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Abstract—Headed stud shear connections are widely used in the 

junction or embedded zone of hybrid girder to achieve whole 
composite action with continuity that can sustain steel-concrete 
interfacial tensile and shear forces. In Japan, Japan Road Association 
(JRA) specifications are used for hybrid girder design that utilizes 
very low level of stud capacity than those of American Institute of 
Steel Construction (AISC) specifications, Japan Society of Civil 
Engineers (JSCE) specifications and EURO code. As low design 
shear strength is considered in design of connections, the time 
dependent shear behavior due to sustained external loading is not 
considered, even not fully studied. In this study, a finite element 
approach was used to evaluate the time dependent shear behavior for 
headed studs used as connections at the junction. This study clarified, 
how the sustained loading distinctively impacted on changing the 
interfacial shear of connections with time which was sensitive to 
lodging history, positions of flanges, neighboring studs, position of 
prestress bar and reinforcing bar, concrete strength, etc. and also 
identified a shear influence area. Stud strength was also confirmed 
through pushout tests. The outcome obtained from the study may 
provide an important basis and reference data in designing 
connections of hybrid girders with enhanced stud capacity with due 
consideration of their long-term shear behavior. 
 

Keywords—Finite element approach, hybrid girder, headed stud 
shear connections, sustained loading, time dependent shear behavior. 

I. INTRODUCTION  

OMPOSITE structures have some unique characteristics 
as they can take the full advantage of the properties of 

steel and concrete by resisting tensile and compressive forces. 
This also can double the flexural strength and stiffness as well 
as can reduce the span to depth ratio with consequent cost 
savings in real structural construction [1], [2]. Due to such 
advantageous uses, composite construction has gained 
popularity over last few decades and composite bridges have 
been designed for greater span lengths which were not 
achieved previously with ordinary materials [3]. The hybrid 
steel-concrete girder system uses the lighter steel girder and 
the cheaper concrete girder that provides an economical 
solution [4] and considering the longitudinal compositions, 
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prestressed concrete (PC) girders instead of concrete girders 
are preferred because of high stiffness and durability [5]. 
Shinozaki et al. adopted an innovative hybrid girder, intended 
to join steel girder with that of PC girder applicable for a span, 
both sides of which, there exist same number of steel girder 
and PC girder. Fig. 1 (a) presents such hybrid girder. Here, 
steel girder is embedded into PC girder and embedded part is 
known as junction [6]. The continuity in the junction must be 
achieved to resist tensile and shear forces at steel-concrete 
interface [1], [2]. Most commonly, headed stud shear 
connections are used for that purpose with many advantages 
including rapid installation, strength, stiffness, high ductility 
and enhanced shear resistance with dowel action [7]-[9]. 
Shinozaki et al. devised the junction of hybrid girder shown in 
Fig. 1 (b) with headed stud shear connections [6]. 

Some design specifications and codes including AISC 
Manual [10], EURO code [11], JRA [12] and JSCE [13] 
adopted formulae to determine headed stud strength for 
designing connections.  

The JRA specifications are used for hybrid girder design in 
Japan [14] and stud capacity as per the JRA specifications 
ranges from 0.12 times to AISC specifications, 0.13 times to 
JSCE specifications and 0.22 times to EURO code, as 
summarized in Table I. Hence, as per current design 
specifications, the nominal shear force carried by the 
connector remained with limited value than its actual capacity. 
Thus, the shear behavior under the influence of sustained 
external loads with time effects is neither considered because 
of its low design force level nor has been fully studied yet 
[15]. But, if time dependent behavior is not predicted exactly, 
then stud-concrete interfacial deformation due to sustained 
shear force may lead to over-deflection with ultimate 
reduction in service life. At the same time, as JRA 
specifications remained with a substantial gap with others, it 
requires detailed investigation to materialize the optimum uses 
of stud capacity in design of connections for real structure 
applications.  

