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Abstract: To investigate the fatigue performance of the stud connectors of steel-concrete structures,
fatigue crack propagation analysis and fatigue life calculation were carried out. Firstly, the finite
element model with the initial crack based on linear elastic fracture mechanics (LEFM) was estab-
lished, and the parameter analysis of the stress intensity factors (SIFs) of the studs and cracks with
different geometric sizes was performed. Then, the propagation with mixed-type fatigue crack and
I-type fatigue crack of the stud were calculated, and the variation of effective SIFs with the fatigue
crack depth was analyzed. Finally, the flow chart of stud fatigue life evaluation which considers
crack initiation and stable propagation was presented, and the short stud of steel-UHPC composite
structures was taken as an example and verified. The calculation results show that the fatigue crack
propagation type and the initial crack have an obvious influence on the fatigue life of the stud. It has
acceptable accuracy that the fatigue life of short stud in UHPC simulated by considering the crack
initiation. The critical damage parameters are greatly affected by the fatigue stress amplitude, and
the initiation life of fatigue crack can account for more than 90% of the total fatigue life. This paper
can provide a reference for evaluating the fatigue performance of studs in steel-concrete composite
structures. Accurate evaluation of the fatigue life of stud connectors conforms to the concept of
sustainable development.

Keywords: stud connector; fracture mechanics; stress intensity factor; fatigue life; finite element
analysis

1. Introduction

The fatigue of metal materials is an important factor affecting the service life and
operation safety of steel bridge structures [1]. On account of the influence of material
properties and welding quality, the initiation and propagation of microscopic cracks under
cyclic loading is an intractable problem. The engineering practice shows that it is difficult
to detect the microscopic cracks with naked eyes at the beginning of fatigue cracking [2].
August Wöhler put forward the concept of stress amplitude-fatigue frequency curve [3]. In
the subsequent fatigue design, the nominal stress amplitude of the structure is controlled in
a reasonable range [4–7], and the different fatigue strengths of welded joints were classified
by the standard [8]. The essence of limiting the stress amplitude is to make the stress
amplitude less than the threshold of microcrack propagation.

The steel-concrete composite structure is widely applied in bridge construction because
of its superior performance and convenient construction [9]. Researchers have carried out
extensive studies on its performance. Whitworth et al. [10] used neural network technology
to optimize the embodied energy of composite beams. Similarly, Xiang et al. [11] proposed
a life-cycle simulation method of temperature field and temperature effect of steel-concrete
composite bridge deck system through the BP-LSTM algorithm. Gunes et al. [1] investigated
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the fatigue behavior of welded joints of steel-concrete composite beams with full depth
transverse stiffeners through repeated loading tests. Welded joints are one of the important
parts of steel-concrete composite structures with various numbers and styles, and the
welding details with eccentric load or residual stress are prone to fatigue cracking [12].
Recent accident studies show that deformation fatigue caused by welding defects between
studs and steel beams is one of the causes of the collapse of metro overpasses in Mexico
City [13]. The stud connector is an important component of steel-composite structures
which are welded to steel plates and encased in cast concrete. However, it is difficult to
carry out evaluate fatigue cracks without destructive detection owing to the coverage of
concrete [14].

As mentioned above, for the fatigue assessment of the stud connectors, it is to predict
the fatigue life under different conditions by fitting the nominal shear stress amplitude
and fatigue action times. However, in the operation of the bridge, it is located multi-axis
composite stress mode that the stud not only bears shear stress but also bears a certain
tension, especially for the short studs in the steel-UHPC composite structure. Therefore,
the traditional S-N method has certain limitations in evaluating the fatigue performance
of stud connectors with different types and application scenarios. Under the background
of the new materials and new structures in the increasing application of steel-concrete
composite structures [15,16], the formulas obtained by experimental fitting are difficult to
apply to different types and materials of studs. Lee et al. [17] found that the fatigue life
of large diameter studs which with diameters over 30 mm was lower than the predicted
value of existing specifications through the fatigue test. Xu et al. [18] proved that the rubber
sleeve would reduce the shear stiffness of the stud and lead to the reduction of fatigue
life. Cao et al. [19] conducted a push-out test on the short stud in steel-UHPC composite
structure and found that it had slightly superior fatigue performance compared with the
stud in ordinary concrete. In recent years, with the development of the finite element
method, the linear elastic fracture mechanics (LEFM) method has been widely used in
fatigue performance evaluation in the engineering field. Yang [20] analyzed the mechanical
properties and asymmetric fracture conditions of the column top plate in shallowly buried
coal seam by using the fracture mechanics method. Wang et al. [21] analyzed the fatigue
performance of the studs in the composite beam based on the LFEM method. However,
the initiation life of fatigue cracks has a significant effect on the fatigue performance of
the studs, and the research on the studs in composite structures based on the fracture
mechanics method remains to be further studied.

This study performed the fatigue crack propagation analysis and fatigue life evalu-
ation of stud connectors. Firstly, a finite element model of studs with initial cracks was
established based on LEFM. Then, the influence of different size parameters of the stud
and initial crack on SIFs was studied. The fatigue crack propagation of stud connectors
was analyzed, and the characteristics of three-dimensional fatigue crack and the variation
of SIFs were investigated. A hypothesis of I-type fatigue crack propagation was proposed
and compared with mixed-type fatigue crack propagation. Based on the above analysis,
a fatigue assessment flow chart was proposed which considers the fatigue initiation life
and stable propagation life. The critical damage plane method was used to calculate the
fatigue vulnerable element and the corresponding critical plane of the stud for obtaining
the fatigue crack initiation life of the stud. The stable propagation life of the stud was
obtained by substituting the simplified SIFs into the Paris formula. Finally, the total fatigue
life of short studs in UHPC was obtained and the calculation results were compared with
the test results and those of the specification.

