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To address the fatigue damage issues in continuous beam bridges under vehicle loads, a method 
using vibration-mixed steel fiber-reinforced concrete to improve critical vulnerable areas of the bridge 
is proposed, thereby enhancing the bridge’s fatigue resistance. Fatigue performance and micro 
electron microscopy tests were designed for vibration-mixed steel fiber-reinforced concrete, analyzing 
its damage conditions and microstructural changes under 0 to 2 million cyclic loads, and the key 
mechanical parameters of the concrete were determined. Based on this, a numerical analysis model 
was established to simulate the fatigue damage of continuous beam bridges under moving vehicle 
loads. The results show that piers made with vibration-mixed steel fiber-reinforced concrete exhibit 
a 56.86% reduction in compressive damage compared to conventional piers, a reduction in stiffness 
damage range, and a 29.35% increase in fatigue life.
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In modern construction projects, concrete, as a key structural material, plays a critical role in the safety and 
durability of the building1. Particularly in bridges, high-rise buildings, and other structures subjected to heavy 
and dynamic loads, the mechanical properties and fatigue resistance of concrete are especially crucial. To enhance 
these properties of concrete, researchers and engineers have been exploring various innovative methods, among 
which the incorporation of steel fibers is an effective means of reinforcement. Zhao, Kaiyin2 suggested that the 
addition of steel fibers significantly enhances the compactness, freeze–thaw resistance, and dynamic compressive 
properties of IC. Zikai Xu et al.3 investigated the effects of steel slag and steel fibers on the mechanical properties, 
durability, and life cycle assessment of Ultra-High Performance Geopolymer Concrete (UHPGC). Hassan M et 
al.4 indicated that the incorporation of steel fibers has adverse effects on the fresh properties of Self-Compacting 
Concrete (SCC). The presence of steel fibers leads to enhanced mechanical properties, increased peak load and 
deflection at the point of failure, and additionally, increased crack mouth opening displacement. The presence 
of steel fibers also affects the fracture toughness of SCC mixtures. Dongming Huang et al.5 suggested that the 
addition of steel fibers helps offset the performance degradation caused by RCA, as fibers effectively bridge 
cracks and mitigate stress concentration risks. Danying Gao et al.6 found that the high-temperature stability 
of steel fibers significantly affects the residual compressive strength enhancement of Ultra-High Performance 
Concrete (UHPC). Yuliang Chen et al.7 investigated the mechanical properties of Steel Fiber Reinforced Recycled 
Aggregate Concrete (SFRRAC) under compressive-shear conditions. The study showed that as compressive 
stress increases, the failure characteristics of the specimens shift from brittle to ductile failure. Ji Shanshan et 
al.8 studied the impact splitting tensile properties and microstructural characteristics of Steel Fiber Reinforced 
Aggregate Concrete (SFRAC). The study indicates that steel fibers play a role in enhancing the dynamic splitting 
tensile strength and toughness, with an optimal fiber content around 1.0%. However, increasing the replacement 
rate of recycled aggregates can diminish the beneficial effects of steel fibers on mechanical properties. Cai Wu et 
al.9 proposed an empirical shrinkage model for steel fiber-reinforced recycled aggregate concrete under natural 
curing conditions.
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However, ensuring the uniform dispersion of steel fibers within concrete to prevent clumping and 
maximize their reinforcing effects poses a technical challenge. Vibration mixing technology has emerged to 
address this issue. By applying vibration during the mixing process, it not only promotes adequate bonding 
between steel fibers and the concrete matrix but also significantly enhances the density and uniformity of the 
concrete. Zhang 10 investigated the mechanical properties of steel fiber-reinforced concrete under vibration 
mixing and conventional mixing. Zheng11 examined the impact of vibration mixing on the fiber distribution 
and mechanical properties of Ultra-High Performance Concrete (UHPC), with results indicating that vibration 
mixing can enhance the distribution coefficient of fibers and improve the mechanical properties of UHPC. 
Kaiyin Zhao et al.12 suggested that vibration mixing can increase the strength of Cementitious Slurry Matrix 
(CSM), reduce the strength coefficient of variation, and densify its microstructure. I. A. Volkov et al.13 found 
that during complex deformation processes, creep exhibits specific characteristics associated with the rotation 
of the principal stress, strain, and creep strain tensor. Zhao Wu14 demonstrated that compared to forced mixing, 
vibration mixing enhances both the compressive and splitting tensile strengths of concrete at different ages (3, 
7, and 28 days), with the most significant improvement observed in the compressive strength of C50 reinforced 
concrete. Zhao, Kaiyin15 showed that the three-step mixing technique, compared to the traditional one-step 
method, can significantly reduce the plastic viscosity of concrete, enhance its fluidity, and markedly improve the 
compressive strength at 28 and 56 days. Zheng, Yuanxun16 suggested that vibration mixing can more effectively 
improve the distribution of steel reinforcement in concrete and increase the density of reinforced concrete, 
thereby significantly enhancing its mechanical properties. Zhang, C et al.17 compared the mechanical properties 
of steel fiber-reinforced concrete produced by conventional and vibration mixing, with results indicating that 
concrete made with vibration mixing outperforms that made with conventional mixing in terms of mechanical 
properties. The mechanical properties of steel fiber concrete are linearly related to the matrix strength and the 
volume ratio of steel fibers, with optimal mechanical performance achieved when the volume ratio of steel 
fibers is less than 1%. Li H et al.18 investigated the thermal properties of hybrid fiber-reinforced reactive powder 
concrete (RPC) under high-temperature conditions, demonstrating that the addition of polypropylene and steel 
fibers at various volume fractions can enhance the thermal stability and crack resistance of RPC. Zhang, G et al.10 
conducted experimental research on the impact of vibration mixing technology on the engineering properties of 
steel fiber-reinforced concrete, proposing that vibration mixing can enhance the mechanical properties of steel 
fiber-reinforced concrete. Hao, X et al.19 studied the thermal properties of steel fiber-reinforced reactive powder 
concrete (RPC) under elevated temperatures, with results indicating that steel fiber-reinforced RPC exhibits 
superior residual mechanical properties at high temperatures. Sanjeev, J20 evaluated the performance of steel 
and glass fiber-reinforced vibrated concrete and self-compacting concrete, concluding that steel fibers increase 
flexural strength and splitting tensile strength with minimal impact on compressive strength. Zemir, I et al.21 
explored the potential of using steel fiber-reinforced self-compacting concrete (SFRSCC) to reinforce ordinary 
vibrated concrete (OVC), finding that the inclusion of steel fibers in self-compacting concrete significantly 
enhances its mechanical properties in both fresh and hardened states.

