel-fiber-reinforced bending members. Compared
with traditional composite structures, steel fibers play a role in transmitting tensile stress in
concrete, effectively enhancing the mechanical capacity, ductility, and energy dissipation of
the structure.

The bond performance between shaped steel and HSF is an important index for reflecting
the steel–concrete composite structures. Previously, Ming et al. [26] studied the bond perfor-
mance between high-performance concrete with added cellulose fibers and steel and found that
the addition of cellulose fibers makes high-performance fiber-reinforced concrete superior to
ordinary concrete in terms of toughness and crack resistance. Properly increasing the thickness
of the cover thickness and the strength of the concrete can effectively improve the bond strength
of high-performance fiber-reinforced concrete. Wukai et al. [27] conducted research on the
bond–slip performance between steel and steel-fiber-reinforced concrete and found that with
the increase in steel fiber volume ratio, cover thickness, and aspect ratio, the energy loss during
specimen slips increases. It was also found that increasing the cover thickness slows down the
development of interface cracks in the later stage of the specimen. He et al. [28] analyzed the
influence of two parameters, the replacement rate of recycled coarse aggregate (RCA) and the
steel fiber content, on the failure mode and bond–slip mechanical behavior of high-strength
fiber-reinforced concrete.

Existing research indicates that the addition of fibers can significantly enhance the
bond–slip performance of composite structures. However, current studies primarily focus
on the bond performance between shaped steel and reinforced concrete, overlooking the
impact of high-strength concrete on the bond performance. To address this gap, this study
investigates the bonding performance between shaped steel and high-strength concrete,
considering various parameters such as steel fiber content, concrete strength grade, stirrup
ratio, steel embedment depth, and concrete cover thickness. Thirteen specimens of HSC
were subjected to testing to elucidate the bond–slip mechanism, and a finite element method
for estimating the bond–slip mechanism between shaped steel and high-strength concrete is
developed. Additionally, a calculation method for determining the bond strength between
shaped steel and high-strength concrete is proposed.

2. Experimental Program
2.1. Experimental Design

A total of thirteen specimens of HSC were designed and produced for the experiment,
including one reference specimen without steel fibers, to study the effects of concrete strength,
cover thickness, steel embedment depth, stirrup ratio, and steel fiber content on the bond–slip
performance of the specimens, as shown in Table 1. The cross-sectional dimensions of the
specimens are 250 mm × 250 mm, 300 mm × 300 mm, and 350 mm × 350 mm, with heights
of 300 mm, 400 mm, 600 mm, and 800 mm, as shown in Figure 1. Concrete grades of C60,
C70, and C80 were used, and the embedded steel was Q235 I-beam steel with cross section of
150 mm × 75 mm × 7 mm × 4 mm. The longitudinal reinforcement consisted of four HRB335
steel bars, and the stirrups were all made of HPB300 steel, steel fiber volume ratio.
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Table 1. Details of specimens.

Specimen
Number

Concrete Strength
Grade (MPa)

Sectional
Dimensions

(mm2)
Cover Thickness (mm) Embedded

Length (mm) Hoop Spacing (mm) Steel Fiber
Content (%)

S-1 C60 300 × 300 75 600 100 0.5
S-2 C70 300 × 300 75 600 100 0.5
S-3 C80 300 × 300 75 600 100 0
S-4 C80 300 × 300 75 600 100 0.5
S-5 C80 300 × 300 75 600 100 1
S-6 C80 300 × 300 75 600 100 2
S-7 C80 300 × 300 75 300 100 0.5
S-8 C80 300 × 300 75 400 100 0.5
S-9 C80 300 × 300 75 800 100 0.5
S-10 C80 300 × 300 75 600 80 0.5
S-11 C80 300 × 300 75 600 120 0.5
S-12 C80 250 × 250 50 600 100 0.5
S-13 C80 350 × 350 100 600 100 0.5

2.2. Material Properties

The cubic compressive test is performed to establish the compressive strength of
high-strength concrete after 28 days of curing according to CECS13:2009 [29], as shown in
Table 2. For example, the cubic compressive strength of C60 concrete with the volume of
fiber of 0.5% is 61.9 MPa. Note that the axial compressive strength is also obtained from
the relation between the cubic compressive strength and the axial compressive strength
provided in CECS13:2009 [29]. The tensile strength of shaped steel and steel reinforcement
is also established from the tensile test in line with GB/T 228.1-2021 [30], as shown in Table 3.
For example, the yield strength and the ultimate strength of HRB 335 steel reinforcement is
377 MPa and 507 MPa, respectively, and the yield strength and the ultimate strength of the
flange of shaped steel is 359 MPa and 547 MPa, respectively.

