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A B S T R A C T

The short-headed stud connectors play a critical role on the interaction of the orthotropic steel deck (OSD) and 
the ultra-high performance concrete (UHPC) layer in orthotropic steel-UHPC composite bridge deck. In this 
paper, the fatigue behavior of these short-headed stud connectors was experimentally investigated in a beam test. 
The failure modes of the short-headed stud connectors were identified and classified into 5 types. The fatigue test 
results were analyzed by linear regression analysis neglecting run-outs and treating run-outs as failure respec-
tively. On the other hand, the maximum likelihood estimation (MLE) approach was used to shape the S-N curve 
by considering the influence of run-outs. Additionally, the push-out and beam fatigue test data were compared, 
and the push-out test presented a relatively conservative result. Last, the applicability of existing specifications 
on design guidelines regarding the short-headed stud connectors design in orthotropic steel–UHPC composite 
bridge deck is discussed, and a design S-N curve with 95% survival probability is proposed.   

1. Introduction

The conventional orthotropic steel bridge decks (OSD) [see Fig. 1(a)]
consisting of a steel deck plate stiffened by U-ribs and supported by 
crossbeams, are widely used in long-span bridges. Their main advan-
tages are the lower self-weight, higher strength and more convenient 
installation when compared with concrete bridge decks. In common 
practice, the OSD is usually covered with a thin thickness layer of 
asphalt pavement. However, serious fatigue cracks of OSD under ever- 
increasing traffic volumes and higher wheel loads have posed a chal-
lenge to the application of this deck system [1]. In order to address this 
issue, ultra-high performance concrete (UHPC), which is a type of fiber 
reinforced cementitious composites with exceptional mechanical prop-
erties and durability [2], has been applied as topping layer of the OSD to 
improve the deck stiffness [1,3–5]. Dieng et al. [5] revealed that the 
stronger the composite action between the OSD and the UHPC layer is, 
the lower the stresses in the two components are. The densely distrib-
uted short-headed stud connectors welded on the steel deck plate are 
considered as an excellent connection to guarantee a robust composite 
action between the OSD and UHPC layer [7]. Therefore, the short- 
headed stud connectors play a critical role to make the UHPC layer 
assist the OSD to bear vehicle wheel loads. For this reason, the 

investigation of the mechanical properties of the stud connectors 
embedded in UHPC on the orthotropic steel-UHPC composite deck [see 
Fig. 1(b)], has attracted the researcher’s attention the last 10 years. 

The current investigations on stud connectors embedded in UHPC 
mainly focused on the static behavior, including the ultimate shear 
strength, slip capacity and shear stiffness, through push-out test and 
finite element analysis [8–11]. The short-headed stud connectors of 
composite bridge deck is more sensitive to the repeated vehicle wheel 
loads in the actual operation of bridge. Hence, it is the fatigue strength 
that governs the design of short-headed stud connectors in composite 
deck. However, studies investigating the fatigue behavior of short- 
headed stud connectors in composite deck are relatively limited 
[7,12]. According to Cao et al. [7], the fatigue failure modes of short- 
headed stud connectors embedded in UHPC layer observed in the 
push-out test were similar to that of stud connectors embedded in 
normal concrete (NC) slab, and the derived S-N curve with 95% survival 
probability lied slightly above the curve provided in Eurocode 4 [13]. 

In current fatigue-design practice of short-headed stud connectors 
used in orthotropic steel-UHPC composite deck, the design criterion is 
basically referred to existing specifications [13–15] and investigations 
[16–22] on stud connectors employed in traditional steel-normal con-
crete (NC) composite beams. The relevant investigations were con-
ducted within two scopes: (1) the concrete is primarily normal concrete 

* Corresponding author at: 1239 Siping Road, Tongji University, Shanghai 200092, China.
E-mail address: sqt@tongji.edu.cn (Q. Su).

Contents lists available at ScienceDirect 

International Journal of Fatigue 

journal homepage: www.elsevier.com/locate/ijfatigue 

https://doi.org/10.1016/j.ijfatigue.2022.106845 
Received 25 November 2021; Received in revised form 4 February 2022; Accepted 5 March 2022   

mailto:sqt@tongji.edu.cn
www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2022.106845
https://doi.org/10.1016/j.ijfatigue.2022.106845
https://doi.org/10.1016/j.ijfatigue.2022.106845
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfatigue.2022.106845&domain=pdf


International Journal of Fatigue 160 (2022) 106845

2

or light-weight concrete with compressive strength and modulus of 
elasticity less than 60 MPa and 40GPa, respectively; (2) the stud 
connector with ratio of height to diameter larger than 4. By contrast, 
UHPC usually has a compressive strength and modulus of elasticity 
higher than 100 MPa and 40GPa [2], respectively. In parallel, the 
thickness of UHPC layer used in composite deck usually is 35–60 mm [7] 
and this consequently leads to the ratio of height to diameter of stud 
connectors less than 4. The changes in both mechanical and geometric 
properties make it necessary to discuss the applicability of existing 
specifications when applied to design of short-headed stud connectors in 
composite decks. Besides, current studies on the fatigue behavior of 
short-headed stud connectors embedded in UHPC layer are mainly based 
on push-out test. However, the beam test can better reflect the actual 
force state of the short-headed stud connectors in the composite deck 
system. 

In addition, fatigue test results are composed of the failed and the 
run-out specimens. The run-out, i.e. the specimens with values of en-
durances reached without failure, are usually neglected to obtain the S- 
N curve through regression analysis. However, studies recommend that 
the S-N curve should be shaped by considering run-outs because run- 
outs simply indicate the absence of failure [20]. The maximum 

likelihood estimation (MLE) approach is considered to be effective to 
make a combined evaluation of the failed and the run-out specimens 
[23,24], and has been applied to shape the S-N curves of some fatigue- 
prone details in literature [25–27]. 