In summary, incorporating steel fibers into concrete is a key strategy for enhancing its performance and 
vibration mixing can significantly improve its mechanical properties. However, current research on vibration-
mixed steel fiber reinforced concrete (SFRC) primarily focuses on mechanical property testing lacks research on 
its fatigue performance while bridges, aqueducts, and high-rise buildings are frequently subjected to cyclic loads. 
Therefore, conducting fatigue performance tests on vibration-mixed SFRC and investigating its microstructure 
and macroscopic properties is imperative. This study presents the fatigue performance and microstructural 
analysis of steel fiber reinforced concrete (SFRC) through vibration mixing and scanning electron microscopy 
(SEM) tests. It explores, for the first time, the fatigue characteristics of vibration-mixed SFRC, revealing its 
potential in engineering applications by simulating the fatigue damage of continuous beam bridges under 
moving vehicle loads. The aim is to propose new ideas for enhancing the safety of large structures such as bridges 
and culverts.

Experimental and numerical simulation
Fatigue performance test
Materials
The specimen dimensions selected for this study are 100 mm × 100 mm × 100 mm. Steel fiber contents of 1% and 
2% were selected. The study investigates the effects of varying mixing methods and steel fiber volume fractions. 
The concrete trial mix has a strength grade of C50. OM is used to denote ordinary mixed steel fiber-reinforced 
concrete, while VM denotes vibration-mixed steel fiber-reinforced concrete. The test steel fibers are hook-ended, 
cut from wire, with a length of 35 mm, an equivalent diameter of 0.55 mm, a length-to-diameter ratio of 64, and a 
tensile strength of 1000 MPa. The cement used is PO 42.5 grade ordinary Portland cement. The coarse aggregate 
consists of hard granite, with a particle size ranging from 5 to 20 mm and a mud content of less than 1%. The fine 
aggregate is well-graded medium sand, with a fineness modulus of 2.66, a loose bulk density of 1514.5 kg/m3, 
and a bulk density of 2543 kg/m3. Class I fly ash is used.

The mix proportions of the concrete used in the experiment are shown in Table 1.

Fatigue performance test method
The purpose of this experiment is to ascertain the degradation of material parameters under traffic load. Initially, 
a simulation of the traffic load is conducted using software to determine the maximum and minimum stresses, 
which are then converted into fatigue loads based on the specimen size and equivalent stress.

(1) Loading frequency
As a brittle material, the fatigue analysis of concrete is minimally affected by loading frequency within a 

certain range, according to the research by Wu Zhimin et al14. A loading frequency that is too low can lead to 
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excessive creep in concrete structures, adversely affecting the results. Conversely, a frequency that is too high can 
significantly reduce the fatigue life and strength of concrete. The fatigue test frequencies typically range from 2 
to 8 Hz, and this experiment opts for a loading frequency of 6 Hz to balance cost-effectiveness with maintaining 
the fatigue strength and life of the concrete.

(2) Stress ratio
The stress ratio is correlated with the fatigue crack growth rate of the specimen. To prevent excessive inertial 

forces from causing an impact on the specimen during the application of cyclic loads, a stress ratio of 0.2 is 
utilized.

(3) Loading cycles
The experiment aims to obtain the degradation values of material parameters under traffic load by simulating 

the traffic load using software to ascertain the maximum and minimum stresses. These stresses are then converted 
into fatigue loads based on the specimen size and equivalent stress.

The specimens are subjected to loading cycles of 100,000, 500,000, 1,000,000, 1,500,000, and 2,000,000. After 
the two sets of specimens have been loaded, a universal testing machine is used to measure the compressive 
strength and modulus of elasticity for specimens prepared with different mixing methods.

Test equipment
(1) Vibration mixing device

The experiment utilized a DT60ZBW twin-shaft vibrating mixer produced by Detong. This device primarily 
consists of a mixing drive mechanism, a vibration drive mechanism, and a chain transmission system. It 
measures 1900 mm × 1195 mm × 1620 mm, with a capacity of 60 L, a vibration power of 4 kW, and a mixing 
power of 2.2 kW. The vibrating mixing apparatus is depicted in Fig. 1. This mixer is capable of both vibrating and 

Fig. 1.  Double horizontal shaft vibrating mixer.

