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ARTICLE INFO ABSTRACT
Keywords: The headed stud connectors are widely used in a variety of innovative engineering applications of
Stud connectors the infrastructure sector. The fatigue life of headed studs is significantly affected by the residual

Toe-base crack
Fatigue strength

Hot spot stress

Finite element analysis

stress introduced from welding procedures. It is very important to develop a reliable numerical
method to predict the fatigue performance of headed stud connectors. In this paper, the efficiency
of fatigue life prediction, using the nominal stress (NS) and the hot spot stress (HSS) methods
based on finite element simulation, is compared. The limitation using the NS method to predict
the fatigue life of studs is discussed in this paper. The efficiency of the HSS analysis technique is
validated by the fatigue test results in the literature.

1. Introduction

Headed stud shear connectors [38] are typically applied at the steel-concrete interface of composite beams to connect steel girders
and the concrete slabs. Owing to its convenient welding procedures and the well-accepted mechanical behavior, the headed stud
connectors remain dominant in the construction of modern steel-concrete composite structures, such as buildings, and bridges, etc. In
terms of application in bridge engineering, the ever-growing traffic flow and the frequently reported overload cases call attention to
the fatigue life evaluation to ensure the service quality of steel and concrete components.

The studs are generally welded to the base plates of steel members. Due to geometric discontinuity, the stud-plate welded joint
(SPJ) suffers from the stress concentration due to external loads, and the secondary load effects caused by concrete shrinkage and
creep. In addition, the fatigue life is significantly affected by the residual stress introduced by welding procedures [34]. The heat-
affected zone (HAZ), as shown in Fig. 1, between the studs and base plates will reduce the fatigue life due to coexisting intrinsic
defaults, such as micro-crystal dislocation, the meso-scope notch and the remarkable residual stress [14]. Type A is that the initial
crack of the stud shank near the root is generated and gradually expands due to variable shear force, and finally fatigue failure occurs.
Type B is due to insufficient welding quality, leading to local stress concentration and increased initial micro-cracks, so the stiffness of
the interface between the stud and weld toe is low that the weld toe is torn under fatigue load. When the ratio of the diameter of the
stud to the thickness of the steel plate is large, the steel plate becomes a weak part. Under the action of fatigue load, the steel plate crack
at the weld toe propagates along the plate thickness direction and causes Type C failure [26][27]. As a result, the fatigue performance
of SPJ draws a lot of attention from both academic and industry field. The toe-plate crack is one of the probable fatigue damages in SPJ
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[10,9]. It initiates at the weld toe and propagates through the base plate thickness. This paper focuses on fatigue life evaluation of
headed studs with the toe-plate crack (Type B in Fig. 1).

Two procedures should be conducted regarding the fatigue life evaluation of SPJ. One is the empirical equation to predict the
fatigue life in terms of the governing stress component at the potential crack section. The other is the effective numerical or analytical
method to determine the threshold of the governing stress component, namely fatigue strength. For engineering application, the NS
range is majorly used in fatigue design because it is convenient to be obtained by hand calculation. And the corresponding fatigue
strength is determined according to series of fatigue tests for the [40] same structural detail [1,25,29,30,39]. Most of the contemporary
design codes follow the methodology of NS method, like AASHTO LRFD [2], Eurocode [7], JSCE [17] and JTG [18].

Nevertheless, the traditional uses of studs in composite beams are widely extended, including composite joints [22], anchorage
zones [23], Flange of steel I-shaped girder with corrugated web [11] and orthotropic steel decks with concrete overlays [5]. It is too
complicated to determine NS for the extended applications with complex geometries due to lack of hand calculation formulas. Besides,
the headed studs are under multiaxial stress status for the irregular structural details. The application scope of the NS method needs to
be discussed because the nominal fatigue strength from uniaxial push-out tests may not well describe the multiaxial fatigue perfor-
mance. Furthermore, the fatigue tests to determine the fatigue strength of non-standard studs are costly and time-consuming. Finally,
the NS method could not predict the fatigue life of new connectors using advanced materials, such as rubber sleeved studs [36,37],
resin-covered studs [32], and ultra-high-performance-concrete (UHPC) embraced studs [12].

