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Abstract. Due to the high compressive and tensile strength of ultra-high performance concrete (UHPC), UHPC used in steel
concrete composite structures provided thinner concrete layer compared to ordinary concrete. This leaded to the headed stud shear
connectors embedded in UHPC had a low aspect ratio. In order to systematic investigate the effect of headed stud with low aspect
ratio on the structural behaviors of steel UHPC composite structure s this paper firstly carried out a test program consisted of twelve
push out specimens. The effects of stud height, aspect ratio and reinforcement bars in UHPC on the structural behaviors of headed
studs were investigated. The push out test results shows that the increasing of stud height did not obviously influence the structural
behaviors of headed studs and the aspect ratio of 2.16 was proved enough to take full advantage of the headed stud strength. Based
on the test results, the equation considering the contribution of weld collar was modified to predict the shear strength of headed stud
embedded in UHPC. The modified equation could accurately predict the shear strength of headed stud by comparing with the
experimental results. On the basis of push out test results, bending tests consisted of three steel UHPC composite slabs were
conducted to investigate the effect of shear connection degree on the structural behaviors of composite slabs. The bending test
results revealed that the shear connection degree had a significantly influence on the failure modes and ultimate resistance of
composite slabs and composite slab with connection degree of 96% in s hear span exhibited a ductile failure accompanied by the
tensile yield of steel plate and crushing of UHPC. Finally, analytical model based on the failure mode of composite slabs was
proposed to predict the ultimate resistance of steel UHPC composite slabs with different shear connection degrees at the interface.
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1. Introduction

Ultra-high performance concrete (UHPC) is an
advanced cementitious composites consisting of high
strength matrix and evenly embedded steel fibers (Kang et
al. 2010, Yoo et al. 2015, Hoang and Fehling 2017, Prem et
al. 2014). UHPC exhibits high compressive strength
(>150MPa) (Luo et al. 2019) and tensile strength more than
7MPa (Wang and Guo 2018). Moreover, UHPC has high
ductility, toughness and durability (Yoo ef al. 2015). Due to
the excellent mechanical properties and durability, UHPC
has been increasingly used in structural components of civil
infrastructure, e.g., repairing existing reinforced concrete
(RC) members (Habel et al. 2007, Yin et al. 2017,
Lampropoulos et al. 2016), precast UHPC girders,
connection joints (Hamoda et al. 2017) and reinforcing the
bridge deck (Shao et al. 2013, Dieng et al. 2013, Liu 2019).

Fiber-reinforced polymer (FRP) only can provide tensile
resistance that has been widely used for reinforcing the
structural elements (Lazreg et al. 2018, Zoubida et al. 2018,
Hassaine et al. 2016, Hadji et al. 2016). Besides the tensile
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strength, UHPC also could provide high compressive
strength. UHPC used in the steel-concrete composite
structure could take full advantage of the high tensile
capacity of steel and the high compressive capacity of
UHPC (Wang et al. 2019), as shown in Fig. 1. Recently,
increasing studies have been performed to investigate the
mechanical behaviours of steel-UHPC composite structures
Shao et al. 2013, Dieng et al. 2013, Zhang et al. 2016).
Shao et al. (2013) proposed a composite deck system
consisted of orthotropic steel deck and thin UHPC layer.
UHPC applied in the in orthotropic steel deck system can
enhance the stiffness of the deck plate and reduce the stress
level in the steel decking, level in the steel decking, which
can significantly increase the fatigue life of steel
components. Wang et al. (2019) carried out a series of
bending tests to investigate the effect of different
connection types on the static structure behaviors of steel-
UHPC composite beams, the connection types included
headed studs, bonding using epoxy-based adhesive and
UHPC directly cast on plate textures. Furthermore, UHPC
was applied as the core material of SCS (steel-concrete-
steel) sandwich beams to improve their structural
behaviours. The novel steel-UHPC-steel sandwich beams
were developed as containment buildings for third-
generation nuclear power plant AP1000 (Lin ez al. 2018 ).
For the steel-concrete composite structures, the
composite behaviour was significantly influenced by shear
connectors between steel and concrete (Liu et al. 2019).
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Some experimental studies have been conducted to
investigate the behaviours of headed studs embedded in
UHPC slabs in recent years (Kim et al. 2015, Cao et al.
2017, Wang et al. 2018, Wang et al. 2019). Kim et al.
(2015) investigated the headed stud shear connectors
embedded in UHPC slabs by push-out tests. Headed studs
with diameters of 16 and 22 mm were used in the test
program. The test results indicated that the stud aspect ratio
of 3.1 and the cover thickness of 20 mm cannot lead to a
reduction of stud shear strength and splitting crack at the
UHPC slabs. Wang et al. (2018) experimentally studied the
headed studs with large diameters of 22mm and 30mm. The
test results proved that UHPC could resist the splitting force
transferred by the headed studs and match well with the
large headed studs. Based on the test results, Wang et al.
(2018) proposed an empirical equation to predict the load-
slip curve of headed stud embedded in UHPC. Wang ef al.
(2019) also investigated static behaviours of the group large
headed stud embedded in UHPC slab. The research results
revealed that the group headed studs leaded to a slight
reduction of stud shear strength. Cao et al. (2017)
conducted an experimental study on the static and fatigue
behaviours of headed studs embedded in thin UHPC slabs
with the stud diameter of 13 mm. The shear strength of
headed stud was calculated according to the equation
proposed by Doinghaus et al. (2003), which revealed that
the equation considering the influence of weld collar at the
end of headed stud could precisely predict the shear
strength of headed stud embedded in UHPC. The previous
experimental studies about the headed studs embedded in
UHPC demonstrated that the strength of headed studs could
be fully capitalized and no visible splitting cracks at the
surface of UHPC slabs were observed after the push-out
tests. These studies also revealed that the characteristic
relative slips between steel and UHPC were all less than
6mm, which did not satisfy the ductility demand according
to the code of Eurocode 4 (2005). Kim ef al. (2015) thought
that the elastic theory should be applied for the design of
headed studs in steel-UHPC composite structures due to the
ductility problem. Whereas, this conclusion was deduced
according to the push-out test results, few experiments
about the flexural behaviours of steel-UHPC composite
structures with different headed stud spacings were