 

Substrate strength Steel fiber volume ratio Sand rate

Amount of material used(kg/m3)

Steel fiber Water Concrete Stone Granule Pulverized coal Water reducing agent

CF50
1.0% 0.36 78.50 172 347.47 1137.68 648.10 34.75 2.68

2.0% 0.36 157.00 172 347.47 1094.06 703.72 34.75 2.68

Table 1.  Steel fiber concrete mix ratio.
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conventional mixing. For conventional mixing, only the forced mixing program needs to be initiated, whereas 
for vibrating mixing, both the forced mixing and the vibration programs must be activated simultaneously. Prior 
to mixing, the interior walls of the mixer must be thoroughly moistened with water to prevent the absorption of 
water in a dry state, ensuring the fluidity of the concrete and thus ensuring that the accuracy of the experimental 
data is unaffected.

During the concrete preparation for this experiment, meticulous control over the sequence of material 
addition and mixing duration was employed. Initially, coarse and fine aggregates, cement, and fly ash were 
manually introduced into the mixer according to a precisely calculated mix ratio for preliminary dry 
mixing. Subsequently, water and superplasticizer were incrementally added for further mixing. During the 
homogenization process, steel fibers were gradually incorporated to ensure an even distribution within the 
concrete. For conventional concrete mixing, dry mixing was performed for 1 min, followed by 1 min of mixing 
with a water and superplasticizer mixture while adding them, and concluded with 1 min of wet mixing. For 
steel fiber reinforced concrete, the process included 1 min of dry mixing, 1 min of mixing with the water and 
superplasticizer mixture, 1 min for evenly adding steel fibers, and finished with 1 min of wet mixing. Adjustments 
were made as necessary during the experiment.

(2) Fatigue testing rig
As depicted in Fig. 2. The fatigue testing system utilized in the experiment is a 250 kN axial fatigue testing 

machine, with the model number MTS 370.25. The testing machine has a maximum pressure capacity of 250 kN, 
a displacement range of 150 mm, and a control accuracy better than 1%.

During the test, the load was applied continuously and uniformly, with a loading rate of 0.5 MPa/s. For each 
set of specimens, three individual samples were tested, and the arithmetic mean of their strengths was taken as 
the strength indicator for that set. If any of the maximum or minimum values deviated from the median by more 
than 15% of the median in three measurements, the median was taken as the representative strength of that set; 
if both the maximum and minimum values deviated from the median by more than 15%, the results of that set 
were considered invalid.

Electron microscope test
Electron microscope test method
Scanning electron microscopy (SEM) was conducted on specimens before fatigue testing to obtain the 
microstructural results of concrete under two mixing methods. Subsequently, observations were made on 
specimens subjected to 1 million and 1.5 million loading cycles. A comparison was made of the microstructures 
of steel fiber-reinforced concrete under the two mixing methods.

Electron microscope test set
As shown in Fig. 3, the experiment utilized an SBC-12 ion sputter coater and a KYKY-EM6200 scanning electron 
microscope (SEM). The instrument has a resolution of 4.5 nm at 30 kV, and the scanning electron microscope 
(SEM) offers magnification ranges from 15× to 250,000×, with a manually adjustable sample stage. In this 
experiment, test samples were observed at magnifications of 500× and 1000× and subsequently analyzed.

Fig. 2.  Fatigue test device.
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Project examples
Modeling and material ontology
This study uses the Yangxin Expressway Yellow River Grand Bridge as the engineering context and focuses on 
a concrete continuous beam bridge with a main span of 120 m + 120 m + 120 m. A three-dimensional finite 
element model has been constructed, as shown in Fig. 4. The main beam features a single-box single-cell box-
section, with a top slab width of 16.56 m, a bottom slab width of 8.5 m, and a top slab cantilever length of 
4.03 m. The longitudinal reinforcement uses diameter Φ20mm rebar. Due to the bridge’s symmetry, the study 
only examines the results for Pier 1 (the left pier) and Pier 2 (the middle pier on the left span).

The model is constructed using solid elements, and to enhance computational efficiency, the rubber bearings 
are replaced with a spring-damper system in ABAQUS. The analysis type is set to implicit dynamic analysis, 
with the nonlinear option enabled and solved using asymmetric rectangular elements. The main bridge’s 
hollow structure uses the C3D8 element type, while the rest of the solid structure employs the C3D8R reduced 
integration element.

The damage plasticity model in ABAQUS is one of many constitutive models and plays a significant role 
in the analysis of structural damage performance. However, due to the need for material property parameter 
settings within this model, it is challenging to accurately obtain the mechanical properties of structural materials 
for numerical simulation analysis under actual test conditions. Therefore, this paper correlates the parameters 
required for the CDP model with the constitutive relationships provided by standards, discusses the definition 
and calculation of some important setting parameters, and verifies the parameters using the uniaxial tensile 
calibration method. Additionally, the model is applied to perform a finite element analysis on a simply supported 
concrete beam with bent-up reinforcement, and the results are compared with experimental outcomes to validate 
the accuracy of the parameters.

Fig. 4.  Continuous beam bridge span model.