Based on the afore-mentioned literature and stated situation, 
sustained loading tests were conducted with different time 
exposure on hybrid steel-PC girder specimens with headed 
stud connections. Then, a finite element (FE) approach was 
used to evaluate the time dependent shear behavior for those 
connections. The results clarified that sustained loading has 
distinctive impact on changing stud level interfacial shear with 
time and identified a shear influence area for specimen under 
this study. Stud shear strength was also confirmed through 
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pushout tests to assess its optimum uses in real structural construction rather than using of very limited capacity. 
 

   

(a) Hybrid girder              (b) Headed stud connections in junction 

Fig. 1 Hybrid girder and junction 
 

TABLE I 
HEADED STUD SHEAR STRENGTH AS PER DIFFERENT SPECIFICATIONS AND CODES 

Headed stud Concrete Headed stud shear strength (kN) 

Diameter 
(mm) 

Height 
(mm) 

Area 
(mm2) 

Tensile 
strength fu (MPa) 

Desired compressive 
strength (MPa) 

Elastic 
Modulus Ec 

(MPa) 

JRA (allowable 
shear) 

EURO Code 4 
(design shear) 

JSCE 
(design 
shear) 

AISC 
(nominal 

shear) 
13 60 132.73 473 33 27000 8 37 61 63 

   

 

(a) Geometry and sectional details of girder specimen (unit: mm) 
 

 

(b) Shape and size of stud (unit: mm) 

Fig. 2 Hybrid girder specimen details: (a) Geometry and sectional details; (b) Shape and size of stud 
 

II. DESIGN OF SPECIMEN 

A. Geometry 

To investigate the time dependent shear behavior, a scaled 
down hybrid steel-PC girder of a real bridge was designed as 

shown in Fig. 2. This hybrid girder composed of steel 
composite girder at one side and PC girder at another side. 
Steel composite segment was designed as a compact section as 
per JSCE standard specifications for hybrid structures 2014 
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[16] with a design load of 80 kN. PC segment was designed 
with a design load of 60 kN so that with a 195-kN prestressing 
load, the compression stress at the lower fiber of concrete will 
be neutralized by the applied decompressive design load [17]. 
The headed stud connections at the shear span of upper flange 
was designed as to sustain the axial force due to the moment 
for applied design load. In junction segment, the same stud 
connections as that of the real bridge was used. The stud 
capacity for designing the connections was determined as per 

the JSCE standard specifications for steel and composite 
structures 2009 [13]. Considering the geometry of girder 
specimen, pushout test specimen was designed as to confirm 
the stud capacity as used in design. Pushout test specimen 
details are presented in Fig. 3. Two scaled down simply 
supported girder specimen having identical cross-section and 
span were prepared and tested, referred as G-I to II. Three 
pushout test specimens with identical cross section were 
prepared and tested, referred as P-I to III.  

 

 

Fig. 3 Pushout test specimen details  
 

TABLE II 
CONCRETE MIX PROPORTIONS AND STRENGTH 

Specimen Concrete mix proportions (kg/m3) Concrete Compressive strength Type of cement 

- W/C Ratio (%) Cement Water 
Coarse 

aggregate 
Fine 

aggregate 
Air entraining agent 

Strength 
(Mpa) 

Age from 
casting (days) 

- 

G-I 
44.5 394 175 990 767 

5.12 54.8 46 

Early strength 
Portland cement 

 

G-II 3.94 36.0 14 

P-I 

44.5 394 175 990 767 3.94 

36.0 14 

P-II 39.92 28 

P-III 41.62 42 

 

B. Material Properties 

The instantaneous compressive strength of concrete at 
different ages for girder specimens and pushout specimens 
were obtained through standard cylinder (200 mm high with a 
diameter of 100 mm) tests. The material properties for 
concrete, steel girder section, prestressing bars and headed 
stud connectors are summarized in Tables II and III.  

III. TEST SETUP 

A. Test Specimens’ Sensor Layout and Loading History 

For taking the measurements, sensors were placed at 
suitable locations on girder specimens and pushout specimens 
as illustrated in Fig. 4. Pure bending moment condition was 
applied to achieve the whole composite action at the junction. 