2. Fatigue Propagation Analysis of Stud Connectors
2.1. Analysis Method of LEFM

As one of the most important components in the connection between steel and concrete,
a large number of experiments have been carried out on the fatigue performance of stud
connectors. At present, researches on the fatigue performance of stud connectors follow the
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S-N curve method of metal fatigue analysis, and it is determine the relationship between
fatigue stress amplitude and fatigue life in the form of logarithmic formula by fitting a
large number of experiment data. However, the application of the S-N curve method
has certain limitations which can only evaluate the whole life of materials and do not
distinguish the initial crack initiation from the macroscopic crack propagation process. On
the other hand, for stud connectors, the data of fatigue action times and nominal stress
amplitude are obtained by the push-out test or beam test, which is required to involve the
structural level rather than the metal material of the stud itself. Engineering projects show
that although the S-N curve method is conservative in structural design, structural fatigue
fracture still occupies the majority of structural failure cases, which is detrimental to the
sustainable development of bridge engineering. The LEFM method, a mechanical analysis
method used to study the conditions for initiation of crack propagation and the law of
crack propagation in cracked members has continuously developed in recent years. At the
level of standardization, the shipping industry has currently required an LNG Type B cargo
compartment to execute cracking expansion analysis based on the LEFM method [22]. At
the application level of the engineering structure, engineering critical assessment (ECA) is
applied to analyze existing cracks to support maintenance decision-making and formulate
inspection schemes [23].

Based on the above description and discussion, the fatigue crack propagation of stud
connectors was analyzed by the finite element method of LEFM in this study, and the
variation of SIFs during the propagation process was studied. The M-integral method was
adopted to calculate the SIFs [24], which were co-simulated by fracture mechanics software
Franc 3D and general finite element software Abaqus. The method of co-simulation is
shown in Figure 1, and the specific operation process is as follows: First, the structure
was modeled by Abaqus software version 6.20 (crack-free FE model), and the material
properties, boundary conditions, and contact relationships were defined. Then, fatigue
cracks were introduced into the initial defect positions of stud connectors as shown in
Figure 1 and the semi-elliptic cracked FE model was established.
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After the initial cracks were introduced, the mesh of the sub-model needs to be
redivided, which used a variety of types of elements as shown in Figure 2. To be specific,
the tetrahedral element was adopted to divide the global mesh. The elements of the crack
tip were composed of three-ring, the 15-node singular element, and the 20-node hexahedral
element were adopted to define the inner ring and outer ring, respectively. The pentahedral
element was adopted between the outer ring and the global mesh for transition. After
the above steps were completed, the calculations of the finite element were performed.
The program automatically imported the calculation results into Franc 3D through Python
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script files, and the stress–strain field and displacement calculation results of the crack tip
were processed, three types of SIFs (open, slide, and tear) were obtained, respectively. By
defining the fatigue crack propagation parameters and the propagation step, redefining the
crack surface, and dividing the mesh, the crack can be propagated. The Abaqus software
was used for calculation again, and the cycle was followed until the set critical size was
reached. Due to the large computational workload of the experimental model, the region
to be performed for crack propagation analysis was defined as a sub-model, the sub-model
was meshed separately with tetrahedron element and then assembled with the original
model. The establishment of a sub-model greatly improves the computational efficiency of
fatigue crack propagation analysis.
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2.2. Finite Element Modeling

The push-out test is usually adopted to analyze the static and fatigue properties of
stud connectors in steel-concrete composite structures. In this study, the specimens were
designed according to the standard of Eurocode 4 [5,25], which is composed of I-steel
plates, stud connectors, concrete plates, and structural steel bars. Two studs are arranged
on each side of the steel plate by arc welding, 4 in total. The transverse spacing of the studs
is 80 mm, and the detailed size and layout of the specimen are shown in Figure 3. To study
the fracture mechanical properties of different sizes of studs, three stud parameters with
different diameters and four different lengths were set. The detailed dimensions of the
stud and welded collar refer to the specification of the cylindrical head stud [26]. Only a
quarter of the models were built based on the symmetry of the specimens. The C3D8R
element was used for concrete, steel beams, and studs. The truss element was used to
define steel bars. The relation definition of the contact between the stud and concrete is
important for calculation. In this paper, the contact between the two materials was set as
face-to-face contact to simulate the combined action between those two materials. The
tangential direction was set as a penalty function (the friction coefficient was taken as 0.4),
and the normal direction was set as hard contact.

Material parameters for concrete, I-steel, stud connectors, and reinforcement in the
model are defined separately as follows, and the type of material is noted in parentheses.
The yield strength and ultimate strength of the stud connector (ML-15) are 442 MPa and
525 MPa, respectively. The yield strength and ultimate strength of the I-steel (Q345) are
352 MPa and 495 MPa, respectively, and the yield strength of the structural reinforcement
bar (HPB300) is 365 MPa. The elastic modulus of all steel was set at 2.06 × 105 MPa. The
plastic damage model is adopted for the material properties of concrete (C50), and the
parameters and calculation formulas of uniaxial tension and compression are given in the
literature [27]. The uniaxial tension parameters include the parameter value αt of concrete
uniaxial tensile stress–strain curve drop pair. The representative value f t,r of uniaxial tensile
strength of concrete; The peak tensile strain εt,r of concrete corresponds to the representative
value of uniaxial tensile strength. The uniaxial compression parameters include elastic
modulus Ec of concrete, parameter value αc of the descending section of the stress–strain
curve of concrete under uniaxial compression, and representative value f c,r of uniaxial
compressive strength of concrete. The peak tensile strain εc,r of concrete corresponds to
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the representative value of uniaxial compressive strength. Table 1 shows the values of the
above parameters.
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Table 1. Material properties of concrete.

Strength
Grade αt f t,r εt,r/10−4 αc f c,r εc,r/10−3

C50 1.95 2.5 1.07 2.48 50 1.92

2.3. Analysis of SIFs

The fatigue fracture modes of stud connectors mainly include the following three
types. One is the damage to welded collar caused by welding quality. The second is fatigue
crack until failure in the stud shank is produced in the case of good welding quality. The
third is the fatigue damage caused by initial defects in the interface between the stud shank
and welded collar due to welding quality. The third type of initial defect is more likely
to be caused. For the third case, the initial crack was introduced, and the fatigue crack
propagation was analyzed in this study.