 

Fig. 3.  Electron microscope test set.
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The material constitutive behavior is defined using ABAQUS’s built-in plastic damage model, Concrete 
Damaged Plasticity (CDP). The CDP model in ABAQUS is a continuous, plasticity-based concrete damage model, 
ABAQUS’s concrete plastic damage model is established based on the models by Lubliner 22 and Lee and Fenves 
23, utilizing isotropic elastic damage and isotropic tensile and compressive plasticity theories to characterize the 
inelastic behavior of concrete 24..The CDP model assumes that tensile cracking and compressive crushing are the 
main causes of concrete cracking, while combining isotropic elastic damage, isotropic compressive, and tensile 
plasticity to describe the inelastic strain of concrete.

Zhao Boyu 25 suggests that the elastic strain energy produced by stress on damaged material is formally 
identical to that on undamaged material; it is only necessary to replace the stress with the equivalent stress or 
the elastic modulus with the equivalent elastic modulus at the time of damage. In the CDP model, the material 
initially behaves elastically, transitioning to the yield phase once a certain strength is reached. From the yield 
phase onwards, the material enters the damage phase, with each uniaxial compression or tension causing some 
degree of damage to the material.

The superstructure and deck of the bridge are constructed with C50 grade concrete and utilize the Concrete 
Damage Plasticity (CDP) model. Its Poisson’s ratio is 0.3. The bridge piers and bearing pads are constructed 
with steel fiber-reinforced concrete (SFRC) containing 1% steel fibers. and their constitutive model is based on 
the stress–strain relationships proposed by Lv Xilinn 26 and Zhang Ying 27. This model is combined with the 
fatigue performance test data from this study, which measured the compressive strength, elastic modulus, and 
mechanical properties of SFRC with two different mixing methods under 200,000 cycles of loading. These data 
are used to calculate the constitutive models of SFRC bridge piers with two different mixing methods under 
traffic loads.

(1) Stress–strain relationship of steel fiber concrete under compression:

	 σ = (1 − dcf ) Ecf ε� (1)

	
dcf =

{
1 − ρcf n

n−1+xn (x ≤ 1)
1 − ρcf

αcf (x−1)2+x
(x > 1) � (2)

	
ρcf = fcf,r

Ecf εcf,r
� (3)

	
n = Ecf εcf,r

Ecf εcf,r − fcf,r
� (4)
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(
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) [
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f

]
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(
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√
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)
(1.0 + 0.189λf ) × 10−6� (7)

	 λf = Vf lf /df � (8)

	
Ecf = 105

2.2 + 34.7
ffcu,k

(1 − 0.0006)λf � (9)

In the equation, dcf  represents the damage evolution parameter of steel fiber-reinforced concrete (SFRC) under 
uniaxial compression; fcf,r  denotes the characteristic compressive strength of SFRC; εcf,r  represents the peak 
compressive strain of steel fiber-reinforced concrete corresponding to fcf,r ; αcf  is the shape parameter for the 
descending branch of the uniaxial compressive stress–strain curve of SFRC; Vf , lf , df  are the volume fraction, 
length, and diameter of the steel fibers, respectively. λf  is the characteristic content of steel fibers.

(2) Stress–strain relationship of steel fiber concrete in tension:

	 σ = (1 − dtf ) Ecf ε� (10)

	
dcf =

{
1 − ρtf

(
1.2 − 0.2x5)

(x ≤ 1)
1 − ρtf

αtf (x−1)1.7+x
(x > 1) � (11)

	
ρtf = ftf,r

Ecf εtf,r
� (12)

	 x = ε/εtf,r � (13)

	 αtf = 0.312f2
tf,r/ (1 + 36λf )� (14)

	 εtf,r = f0.54
tf,r × 65 × (1.0 + 0.2λf ) × 10−6� (15)

	 λf = Vf lf /df � (16)

In the equation,  dcf  is the damage evolution parameter for steel fiber-reinforced concrete (SFRC) under uniaxial 
tension; ftf,r  is the characteristic tensile strength of SFRC; εtf,r  represents the peak tensile strain of steel fiber-
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reinforced concrete corresponding to ftf,r ; αtf  is the shape parameter for the descending branch of the uniaxial 
tensile stress–strain curve of SFRC.

(3) Calculation of damage factor:

	
d = 1 −

√
σ

E0ε
� (17)

In the equation,  d is the damage factor of concrete, σ is the true stress of concrete, ε is the true strain of concrete, 
E0 is the initial elastic modulus of concrete.

The damage factor ranges between 0 and 1, where 0 and 1 represent no damage and complete damage, 
respectively. However, there is no clear qualitative division for states in between. To better qualitatively process 
structural damage, we refer to the five-level damage classification proposed by HAZUS 9927–32 and the four-level 
damage condition division proposed by the Vision 33committee: Damage states are categorized based on the 
damage values of bridge bearings and piers. Tables 2, 3 and 4 shows the damage discrimination method.

Vehicle load loading
To simulate the dynamic load of moving vehicles, a subroutine named Dload was programmed, utilizing a user 
subroutine development platform to define the magnitude of the load, wheel trajectory, and vehicle speed. This 
study employs an implicit algorithmic system and has developed a subroutine file, which has been demonstrated 
to operate efficiently, ensuring a smooth computational process.

The parameter definitions primarily include the initial wheel position (Zini), vehicle speed (vel), vehicle 
load (pressure), and wheel width (dlen). In this simulation, the front and rear tires have different sizes, with the 
front tire contact area being 0.018 m2 and the rear tire contact area being 0.036 m2. The overall wheelbase of the 
vehicle is 3.815 m. The vehicle load advances to the next contact surface with each time step.