Based on the above considerations, the objective of this study is to 
characterize the fatigue behavior of the short-headed stud connectors in 
orthotropic steel-UHPC composite bridge deck through a beam test. The 
related fatigue failure modes are identified and the underlying mecha-
nism is revealed. The MLE approach is used to shape the shear S-N curve 
of the short-headed stud connectors by considering the run-outs in 
existing beam tests. The fatigue test results from the push-out test and 
the beam test are compared, and the obtained S-N curves are compared 
with the ones presented in existing design codes. Finally, the design S-N 
curves for the short-headed stud connectors which could be used on 
composite deck designs are proposed. 

2. Experimental description 

2.1. Specimen design 

A three-span continuous composite steel box girder bridge (with span 

Nomenclature 

UHPC ultra-high performance concrete 
OSD orthotropic steel decks 
MLE maximum likelihood estimation 
HAZ heat-affected zone 
PDF probability density function 
CDF cumulative density function 
t thickness of steel plate 
D diameter of stud connector or rebar 
Ec modulus of elasticity of UHPC 
fcu cubic compress strength of UHPC 
fct tensile strength of UHPC 
fcr,fl first cracking strength under flexural tensile 
fct,fl flexural strength 
ΔP load range 
Pmax maximum load 
Pmin minimum load 
Ni number of cycles 
Nf fatigue life 
Δτ nominal shear stress range 
Δτe equivalent constant amplitude nominal shear stress range 
Δτe2 fatigue shear strength at 2 million cycles 
Δτi shear stress range related to each loading phases 

Δσ nominal tensile stress range 
ΔV shear force range of shear span 
I0 moment of inertia of the composite section 
S0 area moment of concrete section to the center of gravity 

axis of composite section 
L(x) length of shear span 
Asd cross-section area of a single stud shank 
n1 number of stud rows (in transverse direction) 
n2 number of stud columns (in longitudinal direction) 
m material constant of S-N curve 
C constant of S-N curve 
μc mean value of C 
σc standard deviation of C 
k characteristic value 
n number of fatigue test sample size 
Ps survival probability 
β index related to survival probability 
f probability density function 
F cumulative density function 
Φ CDF of standard normal distribution 
nf total number of the failed fatigue data points 
nr total number of the run-out fatigue data points 
L joint failure probability or likelihood  

Fig. 1. Two deck systems: (a) the conventional OSD; (b) the OSD-UHPC composite deck.  
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layout of 154 + 245 + 154 m), which is located in Jinan, China, served 
as the prototype bridge of the specimen. The mid-span cross-section of 
the bridge is shown in Fig. 2. As depicted, the bridge is used as a high-
way and light-railway bridge. To alleviate the fatigue cracks of OSD 
under vehicle loading, a UHPC layer with thickness of 80 mm is casted 
on the OSD within the vehicle lanes. The UHPC layer is connected to the 
steel deck plate using densely distributed short-headed stud connectors, 
thus the deck system is treated as orthotropic steel-UHPC composite 
deck. Finally, the steel deck plate of the OSD is strengthened by longi-
tudinal U-ribs at spacing of 720 mm and crossbeams at spacing of 4000 
mm. 

Based on the prototype bridge, a full-scale orthotropic steel-UHPC 
composite deck was designed to investigate the fatigue behavior of the 
deck system and is shown in Fig. 3. The length, width and height of the 
specimen was 8800 mm, 1440 mm and 392 mm, respectively [see Fig. 3 
(b)]. The steel deck plate had thickness of 12 mm and was stiffened by 
two U-ribs with top width of 360 mm, bottom width of 240 mm, height 
of 300 mm and thickness of 8 mm [see Fig. 3(c)]. The U-ribs were 
connected by two connection types, namely butt welds (Uw) and high- 
strength bolts (Ub) at the location of 1000 mm to middle crossbeam in 
longitudinal direction. The height and thickness of the crossbeam web 
was 450 mm and 12 mm, and the width and thickness of crossbeam 
flange was 200 mm and 16 mm. The UHPC layer was reinforced with 
φ16mm rebar mesh at spacing of 200 mm both in longitudinal and 
transverse directions. The short-headed stud connectors had diameter of 
13 mm and height of 45 mm (see Fig. 4). Besides, the arrangement of the 
short-headed stud connectors is shown in Fig. 3(b). The numbers of the 
short-headed stud connectors in transverse and longitudinal direction 
were named as stud rows and columns, respectively. The corresponding 
stud rows and stud columns were 5 and 11 respectively in each span. 

2.2. Material properties 

According to design of the prototype bridge, Q345q [28], ML15 [29] 
and HRB400 [30] were used for OSD, stud connectors and rebar in the 
full-scale specimen, respectively. Based on the tensile test [31], the 
modulus of elasticity, yield strength and ultimate strength of steel are 
summarized in Table 1. 

The UHPC used in this study was a commercial material provided by 
Hefei Special Material Technology Co., Ltd. The UHPC contains 1173 
kg/m3 reactive powder, 616 kg/m3 river sand with maximum aggregate 
size less than 4 mm, 472 kg/m3 basalt aggregate with maximum 
aggregate size less than 8 mm, 25.7 kg/m3 superplasticizer, 138 kg/m3 

water and 198 kg/m3 hybrid steel fibers. The hybrid steel fibers are 
composed of hook-end fibers with length of 20 mm and diameter of 0.25 
mm, and straight fibers with length of 13 mm and diameter of 0.2 mm. 
The mechanical properties of the UHPC under the same curing condition 

used for the composite deck specimen are summarized in Table 2. The 
information provided in Table 2 is mean value of three identical speci-
mens which were tested according to the following provisions. Specif-
ically, the tensile test of UHPC referred to Swiss recommendation [32]. 
And modulus of elasticity, cubic compress strength, first cracking 
strength under flexural tensile and flexural strength of UHPC were ob-
tained experimentally based on the Chinses standard test methods for 
fiber reinforced concrete [33]. 