Some scholars have used the hot spot stress method to estimate the fatigue life of key welded steel details of a railway composite
bridge under the effect of dynamic load [31]. Fatigue behavior of the newly developed studs and the extended applications are of
research interests and further advanced analysis techniques are required. The HSS method might be an alternative to the NS method
when evaluating the non-standard studs. Two assumptions are followed when using the HSS method to evaluate the fatigue behavior of
stud connectors. The first is that the studs hold nearly the same strength if equal structural stress ranges are applied at the hot spots,
since these studs sharing the same welding technique and the same welding effects. The second is that the structural factors without
considering welding effects could be explicitly included in HSS analysis models. As to butt weld and fillet weld, the guidelines for HSS
calculation and the corresponding fatigue strength are suggested by the International Institute of Weld (IIW) [16]. HSS method has an
explicit stress calculation and FE modeling guidelines. As a result, the analysis results ought to be reproducible. The method is also
followed to evaluate the fatigue performance of orthotropic steel bridge decks [21,24].

With the development of computing capacity, refined solid FE models are often used to study the static and fatigue behavior of studs
[6,28,20]. Regarding the geometric and mechanical differences between SPJ and the fillet/butt welded joints in steel structures, the
hot spot stress calculation schemes needed to be further discussed to predict the fatigue life of headed studs. Moreover, the drawn-arc
stud welding technique is somehow distinct from the fillet/butt welding concerning electric current, plunge-formed weld collar, and
residual stress. Thus, the residual stress effects on fatigue life of butt welds/fillet welds [33] could not be directly applied to the fatigue
life prediction of headed connectors, and welding effects on the fatigue strength of stud connectors should be further discussed by
comparing the prediction with the fatigue test results.

This paper aims to illustrate the cases beyond the scope of the available specifications based on NS, especially for the innovative
studs. The corresponding fatigue strength is determined by the regression of test results reported in the literature. The HSS method to
predict the fatigue life of headed studs are illustrated in this paper.

2. Details of push-out specimen

Push-out specimens are recommended by Eurocode 4 (CEN 2004) [8] to determine the mechanical behavior of headed studs by
static and fatigue tests. The push-out specimen used by Hirokazu [15] is referred to as the basic model in this paper. Geometric details

Stud shank
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Fig. 1. Fatigue failure modes of welded studs.
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are shown in Fig. 2. The width and thickness of concrete slabs are 540 mm and 150 mm, respectively. The diameter of rebars embedded
in the slabs is 12 mm. The H-shape steel beam is composed of an 11 mm thickness flange and a 7 mm thickness web. The diameter of
studs is 19 mm and the height of studs is 100 mm. Distance between the studs welded on the same flange is 120 mm.

3. Finite element models

Due to the symmetry of the push-out specimen, the 1/4 solid FE model with headed studs is built using the software ANSYS 14.0
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Fig. 2. Geometry of push-out test specimen (unit: mm).
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[4], see Fig. 3. The solid element SOLID185 is used to represent the steel beam, the studs, and the concrete slabs. The elements
TARGET170 and CONTA174 are used to represent the steel-concrete contact behavior at the interface. BEAM188 is used for modeling
of rebars.

The element size of the concrete slab and steel beam near SPJ is 10 mm. Sub-model technology is used to refine the local zone of
SPJ. The minimum size is about 0.5 mm. The convergence of the stress results will be checked in this paper.

Young’s modulus E; of steel and studs is 2 x 10° MPa and E, of concrete is 3.5 x 10* MPa. Poisson’s ratio is 0.3 for steel and 0.16 for
concrete respectively. The friction coefficient between stud and concrete is 0.3. Rigid restraints are applied to the bottom of the
concrete slab and symmetrical restraints are applied to the symmetric surface. The push-out load was uniformly applied on the top
cross-section of the steel beam using nodal forces.