Table 2. Mechanical properties of high-strength concrete.

Concrete Strength Volume of Fiber (%) Cubic Compressive Strength (MPa) Axial Compressive Strength (MPa)

C60 0.5 61.9 34.2
C70 0.5 72.9 42.5
C80 0 82.3 52.3
C80 0.5 83.3 52.8
C80 1 84.3 53.1
C80 2 84.9 53.2

Table 3. Mechanical properties of shaped steel and reinforcement.

Steel Type Yield Strength (MPa) Ultimate Strength (MPa) Elastic Modulus (GPa)

Flange 359 547 208
Web 350 494 207

HRB335 377 507 221
HPB300 368 457 218

2.3. Loading Scheme

Based on GB/T 50152—2012 [31], the displacement control with a loading rate of
0.1 mm/min was utilized. The load was applied directly to the loading end steel, while a
30 mm thick U-shaped steel plate was placed at the bottom of the concrete, as illustrated in
Figure 2. The experiment ceased when the loading end steel penetrated the concrete or the
yielding of the steel. Two displacement gauges were situated at the lower loading plate to
monitor the relative slip between the shaped steel and concrete, as depicted in Figure 2.
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3. Experimental Results and Discussion
3.1. Failure Mode

The analysis results revealed that the specimens failed in three different forms: pushout
failure (S-1 to S-8), bond-splitting failure (S-11 and S-12), and yielding failure of the steel
(S-9, S-10, and S-13), as depicted in Figures 3–5.

3.1.1. Pushout Failure

Initially, the applied load was insufficient to counteract the chemical bonding force
between the shaped steel and concrete, resulting in minimal displacement. As the load
increased to 30% to 50% of the ultimate load, the displacement gauge began to rise, indicat-
ing slight slippage at the loading end, accompanied by the emergence of vertical fine cracks
on the concrete surface in the direction of the flange. Upon reaching 80% of the ultimate
load, a vertical crack manifested in the middle of the flange direction of the specimen, with
two additional vertical cracks extending along the flange tip direction. Finally, the load
precipitously dropped, leading to a rapid development of a vertical crack in the middle of
the flange direction, traversing the entire specimen.

3.1.2. Bond Splitting Failure

In this type of failure, bond splitting cracks developed at the location of the compressed
flange of the shaped steel, featuring vertical cracks at each end of the flange tip extending
outward at a 45◦ angle, along with a vertical crack in the middle of the flange. Vertical
cracks on the side only occurred in the concrete at the flange surface, with three vertical
cracks originating from the loading end.

The cover thickness of the concrete is a crucial factor affecting the bonding performance
between the shaped steel and concrete. Greater cover thickness leads to better bond
performance between the shaped steel and concrete.
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3.1.3. Yielding Failure of Steel

The failure of steel primarily occurred in specimens with larger concrete cross-sectional
dimensions, higher stirrup ratios, and deeper steel embedment. The crack distribution at
the loading end of specimens was similar to the other two types of failure modes, featuring
a vertical crack in the middle of the flange and a 45◦ diagonal crack at the flange tip,
extending outward from the specimen.
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3.2. Load–Slip Curves

The load–slip curves of the loading ends of each specimen are depicted in Figure 6,
illustrating three distinct types of P-S curves corresponding to three types of failure modes.
Specimens experiencing pushout failure and bond splitting failure exhibit curves com-
prising an ascending segment, a descending segment, and a horizontal residual segment.
In contrast, the P-S curve of specimens undergoing yielding failure comprises only an
ascending segment and a horizontal residual segment, with a sudden decrease in load
when the load reaches the ultimate load.
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Table 4. Characteristic values of specimens.

