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Abstract: The fatigue performance of steel-concrete composite beams is crucial for ensuring structural
safety. To account for the member’s multiaxial stress state, this study employed the critical surface
method, using fatigue damage parameters as an evaluation index for assessing fatigue performance.
Static and fatigue performance tests on steel-concrete beams were conducted to identify failure
characteristics, which informed the development of a finite element model that incorporates concrete
damage. Using the SWT model, the most unfavorable loading parameters were determined by
analyzing critical paths on the test beams, providing a basis for predicting how initial defects impact
fatigue performance. The impact of initial defects on the fatigue performance of the composite beam
is assessed using this criterion. The results indicate that the discrepancy between the actual and
predicted load capacities of the test beam is within 5%, and cyclic loading significantly affects the
test beam’s mechanical properties, resulting in a 27% reduction in load capacity and a 48% increase
in deflection after 2 million cycles. Finite element modeling reveals that components experience
multiaxial stress, with test beam mechanical property changes aligning with predicted fatigue damage
parameters, confirming the reliability of using these parameters as a criterion. As the strength of the
composite beams diminished due to pore defects, the fatigue damage parameter escalated, increasing
the likelihood of crack formation. However, once the concrete’s strength fell to a level where the
pegs were insufficiently constrained, the structural damage pattern shifted, and the fatigue damage
parameter subsequently decreased.

Keywords: steel-concrete composite structures; fatigue testing; finite element analysis; critical plane
method; Smith-Watson-Topper

1. Introduction

Steel-concrete composite structures integrate the advantages of both steel and concrete
and are widely used in the construction of buildings and bridges due to their superior
performance and convenience in construction [1]. The excellent performance of steel-
concrete composite structures makes them of significant research interest, thus studies
in this field have been thriving for a long time. Innovations are continually made in
materials [2,3], and various excellent application structures appear in areas such as large-
span bridges and urban overpasses [4,5].

The widespread use of steel-concrete composite structures necessitates closer scrutiny
of member defects and the decline in stress performance, among which the fatigue per-
formance of shear connectors is a primary concern [6]. Despite numerous fatigue tests
conducted by scholars worldwide on composite beams, the internal damage within com-
posite beams remains challenging to detect. Consequently, this paper employs a numerical
analysis to evaluate the performance of composite beams, utilizing practical engineering
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cases and theoretical frameworks [7]. Conventional methods often employ S-N curves to as-
sess the relationship between nominal shear stress amplitude and fatigue life cycles in shear
connectors, utilizing experimental data for fitting. Under uniaxial stress, S-N curves can ef-
fectively evaluate fatigue due to the straightforward nature of the loading history. However,
in numerous practical applications, multiaxial and non-proportional loading conditions are
encountered, making S-N curve-based fatigue predictions insufficient. Furthermore, most
5-N curve models in the study are tailored to fit specific test data, lacking a universal model
for precise predictions [8]. Additionally, the S-N curve method fails to accurately predict
fatigue life when accounting for the impact of initial defects, potentially resulting in an
overestimated infinite fatigue life. Moreover, the method demands extensive experimental
data to assess fatigue life under variable amplitude loading, which can be prohibitively
expensive [9]. Thus, traditional evaluation methods may be limited when assessing the
fatigue performance of shear connectors across diverse types and application scenarios.

The stress state at a point within a structure can be characterized by a two-dimensional
tensor that includes three normal and three shear components, with any directional change
during the actual stressing process altering the magnitude of each stress component. Ex-
perimental research by scholars such as Xiang et al. has shown that bolts, acting as shear
connectors, not only bear shear in the shear region but also induce significant compressive
stress on the hole wall and longitudinal and transverse tensile stresses within the concrete.
Consequently, in practical engineering applications, shear connectors are subjected to not
only shear stress but also complex multiaxial stress conditions [10,11]. Currently, the pri-
mary methods for assessing multiaxial fatigue life include the nominal stress method, the
local strain method, and the critical plane method, with varying applicability across differ-
ent cases. The Smith—-Watson-Topper (SWT) model has been refined through numerous
modifications and derivations by scholars [12]. Scholars Li [13] and Branco [14] confirmed
the SWT model’s accurate predictions for shear connectors by comparing it with the Top-
per criterion and evaluating the predictive accuracy of the SWT, CM, and TSED models.
Steel-concrete composite structures, as a whole, have the concrete as one of their main com-
ponents, which is a typical non-homogeneous and porous material, influenced by various
factors, including construction methods, curing conditions, and environmental humidity.
This results in the concrete inevitably having initial pore defects; these initial defects, along
with other quality issues, are among the primary factors affecting the mechanical properties
and durability of concrete. The interaction between the components places the composite
beam under a complex multiaxial stress state. In most cases, the fatigue characteristics of
the exterior of the composite components can be intuitively deduced. However, fatigue
damage within the components is challenging to predict; therefore, these issues necessitate
further in-depth study.