4. Results and discussion
4.1. Limitation of NS method

4.1.1. Eccentricity effects

Although the base metals of SPJs are subjected to nearly the same nominal stresses, they may endure increasing local stresses if the
studs are welded towards the edges of steel beams. To quantify the SCF of the plate, the nominal stress is calculated “force to steel beam
cross-section” rather than “force to headed stud cross-section”. With the variation of stud location, the stress concentration factor (SCF)
K}, of the base metal is shown in Fig. 4. Ky, = 6y/0y,, where oy, is the NS of the base metal along the Y-axis and it can be determined by Eq.
(1). On the surface of the welding studs, the normal stress component oy along Y-axis is the local stress from FE. Away from the
centerline of the base metal, if the deviation of the stud location increases 6t, from its original location, K}, increases 20%. On the
contrary, the corresponding NS remains constant since the cross-sectional area A, and the applied push out load Py are the same in the
two cases. The results imply that NS methods (average shear stress) could not consider the local stress concentration effects caused by
the eccentricity. However, the local stress concentration plays a dominant role in the determination of the fatigue performance of SPJ.
Otherwise, the fatigue life of SPJ might be overestimated following the simplified NS method.

o, = Py /A, (€}
where Py is the push out load and A}, is the area of steel beam.

4.1.2. Stud spacing effects

The Ky, distribution near the weld toe is shown in Fig. 4(b) when the width of the flange is reduced by 3ty. The stud spacing is
corresponding to the width of the flange plate in the push-out tests. When the width of the flange plate is decreased, the stress dis-
tribution remains unchanged basically. This indicates that the change of flange plate width does not affect the stress distribution near
SPJ. However, the fatigue life of headed studs with toe-plate failure mode is determined by the normal stress of steel plates based on the
NS methods in the standard. The flange plate width decreases, and the cross-sectional area of steel beams decrease, leading to the
increasing NS when the external force remains unchanged. The width of flange decreases by 3t} and the NS increases by about 34%.

If the fatigue strength of weld toe is evaluated according to NS, when the width of flange decreases, the NS amplitude increases and
the fatigue life decreases. However, the stress near the weld toe remains unchanged, that is, the fatigue life will not be greatly affected.
Therefore, the NS method could not effectively consider the stud spacing effects in terms of toe-plate failure mode.

Uniform pressure
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Fig. 3. Mesh and boundary of finite element model.
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Fig. 4. Local stress distribution with geometric variation.

4.1.3. Concrete creep effects

The local stress distribution of SPJ is dependent upon the creep behavior of the concrete slab, as shown in Fig. 5. Assuming that the
initial loading age is 7 days and the applied load lasts for 10 years, the creep coefficient is calculated by ACI [3], the final creep
coefficient is about 2.5. Based on the stress-strain equivalence idea that concrete creep is similar to metal creep, the Creep criterion of
metal in ANSYS general FE program is used to simulate the creep effect of concrete. K}, at 0.4t, away from the weld toe might increase
20% compared with the initial stage. The time-dependent behavior is also reported by previous studies [40]. The results showed that
the stress redistribution of studs induced by concrete creep effects will reduce the fatigue life of headed studs. The increased local stress
by the creep of concrete promotes the mean stress o, and the stress ratio R. Basically, oy, and R are very important parameters for
fatigue evaluation of welded structures.

The creep effects on fatigue behavior of SPJs is significant for long-span composite bridges, because of larger dead load and
increasing traffic flows full of heavy trucks. However, the conventional NS method is difficult to include the time-dependent effects.
The fatigue details classification of SPJs in current design specifications has not covered the time-dependent effects. It recommended
that the time-dependent effects should be considered in the future fatigue life evaluation of headed studs.

4.1.4. Effects of material plasticity

When both steel and concrete are elastic or elastic—plastic materials, the distribution trend of K, near the weld toe under different
shear amplitudes is shown in Fig. 6. The ultimate shear capacity of the 19 mm stud in C50 concrete is about 128 kN, and the range of
elastic bearing capacity is about 0-65 kN. When the loading force is 40 kN, the material plasticity does not affect the stress distribution
near SPJ. As the loading force is 100 kN, the K}, at SPJ increases by about 18.5% compared with the full elastic material. The results
show that the stress does not increase linearly with the increase of the load after the material enters the plasticity, thereby reducing the
tendency of concentrated stress to increase.
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Fig. 5. Local stress distribution with loading time variation.