Specimen Number Initial Bond Strength τ0 Ultimate Bond Strength τu Residual Bond Strength τr

S-1 0.328 1.006 0.615
S-2 0.342 1.007 0.626
S-3 0.344 1.06 0.631
S-4 0.471 1.065 0.642
S-5 0.508 1.068 0.655
S-6 0.557 1.121 0.682
S-7 0.453 1.561 0.773
S-8 0.357 1.235 0.781
S-9 0.230 0.778 -

S-10 0.483 1.108 -
S-11 0.367 1.027 0.611
S-12 0.378 1.039 0.631
S-13 0.537 1.103 -

The load–slip curve provides crucial insights into the bond behavior between shaped
steel and concrete. Three key parameters can be extracted from this curve: the initial load,
the ultimate load, and the residual load.

Initial Load: This represents the onset of slip between the shaped steel and concrete. It
signifies the point at which the bond begins to degrade and slip initiates.

Ultimate Load: This is the maximum load sustained by the bond before failure occurs.
It indicates the maximum resistance offered by the bond under applied loading conditions.

Residual Load: After reaching the ultimate load, if the bond does not completely fail,
a residual load may be sustained. This residual load represents the remaining capacity of
the bond after reaching its maximum strength.

These different types of bond strength provide insights into the performance and dura-
bility of shaped steel–concrete bonds under varying loading conditions. Table 4 presents these
bond strengths corresponding to the initial load, ultimate load, and residual load, facilitating
a comprehensive understanding of the bond behavior throughout the loading process.

4. Finite Element Analysis
4.1. Finite Element Method

The model incorporates S4R shell elements for the steel, C3D8R solid elements for
the concrete, and T3D2 truss elements for longitudinal and stirrup reinforcements. The
mesh size of all specimens is set as 0.02 to achieve convergence and accuracy of the model.
Identical with the boundary conditions in the test, the bottom displacement of the concrete
is restricted in the X, Y, and Z directions. Additionally, a 50 mm displacement is imposed at
the top of the shaped steel along the Z-axis, as depicted in Figures 7 and 8.
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by Yang [32] for the force–displacement (F-D) curve of the spring element is employed, as
shown below (Figure 9):
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(1) The interaction in the normal direction is modeled as an equivalent spring with
high stiffness designed to bear compressive forces, as shown in Figure 9a.

(2) The web and concrete are solidified in the transverse tangential direction, behaving
as a spring with a high stiffness, as shown in Figure 9b.

(3) The interaction in the longitudinal tangential direction is manifested as a bond–slip
phenomenon between the shaped steel and concrete, and the mathematical expression of
the F-D curve for this spring element is as shown in Equation (1).

F = ksD− αDn (1)

where F is the force, D is the displacement, ks is the stiffness coefficient, α is the slip characteristic,
and n is an exponent characterizing the nonlinearity of the bond–slip relationship [32].

4.2. Material Properties

A bilinear elastic–plastic model is selected as the constitutive model of steel [33], as
shown in Figure 10 and Equation (2).

σs =


Esεs

(
εs ≤ εy

)
fy

(
εy < εs ≤ εh

)
fy + Es

′(εs − εh) (εs < εu)
(2)
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where εy is the yielding strain, εh is the ultimate strain, εu is the fracture strain, Es is
the elastic modulus, Es

′ is the plastic modulus, fy is the yielding strength, and fu is the
ultimate strain.
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For the compressive strength of concrete with steel fiber, the following model is
employed [34], as shown in Figure 11.

σ =


[
α1

ε
ε0
+ (3− 2α1) + (α1 − 2)

(
ε

ε0
)3
]
σ0

ε
ε0
≤ 1

σ = ε/ε0

α2

(
ε

ε0
−1)2+ ε

ε0

ε
ε0

> 1 (3)

where α1 and α2 are the modification coefficients, σ0 is the ultimate compression strength,
and ε0 is the strain at the ultimate strength.
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For the tensile strength of concrete with steel fiber, the following model is employed [35],
as shown in Figure 11.

σ =


ft

(
1.2−0.2 ε5

ε0

)
Ecε

Ecε0
ε ≤ ε0

ftEcε

atEcε0

(
ε

ε0
−1
)1.7

+ ε
ε0

ε > ε0
(4)

where
at = 0.312

ft
2

1 + 36λf
(5)

ε0 = 65 ft
0.54(1 + 0.2λf)× 10−6 (6)

λf = vf
l
d

(7)

where ft is the tensile strength, at is the modification coefficient, Ec is the elastic modulus,
ε0 is the strain at the ultimate stress, and λf is the volume ratio of steel fiber.