Building on the research described above, this study conducted fatigue tests to discuss
the effects of relative slippage, strain outcomes, and changes in deflection on the compo-
nents. Based on these findings, a finite element analysis model was established. Utilizing
the damage critical plane method with the Smith-Watson-Topper (SWT) parameter as the
evaluation criterion, the fatigue states of the composite beam’s shear connectors and the
steel longitudinal beam’s welded details were assessed. Furthermore, a parametric analysis
of the fatigue state of the welded details under the impact of initial concrete porosity defects
was also performed.

2. Experimental Program
2.1. Test Specimen Geometry and Material Properties

The experimental model is constructed as shown in Figure 1. The total length of the
experimental beam is 2.2 m, with a calculated span of 2 m, divided into two pieces: one for
static tests and the other for fatigue tests. Both beams share identical geometric parameters,
where the concrete slab uses C40 concrete and the steel is Q235, welded into an I-shaped
steel beam according to standards. Specific parameters are available in Table 1. Vertical
stiffeners are arranged at the supports of the steel beam and at the mid-span to enhance
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the stability of the steel beam at these specific local positions. The experimental beams
are designed with fully shear-resistant connections using ML-15 type 13 studs, arranged
in double rows with a transverse spacing of 70 mm and a longitudinal spacing of 80 mm,

totaling 48 studs.
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Figure 1. Sectional dimensions of composite beams: (a) longitudinal section and (b) cross-section.

Table 1. Material parameters.

Component Material Size Settings (mm)
Longitudinal rebar HPB300 @8@108
Transverse rebar HPB300 @6@100
Steel plate Q235 2200 x 160 x 10
Concrete slab C40 2000 x 600 x 100
Stud connectors ML-15 p13@80

2.2. Load Bearing-Capacity Calculation

To determine the appropriate loading method, this paper preliminarily calculates
the plastic bearing capacity of the test beam. Several basic assumptions are made in this
process: Firstly, the stud connectors ensure a tight connection between the concrete flanges
and the steel beam, thus fully utilizing their bending resistance. Secondly; it is assumed
that the concrete below the plastic neutral axis has cracked and does not participate in load
bearing. Lastly, the concrete under compression and the steel beam under tension and
compression have both entered the plastic state, with their stress distribution appearing
rectangular across the cross-section [15].

To begin, calculate the relationship between the force in the steel beam, Asfy, and the
force in the concrete slab, bghfct, to determine the type of section. Based on the material
performance test results, the axial compressive strength standard value, f, of the concrete
is set at 30.6 MPa, and the yield strength, f,, of the steel beam is set at 345 MPa. If the
calculation shows that Asfy is greater than b,ghyf, the section is then calculated as a Type II
section (Figure 2).

begr

i —gr 3 1

Figure 2. Schematic diagram of the calculation of the second type of cross-section.
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Let the compressive area of the steel beam be Ag.; then, the tensile area of the steel
beam, A, is the difference between As; and As.. According to the section force balance
condition which equals zero, Equation (1) can be derived as follows:

Asfy + beffhdfck = (As - Asc)fy 1)

where A; represents the cross-sectional area of the steel beam, beﬁc represents the effective
width of the concrete slab, and /; represents the height of the concrete slab.

Based on Equation (1), it is calculated that Ay is less than the force-bearing area of the
upper flange of the steel beam, by, indicating that the plastic neutral axis is located within
the upper flange of the steel beam. After confirming the balance position, Equation (2) is
used to calculate that the bending moment of the component is 222.4 kN.

h h
Mu:fy[AS(h_ysb—Ed)_bsu(x_hd)(x_?d)] ()
Finally, let P denote the load at the mid-span loading position of the test beam. When
the shear effect is at its maximum, based on the balance equation, the estimated load on the
test beam is calculated to be 444.8 kN.