In the British Standards Guide BS 7910 [23], the initial crack is defined as a semi-
elliptical shape, its geometric parameters are defined by long half-degree length c and
short half-axis depth a, and the ratio between a and c was defined as the shape ratio of
crack. Before the fatigue crack propagation analysis, the influence of the initial crack and
stud with different sizes on the SIF was calculated. As mentioned above, there were three
different diameters (13 mm, 16 mm, and 19 mm), four different lengths (50 mm, 70 mm,
90 mm, and 110 mm), and five different shape ratios of initial crack (0.2, 0.4, 0.6, 0.8 and 1.0)
were selected to analyze. The value of displacement loading was taken as 0.1 mm, and the
initial crack depth a was set as 0.15 mm.

A series of calculations were performed through co-simulation presented in Figure 1.
It is found that the SIFs of studs with different diameters under different shape ratios of
initial crack are complex types dominated by the type I (open) SIFs, and the shape ratios
of initial crack not only affect the size of the SIFs but also the distribution characteristics.
Effective SIF (Keff) is used to evaluate the SIFs of complex fatigue crack, which is calculated
by Equation (1), where the v represents Poisson’s ratio and was taken as 0.3. Figure 4 shows
the distribution of SIFs with an a/c ratio of 0.2 and 1, respectively. Two characteristics are
presented. One is the convex distribution with the maximum value at the center of the crack
tip as shown in Figure 4a, and the other is the concave distribution with the maximum
value at the two endpoints as shown in Figure 4b. It indicates that the driving force of
fatigue crack propagation at the crack tip is different depending on the initial defect.
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To facilitate the analysis of the influence of different parameters, the comparison of
Keff combining the stud length, diameter, and crack shape ratio is shown in Figure 5, which
are compared to the values of Keff/Keff,max, the Keff,max represents the extreme value in each
set of data. It can be seen from the figure that the Keff at the midpoint of the crack front is
larger than the endpoint value for a crack with a small shape (long and narrow crack). The
influence of crack shape ratio on different sizes of the stud is obvious, and the Keff of the
initial crack is almost not affected by the length of the stud.

Ke f f =
(

K2
I + K2

I I + K2
I I I/(1− v)

)1/2
(1)
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The propagation path and spatial state diagram of the crack surface as shown in Figure 
6 were obtained. It can be seen from the figure that the fatigue crack has a fast speed along 

0.2
0.4

0.6
0.8

1.0 110
90

70
50

0.5

0.6

0.7

0.8

0.9

1.0

1.1

h

K
ef

f /
 K

ef
f,m

ax

a/c

0.88 0.91 0.94 0.97 1.00 1.03

Midpoint of 
crack front

End points of 
crack front

0.2
0.4

0.6
0.8

1.0 19

16

13
0.2

0.4

0.6

0.8

1.0

1.2

d

K
ef

f /
 K

ef
f,m

ax

a/c

0.4 0.5 0.6 0.7 0.8 0.9 1

Midpoint of 
crack front

End points of 
crack front

Figure 5. Comparison of Keff/Keff,max under different sizes of stud and crack. (a) Ratio of stud height
and crack shape; (b) ratio of stud diameter and crack shape.

2.4. Analysis of Fatigue Crack Propagation

According to the above analysis, the finite element simulation of fatigue crack prop-
agation for the stud was performed. The model with a diameter of 13 mm and a length
of 70 mm in the above analysis was used for fatigue crack propagation analysis, and the
nominal stress amplitude of the stud was 120 MPa with the upper limit of stress, which
was taken as 150 MPa. The method in Figure 1 and instructions on the official website
of the software Franc 3D was used for the calculation [28]. The propagation angle of a
mixed-type fatigue crack was calculated by the maximum circumferential tensile stress
criterion (MTS), and the calculation formula is shown in Equation (2). It is worth noting that
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a series of fracture mechanics parameters must be defined before fatigue crack propagation
calculations are performed. In the simulation of fatigue crack propagation, it is generally
considered that the initial crack belongs to an engineering detectable crack and is no more
than 0.5 mm, previous studies indicate that the value of a0 in LEFM theory should not
be less than 0.1 mm. By defining the fatigue crack as the most unfavorable case with
a = c = 0.5 mm, Zhang et al. [29] analyzed the fatigue crack propagation in the double-sided
welding details of steel bridge decks effectively. In this paper, this typical shape of the
initial crack was introduced for calculation. In addition, other parameter settings of fracture
mechanics in Zhang’s study were referred to. The fatigue crack propagation is determined
by the threshold of SIFs (∆Kth). The crack propagates when the amplitude of effective SIF is
greater than the threshold (∆K > ∆Kth). Otherwise, the expansion stops, and the threshold
was taken as 63 MPa·mm1/2. The critical value of SIFs is the fracture toughness (KIC) of
the material. The crack propagation is in the stage of rapid expansion when the maximum
value of SIF (Kmax) is close to the KIC, and until the Kmax at the crack tip reaches the fracture
toughness, and the material appears unstable fracture. The Paris formula is usually used to
describe the law of fatigue crack propagation. However, there is a lack of data related to the
fatigue properties of the stud material. C and m are both material parameters characterizing
crack propagation characteristics. Referring to the study performed by Xu et al. [30], C and
m were set to 4.74 × 10−14 MPa·mm1/2 and 3, respectively.

θMTS = 2arctan

 KI
4KI I

± 1
4

√√√√(
KI
KI I

)2
+ 8

)
(2)

The propagation path and spatial state diagram of the crack surface as shown in
Figure 6 were obtained. It can be seen from the figure that the fatigue crack has a fast
speed along the length direction at the initial stage of propagation, and eventually develops
into almost a straight line which is consistent with the test results conducted by Oehlers
et al. [31]. Similar to the experimental results, the fatigue cracks obtained by finite element
simulation also tend to develop toward the steel plate. The available experimental results
indicate the dip angle of fatigue crack initiation at the interface between the stud shank and
the weld collar [31,32]. For the convenience of calculation, the following analysis assumes
that the initial fatigue crack of the stud extends only along the surface perpendicular to the
stud shank.
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Figure 6. The spatial shape of crack propagation.