Results and evaluation
Fatigue strength decay of steel-fiber reinforced concrete
Initially, two sets of steel fiber-reinforced concrete with 1% fiber content but different mixing methods were 
subjected to fatigue loading at five different stress cycles: 100,000, 500,000, 1,000,000, 1,500,000, and 2,000,000 
cycles. After the loading of each set was completed, a universal testing machine was used to measure the tensile 
strength, compressive strength, and elastic modulus of the specimens with different steel fiber contents. The 

Impairment factor D Damage state Performance

D = 0 No damage Normal operation

0 < D ≤ 2 Slightly damaged Inspection & monitoring

2 < D ≤ 4 Slight damage Detection and repair

4 < D ≤ 8 Moderate damage Post-repair evaluation

8 < D ≤ 1 Severe damage Suspension of use

D = 1 Complete damage Dismantling

Table 4.  Damage status determination.

 

Performance Level damage Safety

No damage No or negligible structural damage Normal use

Moderate damage Damage does not affect normal use Restoration of use

Severe damage Significant structural damage to the bridge Prohibit use

Complete damage Bridge close to collapse Preventing collapses

Table 3.  The vision committee’s four-tiered classification of impairments.

 

Performance Level damage Safety

No damage No cracks or only minor cracks Normal use

Slight damage Cracks in the concrete Temporary use

Moderate damage Spalling of concrete with further crack width Repair and use

Severe damage Extensive spalling of concrete Not usable, repairable or removable

Complete damage Core concrete crushed, longitudinal reinforcement yielded or broken Prohibit use

Table 2.  HAZUS 99 five-step damage scale.
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failure modes of the compressive strength of steel fiber-reinforced concrete under two mixing methods after 
100,000, 500,000, 1,000,000, and 1,500,000cycles of load are illustrated in Figs. 5, 6, 7, 8, 9 and 10.

As shown in Fig. 5a, after 100000 cycles of loading, there was spalling around the periphery of the 
conventionally mixed steel fiber-reinforced concrete specimens. Due to the bonding effect of the steel fibers, 
the specimens did not disintegrate completely. Fig. 5b indicates that after 100000 cycles of loading, the VM 
specimens exhibited compressive strength damage patterns with minor spalling. A comparison between Fig. 5a 
and Fig. 5b reveals that, after 100000 cycles of loading, the OM specimens showed narrower fracture surfaces 
and less spalling compared to the VM specimens.

Figure 6a shows that after 500000cycles of loading, the OM specimens experienced significant spalling 
and their damage state was more dispersed compared to that after 100000 cycles, indicating a looser internal 
structure and reduced residual fatigue strength. Fig. 6b illustrates that the VM specimens exhibited compressive 
strength damage patterns after 500000cycles, with increased spalling and more severe damage compared to the 
100000-cycle loading, as evidenced by a larger spalled area around the specimens. A comparison of Fig. 6a and 
b reveals that after 500000cycles of loading, the OM specimens had smaller volumes of disintegration and less 
spalling compared to the VM specimens.

Figure 7a demonstrates that after 1000000 cycles of loading, the OM specimens exhibited extensive spalling, 
with the damage state being more dispersed compared to that after 500000cycles. The increase in the number of 
cyclic loads led to a looser internal structure of the concrete and a reduction in residual fatigue strength. Figure 
7b shows that after 1000000 cycles of loading, the VM specimens experienced significant spalling, with spalling 
observed all around the specimens. Compared to the 500000-cycle loading, the damage was more severe, and the 
spalled area increased. Comparing Fig. 7a and b, it can be concluded that after 1000000 cycles of loading, the OM 
specimens had smaller volumes of disintegration and less spalling compared to the VM specimens.

Fig. 6.  After 500000cycles of load, the compressive strength damage pattern was observed.

 

Fig. 5.  After 100,000 cycles of load, the compressive strength damage pattern was observed.
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Figure 8a shows that after 1.5 million cycles of loading, the OM specimens exhibited extensive spalling around 
the perimeter, with the damage being more severe and more dispersed than after 1 million cycles. The increase 
in cyclic load count led to a looser internal structure of the concrete and a decrease in residual fatigue strength.

Figure 8b indicates that after 1.5 million cycles of loading, the VM specimens also showed extensive spalling 
around the perimeter, with more severe damage and an increased spalled area compared to the 1 million-cycle 
loading. Compared to the conventionally mixed steel fiber-reinforced concrete under 1.5 million cycles of 
loading, the VM specimens had smaller disintegrated areas, less spalling, and no significant detachments were 
observed.

OM In summary, as the number of cycles increases, the residual fatigue strength of the specimens decreases. 
The VM specimens show less compressive strength damage and better performance in terms of spalling area and 
disintegration compared to the OM specimens.

The fatigue residual compressive strength and elastic modulus of steel fiber-reinforced concrete obtained 
from the two mixing methods tested are presented in Table 5.

Nonlinear fitting of the residual compressive strength and elastic modulus of steel fiber-reinforced concrete 
after different cyclic loads yields the fatigue degradation curves, as shown in Figs. 9 and Fig. 10.

Figure 9 illustrates that the fatigue degradation curve of compressive strength under the vibration mixing 
method descends gradually with increasing fatigue cycles, while a noticeable degradation in compressive 
strength occurs with the conventional mixing method between 1 and 1.5 million cycles. After 2 million cycles, 
the compressive strength of the OM method decreased by 14.39%, and the initial compressive strength of the 
VM method decreased by 9.67%.