Therefore, two vertical loads were applied in a simply 
supported girder specimen as shown in Fig. 4 (a). After the 
introduction of prestressing force, G-I and G-II both were 
subjected to sustained loading (application of vertical load for 
a specific time duration) of different time duration as 
summarized in Table IV. After two days since the application 
of prestressing, G-I was under sustained loading of 30 kN, 40 
kN, 50 kN, 60 kN and 80 kN for a period of 14 days each. In 
case of G-II, after introduction of prestress force, it was only 
under prestress for 14 days and then was under 60 kN 
sustained load for 28 days more. Assumption was that the 
shear force behavior of first 14 days for G-II will reflect the 
variations due to the environmental effects, then next 28 days 
to assess whether the same shear force behavior continued for 
longer period under 60 kN as similar to G-I. For pushout 

18 m
m
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specimens, the cyclic loading was conducted with 5% shear 
force intervals until the specimen failure as to confirm the 
shear capacity of stud used in connections of hybrid girder. 

B. Environmental Conditions 

For G-II, temperature was measured to distinct the behavior 

due to sustained loading with that of due to the variations of 
environmental conditions. The variations of temperature with 
time, illustrated in Fig. 5, in which, time represents the time 
from prestressing of specimens. 

 
TABLE III  

SUMMARY OF MATERIAL PROPERTIES 

Specimen Yield strength fy (Mpa) Tensile strength fu (Mpa) 

- Steel web Steel flange Prestress bar Stud Steel web Steel flange Prestress bar Stud 

G-I 429 383 1198 408 550 535 1290 473 

G-II 396 347 1189 440 536 446 1277 487 

P-I 

396 347 - 440 536 446 - 487 P-II 

P-III 

 

 

(a) Loading arrangement and layout of strain gauges and studs at web in junction of hybrid girder 
 

 

(b) Loading arrangement and layout of sensors on pushout specimens 

Fig. 4 Loading and sensors arrangement: (a) Hybrid girder; (b) Pushout specimens 
 

TABLE IV 
SUMMARY OF GIRDER SPECIMENS LOADING HISTORY  

Specimen Time of loading (Days) Loading type 

- Prestress (195 kN) 30 kN 40 kN 50 kN 60 kN 80 kN Final loading - 

G-I 72 14 14 14 14 14 72nd day 
Sustained loading 

G-II 42 - - - 28 - 42nd day 

steel block

Slip measuring transducerStrain gauge 
Loading point transducer

Load by universal testing machine

Concrete block

Steel base block
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Fig. 5 Environmental conditions variations 
 

 
(a) Stud and strain gauges positions in web 

 

 
(b) Detailing of element and nodal studs 

Fig. 6 Junction details 

IV. FE APPROACH TO EVALUATE SHEAR FORCE ON 

CONNECTIONS 

To evaluate the time dependent shear behavior in headed 
stud connections at junction part, an FE approach as 
mentioned in earlier research [18], [19] was used to evaluate 
the shear forces acting on the stud connections in web. The 
stud and strain gauges positions in web of junction part are 
shown in Fig. 6 (a) and a closed-up view of that is further 
illustrated in Fig. 6 (b). Each stud position marked 
alphabetically was considered as a nodal point and 4 nodal 
studs constituted an element from 1 to 8 as shown. The nodal 
stud A was placed in origin assuming the influence of local 
deformation and crack as small comparing to others. For FE 
analysis, force and displacement arrangement followed as, 
𝑢  x directional axial displacement; 𝑣  y directional 

axial displacement; 𝑓  x directional axial shear force; 
𝑓  y directional axial shear force. The arrangement of 
force and displacement vectors at nodal points of element 1 is 
illustrated in Fig. 7.  

For calculation of the time dependent shear force acting on 
each stud due to sustained loading, (1) was considered as 
element stiffness equation. 

 
𝑘 𝑢 𝑓                                   (1) 

 
where, 𝑘  stiffness matrix; 𝑢 𝑑isplacement vector; 
𝑓  force vector. For the calculation of force vector 𝑓  at 

the node as shown in Fig. 7, the stiffness matrix 𝑘  and the 
displacement vector 𝑢  were needed to be determined. The 
displacement vector 𝑢 , the relative nodal displacement was 
calculated by multiplying the strain obtained experimentally 
from the strain gauge placed between two nodes by the length 
between them, assuming the uniform strain distribution 
between the two adjacent nodes. Stiffness matrix 𝑘  was 
determined as per (2). 
 