Based on the above discussion and assumptions, the calculation results of SIFs based
on maximum circumferential tensile stress criterion (3D) and plane extension (2D) are
compared, as shown in Figure 7. The essence of these two methods is mixed-type crack
propagation and I-typed crack propagation. For the 3D extended model, the KI always
plays a dominant role in the extended process, while the contribution of the other two
SIFs types to the Keff amplitude is almost negligible. The KI is changing rapidly at the
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crack propagation initial stage, and as the crack expands the SIFs of the open type are
stable. In the end, KI tends to decrease at the shear capacity critical position of the stud.
Similarly for the model in which cracks were assumed to propagate along the plane, the
KI is dominant in the early stage of crack propagation and tends to be stable. However,
when the midpoint of the fatigue crack tip extended to the center of the stud section, the
KII began to surpass the KI and the increase rate was fast. Meanwhile, the amplitude of the
Keff also kept increasing gradually.
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Figure 7. Crack propagation length-SIFs curve. (a) MTS extended model (3D); (b) planar extended
model (2D).

The ratio of ∆KIII and ∆KII to ∆KI with the change of crack propagation depth is
summarized in Figure 8a. It directly shows the dominant relationship of complex SIFs
with different propagation models and initial crack sizes, and the case where a0 = 0.2 and
a0/c0 = 1.0 was also calculated. As can be seen from the figure that when the expansion
depth is close to the size of the stud radius, the ∆KII/∆KI both exceeds 1.0 under the
plane expansion model in the case of a0 = 0.2 and a0 = 0.5. The effective SIF amplitudes
of the two different extended models were compared, as shown in Figure 8b. It is found
that the ∆Keff along the depth direction differs little in the early stage of fatigue crack
propagation. However, the ∆Keff of the 2D model increases gradually when the crack
propagation depth is greater than the radius of the stud, which could lead to a certain
difference in the calculation of fatigue life values of the assumed propagation model.
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To clarify the difference between the calculation results of mixed-type crack propa-
gation and I-type crack propagation, the difference in effective SIF amplitude (∆Keff,diff )
between the two propagation models with a0 = 0.5 mm and the curve of crack depth versus
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the number of cycles is presented in Figure 9. Referring to Figure 9a, the ∆Keff of the
mixed-type crack propagation model is larger than that of the I-type crack propagation
model before the fatigue crack depth reaches the stud radius. After that, the situation
was reversed. In the final form of the extension, the ∆Keff of the I-type crack propagation
model is 32.2% higher than the mixed-type crack propagation model. The fatigue life
can be obtained by accumulative action times of each crack propagation step with crack
depth, as shown in Figure 9b. It can be found that the calculation result of the I-type crack
propagation model is 7.2% higher than that of the mixed-type crack propagation model.
The fatigue life of the model with an initial crack depth of 0.2 is 3.14% higher than that of
the model with an initial crack depth of 0.5 under the same I-type crack propagation model.
From the above analysis, it can be concluded that both the initial crack and the fatigue
propagation mode have a significant influence on the fatigue life of the stud connector.

Sustainability 2022, 13, x 10 of 20 
 

   
(a) (b) 

Figure 9. The difference between mixed-type crack propagation and I-type crack propaga-
tion. (a) ΔKeff, diff; (b) crack depth versus the number of cycles. 

3. Simplified Calculation Method for Fatigue Life of Stud Connectors 
Although the fatigue crack propagation pattern of the stud was obtained according 

to the method above, since the stud connector is wrapped in concrete, and the contact 
between different materials with the complex element, the non-convergence of the calcu-
lation was quite frequent, which lead to a situation that it is still difficult for the fatigue to 
crack propagation calculation. Meanwhile, the fatigue crack propagation parameters for 
fatigue life calculation of the stud material still need to be determined by a lot of experi-
ments. To evaluate the fatigue life of stud effectively, instead of only calculating the num-
ber of fatigue actions from the nominal stress amplitude according to the S-N curve, a 
relatively simple calculation method needs to be developed. Based on the above calcula-
tion, for fatigue crack propagation at the interface of stud shank and welded collar, the 
variation trend of SIFs under mixed-type crack propagation is not different from that of I-
type crack propagation, in which the differences mainly exist in the post-cracking stage. 
Therefore, the study on the fatigue life of rubber-sleeved studs conducted by Xu et al. [30] 
was referred to in the study, and the fatigue crack propagation was simplified. Based on 
the classic S-N curve method, fatigue crack initiation life and macroscopic crack propaga-
tion life were considered, and the fatigue performance of the stud can be evaluated by the 
simplified fatigue calculation method of fracture mechanics. On the whole, the fatigue 
crack propagation process of stud connectors can be divided into the initial crack initiation 
stage (stage I), the fatigue crack stable propagation stage (stage II), and the crack unstable 
propagation stage (stage III). Stage III develops rapidly which is the last stage of fatigue 
failure, and it is acceptable not to be counted in the overall fatigue life. Therefore, the 
fatigue life (Nf) of the stud in this research was obtained by calculating the sum of the 
initiation life (Nstage I) and the stable propagation life (Nstage II) of crack. The Smith–Watson–
Topper (SWT) critical plane damage method [33] for multiaxial fatigue was applied to cal-
culate the crack initiation life Nstage I, and the stable extension life Nstage II was calculated by the 
LEFM method. The flow chart of stud fatigue life assessment is presented in Figure 10. 

The stud shear connector is subjected to shear force, bending moment, and axial load 
under the action of fatigue load in the concrete deck, and it is in the multi-axial stress–
strain state, which can also be seen from the distribution characteristics of the complex 
SIFs. Therefore, the critical damage plane method of multiaxial fatigue life prediction was 
used to calculate the most unfavorable plane direction, and the initiation life Nstage I of the 
stud. The SWT parameters are used to analyze multiaxial stress problems as shown in 
Equation (3). The product in Equation (3) is a characterization of strain energy which is 
considered that the critical plane direction is the direction in which the SWT parameter 
value of a point reaches its maximum. In general, for the critical plane method, the posi-
tion of the critical plane is determined by the stress and strain parameters of the integral 

0 1 2 3 4 5 6 7 8 9
-100

0

100

200

300

−

 ΔKeff, diff

The radius of the stud

St
re

ss
 in

te
ns

ity
 fa

ct
or

  (
M

Pa
·m

m
1/

2 )

Crack propagation length (mm)

Figure 9. The difference between mixed-type crack propagation and I-type crack propagation.
(a) ∆Keff,diff ; (b) crack depth versus the number of cycles.