Under the action of the trainload, the maximum shear amplitude of studs in the composite beam bridge is about 20 kN [20]. In most
structures, the shear force of stud is basically in the linear stage of load slip curve, and the stress distribution near SPJ can also be
accurately simulated by using fully elastic materials model, while the stress near SPJ predicted by the NS method is relatively low.
When part of the components enters plasticity, the calculation using completely elastic material model compared with plastic material
model can evaluate the fatigue life of the structure more safely, which is beneficial to the safe operation of the structure.

4.1.5. Effects of contact stiffness relaxation

To minimize the tensile stresses induced by shrinkage of concrete slabs, the studs with relaxed initial contact stiffness are usually
used. Among them, the rubber sleeved stud is a recently reported type for application in composite bridges [37,36]. In this paper, the
thickness of the rubber sleeve is 2.5 mm, the height is 20 mm, and the elastic modulus is 3000 MPa.

The reduced steel-concrete contact stiffness of studs increases the local stress concentration of the base metal, as shown in Fig. 7. In
the case of push-out test, K}, of the base metal in the rubber sleeved SPJ increases about 13% compared with the stud without rubbers.
The results showed that the rubber sleeve relaxes the contact stiffness of studs. This leads to a stress concentration increasing at the toe
of the base metal. However, the relaxation of contact stiffness is out of the scope of the NS method. Without further fatigue tests of
rubber-sleeved studs, it is difficult to evaluate their fatigue behavior using the NS method.

Although the global NS method is dominant in fatigue evaluation of steel structures, several limitations are discussed in this section.
The local HSS method might be an alternative to evaluate the fatigue life of headed studs.
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4.2. Hot spot stress analysis

To determine the HSS of SPJ, the stress extrapolation methods and the finite element modeling techniques are examined. According
to the definition of hot spot stress shown in Fig. 8, the linearly extrapolated HSS o4 by Eq. (2) and the quadratically extrapolated HSS
Ohsq by Eq. (3) are compared in terms of fatigue life prediction. The referring stresses 6.4, 60.95 61.0: and 61 4; at the top surface of the
base plate indicate the normal stresses that are located 0.4 t, 0.9 ¢, 1.0 t and 1.4 t away from the weld toe, along the Y direction. Where, t
is the plate thickness and ¢t = t, = 11 mm for SPJ.

O = 1.67004, —0.670 (2)

Onsg = 2.5200.4;, — 2.24060.9;, +0.726 4, 3)

To consider the Poisson’s effect on HSS determined by measured strains, the stress opso omitting the effect is determined by Eq. (4)
and the stress opgp including the effect is determined by Eq. (5).

Ohso = Eg(2.52€”0.4; — 2.24€%0.9, + 0.72¢%0.0,) 4
Onsp = E(2.52(€%0.4; + V+€'0.4) — 2.24(E0.0 + V+€0.99) + 0.72( 0.9/ + V+€%0.40)(1 — V) 5)

where E is Young’s modulus of steel, and is set to 210GPa. v is Poisson’s ratio of steel and is set to 0.3. The referring strains &’y 4; and
€%0.4¢ represent the normal strain component along the Y-axis and the X-axis, respectively.



R. Liu et al. Engineering Failure Analysis 117 (2020) 104972

"', " Concreteslab +,
A

Stud ] -

st el o0 =
. . . : L,

- Steelplate . ", .~

(a) Regular use of studs

Rubber sleeve -**, ¢

Stud :[ .':
g ) “** Concreteslab N

Steel plate . . , |

(b) Rubber sleeve studs
(Xu et al. 2014; Xu and Liu 2016)

T T T

24 (—0— Stud with rubber sleeve
[—O— Stud without rubber sleeve
21k {—&— Nominal stress ,,,,, by Eq.(1)|
Usm. force
18 |- A
gIS| A
&
=
S 12+ A
;éﬁ

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Distance to stud root, y/f;, along Y-axis
(c) Stress with contact stiffness variation

Fig. 7. Local stress distribution with contact variation.