2.3. Test setup and loading protocol 

The fatigue test was conducted in structural lab of Tongji University 
in Shanghai, China. The test setup is shown in Fig. 3(a) and Fig. 5. The 
specimen was placed and fixed on three steel support pedestals, and the 
support pedestals were attached to the ground using high-strength 
cement mortars. As shown in Fig. 3(a), the span from east-end cross-
beam to middle crossbeam was named as load span, while the span from 
middle crossbeam to west-end crossbeam was named as no-load span. 
The actuators were placed at the mid-span section of the load span, and 
the cyclic load was applied through a loading beam. In order to simulate 
the effect of vehicle wheel load, a 20 mm thick rubber with size 200 mm 
by 720 mm was placed between the UHPC topping surface and the 
loading beam. Besides, in order to prevent vibration of the specimen 
under cyclic loading, two hydraulic jacks were applied to the topping 
surface of the deck at the position of west-end crossbeam [see Fig. 3(a)]. 

According to the design philosophy of the prototype bridge, the 
nominal tensile stress range of the UHPC layer under vehicle wheel load 
was within 2.9 MPa. So the design loading protocol of the specimen is 
based on the tensile stress range of the topping surface of the UHPC layer 
at the middle crossbeam. The loading protocol is described in Table 3. As 
shown, the specimen was loaded at constant load range (ΔP = Pmax-Pmin, 
Pmax, Pmin denotes the maximum and minimum load) in each phase. 
Phase I was designed to evaluate the fatigue behavior of the composite 
deck in service life, and the rest phases were used to reveal the fatigue 
failure process of the specimen by increasing the load range. It should be 
noted that the maximum load of phase V and VI were no larger than 
phase IV because of malfunction of the fatigue machine occurred in 
phase IV. The loading frequency was kept at constant of 4 Hz during the 
whole cyclic loading phases. 

It was difficult to detect the fatigue damage state of the short-headed 
stud connectors embedded in the UHPC layer directly. When the short- 
headed stud connectors were intact, there was no interface debonding 
between the steel deck plate and the UHPC layer; while when the short- 
headed stud connectors were fatigued and fractured, interface debond-
ing occurred. Therefore, interface debonding was set as the fatigue 
failure criterion of the short-headed stud connectors at the corre-
sponding interfaces. The interfaces corresponding to the adjacent short- 

Fig. 2. Mid-span cross section of the prototype bridge (unit: mm).  
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headed stud connectors were marked with numbers as shown in Fig. 3 
(b) and Fig. 6. Take the mark “2-N” as an example, it denotes the 
interface located in the second stud column at the north side of the 
specimen. 

3. Test results and analysis 

3.1. Fatigue life 

During loading phase I(ΣNi = 0 ~ 2 million) and phase II (ΣNi = 2 ~ 
3 million),there was no visible debonding at the marked interfaces. From 
this, it could be concluded that there were no fatigue fracture occurring 
at the short-headed stud connectors in these phases. The first visible 
debonding occurred at the 3-N interface when loading reached the 4.05 
million cycles, as shown in Fig. 7. Then the consequent debonding 

developed at other marked interfaces reported in Table 4 along with 
their corresponding fatigue life Nf. As shown, the interface debonding 
only occurred at the load span where the two actuators were placed in its 
mid-span. As mentioned above, the fatigue fracture of the short-headed 
stud connectors could be determined by the interface debonding, the 
fatigue life of the short-headed stud connectors was considered identical 
to that of interface debonding accordingly. 

3.2. Nominal shear stress range 

To obtain the nominal shear stress range of the short-headed stud 
connectors, it was assumed that the shear force at interface was uni-
formly shared by all the short-headed stud connectors at the same shear 
span. Actually, shear stress redistribution occurs if some stud connectors 
are cyclically sheared to fracture, the remaining undamaged stud con-

Fig. 3. Details of the full-scale specimen (unit: mm): (a) elevation view and setup; (b)arrangement of studs; (c)A-A cross section; (d)B-B cross section; (e)C-C 
cross section. 
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nectors will withstand higher shear stress range. Based on the afore-
mentioned assumption, the calculated nominal shear stress range will be 
more conservative. Considering the material properties and sectional 
characteristics, the nominal shear stress range of the short-headed stud 
connectors can be derived as: 

Δτ =
ΔVS0L(x)
I0n1n2Asd

(1) 

where ΔV is shear force range of shear span; I0 is the moment of 
inertia of the composite section; S0 is the area moment of concrete 
section (converted into steel area) to the center of gravity axis of com-
posite section; L(x) is the length of shear span; Asd is the cross-section 
area of a single stud shank; n1 is the number of stud rows (in trans-
verse direction); n2 is the number of stud columns (in longitudinal di-
rection). In this fatigue test, for the shear span from east-end crossbeam 

to the actuator, ΔV, L(x), n1 and n2 are 13ΔP/32, 2000 mm, 6 and 5, 
respectively; for the shear span from actuator to middle crossbeam, ΔV , 
L(x), n1 and n2 are 19ΔP/32, 2000 mm, 6 and 5, respectively; ΔP is load 
range summarized in Table 3. The calculated nominal shear stress ranges 
corresponding to loading phases are listed in Table 5. 

The short-headed stud connectors were subjected to variable- 
amplitude fatigue load during the loading phases. Based on the 
concept of linear damage cumulative theory [34], the equivalent con-
stant amplitude shear stress range related to fatigue life can be calcu-
lated by Eq.(2). 

Δτe =

[∑
Ni(Δτi)

m

Nf

]1/m

(2) 

45

22

13

Fig. 4. Details of the short-headed stud connector (unit: mm).  