3. Simplified Calculation Method for Fatigue Life of Stud Connectors

Although the fatigue crack propagation pattern of the stud was obtained according to
the method above, since the stud connector is wrapped in concrete, and the contact between
different materials with the complex element, the non-convergence of the calculation was
quite frequent, which lead to a situation that it is still difficult for the fatigue to crack
propagation calculation. Meanwhile, the fatigue crack propagation parameters for fatigue
life calculation of the stud material still need to be determined by a lot of experiments. To
evaluate the fatigue life of stud effectively, instead of only calculating the number of fatigue
actions from the nominal stress amplitude according to the S-N curve, a relatively simple
calculation method needs to be developed. Based on the above calculation, for fatigue crack
propagation at the interface of stud shank and welded collar, the variation trend of SIFs
under mixed-type crack propagation is not different from that of I-type crack propagation,
in which the differences mainly exist in the post-cracking stage. Therefore, the study on the
fatigue life of rubber-sleeved studs conducted by Xu et al. [30] was referred to in the study,
and the fatigue crack propagation was simplified. Based on the classic S-N curve method,
fatigue crack initiation life and macroscopic crack propagation life were considered, and
the fatigue performance of the stud can be evaluated by the simplified fatigue calculation
method of fracture mechanics. On the whole, the fatigue crack propagation process of stud
connectors can be divided into the initial crack initiation stage (stage I), the fatigue crack
stable propagation stage (stage II), and the crack unstable propagation stage (stage III).
Stage III develops rapidly which is the last stage of fatigue failure, and it is acceptable not
to be counted in the overall fatigue life. Therefore, the fatigue life (Nf) of the stud in this
research was obtained by calculating the sum of the initiation life (Nstage I) and the stable
propagation life (Nstage II) of crack. The Smith–Watson–Topper (SWT) critical plane damage
method [33] for multiaxial fatigue was applied to calculate the crack initiation life Nstage I,
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and the stable extension life Nstage II was calculated by the LEFM method. The flow chart of
stud fatigue life assessment is presented in Figure 10.
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The stud shear connector is subjected to shear force, bending moment, and axial load
under the action of fatigue load in the concrete deck, and it is in the multi-axial stress–
strain state, which can also be seen from the distribution characteristics of the complex
SIFs. Therefore, the critical damage plane method of multiaxial fatigue life prediction was
used to calculate the most unfavorable plane direction, and the initiation life Nstage I of the
stud. The SWT parameters are used to analyze multiaxial stress problems as shown in
Equation (3). The product in Equation (3) is a characterization of strain energy which is
considered that the critical plane direction is the direction in which the SWT parameter
value of a point reaches its maximum. In general, for the critical plane method, the position
of the critical plane is determined by the stress and strain parameters of the integral point
of the element, it is usually located in the stress–strain concentrated area, for members
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subjected to complex stresses, and the fatigue crack propagates in the most unfavorable
plane of the element.

D =
∆ε

2
σmax (3)

where ∆ε and σmax represent the normal strain amplitude and maximum normal stress
of each fatigue load cycle, respectively, and at the critical plane, the damage parameter
reaches its maximum value.

After SWT parameters related to fatigue life are obtained, the fatigue crack initiation
life can be calculated by Equation (4) [34]. Referring to the study performed by Xu et al. [30],
the parameters σ′f and ε′f in the formula were set to 350 MPa and 0.0715, respectively, while
b and c were set to −0.07 and −0.4, respectively.

∆ε

2
σmax =

(
σ′f
)

E
(

Nstage I
)2b

+ σ′f ε′f
(

Nstage I
)b+c (4)

where b and c represent the fatigue strength index and fatigue ductility index, respectively.
σ′f and ε′f represent fatigue strength coefficient and fatigue ductility coefficient, respectively.

As mentioned above, the most unfavorable position needs to be determined before
fatigue life calculation and analysis, and then the maximum SWT parameter and its cor-
responding critical plane direction were calculated. To be specific, firstly, the stress dis-
tribution of the stud connector in the steel-concrete specimen was calculated, and the
most unfavorable position under fatigue load was preliminarily determined. Then, SWT
parameters of the element at the most unfavorable position were evaluated. Finally, the
normal stress–strain component of any plane was obtained through the coordinate trans-
formation matrix as shown in Figure 11. The coordinate transformation formula is shown
in Equation (5). In Figure 11, the coordinate system before transformation is xyz, and a new
coordinate system x′y′z′ is obtained after a coordinate transformation. Based on the above
calculation of the most unfavorable position and the corresponding critical plane of fatigue
crack, the fatigue initiation life of the stud was calculated according to Equation (4).

σ = σxxn2
x + σyyn2

y + σzzn2
z + 2τxynxny + 2τyznynz + 2τxznxnz

ε = εxxn2
x + εyyn2

y + εzzn2
z + 2γxynxny + 2γyznynz + 2γxznxnz

(5)
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In Equation (5), σ and ε represent the normal stress and strain after the transformation
plane, nx, ny, and nz represent the cosine of the angle between the post-transformation
coordinate system and the pre-transformation coordinate system, respectively. The calcula-
tion formula is as follows. Firstly, the stress and strain components in Equation (5) were
extracted from the calculation results of the finite element model, and the angle parameters
θ and ϕ in Equation (6) were successively evaluated from 0◦ to 180◦ which was separated by



Sustainability 2022, 14, 7253 12 of 19

10◦. Then, the direction cosine value was calculated through Equation (6) and substituted
into Equation (5). Finally, the normal stress and strain after coordinate transformation
were obtained, which were used for the subsequent calculation of SWT parameters and
fatigue life.

nx = cos θ sin ϕ
ny = sin θ sin ϕ

nz = cos ϕ
(6)

where θ is the angle between the x-axis and the plane normal vector projection on the xy
plane, and ϕ is the angle between the plane normal vector and the z-axis.