4.3. Validation of Finite Element Analysis

To verify the finite element method, four specimens (S1, S2, S3, and S7), identical to
those in the test, are simulated, as shown in Figure 12. Clearly, the load–slip curves correlate
well with the test data. The error of ultimate load estimated from the finite element method
is only 5.2%, 9.6%, 6.5%, and 10.2%, respectively. The small differences may be attributed
by the micro defects of the concrete in casting. As a result, the finite element method can be
used for the estimation of the bond performance between the shaped steel and concrete.
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5. Effect of Various Parameters on the Bond Strength
5.1. Concrete Strength

Figure 13 illustrates the correlation between concrete strength and the bond strength
between the shaped steel and concrete. The data suggest that concrete strength plays a
substantial role in determining the initial bond strength, with higher concrete strength
generally resulting in greater initial bond strength. This phenomenon can be attributed to
the chemical bonding forces between the shaped steel and the concrete matrix, which tend
to increase as the concrete strength increases.

However, as the bond between the shaped steel and concrete is subjected to loading,
particularly during testing, the impact of concrete strength on residual bond strength
becomes less pronounced. This observation implies that while concrete strength influences
the initial bond strength, its effect on the residual bond strength after the specimen reaches
ultimate bond strength is relatively minor.
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5.2. Cover Thickness

Figure 14 depicts the correlation between characteristic bond strength and cover
thickness. The data suggest that characteristic bond strength tends to increase as the
cover thickness of the steel increases. This trend can be attributed to the greater constraint
imposed on the lateral deformation of the shaped steel with increasing cover thickness [28].
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As the cover thickness increases, it provides more confinement to the shaped steel,
thereby enhancing its resistance to lateral deformation. Consequently, the initial bond
strength is most notably affected by variations in cover thickness.
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However, while the cover thickness has a significant impact on the initial bond strength,
its influence on the ultimate bond strength is comparatively less pronounced. This observa-
tion suggests that factors other than cover thickness may become dominant as the bond
approaches failure.

5.3. Steel Embedment Depth

Figure 15 depicts the relationship between the steel embedment depth and charac-
teristic bond strength. The data reveal that as the steel embedment depth increases, the
anchorage area between the steel and concrete expands, resulting in a corresponding
decrease in bond strength. This observed trend can be attributed to the fact that as the em-
bedment depth increases, the average bond strength within the bonding range between the
steel and concrete gradually diminishes. While the increased embedment depth augments
the anchorage area, it also disperses the bond strength over a larger volume of concrete,
thereby reducing the localized bond strength.
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5.4. Stirrup Ratio

Figure 16 illustrates the relationship between the characteristic bond strength and
the stirrup ratio. The data reveal a consistent linear growth trend in bond strength with
increasing stirrup ratio. This phenomenon can be attributed to the role of stirrups in
constraining concrete when slip occurs between the steel and concrete interface.
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As slip initiates, the stirrups serve to confine the concrete, thereby impeding the
expansion of internal voids within the material. As a result, the bond strength experiences
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a gradual increase. Upon reaching the ultimate bond stress, the internal voids within the
concrete continue to expand. Simultaneously, the restraining effect exerted by the stirrups
on both the concrete and steel also intensifies, leading to a substantial increase in ultimate
bond strength.

5.5. Steel Fiber Content

Figure 17 illustrates the relationship between steel fiber content and bond strength,
highlighting notable trends. It is evident that bond strength increases continuously with
rising steel fiber content. This increase is most pronounced in the initial bond strength, with
the specimen containing 2% steel fibers exhibiting an initial bond strength approximately
1.5 times that of the specimen without steel fibers. The addition of steel fibers significantly
enhances the bonding force at the steel–concrete interface, thereby augmenting the ductility
of the specimens and consequently elevating the bond strength.
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However, the influence of steel fiber content on residual and ultimate bond strengths
is comparatively minor. This is attributed to the formation of cracks within the concrete
after slip occurrence, which compromises overall structural integrity. Despite this, bond
strength continues to exhibit an upward trajectory.

In summary, the inclusion of steel fibers effectively enhances the bonding force be-
tween steel and concrete, resulting in increased ductility and elevated bond strength,
particularly in the initial bond strength.