4.2.1. Effects of mesh size

The referring stresses of HSS are close to the weld toes of SPJ to reflect the local stress concentration. The mesh size may affect local
stress distribution. Previous research showed that the multi-sub-model technique might be effective to suppress the computing cost for
FE analysis, especially when solid elements are used to predict the steep stress gradient around the stress singularity point [24]. Since
the steel-concrete contact in this paper is not covered in previous research on steel structures, the sub-model is checked to verify its
accuracy. As shown in Fig. 9, the sub-model is compatible with the global model since they share almost the same stress distribution if
using the same mesh intensity. Given the mesh is refined, the much steeper stress distribution in front of the weld toe is obtained by the
sub-model. It seems that the multi-sub model is capable to capture the stress peak of SPJ.

Using coarse mesh, the referring stresses vary with mesh size, and refined meshes are required to eliminate its influence, as shown
in Fig. 10. Given the mesh size less than 1 mm is applied, the referring stress at 0.4 t away from the weld toe comes to be convergent.
About 10% deviation of the stress prediction is suppressed using the refined model. It is recommended that the refined analysis with a
tiny element length less than 1 mm may be necessary since the referring stress results are sensitive to the mesh size.

4.2.2. Effects of stress extrapolation

Linear and quadratic stress extrapolation results are checked to evaluate the stress peak at the weld toe, with increasing mesh
intensity. As shown in Fig. 11, the quadratic algorithm yields about 14% higher HSS prediction compared with the linear method. The
attachment of the welded stud leads to abrupt section change in the base plate. Besides, the push-out force results in concentrated shear
force and local bending in SPJ. The quadratic stress extrapolation is favorable to evaluate the non-linear stress gradient induced by
structural discontinuity, both geometrically and mechanically. Since the referring stresses come to be convergent using the refined
model, the extrapolated results of HSS yield convergence with the mesh size less than 1 mm. The deviation of the non-linear HHS
prediction owing to element size is eliminated in this paper.
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4.2.3. Effects of weld shape

To check the influence on HSS prediction regarding the presence of weld collar, three cases, labeled as a tubular, taper, and without
weld collar, are analyzed. As shown in Fig. 12, the tubular weld provides a transition between the stud shank and the base plate, and
stress concentration at the weld toe is decreased.

Generally, the ceramic ferrule installed during the drawn-arc welding process of the stud may result in tubular shaped weld collar.
Given the stud is welded properly, the model including tubular weld collar may result in a proper HSS prediction. In the process of
strength prediction, the gentle HSS and the corresponding fatigue durability may derive a conservative fatigue strength for SPJ. In the
process of fatigue evaluation for design purposes, the HSS of a model without weld collar may results in about 26% overestimation than
that with tubular-shaped weld collar, as shown in Fig. 13. It ought to yield a conservative design. Nevertheless, the model with the
tubular weld collar might be a reasonable alternative if the weld quality is guaranteed.

4.2.4. Effects of toe radius
Like the case in welded steel plates, the toe radius influences on HSS of SPJ. The smaller of toe radius leads to steeper stress
distribution shown in Fig. 14, even with the same mesh intensity. HHS using the model with zero toe radius is about 35% lower than
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that with a 2 mm toe radius, as shown in Fig. 15. In engineering application, after-weld treatment is generally neglected in terms of SPJ,
and the smooth weld toe is not expected. Besides, weld beads may splash through the gap between the ceramic ferrules and the base
plate. Thus, the weld toe with zero radii might be acceptable. With improved ferrules [13], better weld toe shape can be formed and
fatigue behavior might be promoted. In this paper, the fatigue test results from the literature may have different welding quality, and
the toe radius is set to zero.