The LEFM method was used to calculate the stable extended fatigue life (Nstage II) of
the stud. Based on the above finite element calculation of fracture mechanics, the SIF was
simplified and obtained by Equation (5), it was assumed that a linear correlation with the
fatigue crack depth, and then the fatigue life was calculated through Equation (6). The
values of C and m were taken as 4.74 × 10−14 and 3.0, respectively [32]. The initial crack a0
is generally obtained by non-destructive testing, and the initial crack a0 of the stud was set
as 2 mm in this study.

K = Fσ
√

πa (7)

Nstage I I =
∫ af

a0

da
C(∆K)m (8)

where F represents the geometric modification coefficient of fatigue crack, which was
calculated according to 1.12 in this study. σ represents the stress of the structure without
initial crack, a0 represents the initial fatigue crack depth, and af represents the crack depth
under fatigue failure.

The shear resistance of a stud under fatigue load is mainly determined by the shear
area of the stud shank. Before the initial fatigue crack appeared, the shear resistance area
was the circular section area A of the stud with diameter d, As the crack expanded under
fatigue load, the shear resistance area of the stud decreased continuously, and, finally,
decreased to the ultimate shear resistance area Af corresponding to the upper limit of the
fatigue load amplitude Pmax (Equation (9)). Therefore, the fatigue crack depth af in fatigue
failure can be calculated by Equation (10), and fu is the ultimate tensile strength of the
stud material.

A f =
Pmax

fu
(9)

A f

A
= 1−

a f

d
(10)

4. Analysis of Calculation Examples
4.1. Model Establishment

The fatigue experiment of short stud connectors in a steel-UHPC composite structure
was performed by Cao et al. [19], and it was set as a calculated example to verify the
effectiveness of the above method. The finite element model was established regarding the
push-out test which was according to the standard of Eurocode 4 [5]. Specific parameter
settings are as follows. The UHPC deck was taken as 50 mm, I section steel with a thickness
of 12 mm. The spacing of ordinary steel bars is 50 mm × 55 mm. Four short studs with
diameters of 13 mm and 35 mm in height were arranged on each side of I-shaped steel,
with a horizontal and vertical spacing of 110 mm and 200 mm, respectively. The elastic
modulus of steel was set to 2.06 × 105 MPa. The yield strength and ultimate strength of
stud and I-shaped steels were 345 MPa and 430 MPa, respectively, the yield strength and
ultimate strength of steel were 335 MPa and 400 MPa, respectively, and the Poisson’s ratio
of steel was set to 0.3. The compressive strength of the UHPC was taken as 129.1 MPa,
and the initial elastic modulus was set to 42.6 GPa. It is similar to the finite element model
for fatigue crack progradation, the example model consists of a UHPC plate, short stud,
I-shaped steel plate, and structural steel bar. The modeling method was consistent with the
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previous model and not described here, the difference lies in the definition of constitutive
relations for UHPC materials, which was explained here. The tension and compression
stress–strain curves of UHPC were referred to in Figure 12. The specific parameters were set
according to the experimental results in the literature [35–37], and the calculation formula
is shown in Figure 12. Based on the principle of energy equivalence, the damage factor D
of UHPC under tension and compression was defined by Equation (11). The parameter
meanings of the formula in the Figure 12 are as follows. Et0 represents strain at peak
tension, ft represents average stress during strain hardening, εtp represents ultimate strain
under tension, lc represents the extension distance measured by the specimen, wp represents
crack width parameter, p represents the parameters obtained by axial tension test fitting, fc
represents the compressive strength, ξ represents the ratio of compressive strain value to
compressive peak strain, and ε0 represents peak strain in compression.

D = 1−
√

σ

E0ε
(11)

Sustainability 2022, 13, x 14 of 20 
 

represents crack width parameter, p represents the parameters obtained by axial tension 
test fitting, fc represents the compressive strength, ξ  represents the ratio of compressive 
strain value to compressive peak strain, and ε0 represents peak strain in compression. 

0

D 1
E
σ

ε
= −  (11)

 

  

(a) (b) 

Figure 12. Stress–strain curve of UHPC material. (a) Tensile stress–strain curve; (b) compression 
stress–strain curve. 

4.2. Verification of Load-Slip Curves 
Firstly, the static performance of the stud connector obtained by the finite element 

method was verified. Three push-out specimens (SAT-1~SAT-3) with the same parameters 
were carried out by Cao et al. [19], and the slip and ultimate bearing capacity of the stud 
were recorded. The comparison between the load-slip curve calculated by the finite ele-
ment model and the test results is shown in Figure 13. It can be concluded from Figure 13 
that the results calculated by the finite element model are consistent with the measured 
load-slip curve, and the results are most similar to those of specimen SAT-2. The stud in 
the UHPC deck of the static performance is mainly divided into two stages, at the begin-
ning of the load, a load of stud-slip can be regarded as a linear correlation, and then the 
stud material yields strength after the interface slip velocity gradually accelerated, until 
you reach the limit strength stud shear failure occurs, these characteristics are also re-
flected in the finite element calculation results. The yield load and ultimate load measured 
in the experiment are 400 kN and 496 kN, respectively. Comparatively, the yield load cal-
culated by the finite element method is relatively small which are 376 kN and 456 kN, 
respectively. The errors between the finite element model and experiment are 6% and 2%, 
respectively, which is acceptable for the prediction of the shear bearing capacity of the 
stud connectors. The above analysis shows that the calculation results of the finite element 
are in good agreement with the experimental results. The verification of the static experi-
ment model provides the basis for the following calculation, and the fatigue life values 
calculated in Figure 10 are verified by the fatigue test results below. 

Figure 12. Stress–strain curve of UHPC material. (a) Tensile stress–strain curve; (b) compression
stress–strain curve.