2.3. Loading and Measurement Setup

To maximize the shear effect, all test beams are designed to be simply supported and
are subject to single-point loading at mid-span. A steel plate is placed at the loading point
on the concrete slab to ensure even distribution of forces on the test beam. Before loading,
the load center is confirmed to be at the midpoint of the test beam using a pendulum
hammer, and the supports are adjusted by methods such as spreading fine sand to ensure
even force distribution across the beam. Before actual loading, a pre-load operation is
conducted during static tests to eliminate factors such as residual adhesion, which might
affect loading. During the pre-loading phase, the load increments are set between 0.2 and
0.4 times the elastic limit load, and after reaching the target load, it is completely released.

To further understand the elastic—plastic behavior of the test beam at different stages,
a stepwise incremental loading method is used, with each increment being 20 kN and the
loading rate controlled at 2 min per increment. When the load reaches the limit of the
elastic stage, the loading is switched to displacement control at a rate of 0.25 mm/min,
and this process continues until component failure. Each loading stage is maintained for
2 min to collect data on load values, displacement at various points, and strain readings
(see Figure 3).

Similar pre-loading is performed before the cyclic load testing. During the actual
loading phase, the cyclic loading is paused when the component has undergone 500,000,
1,000,000, and 1,500,000 cycles to perform a static data collection of the elastic stage. The
collected data represent the bearing capacity performance after the nth cycle, culminating
in static failure. The upper and lower fatigue loading limits are based on a bearing capacity
degradation model and range from 0.35 P, to 0.6 P,, (where P, is the ultimate load). The
fatigue load control waveform is sinusoidal, and the loading frequency is 4 Hz.
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Figure 3. Test beam loading: (a) loading diagram, (b) measurement points layout, and (c) loading site
diagram.

3. Test Results and Analysis
3.1. Failure Process

At the initial stages of load application, the test beam is in the elastic phase, with
displacement and strain showing a linear relationship. When loaded to 0.4 P,, stresses
concentrate in the concrete slab due to the direct application of loads, and transverse cracks
appear in the central loading area of the concrete slab’s top surface and gradually expand as
the test force increases. At 0.7 P, the test beam enters the yielding phase, the concrete slab
experiences significant bending moments at mid-span, and interfacial slip between the steel
reinforcement and the concrete causes localized stress concentrations. Longitudinal cracks
appear near the mid-span on the underside of the concrete slab, and these extend upwards
as the load increases, eventually enveloping the entire section. After the load reaches
0.85 P, diagonal cracks appear on both sides of the concrete loading point, accompanied
by spalling of the concrete, and the displacement corresponding to the same load increment
significantly increases. At this point, the loading is nearing its end, the concrete strength is
at its limit, and the bond between the concrete and the steel beam is inadequate. Afterwards,
the growth rate and number of cracks on the concrete slab rapidly increase, continually
extending and interconnecting. Approaching the ultimate load, the concrete flange at the
loading point is crushed, with a large amount of concrete spalling and significant yielding
deformation of the steel beam. The experimental destruction phenomenon is shown in
Figure 4.
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Figure 4. Experimental destruction phenomena: (a) transverse cracks, (b) diagonal cracks, (c) longitu-

dinal through cracks, and (d) concrete spalling.

After 500,000 load cycles, minor cracks appear at the connection between the steel beam
and the concrete slab, with the overall load-bearing capacity of the test beam remaining
essentially consistent with that before cycling. As the number of load cycles increases to
between 1,000,000 and 1,300,000, horizontal expansion of surface cracks on the concrete
slab and longitudinal cracks at the mid-span occur, slightly reducing the load-bearing
capacity. After 2,000,000 load cycles, the steel beam exhibits slight bending deformation,
and transverse cracks extend to a quarter of the beam’s span. Under cyclic loading, fatigue
damage, such as cracking, reduction in shear resistance, reduction in bonding properties,
and reduction in structural stiffness, was observed in the combined beams. Subsequently,
under static loading to 0.5 P,, the crack at the lower edge of the concrete flange at mid-span
spread to form a through crack, and a sudden change occurred in the vertical displacement
at the center of the steel beam. When loaded to 0.6 P, the transverse cracks rapidly
expanded to the supports. Finally, when loaded to 0.85 P,;, dense brittle sounds occurred
inside the concrete, and as the load approached the ultimate load, the concrete near the
loading beam fractured, and a significant amount of concrete spalled, leading to the
destruction of the test beam. Experimental destruction phenomena are similar, but they
occur earlier.