Table 1 
Mechanical properties of steel.  

Material t 
(mm) 

D 
(mm) 

Yield strength 
(MPa) 

Ultimate 
strength (MPa) 

Elastic 
modulus 
(GPa) 

Q345q 8 — 411 554 210 
12 — 370 511 210 

HRB400 — 16 549 664 200 
ML15 — 13 332 479 206 

Notes: t and D refer to thickness and diameter, respectively. 

Table 2 
Mechanical properties of UHPC.  

Ec(GPa) fcu(MPa) fct (MPa) fcr,fl(MPa) fct,fl(MPa) 

48 108  7.45  11.53  22.38 

Notes: Ec, fcu, fct, fcr,fl, fct,fl denote modulus of elasticity, cubic compressive 
strength, tensile strength, first cracking strength under flexural tensile and 
flexural strength, respectively. 

Actuator

Spreader beamHydraulic jack

UHPC layerOSD

Support pedestal

Rubber gasket

Fig. 5. Test setup.  

Table 3 
Fatigue loading protocol.  

Phase Load level 
Pmin ~ 
Pmax(kN) 

Load 
range 
ΔP (kN) 

Cycle Numbers Ni 

(×104) 
Loading frequency 
(Hz) 

I 271 ~ 405 134 200 4 
II 310 ~ 539 229 100 4 
III 560 ~ 807 247 160 4 
IV 798 ~ 1075 277 40 4 
V 421 ~ 730 309 50 4 
VI 505 ~ 730 225 100 4  

UHPC layer

Steel deck plate

Fig. 6. The marked interface.  
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where Δτe is the equivalent constant amplitude nominal shear stress 
range; Nf is the fatigue life ; Δτi is shear stress range related to each 
loading phases; Ni is number of cycles associated with shear stress range 
Δτi; m is material constant (m = 8 according to Eurocode 4[13]). Table 6 
summarizes the calculated equivalent constant amplitude shear stress 
range and the corresponding fatigue life of the short-headed stud 
connectors. 

3.3. Fatigue failure modes 

To identify the fatigue damage state of the short-headed stud con-
nectors, the UHPC layer was removed with the aid of a high-pressure 
water jet. The fatigue failure occurred in load span only as plotted in 
Fig. 8. The fatigue failure modes of the short-headed stud connectors and 
the corresponding fatigue failure mechanism are plotted in Fig. 9 and 
Fig. 11, respectively. As shown, the fatigue cracks are located around the 
heat-affected zone (HAZ) of the stud-to-deck plate weld. The fatigue 
failure modes of the short-headed stud connectors could be classified 
into five types, modes a-d and the combined modes da, db and dc. For 
mode a, fatigue crack initiated at the edge of stud shank and developed 
through the stud shank. This failure mode is similar to those observed in 
the fatigue push-out test [17] as well as beam test [35]. For mode b, 
fatigue crack initiated at weld toe near stud shank and propagated 
through the stud shank. This failure mode could be found both in the 
fatigue push-out test [19] and beam test [35]. For mode c, fatigue crack 
usually initiated at weld foot near stud shank and headed through stud 
shank. This failure mode could be found both in the fatigue push-out test 
[19,21,36] and fatigue beam test [37–39]. For mode d, fatigue crack 
usually initiated at weld foot or weld toe and penetrated into steel deck 
plate and induced concave depression [22] or tearing-off of steel deck 
plate, and this failure mode could be detected in the fatigue push-out test 
[7,19–22,40] as well as fatigue beam test [35,38]. For the combined 
modes, fatigue cracks occurred both at steel deck plate and stud shank, 
and this failure mode also has been observed in the fatigue push-out test 
[19,21,22]. As plotted in Fig. 8, the combined failure modes mainly 
distributed in shear span from actuator to middle crossbeam within 
which the shear stress range was relatively larger. Besides, fatigue cracks 
also were captured on the topping surface of steel deck plate around the 
weld collar while no fatigue damage was observed on the stud connec-
tors. The failure mode and corresponding distribution are shown in 
Fig. 10 and Fig. 8, and this mode mainly located in shear span from east- 
end crossbeam to actuator. Furthermore, it should be noted that failure 
mode a, mode b and mode d are the fracture of base material of short- 
headed stud connectors or steel deck plate, while mode c is the fatigue 
damage occurring in weld and base material of the short-headed stud 
connector. 

The fatigue fracture size of the damaged short-headed stud connec-
tors and the steel deck plate were measured as depicted in Fig. 12 and 
were recorded as plotted in Fig. 11 (d). As shown, the vertical distance 
from the upper fracture line of the stud shank to the topping surface of 
the steel deck plate is approximately 10 mm, and this distance also can 
be treated as the limit of HAZ in stud connectors presented herein. With 
regard to the fracture zone of the steel deck plate, the length and width 
of the tearing zone are about 35 mm and 13 mm, respectively. The 
largest depth of the tearing zone is around 8 mm, which is two thirds of 
the thickness of the steel deck plate. This also demonstrates that the 
failure mode d couldn’t penetrate through the whole thickness of the 
steel deck plate according to the current design. As Wang et al. [35] 
discussed, mode d is induced by the relatively large ratio of the stud 
diameter to steel plate thickness, and should be avoided. 

In addition, the debonding interfaces listed in Table 4 are generally 
accomplished with the fractured short-headed stud connectors in Fig. 8, 
indicating the feasibility of determining the fatigue life of the short- 
headed stud connectors by interface debonding. 

4. Discussion on S-N curves 

4.1. S-N curves based on IIW recommendation 

The S-N curve is usually established by fitting the failed fatigue test 
data at various stress levels. To obtain the S-N curve of the short-headed 
stud connectors, the specimen details and fatigue test results obtained 
from existing studies [41–45]are summarized in Table 7 and Table 8, 
respectively. It should be noted that all these tests are fatigue beam tests 

Interface debonding

Fig. 7. Interface debonding at 3-N.  