4.2. Verification of Load-Slip Curves

Firstly, the static performance of the stud connector obtained by the finite element
method was verified. Three push-out specimens (SAT-1~SAT-3) with the same parameters
were carried out by Cao et al. [19], and the slip and ultimate bearing capacity of the stud
were recorded. The comparison between the load-slip curve calculated by the finite element
model and the test results is shown in Figure 13. It can be concluded from Figure 13 that the
results calculated by the finite element model are consistent with the measured load-slip
curve, and the results are most similar to those of specimen SAT-2. The stud in the UHPC
deck of the static performance is mainly divided into two stages, at the beginning of the
load, a load of stud-slip can be regarded as a linear correlation, and then the stud material
yields strength after the interface slip velocity gradually accelerated, until you reach the
limit strength stud shear failure occurs, these characteristics are also reflected in the finite
element calculation results. The yield load and ultimate load measured in the experiment
are 400 kN and 496 kN, respectively. Comparatively, the yield load calculated by the finite
element method is relatively small which are 376 kN and 456 kN, respectively. The errors
between the finite element model and experiment are 6% and 2%, respectively, which is
acceptable for the prediction of the shear bearing capacity of the stud connectors. The above
analysis shows that the calculation results of the finite element are in good agreement with
the experimental results. The verification of the static experiment model provides the basis
for the following calculation, and the fatigue life values calculated in Figure 10 are verified
by the fatigue test results below.



Sustainability 2022, 14, 7253 14 of 19Sustainability 2022, 13, x 15 of 20 
 

 
Figure 13. Comparison of load slip curves of studs. 

4.3. Calculation of SWT Parameters 
In this study, fatigue life calculations and analyses of six specimens (N1~N6) were 

performed. The failure modes observed in stud fatigue tests in UHPC are summarized in 
the following two cases [19]. One case is that the fatigue crack source of the first condition 
appears at the welded collar of the stud with the steel plate. With the repeated action of 
the fatigue load, the crack gradually extends on the steel plate and forms a small concave 
surface. In the second case, the fatigue crack appears at the interface of the stud shank and 
welded collar, which can be regarded as the cross-section of the stud was gradually pen-
etrated by the crack along with the transverse expansion until the shear limit of the stud 
was reached. As mentioned above, the stress at the intersection of the stud shank and 
welded collar is the most unfavorable, which is preliminarily determined as the fatigue 
crack location. For simplicity, SWT parameters for the entire fatigue detail region de-
scribed in Figure 10 were not calculated here. Therefore, taking specimen N1 as an exam-
ple, the calculation process proposed in Figure 10 was listed as follows. The SWT param-
eters at the interface between stud shank and welded were calculated, where the stress is 
concentrated, and the distance between the angles on each plane was set to 10°. The SWT 
parameter result of each plane of the most unfavorable element is shown in Figure 14. The 
angle θ and φ of the most unfavorable plane of the maximum parameter are calculated, 
which are 90° and 20°, respectively. In subsequent analysis, it was determined that the 
fatigue crack developed from the plane corresponding to this position. The data obtained 
above analysis is listed as follows, the SWT parameter value is 74,460, the normal vector 
of the critical plane for the global plane is (−0.000272, 0.342, 0.940), the normal strain am-
plitude Δε is 915 με, the maximum normal stress σmax is 166.8 MPa, and the normal stress 
amplitude is 135.1 MPa. 

  
Figure 14. SWT parameter diagram of stud shank-weld collar interface. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

100

200

300

400

500

Lo
ad

 (k
N

)

Slip (mm)

 SAT-1
 SAT-2
 SAT-3
 FEM

Figure 13. Comparison of load slip curves of studs.

4.3. Calculation of SWT Parameters

In this study, fatigue life calculations and analyses of six specimens (N1~N6) were
performed. The failure modes observed in stud fatigue tests in UHPC are summarized in
the following two cases [19]. One case is that the fatigue crack source of the first condition
appears at the welded collar of the stud with the steel plate. With the repeated action of
the fatigue load, the crack gradually extends on the steel plate and forms a small concave
surface. In the second case, the fatigue crack appears at the interface of the stud shank
and welded collar, which can be regarded as the cross-section of the stud was gradually
penetrated by the crack along with the transverse expansion until the shear limit of the
stud was reached. As mentioned above, the stress at the intersection of the stud shank and
welded collar is the most unfavorable, which is preliminarily determined as the fatigue
crack location. For simplicity, SWT parameters for the entire fatigue detail region described
in Figure 10 were not calculated here. Therefore, taking specimen N1 as an example, the
calculation process proposed in Figure 10 was listed as follows. The SWT parameters at the
interface between stud shank and welded were calculated, where the stress is concentrated,
and the distance between the angles on each plane was set to 10◦. The SWT parameter
result of each plane of the most unfavorable element is shown in Figure 14. The angle θ
and ϕ of the most unfavorable plane of the maximum parameter are calculated, which are
90◦ and 20◦, respectively. In subsequent analysis, it was determined that the fatigue crack
developed from the plane corresponding to this position. The data obtained above analysis
is listed as follows, the SWT parameter value is 74,460, the normal vector of the critical
plane for the global plane is (−0.000272, 0.342, 0.940), the normal strain amplitude ∆ε is
915 µε, the maximum normal stress σmax is 166.8 MPa, and the normal stress amplitude is
135.1 MPa.
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4.4. Calculation of Fatigue Life

SWT parameter and normal stress amplitude ∆σ were obtained according to the above
calculation, the initiation life (Nstage I) and the stable propagation life (Nstage II) of crack can
be calculated by Equations (4) and (8). As shown in Table 2, the fatigue test results (Ne)
and calculation results (Nf) of specimens N1~N5 are summarized, the relationship between
stress amplitude and fatigue life of stud is usually expressed by logarithmic relation. The
error between logNe and logNf ranges from 0.5% to 7.7%, and the results of logNe/logNf
range from 0.98 to 1.04, which shows that the calculated results have a good correlation
with the experimental data. By further calculation, the correlation coefficient between the
calculated results in this paper with the experimental results is 0.9955. The above analysis
shows that the method of predicting the fatigue life by considering the fatigue initiation
life and stable extension life of the stud is feasible. Among all the specimens, the predicted
results of N1 were closest to the experimental values.

Table 2. Fatigue life calculation results.

