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Nowadays, wide transverse cantilevers and web spacing have been introduced in many steel and concrete 

composite bridges with group studs. The passing-by moving load may result to biaxial load action effect. It 

consists of bridge longitudinal interlayer shear forces and transverse bending-induced action. So far, its 

cyclic effects on group studs have not been concerned enough. Thus we carried out a related study through 

cyclic push-out FEM analysis and fatigue strength evaluation. In the FEM analysis, we correspondingly 

established three cases to derive the related critical local cyclic strain and stress. The stud shank diameter 

and height were 13mm and 80mm. Based on the analysis results, we introduced the strain based multi-axial 

fatigue criterion to evaluate the stud fatigue performance. Generally, it showed that under the certain 

introduced slip controlled cyclic push load action, biaxial load action appeared little unfavorable cyclic 

effect to group studs fatigue behavior while its residual bending-induced concrete cracks seemed 

disadvantageous. Thus as to engineering practice, it is important to examine the fatigue performance of 

group studs in composite bridge with wide cantilevers and web spacing. Further systematic study will be 

carried out in future. 
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1. INTRODUCTION 

The application of studs as shear connector in 

steel and concrete composite structures has an over 

50years history. As to arranging studs in group, 

referred to as group studs, it is favorable in 

constructional perspective. For example precast 

concrete slab can be easily installed. But on the other 

hand, literature information
1-3)

 shows stud shear 

stiffness would be unfavorably affected by group 

arrangement. Nowadays, many composite bridges 

are characterized by wide transverse cantilevers and 

web spacing. The self-weights and relevant 

passing-by moving loads may lead to significant 

lateral bending moment, making shear stud 

subjected to combined longitudinal shear force and 

transverse bending-induced action. This can be 

referred to as biaxial load action. Xu C. et al. have 

discussed its effect on static behavior of group 

studs
1,4)

. But the cyclic effect is still not clear. In this 

sense, a related study was carried out, which 

included slip controlled cyclic push-out FEM 

analysis and the following group studs cyclic 

evaluation through multi-axil fatigue damage 

criterion. Specifically, cyclic effects of uniaxial load 

action, biaxial load action and residual 

bending-induced concrete cracks on group studs 

fatigue performance were analyzed and evaluated. 
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And accordingly, engineering suggestions were 

proposed. 

2. NUMERICAL ANALSIS SETUP 

(1) General analysis procedure 

Generally, the fatigue damage of shear studs 

usually appears at the positions around stud root, 

which are believed due to the local stress 

concentration. In terms of this, a local stress-strain 

fatigue analysis procedure was introduced in the 

study. It assumed that the fatigue life is determined 

by the local stress-strain response at the local critical 

position. The specific analysis procedure is 

composed by two parts, cyclic push-out FEM 

analysis and fatigue behavior evaluation. They are 

shown in Fig.1.  The FEM analysis with inputted 

cyclic material constitutions and push load actions 

was executed to derive stable cyclic structural stress 

and strain response. In terms of the introduced 

multi-axial fatigue damage criterion, the critical 

local position and its cyclic strain and stress can be 

derived from FEM analysis results. Thus the fatigue 

performance of group studs can be evaluated.  

Three push-out FEM models were included in the 

cyclic analysis, labeled with FA, FAB and FAC with 

different load actions. The dimensions shown in 

Fig.2 were mainly based on Ref.
5)

. The vertical and 

lateral spacing of studs are respectively 65mm and 

50mm. The stud shank diameter is 13mm and the 

stud height is 80mm. In terms of biaxial symmetric 

attributes, only three-dimensional quarter FEM 

models were established in ABAQUS. As shown in 

Fig.3, the model includes solid elements of concrete 

slab, shear studs and steel plates and truss elements 

of reinforcements. It was analyzed by explicit 

module. Concerning boundary condition, it was 

configured in terms of the symmetrical mechanical 

feature. And the nodes of reinforcement element are 

tied to related nodes of concrete elements. The 

interlayer surfaces between steel flanges and 

concrete slabs and between stud shafts and 

surrounding concrete were simulated by contact pair 

algorithm. The interlayer friction coefficient was 

assumed 0.3. 