3.2. Load—Deflection Curve

The load-deflection curve is a crucial basis for assessing bending resistance and can
reflect the comprehensive performance attributes of composite beams, including stiffness,
load-bearing capacity, and ductility, among other key parameters. The following figure
illustrates the load—displacement curves for the test beam under static load failure, after a
certain number of fatigue cycles during the elastic stage, and after 2 million cycles of cyclic
load followed by static load failure [16]. Figure 5 clearly demonstrates the impact of the
number of load cycles on the test beam, with both the load-bearing capacity and stiffness
during the elastic stage decreasing as the number of cycles increases, as well as ductility
diminishing further.
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Figure 5. Mid-span load deflection curve.

As a result of the low magnitude of cyclic loading, the closure of pores in the concrete
material during the initial cycles mitigates the adverse impact of pores on the overall
stiffness, thereby densifying the material and, to some extent, enhancing the interaction
between the materials. Consequently, this results in an initial increase in the stiffness of
the test beams during the early stages of cyclic loading. The ultimate load of the static
test beam was about 470 kN, and after being subjected to cyclic loading, the load carrying
capacity was about 340 kN, which decreased to 73% of that of the static reference beam,
and the reduction in ultimate deflection is even more significant, about 52% of the static
reference beam.

3.3. Load—Section Strain Relationship

The performance of the composite beams under load can be evaluated from the load-
section strain relationship. Figure 6 depicts the load—strain distribution for the mid-span
cross-section during the static elastic stage of both static and fatigue test beams. The analysis
confirms that both the static and fatigue test beams adhere to the plane section assumption.
The static test beam demonstrates superior overall integrity, possessing only one neutral
axis. Figure 6b presents the strain distribution of the structure after 150 fatigue load cycles;
the diagram shows that, at this point, the cross-section still only has one neutral axis.

250 250
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o
o
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-1000-800-600-400-200 0 200 400 600 800 10001200 -800 -600 -400 -200 0 200 400 600 800 1000
ne ue
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Figure 6. Load-section strain relationship in midspan: (a) static beam and (b) fatigue beam.

3.4. Relative Slip

Stud connectors play a crucial role in steel-concrete composite structures, directly
reflecting the synergy between the concrete flange and the steel beam. Figure 7 illustrates
the trend of relative slip at the beam end with increasing cyclic loading during the elastic
phase tests. From the graph, it can be observed that the variation pattern of relative slip is
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essentially consistent with the load—deflection curve. The number of cyclic loading cycles
is positively correlated with the relative slip of the test beam, indicating that, as the cyclic
loading increases, the shear elements gradually fail, and the interface synergy between the
concrete slab and the steel beam gradually deteriorates.

300 -

250

200
_% —=— Static
S 150f —— 50 W
k —— 100W
LooL ——150W
——200 W

50

0 1 1 1 1 1 1
0.0 0.1 02 0.3 0.4 0.5 0.6

Relative slip (mm)

Figure 7. Relative slip curve.

The design of stud connectors in the experiment follows the specifications of complete
shear connection design. The analysis results indicate that the shear design can meet
the mechanical requirements of composite beams under static loading and demonstrate
excellent integrity. However, in fatigue tests, with the increase in the number of loading
cycles, the shear components are more prone to premature failure compared to the entire
beam. Therefore, in future bridge structural designs, especially for composite structures
affected by dynamic loads, this aspect should be given special attention.

4. Finite Element Analysis
4.1. Establishment of the Finite Element Model

The simulation of a steel-concrete composite test beam model includes a concrete slab,
an I-shaped steel beam, stud connectors, rib reinforcements, and rebar configuration. The
model is constructed and analyzed using the finite element analysis software ABAQUS
(2022). Except for the structural rebar, all components are modeled using solid elements,
specifically eight-node linear hexahedral elements (C3D8R), which completely prevent
shear locking issues that can occur in integration elements under bending loads. The
accuracy of the results is not significantly affected by the shape of the elements, allowing
for precise calculations of structural deformations. The rebar is simulated using two-node
linear three-dimensional truss elements (T3D2) and is embedded in the concrete slab using
a built-in regional approach (see Figure 8).