Fig. 8.  After 1,500,000 cycles of load, the compressive strength damage pattern was observed.

 

Fig. 7.  After 1,000,000 cycles of load, the compressive strength damage pattern was observed.
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Figure 10  shows that the fatigue degradation curves of the elastic modulus for both mixing methods have 
a similar downward trend, with an increased rate of decline between 1 and 2 million cycles for both. The initial 
elastic modulus of the OM method decreased by 24.15%, while that of the VM method decreased by 18.3%.

The experimental results indicate that the vibration mixing method provides better fiber uniformity and 
stronger bonding between the steel fibers and the concrete interface, resulting in improved integrity and 
durability of the concrete, with less reduction in compressive strength and elastic modulus after 2 million cycles.

C50 Steel Fiber
Concrete Mixing method Starting value 100,000 500,000 1,000,000 1,500,000 2,000,000

Compressive Strengths (MPa)
OM 60.28 60.01 59.11 58.61 52.51 51.23

VM 64.67 64.59 63.91 63.21 61.55 58.35

Elastic Modulus(GPa)
OM 35.83 35.71 35.32 34.19 30.27 27.02

VM 36.67 36.51 36.11 35.26 33.27 29.76

Table 5.  Fatigue residual compressive strength and modulus of elasticity.

 

Fig. 10.  Fatigue degradation fitting curve of the elastic modulus.

 

Fig. 9.  The fatigue degradation fitting curve of compressive strength.
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The microstructure of steel-fiber-reinforced concrete
Scanning electron microscopy (SEM) was conducted on specimens after fatigue testing to observe the internal 
microstructure of two types of steel fiber-reinforced concrete subjected to different numbers of cyclic loads, 
comparing the changes in bond distribution between steel fibers and matrix materials within the concrete’s 
microstructure. To observe the internal structure of steel fiber-reinforced concrete at different stages of fatigue, 
SEM analysis was selected for specimens prepared using two mixing methods after 0, 1 million, and 1.5 million 
cycles of fatigue loading. Figures 11, 12 and 13 depict the microstructure of the matrix in steel fiber-reinforced 
concrete.

The microstructural observations presented in Fig. 11 reveal that, compared to conventional mixing, 
vibration mixing in steel fiber-reinforced concrete results in better compaction between the constituents, with 
no evident cracks, smaller and uniformly distributed pores, and superior performance. Additionally, the steel 
fibers are evenly dispersed throughout the matrix, preventing clumping and aggregation, which contributes to 
the enhancement of the concrete’s properties.

The microstructural observations depicted in Fig. 12 reveal the characteristics of the micro-interfaces in steel 
fiber-reinforced concrete after 1 million cyclic loads and their impact on material properties. In the conventionally 
mixed steel fiber-reinforced concrete, it is observed that the steel fibers did not achieve uniform dispersion, with 
several fibers aggregating. This aggregation suggests that during the mixing and molding process, the steel fibers 
were not sufficiently dispersed nor fully encapsulated by the cement paste, which may lead to reduced bonding 
within the concrete and consequently affect its overall mechanical performance and durability.

In contrast, the steel fiber-reinforced concrete prepared with vibration mixing exhibits superior microstructural 
characteristics. Vibration mixing ensures a uniform distribution of steel fibers throughout the concrete matrix, 
with each fiber being tightly enveloped by the cement paste, resulting in a cohesive integrity with the matrix. This 
uniform distribution and encapsulation not only enhance the bonding strength between the steel fibers and the 
cement matrix but also significantly improve the density and overall performance of the concrete.

Furthermore, during the vibration mixing process, all components of the concrete, including both fine and 
coarse aggregates, achieve a highly uniform distribution. The complete encapsulation of both fine and coarse 

Fig. 12.  The matrix morphology of steel fiber-reinforced concrete after 1 million cyclic loads(Mag1000 ×).

 

Fig. 11.  The matrix microstructure of steel fiber-reinforced concrete without cyclic loading(Mag500 ×).
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aggregates by the cement paste further strengthens the internal structure of the concrete, forming a dense and 
defect-free microstructure.

The microstructural observations revealed in Fig. 13 clearly demonstrate the differences in the microstructure 
of steel fiber-reinforced concrete after 1.5 million cyclic loads, which directly affect the material’s durability and 
structural integrity. In the conventionally mixed steel fiber-reinforced concrete, numerous pores are present 
on the concrete surface, and larger voids are also observable. The presence of these voids, coupled with the 
formation of micro-cracks around them, indicates insufficient cohesion of the specimen, which may lead to a 
significant reduction in the bond between the concrete and steel fibers, thereby diminishing the material’s load-
bearing capacity and durability.

In contrast, the steel fiber-reinforced concrete prepared with vibration mixing exhibits a denser internal 
structure. Although minor voids are also present in its internal structure after 1.5 million cyclic loads, their 
volume is significantly smaller than that in conventionally mixed steel fiber-reinforced concrete specimens. 
Importantly, no micro-cracks were observed around the fracture surfaces of the vibration-mixed concrete, 
indicating a significant enhancement in its structural integrity and durability.