4.3. Prediction of fatigue strength

According to the methodology of HSS, the factors at the structural level, such as member geometry, weld geometry and mesh size,
are explicitly included in the FE model. The resistance against HSS at the material level, such as micro-notch defects and residual stress,
is determined according to fatigue tests assuming that the welding technique is the same. For general fillet and groove welding used in
steel structures, lots of researches proposed to use HSS to determine fatigue strength. However, the drawn arc welding technique is
somehow different compared with fillet and groove welding. The fatigue resistance should be determined accordingly.

By applying the derived push-out fatigue loads to FE models with the loads determined according to the nominal shear stresses in
the studs, this paper evaluate the efficiency of the HSS method by comparing the prediction and fatigue test results in the literature. In
detail, the S-N curve is reconstructed based on FE analysis and HSS methods, and the predicted life is compared against the fatigue tests
in the literature.

The least-square method is used to fit the linear regression of the average fatigue strength of the SPJ [19], as shown in Eq. (7):

log(AS) = (k —logN)/m @

Lower limit standard fatigue strength curve for 97.7% survival rate, is calculated using Eq. (8):

—C— R=2mm

.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Distance to stud root, y/t,, along Y-axis

Fig. 14. Local stress distribution with toe radius variation.
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log(AS") = (k—1logN)/m —205as (8)

where AS, AS* is the hot spot and nominal fatigue stress amplitude respectively; N is the number of cycles of fatigue stress
amplitude;oiogas is the standard deviation.

The fitting curve of fatigue strength based on the NS method is shown in Fig. 16. The fatigue life of the structure is the fatigue
strength corresponding to a 2 million cycle life. The average fatigue life fitted by previous tests is FAT102. The fatigue life recom-
mended by JSSC and EC4 codes is FAT80 and FAT95 respectively. Most test results fall within this range, which is suitable for
evaluating the fatigue strength of studs by NS amplitude. The fatigue life recommended by AASHTO code is FTA66, which is con-
servative and more suitable for low cycle fatigue strength.

The fatigue life was evaluated by the HSS amplitude of the SPJ. The fitting curve of the hot spot fatigue strength is shown in Fig. 17.
According to different finite element models, the HSS amplitude corresponding to shear fatigue amplitude is obtained. The average
hotspot fatigue strength curve is fitted as Eq. (9). The average hot spot fatigue strength of the SPJ is FAT187. The standard fatigue life
curve can be obtained by subtracting the average fatigue strength by twice the standard deviation of HSS amplitude (c10gas = 0.12), as
shown in Eq. (10).

logAcy, = 3.62 —0.214logN ©

logAcy,,” = 3.38 — 0.214logN (10)

The standard fatigue life obtained by HSS amplitude is FAT107, which is consistent with the fatigue strength FAT90, FAT100 and
FAT112 recommended by IIW. The results showed that it is feasible and appropriate to use HSS amplitude to evaluate the fatigue
strength of the SPJ of studs.
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Fig. 16. Fatigue strength of studs based on nominal stress.
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Fig. 17. Fatigue strength of toe-base crack based on hot spot stress.
Conclusions

The limitation using the NS method to predict the fatigue life of studs is discussed in this paper. The efficiency of the HSS analysis

technique is validated by the fatigue test results in the literature. The main conclusions are as follows:

(1) NS method could not effectively consider the effects of eccentricity, stud spacing, concrete creep, the plasticity of materials, and

contact relaxations in the prediction of fatigue life of the headed studs with toe-plate failure mode. HSS method reflects the
stress concentration at the weld toe and is able to include the stress variations induced by the above-mentioned effects.

(2) The refined sub-model with less than 1 mm mesh size yields convergent HSS of SPJ and it may be used to predict the HSS of studs

together with the quadratic stress extrapolation method.

(3) According to the 100 MPa derived fatigue strength against HSS, SPJ using drawn arc welding shows similar hot spot fatigue

strength compared with fillet welding. The derived fatigue strength could be used for further fatigue evaluation on studs with
the same welding fabrication technique.
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