Fig. 1 Prefabricated steel-UHPC composite bridge girders in Ningbo, 2019

reported. In addition, previous push-out tests mainly
investigated the effects of stud aspect ratio and UHPC slab
thickness on the static behaviours of headed studs, few
researchers studied the effect of stud height and
reinforcement bars in the UHPC slabs.

In this paper, twelve push out test specimens and three
steel UHPC composite slabs were used to investigate the
structural behaviours of headed studs embedded in UHPC.
The minimum aspect ratio of headed stud was low as 2.19
and the test results were complementary to the previous
researches. Besides the variable of stud diameter and height,
the effect of dense reinforcement bars in UHPC slabs on the
static behaviours of headed stud was also investigated. The
failure mode, damage areas of UHPC around headed studs,
load slip curves were evaluated in this paper. The equations
predicting the shear strength and load slips curve of headed
stud were developed through modifying the previous
equations. And the accuracies of the equations were
validated against the reported test results. Moreover, four
point flexural tests were conducted to investigate the effect
of headed stud spacing on the structural behaviors of steel
UHPC composite slabs. The failure modes, load deflection
curves, relative slips at interface and strain distributions
were evaluated. The analytical model was also developed to
predict the ultimate resistance of steel UHPC composite
slabs based on the bending tests.

2. Experiment program
2.1 Specimens and the set-up for push out test

Four groups of push-out specimens were fabricated and
tested, as listed in Table 1, and each group included three
specimens. The variables of the test program included stud
diameter, stud height, stud aspect ratio and reinforcement
bars in UHPC slab. Note that, the design codes of Eurocode
4 (2005) and AASHTO LRFD (2012) require the aspect
ratio of at least 4 for headed stud to avoid the splitting
failure of normal concrete. The previous push-out tests for
headed stud embedded in UHPC indicated that the
minimum stud aspect ratio of 2.3 can still lead to failure
mode of stud fracture (Wang et al. 2019) and cover
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thickness of 10 mm was enough for the steel-UHPC
composite structures (Wang et al. 2017). In this paper, all
the push-out test specimens were designed with a cover
thickness of 15 mm. The specimen groups of D13H35 and
D16H35 were designed with the same height of headed
studs to check the influence of diameter. Headed studs in
the specimen groups of DI6H35 and D16H50 had a same
diameter and different heights, which were used to study the
effect of stud height. The influence of reinforcement bars on
the static behaviour of headed stud was studied by
comparing D16H35 and D16H35R.

The geometric dimensions of push-out specimens are
shown in Fig. 2, which was designed based on the code of
Eurocode 4 (2005). The steel I-beam with the section of
250mmx255mmx 14mmx14mm was used in the specimens.
Fig. 3 shows the fabrication process of the push-out test
specimens. As shown in Fig. 2~3, the short beams were
divided into two halves along the middle of the web. Two
headed studs were welded on each flange face of the steel
beams using a conventional stud-welding gun. The UHPC
was then poured on the surface of steel beam flange
horizontally, which was similar to the casting methods in
the practical engineering. The two halves of the specimens
were assembled together by six M24 high-tension bolts
after curing under normal temperature condition for 28
days.

The set-up of push-out tests is shown in Fig. 4. The
specimens were loaded by the electro servo-hydraulic
pressure testing system with a load capacity of 3000 kN.
Four linear variable differential transformers (LVDTs) were
installed at the four corners of the steel beam to record the
relative slips between UHPC slabs and steel beam.
According to Eurocode 4 (2005), cycle load should be
applied to stabilize the specimen and break the bond
between steel beam and UHPC slabs. The cohesive stress
between steel beam and UHPC slab was about 0.51MPa
(Sun et al. 2017). The total bond force generated by the two
surface of short steel beam was about 78.03kN. Thus, cyclic
load with a value of 80kN was applied with a loading speed
of 0.2kN/s. After the cyclic load, vertical loading was
applied constantly and displacement loading with a rate of
0.15mm/min was used until the failure of specimen.