The advantage of vibration mixing lies in its ability to more effectively disperse steel fibers uniformly within 
the concrete matrix, ensuring that the cement paste fully envelops the aggregates and steel fibers, forming a tight 
bond. This uniform dispersion and encapsulation reduce the formation of pores and voids, thereby increasing 
the concrete’s density and crack resistance. Furthermore, vibration mixing also promotes a more uniform stress 
distribution, reducing crack propagation due to localized stress concentrations.

In summary, the application of vibration mixing technology results in a tighter microstructure and more 
uniform distribution of the mix in steel fiber-reinforced concrete, which plays a significant role in enhancing its 
compactness, mechanical properties, and service life.

Damage to piers of continuous beam bridges
Piers are the primary supporting structures of a bridge’s substructure, predominantly subjected to compressive 
stresses from the bridge deck transmitted through the bearings, and also to a portion of shear stress. By simulating 
the load-bearing conditions of piers under moving vehicle loads, the study investigates the damage conditions of 
steel fiber-reinforced concrete piers with different mixing methods, comparing the differences in damage values 
and extents between the two.

Figure 14 indicates that for the pier with conventional mixing, the compressive damage is primarily 
concentrated in the lower left corner, with a maximum damage value of 0.00007722. After employing vibration 
mixing, the compressive damage of Pier 1 is reduced to 0.00003331, achieving a damage reduction rate of 56.86%. 
A comparison between Fig. 14a and b reveals that the damage extent of vibration-mixed steel fiber-reinforced 
concrete piers is significantly smaller than that of conventionally mixed piers.

Figure 15 shows that the maximum damage of Pier 2 with conventional mixing is 0.01174, and the compressive 
damage is reduced to 0.005365 with vibration mixing, achieving a damage reduction rate of 54.3%.

Figure 16 indicates that after one million cycles of fatigue loading, the compressive damage in Pier 1 shows 
that the maximum compressive damage of conventionally mixed steel fiber-reinforced concrete piers reaches 
0.142, while for vibration-mixed piers, it is 0.109, demonstrating that the vibration mixing method can effectively 
reduce the degree of damage. The trend of damage values indicates that the damage increases over time, peaking 
between 20 and 25 s when the difference in damage values is at its maximum, and then stabilizes.

Upon further comparison between Pier 1 and Pier 2, the compressive damage values of Pier 2 are significantly 
higher than those of Pier 1, particularly at the top of the pier where it contacts the bearing. The damage of Pier 
1 is primarily concentrated in the lower left corner, where the damage area of the vibration-mixed steel fiber-
reinforced concrete piers is significantly reduced compared to the conventional mixing method.

Analysis results from Figs. 14 and 15 indicate that the compressive damage area of Pier 2 has significantly 
expanded compared to Pier 1, a phenomenon observed in both conventionally mixed and vibration-mixed steel 

Fig. 13.  The matrix morphology of steel fiber-reinforced concrete after 1.5 million cyclic loads(Mag1000 ×).
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fiber-reinforced concrete piers. However, vibration-mixed steel fiber-reinforced concrete piers exhibit superior 
performance on Pier 2, with not only a reduced damage area but also a substantial decrease in damage values.

Plastic strain is an important indicator of concrete damage. Fig. 17 shows that under vehicle loads, the 
equivalent plastic strain at the pier bearing of vibration-mixed steel fiber-reinforced concrete is significantly 
lower than that of conventionally mixed steel fiber-reinforced concrete piers. Comparing Fig. 16 and Fig. 17 
reveals that the trends of the equivalent plastic strain curves and compressive damage curves for steel fiber-
reinforced concrete piers with both mixing methods are consistent.

Fig. 15.  Compressive damage of Pier 2.

 

Fig. 14.  Compressive damage of Pier 1.
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Damage to the bearing pads of continuous beam bridges
As shown in REF _Ref173506794 \h  \* MERGEFORMAT Figs. 18a and REF _Ref173507041 \h  \* 
MERGEFORMAT 19a, the compressive damage values of Bearing Pad 2 are identical to those of Bearing Pad 1, 
indicating that both types of steel fiber-reinforced concrete bearing pads have reached their damage extremum 
at these locations. However, the compressive damage values for vibration-mixed steel fiber-reinforced concrete 
bearing pads are significantly lower than those for conventionally mixed bearing pads, regardless of whether 
they are Bearing Pad 1 or Bearing Pad 2. 

Figure 18 indicates that the compressive damage of Bearing Pad 1 is primarily concentrated in the lower 
left corner, and the damage area of vibration-mixed steel fiber-reinforced concrete bearing pads is significantly 
smaller than that of conventionally mixed bearing pads. Fig. 18 and Fig. 19 show that the compressive damage 
area of Bearing Pad 2 is more pronounced compared to Bearing Pad 1. It is evident that the damage area of 
conventionally mixed steel fiber-reinforced concrete bearing pads has expanded significantly compared to 
Bearing Pad 1, and vibration-mixed bearing pads exhibit a similar trend. In terms of the damage area of Bearing 
Pad 2, vibration-mixed steel fiber-reinforced concrete outperforms conventionally mixed bearing pads, with a 
reduced damage area and a substantial decrease in damage values. 

Figure 20a, b indicate that the stiffness damage of Bearing Pad 1 is primarily concentrated on the left side of 
the structure, and the stiffness damage area of vibration-mixed steel fiber-reinforced concrete bearing pads is 
significantly smaller than that of conventionally mixed bearing pads. Fig. 20 and Fig. 21 show that the stiffness 
damage area of Bearing Pad 2 is even more pronounced, with the stiffness damage area of conventionally mixed 
steel fiber-reinforced concrete bearing pads having expanded significantly compared to Bearing Pad 1, and 
vibration-mixed bearing pads exhibit a similar trend.