6. Bond Strength

Currently, there are some models for the prediction of the bond strength between
shaped steel and reinforced concrete. However, there is a limited model reflecting the
influence of high-strength concrete on the bond performance. To derive the bond strength
between shaped steel and high-strength concrete, the grey relational analysis theory [36]
considering the various factors, such as concrete grade, steel fiber volume fraction, stirrup
ratio, cover thickness, and steel embedment depth [26,27], is employed, as shown in
Equations (8)–(10).

τ0 = 0.0673 ft(1 + 1.17λf) + 0.10942
Ca

ha
+ 0.003966

la
ha

+ 0.15302ρsv + 0.0012 (8)

τu = 0.034848 ft(1 + 1.17λf) + 0.03058
Ca

ha
− 0.066206

la
ha

+ 0.17334ρsv + 1.164 (9)

τr = 0.01969 ft(1 + 1.17λf) + 0.01348
Ca

ha
− 0.014202

la
ha

+ 0.07334ρsv + 0.60479 (10)
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where τ0 is the initial bond strength; τu is the ultimate bond strength; τr is the residual
bond strength; f t is tensile strength of concrete; λf is the steel fiber characteristic factor;
Ca is cover thickness; ha is web height of shaped steel; la is the anchorage length of shaped
steel; and ρsv is the stirrup ratio.

To verify the proposed bond strength, the test data in this work are utilized, as shown
in Table 5. Clearly, the suggested models can accurately estimate the bond strength between
shaped steel and concrete as the ratio of the test value to the estimated value is 1.096, 1.008,
and 1.021, respectively.

Table 5. Comparison of bond strength between calculated and tested values.

Specimen Number Tested Values Calculated Values Tested Value/Calculated Value
τ0/MPa τu/MPa τr/MPa τ′0/MPa τ′u/MPa τ′r/MPa τ0/τ′0 τu/τ′u τr/τ′r

S-1 0.328 1.006 0.615 0.351 1.071 0.639 0.934 0.939 0.962
S-2 0.342 1.007 0.626 0.363 1.077 0.642 0.942 0.935 0.975
S-3 0.344 1.06 0.631 0.321 1.056 0.630 1.072 1.004 1.002
S-4 0.471 1.065 0.642 0.365 1.078 0.643 1.290 0.988 0.998
S-5 0.508 1.068 0.655 0.402 1.098 0.654 1.264 0.973 1.002
S-6 0.557 1.121 0.682 0.513 1.155 0.686 1.086 0.971 0.994
S-7 0.453 1.561 0.773 0.357 1.211 0.671 1.269 1.289 1.152
S-8 0.357 1.235 0.781 0.359 1.166 0.662 0.994 1.059 1.180

S-11 0.367 1.027 0.611 0.360 1.073 0.640 1.019 0.957 0.955
S-12 0.378 1.039 0.631 0.346 1.073 0.640 1.092 0.968 0.986

Average - - - - - - 1.096 1.008 1.021

7. Conclusions

The pushout tests of thirteen columns of high-strength concrete with steel fiber were
performed to investigate the bond–slip behavior between shaped steel and concrete, and
the conclusions are as follows:

(1) Three distinct failure modes were identified during the pushout tests: pushout
failure, bond splitting, and yielding failure of steel.

(2) The load–slip curves exhibited characteristic features, including an ascending
segment, a descending segment, and a horizontal residual segment. Within these segments,
three different types of bond strength were observed, reflecting the varying resistance
offered by the bond interface at different stages of loading.

(3) Incorporated with the constitutive model of spring element proposed by Yang [32],
a finite element model for estimating the bond performance between shaped steel and
concrete is developed. The simulation results agree well with the test data.

(4) Increasing concrete strength, cover thickness, steel fiber volume ratio, and stir-
rup ratio can effectively enhance the bond strength between shaped steel and concrete.
However, with the increase in steel embedment depth, except for the initial bond strength
increase, it generally exhibits a decreasing trend.

(5) Models for the bond strength between shaped steel and concrete were proposed,
and they are in good agreement with the experimental values.

In this work, only thirteen specimens are tested to investigate the bond strength
between high-strength concrete and shaped steel, and several parameters (i.e., steel fiber
volume ratio, concrete strength grade, reinforcement ratio, steel embedment depth, and
cover thickness) are considered in the analysis. Before drawing conclusions regarding
engineering structures, such as steel–concrete composite columns in high-rise buildings or
steel–concrete composite pier in a bridge, more specimens under different conditions, such
as durability and serviceability, should be investigated.
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