Figure 8. Calculation model of test beam.

4.2. Constitutive Relation

The establishment of a finite element model for numerical simulation relies on the
selection of the material constitutive model, which determines the accuracy of the model’s
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computational results. This paper utilizes the built-in parameter settings of Abaqus, adopt-
ing the Concrete Damaged Plasticity (CDP) model for the concrete damage model. The
constitutive relationship of concrete is defined according to the stress—strain curve calcula-
tion formulas for concrete under uniaxial compression and tension, as specified in the GB
50010-2010 [17].

The uniaxial tensile stress—strain curve is calculated using the following equation:

o= (1—d)Ece 3)
1—pi(12-02x°) x <1
= { 1- oct(xf;t)l'7+x x>1 (4)

fr

where p; = Flg X = S%, E. is the modulus of elasticity of concrete, «; is the reference value
for uniaxial tensile loading of concrete, f;" is the uniaxial tensile strength of concrete, ¢; is
the maximum tensile strain, and d; is the parameter for the evolution of uniaxial tensile
damage in concrete.

The stress—strain curve for uniaxial compression is calculated using the following equation:

o= (1-—d:)Ece (5)
1- n—plc—tx” x<1
L i P S | ©)
ac(x—1)2+x
where p, = %, n= %, X = é, «¢ is the reference value for uniaxial compression

of concrete, f/ is the uniaxial compressive strength of concrete, ¢, is the corresponding
maximum compressive strain of concrete, and d. is the parameter for the evolution of
uniaxial compressive damage in concrete.

The structural steel and stud connectors constitutive relationships utilize a bilinear
model. The steel plate used for the experimental beam is Q235 steel. Specific material
parameters are listed in the Tables 2 and 3.

Table 2. Finite element steel parameters.

Material fy (MPa) fu (MPa) gy &y
ML-15 440 528 0.002 0.044
Q235 345 450 0.002 0.052

Table 3. Concrete plasticity parameters.

Expansion Eccentricity Viscosity
Parameter Angle (°) (%) Frolfeo K Parameter
Value 35 0.1 1.16 2/3 0.005

Setting the contact nonlinearity between components can better simulate the overall
stress changes in the actual experimental beam. Based on the study of the contact model for
stud connectors, the contact type between surfaces is set, and the calculated results have a
very high agreement with the experimental outcomes. However, by constraining the stud
connectors in a tied manner, the accuracy of the calculated results is already sufficient to
meet practical needs [18].

4.3. Finite Element Results Analysis

To assess the accuracy of the finite element simulation for structural forces and damage
patterns, the simulated damage was compared and analyzed against the experimental
damage patterns, as depicted in Figure 9. Upon comparative analysis, the simulation
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results were found to be highly consistent with the experimental data, with local buckling
observed in the steel girder’s span; the concrete slab of the experimental girder also
exhibited numerous cracks within the bottom slab’s span.

huE CEErH

(b)

Figure 9. Comparison of simulated and tested damage patterns: (a) concrete slab damage pattern
and (b) steel beam damage pattern.

After performing finite element modeling and analysis, the load—deflection relation-
ship curve at the mid-span position is obtained (see Figure 10). Comparing the simulated
numerical relationship with actual data, we see that the results are consistent. The maxi-
mum average error for mid-span deflection and the strain gauges on the side of the concrete
slab (C1, C2, and C3) and the steel beam (51, S2, and S3) are all within 5% (see Figure 11).
This verifies the reliability of the established finite element model.

500
=354 e
-
e .
400 | el o Experiment
[ FE model
O,
= 300
Z P
i
200 F L. - -~ . ]
5 U [ 1
o z &
CS Displacement sensor
100 | 1sp
0 1 1 1 1 1
0 5 10 15 20 25

Deflection (mm)

Figure 10. Load-mid-span deflection.
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Figure 11. Mid-span load-strain.