 

Cyclic Load actions
Cyclic strain and 

stress response

Cyclic material 

behavior(Linear kinematic 

hardening)

Critial local 

position

Fatigue strain 
criterion(Brown-Miller 

Criterion)

Critical local 
cyclic strain and 

stress 
Fatigue life

Cyclic push-out FEM analysis Fatigue life evaluation

 

Fig.1 General cyclic analysis procedure 

 

Table 1 Cyclic push-out FEM models 

Models 
Load actions  

& effect 

Lateral loads  

(kN) 

Maximum crack  

width(mm) 

Cyclic disp. Pattern 

△D/2 (mm) R 

FA Uniaxial 0 0 0.2 -1 

FAB Biaxial 36 -0.15 0.17 -1 

FAC with concrete cracks 36* -0.15 0.21 -1 

*This load will be removed before applying cyclic load. 
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(2) FEM model setup 

 

Fig.2 Dimension of push-out model 
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Fig.3 Parametric FEM push-out model 

(3) Load action 

Lateral 

load

Concrete 

cracks

Remove

d Lateral 

load

Resid
ual 

concrete 

cracks

P=Pusin(πt/4)

Ⅱ.Biaxial action Ⅲ.Bending-induced concrete cracksⅠ.Uniaxial action

P=Pusin(πt/4) P=Pusin(πt/4)

 

Fig.4 Loading actions applied on cyclic push-out FEM models 

Table 1 lists the models and related load actions. 

Meanwhile the load actions are depicted in Fig.4 as 

well. The load steps are specified in Table 2. It is 

worth mentioning here the cyclic push-load was 

actually controlled by steel concrete interlayer 

cyclic slip history. This is for that some presented 

experimental results of composite girder under 

cyclic wheel load action showed a nearly constant 
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interlayer cyclic slip history
6)

. In fact, the 

displacement controlled cyclic push analysis has 

experienced an iteration process to achieve the 

cyclic slip pattern listed in Table 1. Fig.5 shows the 

typical cyclic interlayer slip history. The specific 

slip amplitudes were from static stud stiffness 

proportion among the models FA, FAB and FAC. It 

is 1:1.15:0.95
1)

. Thus, compared with a 0.2mm 

cyclic slip amplitude in FA, a 0.17 mm cyclic slip 

amplitude and a 0.21mm cyclic slip amplitude were 

applied on FAB and FAC. Concerning the lateral 

load depicted in Fig.4 for biaxial load action(FAB) 

and residual bending-induced concrete cracks(FAC), 

its value was set 36kN. This equivalents to the 

bending moment that can induce tensile cracks with 

0.15mm maximum crack width based on Ref.
7)

 As 

to the cyclic analysis results, it was considered 

stable when variation differences of stress strain 

amplitudes in cycles become less than 10%. In this 

sense, 4 cycles was found to be enough.  

(4) Material constitutions  

Nonlinear material constitutions and damage 

plasticity models were introduced in the analysis. 

The material stress-strain relationships are shown in 

Fig.6. The concrete material constitutions, as plotted 

in Fig.6(a) and (b), were based on Eq. 2 and Eq. 3
8)

, 

where c and t are the strains related to 

compressive and tensile peak stresses; a , d  

and t are regression parameters. It can be seen the 

concrete compressive and tensile strength are 

respectively 50MPa and 3.0MPa. Fig.6(c) shows the 

uniaxial stress plastic strain relationships of studs, 

steel plates and reinforcement, all of which include 

linear hardening stages. In addition, descending 

stages have been taken into account in the materials 

of stud and reinforcement. This may due to that stud 

and nearby reinforcement may happen to experience 

the material softening stages in the push-out process. 

The tensile strength of stud is around 480MPa.

 

Table 2 Load procedure for cyclic push-out FEM analysis 

Load step 
FA FAB  FAC 

push load push load Lateral loads push load Lateral loads 

1 started None started None started 

2 continued started continued None stopped 

3 continued continued continued started None 

 

 

 

Fig.5 Cyclic push load applied on FEM models 
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(a) Concrete compression                (b) Concrete tension               (c) non-concrete materials 

Fig.6 Uniaxial material constitutions  
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(a) FA model     (b) FAB model      (c) FAC model 

Fig.7 Cyclic load-slip curves 

(5) Multi-axial fatigue criterion
9)

 

The Brown-Miller criterion proposes that the 

maximum fatigue damage occurs on the material 

plane which experiences the maximum shear strain 

amplitude. It fits well with the fatigue damage 

happening to shear stud, shear fracture with slight 

bending
10)

. The damage is a function of both such 

shear strain and the strain normal to this plane, as 

given in Eq. 1.  
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In this equation, max  is the maximum shear 

strain and the strain normal to the maximum shear 

strain is n , which can be respectively expressed as 

  22 31max    and   231  n  in terms of 

material Mohr’s circle. For elastic stresses, the 

constants C1 equals 1.65 and C2 equals 1.75. 

mn is the mean normal stress on the shear plane. 

Concerning the coefficients, fatigue strength 

exponent b can be deduced approximately by Eq. 2 

where f  is the true tensile strength and b  is the 

ultimate tensile strength. Regarding fatigue ductility 

coefficient f  , it is close to the value derived from the 

Eq. 3 where  is the percentage reduction of area. 