   

Fig. 7 Forces and displacement vectors at nodal points of element 1 
 

𝑘 𝐵 𝐷 𝐵 |𝐽|𝑑𝑠𝑑𝑡                 (2) 
 

where, 𝐵  and 𝐷  were matrixes and |𝐽| was the Jecobian 
matrix.  

Since the plate thickness was small relative to the x and y 
axis, the plane stress formulae were adopted. If the stress 
vector is defined as {σ} and the strain vector as {ε} then, the 
following expression was considered as shown in (3). 
Therefore, the 𝐷  matrix, a symmetric matrix that relates 
stress vector and strain vector, expressed as shown in (4).  

 
𝜎 𝐷 𝜀                                 (3) 

 

𝐷
1 𝜈 0
𝜈 1 0
0 0

                       (4) 

 
Regarding matrix 𝐵 , relational expression of strain and 

displacement 𝑢, 𝑣  in plane stress expressed in (5) and 
accordingly 𝐵 , expressed in (6). Here, 𝑁𝑖 known as shape 
function which was defined with a local coordinate system 
𝑠, 𝑡  of -1 to +1 for an element other than a triangle, that 

represented the displacement and coordinate of an arbitrary 
point in the element. Concept of a shape function illustrated in 
Fig. 8 and a 4-node quadrilateral element was used in this 
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study as expressed in (7). The partial differential of (7) with 
respect to 𝑠, 𝑡  led to an expression shown in (8). 

 

𝜀
𝜀
𝜀
𝛾

⎣
⎢
⎢
⎢
⎡ 0

0

⎦
⎥
⎥
⎥
⎤

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑢
𝑢
𝑢
𝑢
𝑣
𝑣
𝑣
𝑣 ⎭

⎪⎪
⎬

⎪⎪
⎫

𝐵
𝑢
𝑣                  (5)  

 

𝐵

⎣
⎢
⎢
⎢
⎡ 0

0

⎦
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎡ 0

0

⎦
⎥
⎥
⎥
⎤

   (6) 

 

⎩
⎪
⎨

⎪
⎧ 𝑁 𝑠, 𝑡 1 𝑠 1 𝑡

𝑁 𝑠, 𝑡 1 𝑠 1 𝑡

𝑁 𝑠, 𝑡 1 𝑠 1 𝑡

𝑁 𝑠, 𝑡 1 𝑠 1 𝑡  

                        (7) 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ 1 𝑡 ,   1 𝑡

1 𝑡 ,   1 𝑡

  1 𝑠 ,   1 𝑠

1 𝑠 ,   1 𝑠

       (8) 

 
The matrix 𝐵  in (6) contained 𝜕𝑁𝑖 𝜕𝑥⁄  and 𝜕𝑁𝑖 𝜕𝑦⁄  of 

𝑥, 𝑦  coordinate system, whereas the shape function contained 
𝑁𝑖 in 𝑠, 𝑡  coordinate system which cannot be partially 
differentiated with respect to 𝑥, 𝑦 . Therefore, a Jacobian [J] 
matrix was introduced as shown in (9) where, 𝑥 ~𝑥  and 
𝑦 ~𝑦  are the nodal coordinate of an element. The 
relationship between 𝜕𝑁𝑖 𝜕𝑥⁄ , 𝜕𝑁𝑖 𝜕𝑦⁄  and 𝜕𝑁𝑖 𝜕𝑠⁄ , 𝜕𝑁𝑖 𝜕𝑡⁄  
is expressed in (10). Using (9) and (10) and assigning the 
expressions in (6), the matrix 𝐵  was obtained. 

 

𝐽  

𝑥 𝑦
𝑥 𝑦
𝑥
𝑥

𝑦
𝑦

   (9) 

 

𝐽
| |

 (10) 

 
In order to obtain the rigidity matrix of (2), the Gaussian 

integration was introduced to calculate the integral value in the 
coordinates called Gauss points with the integral ranged from 
–1 to +1. Since, two-point integration and three-point 
integration are widely used in the FE method, here three-point 
integration was used as illustrated in (11) with values of 
𝑐  5 9⁄ , 𝑐  8 9⁄ , 𝑐  5 9⁄ , 𝑠  3 5⁄ , 𝑠  0 and 
𝑠  3 5⁄ .  