4.4. Stress Analysis

Figure 12 illustrates the stress distribution and deformation of steel components under
the maximum load amplitude (0.6). Relative to the concrete voids, sliding to the left
and downward occurred at the welded position at the bottom of the stud connectors.
This reflects the transmission of horizontal and vertical shear forces through the contact
pressure on the hole walls from the concrete to the steel beam via the stud connectors,
causing considerable compressive stress near the support area at the welded-hole positions.
Significant tensile stress also occurs in the lower and left side of the stud connectors, in both
the longitudinal and vertical directions near the loaded side. As the position approaches the
mid-span, the longitudinal strain gradually decreases due to the change in the direction of
force. Additionally, as shear components, the stud connectors overall bear a large amount
of shear stress generated by the compression of the entire beam. This indicates that the
welded sections in the shear area are in a multiaxial stress state, where longitudinal normal
tensile stress, vertical normal tensile stress, and shear stress coexist.
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Figure 12. Stress distribution in welded parts: (a) longitudinal normal stress, (b) vertical normal

stress, (c) shear stress.
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To further understand the overall stress state of the composite beam, three paths
parallel to the longitudinal direction were predetermined. Due to the symmetric double-
row arrangement of the stud connectors, the curve changes and fatigue damage parameters
are quite similar; therefore, only one was selected, namely Path 1 along the center of the
longitudinal stud connector welds. Fatigue cracks are also likely to occur near the toe of the
stud weld. Path 2 is taken parallel in the same direction along Path 1, and the I-shaped steel
beam is constructed from three welded steel plates, with significant bending deformation
at the bottom of the beam where the corner welds are also susceptible to damage. Path 3
was chosen accordingly, as illustrated in the Figure 13. Under load amplitudes between
0.35 and 0.6, the longitudinal normal tensile stress amplitude, vertical normal tensile stress
amplitude, and shear stress amplitude along these three paths are output.

Path 1

----Path2

40t F T T Path 3
! \

Ao;=41.78 MPa
_—" A0

=20 +

Stress amplitude (MPa)
[=}

40 F

or ] |
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() (d)

Figure 13. Stress amplitude of welded parts: (a) calculation paths, (b) longitudinal normal stress,
(c) vertical normal stress, and (d) shear stress.

As can be known from Figure 13, the stress amplitudes fluctuate in a wavelike curve
longitudinally, with local peaks near the center of the shear connectors. Among the
considered paths, the maximum amplitude of longitudinal normal stress occurs in the
bending area of Path 2; the maximum amplitude of vertical normal stress and the maximum
shear stress amplitude are located in the shear area of Path 1. This indicates that the effects of
vertical normal stress and shear stress become more pronounced as the distance between the
weldment and the predefined paths decreases. Furthermore, the highest values of vertical
normal stress amplitude and shear stress amplitude are 4.37 times and 1.97 times that of
the maximum longitudinal stress amplitude, respectively, suggesting that the amplitudes
of vertical normal stress and shear stress are the main factors causing the multiaxial stress
state in the weldments.
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5. Fatigue Damage Parameter Analysis
5.1. Critical Damage Plane Method

Considering components under multiaxial stress—strain conditions, the critical plane
method [19,20] can be utilized to predict the initiation locations of cracks. This method
is highly effective in multiaxial fatigue evaluations. It assumes that there exists a critical
plane under multiaxial stress states where fatigue damage reaches its maximum, making it
more susceptible to fatigue failure. Numerous mature models have been developed for the
study of fatigue damage parameters; this paper references the Smith-Watson-Topper (SWT)
model to analyze issues related to multiaxial stresses [21]. The parameters are defined as
in Equation (5), and the model effectively assesses the impact of mean stress using strain

energy [22].

Ae
D - T(Tmux (7)

where D indicates the fatigue damage parameters, Ae represents the amplitude of the
normal strain per cycle, and 0,4y represents the maximum normal stress during the cycle.

This parameter quantitatively reflects the degree of fatigue failure and damage of the
analyzed element under multiaxial stress. On the critical plane, this damage parameter
reaches its maximum value. The larger the SWT parameter, the higher the degree of fatigue
damage, and the more likely fatigue cracks are to appear.

To confirm the critical plane of a component and identify the most disadvantageous
position for calculating the SWT parameter for fatigue life prediction analysis, it is necessary
to first calculate the stress—strain field of the component. Using the Abaqus 2022 software,
stress and strain data for each element in the global coordinates (x, y, and z) are output. The
coordinate system (x’, ¥, and z’) used for calculations is derived from the matrix shown in
Figure 14. This determines the critical plane and the most disadvantageous load position.
The calculation formula for each element on the plane is as follows:

o= Uxxn,zc + Uyynﬁ + (Tzzré + 2Ty Ny + 2Tyz Ny Nz + 2TazNyN; (8)

&= gxxni + syynf + szzng + 2y xyNixty + 2y yNz + 2y xz Ny N, 9)

Figure 14. Arbitrary plane position conversion diagram.