Table4 
Debonding location and corresponding fatigue life Nf.  

Interface location Nf (×104) Interface location Nf (×104) 

3-N 405 4-S 498 
2-S 414 5-N 539 
2-N 420 10-S 525 
1-N 429 8-N 539 
1-S 429 8-S 539 
3-S 429 9-N 539 
0-N 481 9-S 539 
0-S 491 10-N 549  

Table 5 
Nominal shear stress range of stud connectors.  

Phase Δτ (MPa) 

Shear span-I* Shear span-II* 

I 78 114 
II 134 196 
III 144 211 
IV 162 237 
V 181 264 
VI 131 192 

*Note: shear span-I is the shear span from east-end crossbeam to actuator, shear 
span-II is the shear span from actuator to middle crossbeam. 

Table 6 
Fatigue life and equivalent constant amplitude shear stress range of the short- 
headed stud connectors.  

Number Nf (×104) Δτe (MPa) Number Nf (×104) Δτe (MPa) 

3-N 405  187.9 4-S 498  198.9 
2-S 414  188.7 5-N 539  211.4 
2-N 420  189.2 10-S 525  142.2 
1-N 429  189.9 8-N 539  144.7 
1-S 429  189.9 8-S 539  144.7 
3-S 429  189.9 9-N 539  144.7 
0-N 481  196.1 9-S 539  144.7 
0-S 491  197.8 10-N 549  146.2  
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for orthotropic steel-UHPC composite bridge deck. The equivalent 
constant amplitude nominal shear stress range of the short-headed stud 
connectors at fatigue life Nf is obtained based on the aforementioned 
method in Eq.(2). For the run-out specimens in Table 8, the fatigue life 
Nf denotes the total number of cycles and is not the actual fatigue life 
under the related shear stress range. 

The S-N curve in double logarithmic form is expressed in Eq.(3) 
[13,23]. 

logN = C − mlogΔτ (3) 

where Δτ is shear stress range, N is fatigue life at shear stress range 
Δτ, C is a constant, and m is the slope of the S-N curve. According to the 
recommendation of International institute of welding 2016 (IIW 2016) 
[23], the S-N curve of the short-headed stud connectors was established 
based the following steps on the basis of the failed fatigue data of this 
study and literature [41]. 

(a) Calculate log10 of all failed data:the equivalent constant ampli-
tude nominal shear stress range Δτe and fatigue life Nf.  

(b) Calculate exponents m and constant C (see Eq. (3)). The slope m 
can be obtained by linear fitting or taken the fixed value which is 
derived from other tests under comparable conditions. To be 
consistent with the Eurocode 4, m was taken as 8.  

(c) Calculate mean value and standard deviation of C expressed in 
Eq.(4) and Eq.(5), respectively. Where n is sample size of fatigue 
data. 

μC =

∑
Ci

n
(4)  

σC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μC − Ci)
2

n − 1

√

(5)    

(d) Calculate the characteristic value Ck in Eq.(6). The S-N curve used 
for design usually has a 95% survival probability at confidence 
level of 75%, the corresponding value k is calculated in Eq.(7). 
When k is taken as the opposite number, the S-N curve with a 5% 
survival probability also can be obtained. 

Ck = μC − kσC (6)  

k = 1.645⋅
(

1 +
1̅
̅̅
n

√

)

(7) 

Substituting the failed fatigue test data, μc = 24.786, σc = 0.429, and 
k = 2.070 were obtained. The standard deviation σc is just 1.73% of 
mean value μc , indicating that the data used has a small scatter. The S-N 
curves of the short-headed stud connectors with 5%, 50%, and 95% 
survival probability are listed in Eq.(8), Eq.(9) and Eq.(10), respectively. 

logN = 25.675 − 8logΔτ (8)  

logN = 24.786 − 8logΔτ (9)  

logN = 23.897 − 8logΔτ (10) 

The foregoing S-N curves were established by only considering the 
failed fatigue data and neglecting the run-out. For comparison, the S-N 
curves considering run-outs in Table 8 as failure were also established 
based on the above procedure. The corresponding μc = 24.307, σc =

1.122, and k = 2.013 were obtained. The standard deviation σc is 4.62% 
of mean value μc , indicating that a relatively wider scatter than that 
obtained neglecting run-outs. Accordingly, the S-N curves considering 
run-outs as failure with 5%, 50%, and 95% survival probability are 
obtained in Eq.(11), Eq.(12) and Eq.(13), respectively. 

logN = 26.566 − 8logΔτ (11)  

logN = 24.307 − 8logΔτ (12)  

logN = 22.049 − 8logΔτ (13) 

The S-N curves of beam test neglecting run-outs and considering run- 
outs as failure are shown in Fig. 13. 

As shown, the S-N curve considering run-outs as failure has a wider 
scatter compared with neglecting run-outs, which has been verified by 
the ratio of standard deviation to mean value. The fatigue strength with 
95% survival probability at 2 million cycles of neglecting run-outs and 
considering run-outs as failure are 158 MPa and 93 MPa, respectively. 
This indicates that the method of considering run-outs as failure will 
considerably lower the fatigue strength at 2 million cycles up to 65 MPa. 