 

𝑓 𝑠 𝑑𝑠 𝑐 𝑓 𝑠 𝑐 𝑓 𝑠 𝑐 𝑓 𝑠             (11) 

As per the previous Gaussian integral, assuming 𝑓 𝑠, 𝑡
𝐵 𝐷 𝐵 |𝐽|, the following expression was achieved as 

shown in (12) where, subscripts 𝑖, 𝑗 refer to the value 
calculated at each Gaussian point. 

 

𝑘 ∑ ∑ 𝑐 𝑐 𝐵 𝐷 𝐵 |𝐽|                   (12) 
 

Each element in this analysis consisted of 150 mm arm 
length in horizontal direction and 50 mm in vertical direction 
with same material, hence same stiffness matrix was obtained 
for element 1 to 8. By substituting the value of element 
stiffness matrix in (1), the forces acted on studs (nodes) of 
each element were obtained. Therefore, 
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As, (1) applicable for stiffness matrix for each element, the 

overall stiffness matrix for 15 nodal studs was required to 
determine the shear force acted on each stud. Overall stiffness 
matrix 𝐾  (the number of nodes 𝑥 degrees of freedom) of 15 
studs with two degrees of freedom led to a 30 𝑥 30 stiffness 
matrix as shown herein. 
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Hence, the shear force (𝑓  and 𝑓 ) at each stud (nodal point) 

was obtained using stiffness matrix and nodal displacement 
values as calculated by the method already mentioned above. 
 

 

Fig. 8 Shape function 

V. RESULTS AND DISCUSSIONS  

The overall time dependent shear behavior of connections 
under sustained loading and test results on confirmation of the 
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shear strength of stud through pushout tests will be discussed 
in following sections.  

A. Shear Behavior of Connections under Sustained Loading 

Based on the experimental data, an FE analysis, as already 
mentioned in the preceding section was conducted and results 
thus obtained are presented in Figs. 9 and 10. For G-I, 
sustained loading of 30 kN, 40 kN, and 50 kN were below the 
design load that did not produce whole composite action 
through connections, hence shear behavior only under 
sustained design load (60 kN and 80 kN) discussed here. It 
was observed that, due to introduction of prestress force, three 
stud layers (upper, middle and lower) were mostly under 
compressive shear force which was the likely case as they 
were below the neutral axis. Studs in upper layer also faced y-
axial tensile shear force because of flange position that 
covered half of the area that influenced the stud concrete 
interaction resulted with such shear force direction. Few other 
studs also showed tensile shear force due to the positions of 
neighboring studs or reinforcement that might have influenced 
the behavior. Just after introduction of 60 kN load, due to 
flexure induced tensile stress below the neutral axis, the 
instantaneous shear force increased in magnitude in both 
directions and when the same load sustained for 14 days, then 
shear force showed further increment in magnitude with a sign 
of sustained loading effects. The upper and lower layer of 
studs mostly experienced the tensile shear force whereas the 
lower layer experienced the compressive shear force. As the 
lower layer was very close to both prestressing bar and studs 
at lower flange, due to which this layer faced restraining force 
from them resulting in compressive shear force. When the 
load level reached to 80 kN, the instantaneous shear force 
increased in magnitude in both directions, comparatively with 
small incremental value that happened in 60 kN load. Some 
shear force values were almost closer to that of 60 kN load, 
the reason of that may be the existence of flanges in upper and 
lower part which could carry the instantaneous bending effects 
as bearing force. But when the 80 kN load sustained for 14 
days, shear force magnitude showed mostly incremental 
behavior with a clear effect of sustained loading. Few studs in 
different layers did not show consistent shear variations due to 
the reason of nearby studs, position of prestress bar, anchor 
plate and reinforcing bar which have influenced the behavior. 
It was observed that studs in three layers who remain in the 
area from center line to rightward region where the upper 
flange was terminated showed higher magnitude of shear 
force, whereas the region from centerline to leftward side 
which contain upper flange showed shear force magnitude 
with relatively lesser value. This clearly indicated the 
influence of upper flange in shear force behavior. Thus, the 
area where upper flange did not exist has behaved as a shear 
influence area where change of shear magnitude over time 
significantly noticed. The axial shear force parallel to girder’s 
longitudinal axis was mostly dominating. In contrary, it 
seemed that upper flange actively influenced shear force 
magnitude normal to the girder’s axis as it took a portion of 
flexural force as bearing force. 