Number Fmax Fmin ∆F τmax τmin ∆τ Ne Nstage I Nstage II Nf logNe/logNf

N1 1 122 22 100 115 21 94 11,787,000 9,883,700 1,299,136 11,182,836 1.00
N2 151 27 124 143 26 117 1,130,000 1,206,000 398,725 1,604,725 0.98
N3 162 29 133 152 27 125 1,688,000 600,000 392,224 992,224 1.04
N4 175 31 143 165 30 135 441,000 243,000 224,643 467,643 0.99
N5 175 21 154 165 20 145 620,000 221,000 185,308 406,308 1.03

N6 1 122 22 100 115 21 94 / 12,590,000 892,000 13,482,000 /

1 N1 and N6 were consistent except that the material parameters of UHPC were set differently.

Statistical analysis can be carried out on the relationship of action times under different
fatigue load amplitudes through data fitting, and the S-N curve of short stud in steel-UHPC
composite structure can be established. The design specification [5–7] is also guided by
the S-N curve formula which is shown in Equation (12), and the parameter values in the
formulas of different specifications are comprehensively given in Table 3. The parameter
values obtained by the fatigue experiment results of specimens N1~N5 are also given in
Table 3, and its survival rate is 95% which ensures the safety of the prediction [19].

m′ log ∆τ + log N = C′ (12)

where N represents the number of fatigue loads, ∆τ represents the amplitude of the nominal
shear stress on the stud, and C′ and m′ represent the parameters obtained by fitting the
experimental data (Table 3).

Table 3. Parameters of the S-N curve formula.

Source of Parameter Data m′ C′

Eurocode 4 [5] 8 21.935
JSCE [6] 8.55 23.42

AASHTO [7] 10 26.15
N1~N5 [19] 8 22.3587

The stud fatigue life values in UHPC with different elastic modulus and compressive
strength were calculated, and the material was set as UHPC with the elastic modulus of
43 GPa and compressive strength of 170.9 MPa as described in the literature [35]. The SWT
damage value of the most unfavorable element of the stud was calculated as shown in
Figure 15. It can be seen from the figure that SWT damage patterns of different intensities
are similar in distribution, and the maximum SWT damage value was 71,810 which is
lower than the value of the N1 specimen with the compressive strength of 129.1 MPa. The
calculated fatigue initiation life value is 12.59 million times, and the stable extended life
value is 892,000 times after changing the material parameters of UHPC. Figure 16 presents



Sustainability 2022, 14, 7253 16 of 19

the ratio of SWT parameters of UHPC with different compressive strengths, and it is that
only the values with θ = 90◦ and ϕ = 20◦ were compared for convenience. Based on the
above discussion, it can be seen that there are certain differences in the fatigue performance
of studs in concrete with different strengths, and the ratio is almost uniform except for a
few points, especially when ϕ = 20◦.
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The experiment results of specimens N1~N6 and the curve formula obtained by fitting
were drawn, as shown in Figure 17. The normalized curves in Table 3 and the results
calculated in this paper were also shown in Figure 17 for comparison. It can be seen that
the fatigue life of short studs in UHPC is outside the predicted curve derived from fitting
the experimental data. For the N1 specimen, the fatigue stress amplitude is 94 MPa, the
fatigue life value obtained in the test is 11.787 million times, and the result calculated by
Eurocode 4 [5] is 1.412 million times, the difference in fatigue life values was caused by the
larger elastic modulus and constraint action of UHPC. According to the data in Table 2, it
can be found that the initial fatigue crack initiation life accounts for a large proportion of
the whole fatigue life, up to 93%. It accounts for a larger proportion of the whole fatigue
life for stud connectors that are subjected to small fatigue stress amplitude as shown in
Figure 18. It is indicated that a considerable part of the time is in the initial fatigue crack
initiation stage of the stud in the actual bridge operation. However, the fatigue failure
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occurs relatively quickly after the fatigue crack expands to the stage of steady propagation
which is detrimental to the safety of the structure. Therefore, for the sustainable operation
of steel-UHPC composite bridges, it is particularly important to detect the fatigue cracks in
the welding details of stud connectors. Meanwhile, the fatigue stress amplitude is the key
parameter to determine the fatigue crack propagation life of stud connectors.
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5. Conclusions and Observations

In this study, the LEFM method was used to calculate the fatigue crack propagation of
the stud connectors in the steel-concrete composite structure, and the characteristics of SIFs
were analyzed. Combined with the simplified analysis method of the fatigue crack of the
stud, the fatigue life of the stud in the UHPC deck was calculated. The research conclusions
are as follows.

(a) It belongs to the complex crack of the stud connector which is dominated by the open
type SIF. The distribution of SIFs is different under the different crack shapes, and the
extreme value of Keff is greatly affected by the depth and width of the crack, but not
significantly affected by the length of the stud.

(b) The fatigue crack surface of the stud connector can be obtained by three-dimensional
fatigue propagation. It is semi-elliptical in the early stage of the fatigue crack propaga-
tion, and the crack front gradually develops into a straight line in the later stage. The
midpoint of the fatigue crack front grows faster, and the fatigue crack surface tends to
incline toward the I-beam.
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(c) There is little difference between the ∆Keff of the I-type crack propagation and that of
the mixed-type crack propagation in the early stage of fatigue propagation. However,
the ∆Keff of the I-type crack propagation model increases gradually after the crack
propagates through half of the stud section, which leads to a certain difference in
the number of effects calculated by the two methods in the late fatigue propagation
period. The fatigue life of the I-type crack propagation model is 7.2% higher than that
of the mixed-type crack propagation model.

(d) The calculation method of crack initiation life is considered by simplifying SIF and
combining the SWT critical damage plane method. Compared with the experimental
values, it is proved that the calculated values of fatigue life of stud connectors provide
better predictive values. In addition to the stress amplitude of the traditional S-N
curve, different material sizes, material properties, and contact characteristics of
structures can also be taken into account by the calculation method in this paper
combined with finite element modeling. It can effectively evaluate the fatigue life of
stud connectors in steel-concrete composite structures.

(e) The proportion of crack initiation life in the fatigue life of stud connectors in UHPC is
different under different stress amplitudes, and the compressive strength of UHPC
also affects the fatigue life of stud connectors. In the whole process of fatigue failure,
the initiation life of fatigue crack accounts for a large proportion, up to more than
90%. The fatigue stress amplitude is the key parameter to determine the fatigue crack
propagation life of stud connectors.
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