4.2. S-N curves based on the MLE considering run-outs 

The orthotropic steel-UHPC composite deck is a new structure and 
the related failed fatigue beam test results are limited, it is necessary to 
consider the run-out fatigue beam test results to establish the S-N curve. 
The MLE approach allows run-outs to influence the S-N curve through 
the cumulative density function (CDF). The objective of the MLE 
approach is to identify a probability distribution at each stress level that 

Fig. 8. Distribution of fatigue failure modes (unit: mm).  
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is most likely to generate the test data [20]. 
It is assumed that the logarithm of fatigue life at each stress level 

follows a normal distribution. The fatigue-life curve represented 
through the MLE fitting is plotted in Fig. 14. As shown, The probability 
density function (PDF) of logarithms of fatigue life logN at stress level S 
is expressed in Eq.(14), the related cumulative density function (CDF) is 
given in Eq.(15), where Φ is CDF of standard normal distribution. Then 
logN can be obtained by negating the Eq.(15), as shown in Eq.(16), 

where μ and σ are mean value and standard deviation of logN respec-
tively, β is a constant related to survival probability Ps as expressed in 
Eq.(17) and depicted in Fig. 15. To make Eq.(16) presents oblique line in 
the double logarithmic coordinate system, both μ and σ should show a 
linear relationship with logS. Consequently, μ and σ are assumed to be 
expressed in Eq.(18), where C, m and B are unknown parameters to be 
determined through the MLE approach. Substituting Eq.(18) into Eq. 
(16), the P-S-N curve is derived in Eq.(19), where P denotes survival 

(a)Mode a (b)Mode b (c)Mode c-I

(d)Mode c-II (e)Mode c-III (f)Mode d-I

(g)Mode d-II (h)Mode da (i)Mode da, a as main

(j)Mode db, b as main (l)Mode dc, c as main(k)Mode dc

Crack

Crack Crack

Fig. 9. Fatigue failure modes.  
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probability Ps which is in the form of β. 

f (logN) =
1̅̅̅
̅̅

2π
√

σ
e−

(logN− μ)2

2σ2 - ∞⩽logN⩽ + ∞ (14)  

F(logN) =

∫ logN

− ∞

1̅̅̅
̅̅

2π
√

σ
e−

(t− μ)2

2σ2 dt = Φ(
logN − μ

σ ) (15)  

logN = μ + σΦ− 1(F) = μ + σ(− β) (16)  

β = − Φ− 1(F) = Φ− 1(Ps) (17)  

{
μ = C − mlogS

σ = B (18)  

logN = C − mlogS − βB (19) 

Based on the MLE approach, this joint failure probability (or likeli-
hood) considering both the failed and the run-out test results is simply 
failure probability of every data point, and is given in Eq.(20) [20], 
where nf is the total number of the failed fatigue data points, nr is the 

Crack on deck plate

Shear stress direction
Fig. 10. Crack of steel deck plate around weld collar.  

35

8
12

10
45

Fracture line

Deck plate
Tearing zone

13

Stud shank

Weld collara
c

d
Deck plate

d

Stud shank

b

a
b c

d
Deck plate

Stud shank

Weld HAZ

d

Deck plate

Stud shank

Weld root

HAZ

Weld toe
HAZ

)b()a(

)d()c(

Fig. 11. Fatigue failure mechanism (unit: mm): (a) internal details of the stud- 
to-deck plate weld; (b)internal appearance of failure paths; (c) external 
appearance of failure paths; (d) fatigue fracture zone. 

Mode d

Mode da
Mode a

)b()a(
Fig. 12. Size of fatigue fracture zone (unit: mm): (a) the stud shank; (b) the steel deck plate.  

Table 7 
Summary of specimen details in existing literature.  

Literature Thickness of 
UHPC layer 
(mm) 

Elastic modulus 
of UHPC (GPa) 

Thickness of steel 
deck plate (mm) 

Size of 
stud 
(mm) 

Chen  
[41] 

50  45.0 16 13 × 40 

Liu [42] 50  42.6 12 13 × 35 
Yuan  

[43] 
60  47.8 12 13 × 40 

Feng [44] 50  44.4 16 13 × 40 
Liu [45] 60  42.1 12 16 × 40  

Table 8 
Summary of fatigue beam test results in existing literature.  

Literature Specimen number Nf(×104) Δτe(MPa) Failure or Run-out 

Chen[41] VAF1 531  193.5 Failure 
VAF2 410  193.3 Failure 
CAF1 111  245.6 Failure 
CAF2 160  214.9 Failure 

Liu [42] Sagging 416  137.2 Run-out 
Hogging 250  176.7 Run-out 

Yuan[43] — 500  103.7 Run-out 
Feng [44] — 625  97.6 Run-out 
Liu [45] — 760  53.8 Run-out  
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total number of the run-out fatigue data points. The likelihood expressed 
in Eq.(21) is derived by putting Eq.(18) into Eq.(20). Substituting all the 
fatigue data points in Table 6 and Table 8 into Eq.(21), and setting m 
equal to 8, C = 24.793 and B = 0.4101 were obtained by solving the 
partial derivative equations derived from Eq.(21). Accordingly, the P-S- 
N curve of the short-headed stud connectors based on the MLE approach 
is expressed in Eq.(22). The S-N curve with 50% survival probability is 
written in Eq.(23). Considering a 75% confidence level of 95% proba-
bility of survival, β can be calculated as k shown in Eq.(7) where the 
related n was taken the total number of the failed and the run-out fatigue 
data points, the corresponding S-N curve is obtained in Eq.(24). Corre-
spondingly, Eq.(25) denotes the S-N curve with 5% survival probability. 