Fig. 17.  Compressive damage of Pier 2.

 

Fig. 16.  Compressive damage of Pier 2.

 

Scientific Reports |        (2024) 14:29927 14| https://doi.org/10.1038/s41598-024-79739-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 20.  Stiffness damage of Bearing Pad 1.

 

Fig. 19.  Compressive damage of Bearing Pad 2.

 

Fig. 18.  Compressive damage of Bearing Pad 1.
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Fig. 20 and Fig. 21 reveal that under vehicle loads, the maximum stiffness damage of conventionally mixed 
steel fiber-reinforced concrete for Bearing Pad 1 is 0.988, while for vibration-mixed Bearing Pad 1, the maximum 
compressive damage is 0.976. The maximum compressive damage for conventionally mixed steel fiber-reinforced 
concrete Bearing Pad 2 is 0.988, and for vibration-mixed Bearing Pad 2, it is 0.983. The results indicate that some 
areas of the conventionally mixed steel fiber-reinforced concrete for Bearing Pad 2 have reached the maximum 
stiffness damage. In terms of damage range for both Bearing Pad 1 and Bearing Pad 2, vibration-mixed steel 
fiber-reinforced concrete performs better than conventionally mixed, with the stiffness damage range was 
reduced by 23.86%.

Figure 22 demonstrates that the fatigue life simulation analysis of steel fiber-reinforced concrete bearing 
pads with two mixing methods reveals that the most critical fatigue life areas correspond with the previously 
mentioned areas prone to damage. The least favorable fatigue life of vibration-mixed steel fiber-reinforced 
concrete bearing pads is 4.02 million cycles, whereas for conventionally mixed pads, it is 2.84 million cycles, 
with a difference of 180,000 cycles, representing a 29.35% improvement in fatigue life for the vibration-mixed 
concrete.

Conclusion
This study conducted fatigue performance and electron microscopy tests on steel fiber-reinforced concrete 
with vibration mixing, and combined the constitutive model of the concrete with experimental data through 
numerical simulation to obtain models for two different mixing methods. Subsequently, the damage extremum 
and range of steel fiber-reinforced concrete bridge piers under vehicle loads were analyzed for both mixing 
methods. The conclusions are as follows:

(1) The fatigue degradation curves for compressive strength and elastic modulus of conventionally mixed 
steel fiber-reinforced concrete showed significant decay between 1 and 1.5 million load cycles, with the decay 

Fig. 22.  Service life of bearing pads.

 

Fig. 21.  Stiffness damage of Bearing Pad 2.
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rate for compressive strength increasing from 2.77% to 12.89%, and that for elastic modulus from 3.57% to 
13.28%. For vibration-mixed steel fiber-reinforced concrete, these curves showed significant decay between 1.5 
and 2 million cycles, with the decay rate for compressive strength increasing from 4.82% to 9.77%, and that for 
elastic modulus from 5.45% to 11.03%.

(2) After 1 and 1.5 million load cycles, the microstructure of conventionally mixed steel fiber-reinforced 
concrete showed non-uniform dispersion of steel fibers, with clusters observed. In contrast, vibration-mixed 
steel fiber-reinforced concrete exhibited a dense internal structure with uniformly distributed fibers, which were 
entirely encapsulated by cement paste particles, forming a cohesive bond with the matrix.

(3) The use of vibration-mixed steel fiber-reinforced concrete significantly reduced the maximum compressive 
damage and its extent in bridge piers. For conventional mixing, the maximum compressive damage of Pier 1 was 
concentrated in the lower left corner, with a maximum value of 0.00007722, which was reduced to 0.00003331 
after vibration mixing, achieving a damage reduction of 56.86%. For Pier 2, the maximum damage was 0.01174 
with conventional mixing, and it was reduced to 0.005365 with vibration mixing, resulting in a 54.3% damage 
reduction.

(4) The maximum stiffness damage values for both Bearing Pad 1 and Bearing Pad 2 of conventionally mixed 
steel fiber-reinforced concrete were 0.988, while for vibration-mixed steel fiber-reinforced concrete, the values 
were 0.976 for Bearing Pad 1 and 0.983 for Bearing Pad 2. This indicates that some areas of the conventionally 
mixed bearing pads have reached the maximum damage values. Vibration-mixed steel fiber-reinforced concrete 
showed superior performance in reducing the stiffness damage range and values for both bearing pads.

(5) The least favorable fatigue life of vibration-mixed steel fiber-reinforced concrete bearing pads was 3.02 
million cycles, compared to 2.84 million cycles for conventionally mixed bearing pads, a difference of 180,000 
cycles, representing a 6.4% improvement in fatigue life for the vibration-mixed concrete.

In summary, utilizing vibration-mixed steel fiber reinforced concrete (SFRC) in critical bridge components, 
such as piers and midspans, significantly enhances the bridge’s overall durability, extends its service life, and 
reduces maintenance costs. This conclusion can be extended to other infrastructures, including aqueducts and 
dams. Although this study addresses the damage to steel fiber-reinforced concrete (SFRC) bridge piers under 
vehicular loads, seismic loads are another significant factor affecting structural safety. Future research should 
explore the behavior of SFRC bridges under various seismic conditions.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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