In the formula, the stress and strain are the transformed normal stress and strain,
where n,, ny, and 1, are the direction cosines of the plane normal relative to the global
coordinates. These are calculated using Equations (8)—-(10):

Ny = cosfsing (10)
ny = sinfsing (11)
n; = cos@ (12)

where 6 is the angle between the z-axis and the projection of the plane normal on the
xy-plane, and ¢ is the angle between the plane normal and the z-axis. After calculating
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the values of 0 and ¢, the verification plane with the maximum SWT parameter calculated
using Equation (5) is considered the critical plane.

The specific calculation values consider that the SWT damage parameter is a function
of 0 and ¢. The calculation is made by taking values for the angle from 0° to 180° at
intervals of 10°, analyzing a 180 x 180 plane. For example, Figure 15 shows the SWT
parameters of an element on Path 1, approximately 80 mm from the support edge of the
specimen, at various 6 and ¢ angles. When 6 and ¢ are at 40° and 90°, respectively, the
maximum fatigue damage parameter is 1.22 x 10°. Thus, the plane at 40° 6 and 90° ¢ is
the critical plane for this element, and 1.22 x 10° is the fatigue damage parameter on this
critical plane, which is also the SWT parameter for the element. Subsequent analyses also
determined that fatigue cracks began to propagate from this location.

oot
- (40, 90, 1.22x10°) 1

10.97

9. 740

SWT parameters(x10%)

Do o B ®

Figure 15. SWT parameters for 6 and ¢.

5.2. Parameter Analysis

Figure 16 shows the longitudinal distribution of SWT parameters for components
along paths 1, 2, and 3 under a load amplitude of 0.25, and the maximum SWT parameters
are shown for each path. Numerical and graphical comparisons indicate that, compared
to other surfaces and interface connections, the most disadvantageous load positions
are mostly concentrated at the locations of stud connectors, where the fatigue damage
parameters are significantly greater. This confirms that shear connectors are key to the
study of the fatigue performance of the experimental beam. The most likely locations for
fatigue cracks to occur and for fatigue failure to happen are at the stud positions at the
far-left end of the beam, where the shear is greatest. These analytical positions are in very
close agreement with the results observed in the experiment where significant deformation
occurred, indicating that the stud welding areas are the primary sources of fatigue damage
in composite beam components.

In the experiments, apart from fatigue cracks leading to structural failure at the toe
of the welds, shear failure of the studs could also occur. Therefore, an SWT parameter
analysis was conducted on the studs at the most disadvantageous load positions along
Path 1 in terms of circumferential direction and vertical height to determine the overall
most disadvantageous load positions of the studs, as shown in Figure 17.

In practical engineering, defects in composite structures can arise due to issues related
to the preparation, transportation, or inherent quality of concrete, thereby affecting the
mechanical performance of the structure [23,24]. To further verify the reliability of the
analysis process described above, this paper calculates the distribution of SWT parameters
for four groups of specimens with certain initial defects [25]. The introduction of initial
defects is primarily handled in two ways: actual measurement and the use of buckling
mode-related initial defects. This paper employs the former method and changes the
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corresponding numerical values of the components to achieve the relevant simulations [26].

The specimen parameters are listed in Table 4.

25

_~D=2075593 path 1
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°§ 15
<
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Figure 16. Distribution of SWT parameters.
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SWT parameters (x1
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Circumferential horizontal node 50

Figure 17. SWT parameter distribution at position of stud.

Table 4. Initial defect parameter.