L =
∏nf

i=1
[f (logNi) ]⋅

∏nr

i=1
[1 − F(logNi) ] (20)  

L =
∏nf

i=1

1
̅̅̅̅̅
2π

√
B

e−
(logNi − C+mlogSi)

2

2B2 ⋅
∏nr

i=1

[

1 −

∫ logNi

− ∞

1
̅̅̅̅̅
2π

√
B

e−
(t− C+mlogSi)

2

2B2 dt

]

(21)  

logN = 24.793 − 8logΔτ − 0.4101β (22)  

logN = 24.793 − 8logΔτ (23)  

logN = 23.967 − 8logΔτ (24)  

logN = 25.618 − 8logΔτ (25) 

The S-N curves of the short-headed stud connectors obtained through 
the MLE approach, and the comparison of S-N curves with 95% survival 
probability based on the three methods mentioned above are plotted in 
Fig. 16. As shown, the S-N curve with 50% survival probability based on 
the MLE approach lies above all the run-out data points and presents a 
narrow scatter with the upper and lower bound. The MLE S-N curve with 
95% survival probability is close to that neglecting run-outs, and shows 
a little higher, indicating that the MLE approach can effectively feature 
the S-N curve through considering run-outs. The fatigue strength Δτe2 at 
2 million cycles by performing the MLE approach, neglecting run-outs 
and considering run-outs as failure are 162 MPa, 158 MPa and 93 
MPa respectively, and this result shows the same trend with that of 
fatigue-prone details described in literature [24]. 

4.3. Comparison with the push-out test results 

The shear fatigue push-out test of the short-headed stud connectors 
embedded in thin UHPC layer were reported in previous research [7,12]. 
The specimen details is shown in Fig. 17 and test results are summarized 
in Table 9. The S-N curves of the push-out test established through 
regression analysis are shown in Fig. 18(a). The comparison of S-N 
curves with 95% survival probability between the beam and the push- 
out test is plotted in Fig. 18(b). As shown, the failed data points of the 
beam test lie considerably above that of the push-out test. The fatigue 
strength Δτe2 at 2 million cycles of the beam test (158 MPa) neglecting 
run-outs is significantly larger than that of the push-out test (103 MPa), 
and the amplitude is up to 55 MPa. Two reasons may account for this 
result. The adhesion between steel deck plate and UHPC layer within the 
whole deck area fails prior to fatigue fracture occurring at the short- 
headed stud connectors in the beam test. Secondly, shear stress redis-
tribution does not occur and the loading on the stud connectors is 

Fig. 13. S-N curves of the beam test based on IIW 2016 recommendation: (a) neglecting run-outs; (b) considering run-outs as failure..  

Fig. 14. Fatigue-life curve representation through the MLE fitting.  

Fig. 15. The relation between β and Ps.  
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maintained at a reasonably constant level throughout the cycle life in the 
push-out test [22]. 

In order to further investigate the test results difference between the 
beam test and the push-out test, the fatigue test results of stud connec-
tors used in traditional steel-normal concrete (NC) composite beams 
were summarized. The corresponding test results of the beam and the 
push-out tests were reported in literature [16,18]. Based on regression 

analysis, the related S-N curves are plotted in Fig. 19. As shown, the 
failed data points of the beam test lie above that of the push-out test. The 
fatigue strength Δτe2 at 2 million cycles with 95% survival probability of 
the beam test is 104 MPa, which is 28 MPa larger than its counterpart 
(76 MPa) of the push-out test. 

It can be shown that the fatigue strength of the stud connectors in the 
beam test performs higher than in the push-out test no matter if the stud 
connectors are placed in an orthotropic steel-UHPC composite deck or in 
a traditional steel-NC composite beam. Besides, it should be noted that 
the failure criterion in the beam test can explain the reason that the 
different amplitude of the former (55 MPa) is almost twice of the latter 
(28 MPa). The fatigue failure criterion in orthotropic steel-UHPC com-
posite deck was defined as the interface debonding, and that was taken 
indirectly from the steel flange strains in steel-NC composite beam. 
Interface debonding is usually accompanied with fatigue fracture of the 
stud connectors, while strain gauge reading changes indicate the initial 
crack of the stud connectors, thus the former exerts a relatively longer 
fatigue life. In parallel, the equivalent constant amplitude nominal shear 
stress range expressed in Eq.(2) will be larger accordingly. 

4.4. Comparison with existing specifications 

Eurocode 4 [13], AASHTO LRFD (2007) [14], TB10091-2017 [15] 
have recommended the S-N curves of stud connector in bridge design. A 
brief introduction of these specifications are listed as following. 

Eurocode 4 [13] 
In Eurocode 4 [13], the fatigue shear strength curve of an automat-

ically welded stud connector with a normal weld collar in concrete with 
normal-weight aggregate is defined by Eq.(26). The corresponding fa-
tigue strength at 2 million cycles of is 95 MPa. 

logN = 22.123 − 8logΔτ (26) 

AASHTO LRFD (2007) [14] 
In AASHTO LRFD [14], the fatigue shear strength of an individual 

stud connector is taken as Eq.(27), in which α is expressed in Eq.(28). 
Fatigue strength of 66 MPa at 2 million cycles is consequently obtained. 

Δτ = 4α/π = 303 − 37.56logN (27)  

α = 238 − 29.5logN⩾19.0 (28) 

TB 10091–2017 [15] 
Both the fatigue shear strength curve and the fatigue tensile strength 

curve of stud connector are considered in TB 10091–2017 [15], the 
corresponding expression is given in Eq.(29) and Eq.(30), respectively. 
As shown, Δσ denotes nominal tensile stress range of stud connector. 
Accordingly, the fatigue shear strength and fatigue tensile strength at 2 

Fig. 16. S-N curves of the beam test: (a) based on the MLE approach; (b) comparison of three methods..  

Fig. 17. Specimen details of the push-out test (unit: mm) [7].  

Table 9 
Summary of shear fatigue push-out test results.  