For G-II, almost similar shear behavior obtained for three 
layers of studs. As creep and shrinkage of concrete are 
considered as sources of time dependent behavior [20], to 
differentiate the effects, a comparison of shear behavior was 
needed. For first 14 days, G-II was kept only under prestress 
force without any sustained loading. Hence, the shear behavior 
recorded for G-II for first 14 days was assumed to be 
representative of shrinkage due to environmental effects, 
which therefore demonstrated how the behavior can be 
influenced over variations of environmental conditions. After 
that, when 60 kN load was applied and continued as sustained 
loading, similar behavior as that of G-I was observed with 
distinctive effect of sustained load although magnitude of 
shear force varied under same load between the two 
specimens. Shear influence area also observed here with the 
same underlying reason of previous one and shown in Fig. 11. 
It seemed as a bit complex phenomenon to clarify the reasons 
very keenly behind the variations. A very possible reason was 
the earlier loading history, as G-I was subjected to prestress 
force for 2 days, then 3 steps intermediate sustained loading 
(30 kN, 40 kN and 50 kN) for 42 days before 60 kN load level 
and specimen G-II was subjected to long time prestress force 
for 14 days, before 60 kN sustained load, then 28 days under 
that load. As earlier loading history and sustained loading time 
differ with each other in G- I and G-II, shear force variation 
over time due to sustained loading effect was not directly 
comparable in terms of magnitude. On the other hand, 
compressive strength of concrete in these two specimens differ 
significantly which also have influenced stud-concrete 
interface behavior with definite impact on variations of shear 
force magnitude. The shear force behavior of any stud also 
could change depending on how the neighboring studs 
behaved due to any deflection or deformation by external 
forces. In case of G-II, middle layer studs have been 
influenced less in terms of magnitude and variations of shear 
force comparing to upper and lower layer, which was due to 
the position of prestressing bar with active involvement of 
prestress force near to that layer. However, comparing the 
shear force behavior due to prestress force with that of 
sustained loading in G-II, it was clarified that shear due to 
creep (other than shrinkage) significantly dominated than that 
caused by shrinkage.  

It was also needed to be clarified why sustained loading has 
impact on increasing shear magnitude at studs. When external 
load sustained on girder, it was flexure that induced deflection 
at girder and mostly influenced part was junction. Owing to 
this deflection, local deformations have taken place at stud-
concrete vicinity as well as slip deformations also taken place 
at steel-concrete interface. These deformations phenomena 
were continued throughout the loading time which have 
directly influenced the shear forces acting on stud connections. 
This phenomenon clearly put a concern that if shear force 
magnitude changes increasingly over the sustained loading 
period at connections, then due to local deformations and 
slippage, overall deflections of girder would be aggravated 
with immediate effects of appearing cracks earlier than 
expected. Also, the shear force for which the connections were 
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designed will experience that level of force at an earlier time 
than predicted. This will affect the service life of the 

structures. 

 

 