40 Vertical height (mm)

21. 40

19. 26

17.12

14. 98

12.84

10. 70

8. 560

6. 420

4. 280

2. 140

0. 000

Specimen

Porosity (%) Number Aperture (mm) Sfern!fex Ec,/E.
K1-0.3 0.3-0.6 0.957 0.962

1 K1-3 3-5 0.868 0.959
K1-5 6-8 0.834 0.945

K1-8 8-10 0.815 0.924

K4-0.3 0.3-0.6 0.892 0.942

4 K4-3 3-5 0.781 0.920
K4-5 6-8 0.770 0.901

K4-8 8-10 0.764 0.888

K7-0.3 0.3-0.6 0.7955 0.878

” K7-3 3-5 0.675 0.839
K7-5 6-8 0.651 0.801

K7-8 8-10 0.639 0.776

K10-0.3 0.3-0.6 0.698 0.809

10 K10-3 3-5 0.587 0.776
K10-5 6-8 0.571 0.761

K10-8 8-10 0.564 0.748
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During the calculation process, the three chosen analytical paths indicate that the shear
connector key is most likely to develop fatigue cracks. Moreover, the maximum fatigue
damage parameter is found in the tensile zone of the shear connector key at the beam’s end.
Consistent with the most adverse experimental findings on shear connector keys in simply
supported beam specimens by Wang [15] and Xing [16], this confirms that the established
finite element model and the critical plane method based on SWT parameters can reliably
evaluate the initiation locations of fatigue cracks in steel-concrete composite beams. The
results, as shown in Figure 18, indicate, through a graphical trend analysis, that an increase
in porosity and pore size not only leads to a decrease in the overall load-bearing capacity
of the experimental beam but also continuously increases the fatigue damage parameters,
making the beam more susceptible to fatigue cracking and failure. The rate of change in the
slope indicates that, under the same pore size, an increase in porosity has a greater impact
on the damage parameters of the experimental beam compared to an increase in pore size
under the same porosity level.

20
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Figure 18. SWT parameter relationship of each model: (a) SWT parameters; (b) comparison of
strength and SWT parameter drop at 1% porosity; (c) variation curve of SWT parameter increase with
the same porosity; and (d) variation curve of SWT parameter increase for the same hole diameter.

Considering the impact of porosity defects on the fatigue performance of the exper-
imental beam, as illustrated in Figure 18b, the growth rate of SWT parameters is slower
than the rate of reduction in concrete strength. This is because, as a composite beam, the
components transfer forces among each other and compensate for the reduction in overall
performance caused by the decreased concrete strength. Moreover, compared to pore size,
changes in porosity have a more significant impact on the overall damage parameters.
For example, at a porosity of 1% and a pore size between 0.3 and 0.6 mm, the damage
parameter, D, increased by 1.7%. When the porosity increased to 10%, D increased by
23.5%. When the porosity was 1% and the pore size increased to 8-10 mm, D increased by
11.7%. When both the pore size and porosity are too large, there is a reduction in the SWT
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parameters, which is due to the insufficient restraint provided to the bolts by the overly
weakened concrete, leading primarily to concrete spalling.

6. Conclusions

This study conducted experiments and numerical simulations by using the multiaxial
fatigue critical plane calculation method to explore the mechanical performance variations
and failure mechanisms of steel-concrete composite beams.

(1) The fatigue failure process of the steel-concrete composite beams begins with plastic
deformation occurring in the welded joints, followed by the concrete slab undergoing
hundreds of thousands of fatigue load cycles until the concrete strength reaches its
limit and starts to spall until failure.

(2) By integrating experimental data and a nonlinear material constitutive defined by
formulas, key positions within the finite element model can be finely modeled, effec-
tively simulating the load-slip curve and stress—strain values of the steel-concrete
composite beams. Additionally, the use of finite element simulation provides a more
intuitive understanding of those disadvantageous positions that are typically difficult
to observe experimentally.

(3) The finite element analysis shows that the shear transfer between components and
the welded parts in the shear zone are in a multiaxial stress state, where longitudinal
normal stress, vertical normal stress, and shear stress coexist. Observations and calcu-
lations of fatigue damage parameters at the most disadvantageous load positions are
essentially consistent; thus, using the critical plane method based on SWT parameters
to evaluate and predict the fatigue locations of components is reliable.

(4) Fatigue damage parameters indicate that the most disadvantageous loading plane of
the experimental beam is in the shear zone, and the stud weld toes, which experience
the highest tensile stress, are more susceptible to fatigue cracking compared to the
contact surfaces. Setting initial porosity defects, the performance impact caused by
them is offset by the various components of the composite beam, with the growth
in damage parameters being less than the strength reduction rate. The variation in
component porosity has a more significant impact on the overall damage parameters
than the pore size, which requires more attention in engineering applications.
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