Literature Specimen number Nf(×104) Δτ(MPa) Failure or Run-out 

Zhang [12] F-1 240.5 112 Failure 
F-3 60 145 

Cao [7] FAT-1 1178.7 94 
FAT-2 113 117 
FAT-3 168.8 125 
FAT-4 44.1 135  
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million cycles are identical and equal to 60 MPa. 

logN = 20.54 − 8logΔτ (29)  

logN = 20.54 − 8logΔσ (30) 

The comparison of S-N curves obtained through the beam test using 
the aforementioned three methods (i.e. neglecting run-outs, considering 
run-outs as failure and the MLE approach), obtained through the push- 
out test and recommended in the above specifications is plotted in 
Fig. 20. As shown, AASHTO LRFD [14] and TB 10091–2017 [15] pro-
vide a considerably conservative basis for fatigue assessment of stud 
connectors in orthotropic steel–UHPC composite bridge deck. The S-N 
curves established through a beam test considering run-outs as failure is 
closest to that of Eurocode 4. By contrast, the curve obtained by the 
push-out test in steel-UHPC composite specimens lies apparently above 
the Eurocode 4 [13] curve which is established through push-out test of 
steel-NC composite specimens, the use of different kinds of concrete 
(UHPC and NC) may account for this phenomenon. The method of 
regression analysis neglecting runouts and the MLE approach consid-
ering runouts provide the relatively highest S-N curves. 

It should be noted that the current S-N curves in specifications are 
obtained based on stud connectors with ratio of height to diameter 
larger than 4 embedded in NC slab, while the short-headed stud con-
nectors used in orthotropic steel–UHPC composite bridge deck usually 

has a height to diameter smaller than 4. These differences in the concrete 
type as well as the stud size, make the fatigue strengths at 2 million 
cycles of the short-headed stud connectors in UHPC layer from the push- 
out test and the beam test (based on the MLE approach) larger than those 
in the current specifications. When the current specifications are adop-
ted in design of the short-headed stud connectors in orthotropic steel-
–UHPC composite bridge deck, the difference between specifications 

Fig. 18. S-N curves of the short-headed stud connectors in UHPC layer: (a) the push-out test; (b) comparison between the beam test and the push-out test.  

Fig. 19. S-N curves of the stud connectors in steel-NC composite beam.  
Fig. 20. S-N curves comparison with existing specifications.  

Table 10 
Safety margin comparison (unit: MPa).  

Push-out 
test 

Eurocode 4 AASHTO 2007 TB10091-2017 

Δτe2,pu Δτe2, 

eu 

Δτe2,pu- 
Δτe2,eu 

Δτe2, 

aa 

Δτe2,pu- 
Δτe2,aa 

Δτe2, 

tb 

Δτe2,pu- 
Δτe2,tb 

103 95 8 65 38 60 43 
Beam test- 

MLE 
Eurocode 4 AASHTO 2007 TB10091-2017 

Δτe2,mle Δτe2, 

eu 

Δτe2,mle- 
Δτe2,eu 

Δτe2, 

aa 

Δτe2,mle- 
Δτe2,aa 

Δτe2, 

tb 

Δτe2,mle- 
Δτe2,tb 

162 95 67 65 97 60 102 

Notes: Δτe2,pu, Δτe2,mle denote the shear fatigue strength at 2 million cycles with 
95% survival probability of the push-out test and the beam test based on the MLE 
approach; Δτe2,eu, Δτe2,aa, Δτe2,tb denote the shear fatigue strength at 2 million 
cycles of Eurocode 4, AASHTO 2007 and TB10091-2017, respectively. 
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and the push-out test result or the beam test result using the MLE 
approach could be considered as safety margin, as listed in Table 10. As 
shown, the safety margins of Eurocode 4, AASHTO LRFD (2007), 
TB10091-2017 are 8 MPa, 38 MPa, and 43 MPa respectively when 
compared with the push-out test result. While the counterparts are 67 
MPa, 97 MPa, and 102 MPa respectively when compared with the beam 
test result using the MLE approach. The current specifications make a 
more conservative arrangement of the short-headed stud connectors in 
orthotropic steel–UHPC composite bridge deck when used in design. 
Therefore, the S-N curve with 95% survival probability obtained 
through the push-out test (i.e. logN = 22.411-8logΔτ) and established by 
the MLE approach of the beam test (i.e. logN = 23.967-8logΔτ), are 
recommended as a lower and an upper bound for fatigue design of the 
short-headed stud connectors in orthotropic steel–UHPC composite 
bridge deck. 

5. Conclusions 

Based on the above investigations, the main conclusions are:  

1. The fatigue cracks of the short-headed stud connectors in the beam 
test located around the stud-to-deck plate weld heat-affected zone, 
and the failure modes can be classified into 5 modes. Failure mode a, 
mode b and mode d are the fracture of base material of short-headed 
stud connectors or steel deck plate, while mode c is the fatigue 
damage occurring in weld and base material of the short-headed stud 
connectors.  

2. The S-N curve with 95% survival probability was established through 
regression analysis on the basis of this study and existing literature. 
Considering run-outs as failure can lower the fatigue strength at 2 
million cycles up to 65 MPa compared to that of neglecting run-outs, 
e.g. from 158 MPa to 93 MPa.  

3. The MLE approach allows the run-out to shape the S-N curve, and the 
established S-N curve with 95% survival probability is slightly higher 
than the one through regression analysis neglecting run-outs.  

4. The fatigue push-out tests resulted to more conservative results 
compared with the beam test no matter if the stud connectors were 
placed in orthotropic steel-UHPC composite deck or in traditional 
steel-NC composite beam. The shear stress redistribution of the stud 
connectors in the beam test might contribute to the beam results 
because of the larger number of stud connectors in the shear span 
compared to the push-out test.  

5. The S-N curves of stud connectors in current specifications lie below 
the ones of short-headed stud connectors embedded in UHPC layer 
no matter obtained from the push-out test or the beam test. And the 
current specifications make a more conservative arrangement of the 
short-headed stud connectors in orthotropic steel–UHPC composite 
bridge deck when used in design.  

6. The S-N curve with 95% survival probability obtained through the 
push-out test, and that established through the beam test on the basis 
of the MLE approach are recommended as a lower bound and an 
upper bound for the fatigue design of the short-headed stud con-
nectors used in orthotropic steel–UHPC composite bridge deck, 
respectively. 
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