Moreover the value of c is suggested -0.6 for ductile 

material
11)

. Concerning fatigue strength coefficient 

f  , its value seems quite close to f  for most of 

metals. Based on the tensile test on stud material
12)

, 

 =70.9%. The b  and fracture tensile strength 

have been assumed 480MPa and 320MPa. Thus f  

was 1103MPa. Accordingly, b, c, f  , f   can be 

derived, which are -0.11, -0.6, 1103MPa and 1.235.  
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3. RESULTS AND DISCUSSION 

(1) Cyclic structure performance 

Fig.7 provides the cyclic analyzed load-slip 

curves. The positive averaged shear load direction is 

the push load direction. The related slip ranges of FA, 

FAB and FAC are [-0.187mm, 0.180mm], [-0.159, 

0.146] and [-0.198, 0.189]. As to the cyclic stud 

shear loads in these models, they tends to become 

stable after the initial cycles.  

(2) Critical fatigue position and fatigue strength 

Generally, stud fatigue damage appears at the 

positions of stud root(A), stud welding collar(B) or 

sometimes stud shank(C). In case of weld collar 

height is large the fatigue failure position may 

happen at the interface between weld collar and steel 

flange. Since the cyclic push-out FEM models did 

not take welding effect into account, local positions 

of A and B coincides with one another. Accordingly, 

the fatigue local positions will be decided in the area 

of stud roots colored by red in Fig.8. Fatigue 

damage at position C is not considered in this 

analysis. 

Fig.9 shows the maximum and minimum 

principal strains distributed along upside stud root 

outline as depicted in Fig.8 at the 26th and 30th 

load steps. Accordingly, the maximum amplitude of 

shear strain on upside stud root can be detected in 

the positions of 0 degree and 180 degree. This is in 

terms of   22 31max   . The situation 

appeared on down side stud root was similar. Since 

these positions have the same fatigue features, 

fatigue evaluation on one of them can be 

representative to reflect the effect of the loading 

actions. Thus position at 180 degree on upside stud 

root was selected as the critical local position. 

Fig.10 respectively shows the cyclic principal 

strain and stress vs. load time step at selected 

critical local position of FA. In Fig.10(a), it shows 

cyclic maximum principal strain ε1, minimum 

principal strain ε3, maximum shear strain γmax and 

related normal strain εn to the plane with maximum 

shear strain. The cyclic principal stress vs. load time 

step of FA is displayed in Fig.10(b), which consists 

of maximum principal stress σ1, minimum principal 

stress σ2 and stress σn normal to the plane with 

maximum shear stress. Based on these tow figures, 

it confirmed that the cycles becomes stable after the 

initial one or two cycles. In terms of Fig.10, the 

related cyclic strain and stress characteristics are 

listed in Table 3 which include cyclic peaks, valleys, 

ranges and mean values.  

The symbol of “△” denotes the cyclic ranges. 

According the Eq. 1, the fatigue lives of FA, FAB 

and FAC under such cyclic load actions are 

calculated and compared with each other. The 

comparison ratio is listed in Table 3. Since some 

parameters of Eq. 1 is based on assumed values, the 

evaluated fatigue strength of these models are not 

listed here. The listed comparison ratios shows 

biaxial load action appears little unfavorable effect 

on cyclic behavior of group studs. However, its 

residual bending-induced concrete cracks tend to be 

unfavorable. This summarization is in condition of 

the certain introduced cyclic load patterns which 

corresponds to the live loads passing through 

composite girders with wide transverse cantilevers 

and web spacing. Since residual bending-induced 

cracks will keep existing on the girder, fatigue 

performance of group studs in this situation should 

be concerned carefully in real engineering practices.
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Fig.8 Typical fatigue damage positions on stud 
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(a) Cyclic principal strains of FA 
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(b) Cyclic principal stresses of FA 

Fig.10 Cyclic principal strains and stresses of FA 
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Table 3 Fatigue evaluations  

Model Δγmax/2 Δεn/2 σn,mean Nf(unit ratio) 

FA 0.00109 0.0004 10.065 1 

FAB 0.00098 0.000315 18.75 2.0 

FAC 0.00118 0.00041 11.58 0.45 

4. CONCLUSIONS 

Influences of biaxial load action and its residual 

bending-induced concrete cracks on fatigue 

performance of group studs were analyzed. Based on 

the cyclic FEM analysis and cyclic behavior 

evaluations, the following summarizations can be 

derived. 

Generally, it can be found that biaxial load action 

appears little unfavorable effect on cyclic behavior 

of group studs. However, its residual 

bending-induced concrete cracks tend to be 

unfavorable. This summarization is in condition of 

the certain introduced cyclic load patterns which 

corresponds to the live loads passing through 

composite girders with wide transverse cantilevers 

and web spacing. As to the engineering practices, 

fatigue performance of group studs in this situation 

should be concerned carefully. 
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