Fig. 9 Shear force behavior under sustained loading in G-I 
 

B. Pushout Test for Confirmation of Shear Strength 

Three pushout specimens of different ages and compressive 
strength as already mentioned in Table II, tested under cyclic 
loading and the shear force – slip relationship obtained for 
such, illustrated in Fig. 12. The vertical axis indicated the 
shear force per-stud obtained by dividing the applied load by 
the number of studs. The shear force was maximized when the 
slip displacement was 4.49 mm for P-I, 6.24 mm for P-II, and 
14.34 mm for P-III. The degree of change in slip at maximum 
shear capacity varied with somewhat a higher value. As all the 
specimens have same material characteristics except age and 
compressive strength of concrete, it seemed a bit complex to 
differentiate the factors which were dominant in that case but 
most importantly it seemed compressive strength of concrete 
reasonably substantiated it. In case of P-I, the maximum shear 
capacity 50.50 kN which induced 4.49 mm slip displacement. 
For same shear force level, slip values for P-II were relatively 
smaller and for P-III were much smaller as the compressive 
strength of concrete was higher in these two specimens. The 
slip displacement at maximum shear force for P-III reached to 
a higher value compared with the other two, as the stud failure 
was observed which accumulated and sustained with such 
higher displacement. The shear capacity ratio as presented in 
Table V revealed that as the days passed, concrete gained 

much compressive strength and progressed to the capacity as 
closer to the specifications value and beyond. It is to be 
mentioned that, the size of the pushout specimen was chosen 
keeping consistent with the size of the girder specimen which 
was smaller than the size prescribed in specifications. Hence, 
with smaller size and lesser compressive strength, P-I and P-II 
showed less shear capacity than the specification value 
although after reaching a certain compressive strength, 
specimen achieved desired strength as reflected in P-III. 
However, in real structures, girder specimen will be matured 
enough in terms of age to gain necessary strength before 
subjected to field loading. Hence, it could be expected that 
desired strength would be achieved. In this study, sustained 
maximum shear force that the stud connections have 
experienced under 60 kN load were approximately 12 kN in 
G-II and 18 kN in G-I which almost 24% and 35% of 
experimentally confirmed  strength of stud. At 80 kN 
sustained load, the maximum stud shear force was 
approximately 22 kN in G-I, which, almost 44% of 
experimentally confirmed strength of stud. Although 
maximum sustained shear force remained below 50% of stud 
capacity, it warrants detailed study with longer duration on 
how much stud capacity can be considered in design realizing 
the time dependent sustained loading effects on shear behavior 
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of connections which associated with local deformations at 
stud-concrete vicinity as well as deformations at steel-concrete 

interface. 

 

 

Fig. 10 Shear force behavior under sustained loading in G-II 
 

 

Fig. 11 Shear influence area 
 

TABLE V 
STUD CAPACITY AND FAILURE MODE 

Specimen Shear Capacity (kN) Ratio (exp./ cal.) Failure mode 

- Exp. JSCE specification  - 

P-I 50.50 63.04 0.80 Concrete failure

P-II 59.53 64.68 0.93 Concrete failure

P-III 72.68 64.68 1.12 Stud failure 

 

 

Fig. 12 Shear force and slip displacement in pushout tests 

VI. CONCLUSIONS 

Two scaled down hybrid girder specimens were tested with 
headed stud shear connections, then an FE approach was used 
to evaluate the time dependent shear behavior and described in 
this paper. The distinctive time dependent shear behavior 
clarified and to what extent, environmental effects can 
influence the behavior was also checked. The following 
conclusions can be drawn from the results. 
(1) The results presented herein, explained that time 

dependent shear impact is obvious in headed stud 
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connections of hybrid girder that needs due consideration 
in design for long term serviceability. Such effect also 
needs to be considered for other types of connections.  

(2) The reason clarified here for change of shear magnitude 
under sustained loading as the local deformations at stud-
concrete vicinity as well as slip at steel-concrete interface 
that aggravate with exposure time. This time dependent 
shear significantly depends on earlier loading history, i.e.  
magnitude increases with time, position of flanges and 
neighboring studs, position of prestress bar and 
reinforcing bar, compressive strength of concrete etc. It 
was observed that shear due to creep significantly 
dominated than that caused by shrinkage.  

(3) A shear influence area was also identified here. The time 
dependent shear tendency revealed that connections will 
be exposed to that level of shear force for which they 
were designed at an earlier time than predicted. Here, the 
maximum shear force experienced by stud under 
sustained loading accounted as less than 50% of 
experimentally confirmed capacity although time duration 
was not so long. Based on the result of present study, 
further study required with longer duration to obtain more 
detailed behavior. Then, a numerical analysis is required 
to validate experimental results to allow such behavior 
into design consideration for headed stud connections in 
hybrid girder.  
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