2.2 Specimens and set-up for bending test of steel-
UHPC composite slabs

Three steel UHPC composite slabs with different stud
spacing were fabricated and tested in four point bending.
The details of composite slabs are shown in Fig. 5 and
Table 2. Except for the stud spacing, all the composite slabs
had the same dimensions with the overall depth of 60 mm,
length of 1600 mm, width of 700 mm and casted with a net
of ©10 mm reinforcement bars. The spacing of
reinforcement bars was 100 mm in transverse direction and
50mm in longitudinal direction, respectively.

Headed studs with diameter of 16mm and height of
35mm were welded on the steel plates. After that, the
reinforcement mesh was put inside the wooden mold and
the concrete cover with a thickness of 15mm was used.
Then the fresh UHPC was poured into the mold. The
specimens were cured at normal temperature for 28 days
before the bending test.

Table 1 Details of push-out test specimens

Thickness  Stud shear connector

Specimen of UHPC Diameter Height Aspect Reinforcement
slab(mm) (mm) (mm) Tatio

PS50 5 35 20
fogs- 50 16 35 2D )
PIOT0- 65 6 s 312 _
DIZIEESR_ >0 16 35 219 ei0@i00
Table 2 Details of composite slabs

Co?ll;gsne L(mm) Lo(mm) b(mm) a(mm) p (%)

CS150 1600 1400 700 150 3.1
CS200 1600 1400 700 200 3.1
CS250 1600 1400 700 250 31
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(b) Specimens of DI6H35R
Fig. 2 Geometric dimensions of push-out test specimens
(Unit: mm)

L and b denotes the length of composite slab specimen,
respectively; Lo denotes the clear span of composite slabs; a
denotes the stud spacing; p denotes the longitudinal
reinforcement ratio of composite slabs.

All the composite slabs were simply supported and
tested under two point loading using hydraulic jack with a
load capacity of 500 kN. The test set up is shown in Fig. 6.
As shown in Fig. 6, the clear span was 1400 mm and the
shear span was 500mm. The segmental loading method was
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(b) Moulds for the specimen

\A:‘i‘:‘_} o \ KA o5 -
(c) Normal atmospheric temperature
curing of specimen

Fig. 3 Manufacture of push-out test specimens
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Fig. 4 Set-up for the push out test

Table 3 Mix proportions of premixed powder
Silica Ground Quartz

Name Cement fume filler  sand Superplasticizer
Premixed 03 03 134 0.013
powder

applied in the bending test program. Before the yield of
composite slab, force control protocol with a rate of 20
kN/min was applied to the slabs according to the spreader
beams. The load was increased at a step of 25kN and kept
constant at each step to observe the cracks of UHPC layer.
After the of the composite slab reached yield load,
displacement control with a rate of Smm/min was used.

Fig. 6(c) shows the detailed arrangement of measuring
devices. As shown in Fig. 6(c), ten linear variable
differential transformers (LVDTs) were installed at the
bottom surface of composite slabs to monitor the vertical
deflections of composite slabs. Two LVDTs were installed
at the side surface of composite slabs to monitor the relative
slips between steel plate and UHPC layer. Sixteen steel
strain gauges and eighteen concrete strain gauges were
placed at the surface of steel plates and UHPC layers.

2.3 Properties of UHPC, steel plate and headed stud

UHPC used in this paper was cured at room temperature
without heat curing. It contained premixed powder, straight
steel fibers (2.0% by volume) and water. The mix properties
of premixed powder are listed in Table 3. The straight steel
fibres coated with brass had a length of 13mm and a
diameter of 0.2mm. The tensile strength of the steel fibres
was specified for a minimum tensile strength of 2000MPa.

Table 4 Material properties.
Thickness(mm) fsy (MPa) fsu (MPa) Es(GPa)

Steel plate 10 345 355 206
Steel beam 12 357 462 201
. fy fu
Reinforcement Dlameigr(mm) (MPa)/Cv (MPa)/Cv E'Sz(g7pa)
406/1.52%539/0.81%
. fru (MPa)/
Headed stud Dlaml%telrf(smm) - Cv -
' 435/0.94%
fct
feu (MPa)/Cov .
UHPC 133/3.3% (MPag)/Cov 45

Front view
(a) Shaft side view

/Side view
. 700 ,

e
(b) Side view
| 1600 |

(c) Front view
Fig. 5 Shape and dimensions of composite slab specimens

The compressive strength of UHPC was evaluated by
100mm cube compressive tests. The tensile properties of
UHPC were tested using the dog-bone specimens with a
section of 50mmx100mm (Wang et al. 2019). Three cube
compressive specimens and three dog-bone tensile
specimens for UHPC were casted and cured in the same
condition of composite slabs and push-out specimens. The
compressive and tensile mechanical properties of UHPC
were tested after cured for 28 days. Fig. 7 shows the direct
tensile stress-strain curves of UHPC. The 28-day
compressive and tensile strength of UHPC are listed in
Table 4. It shows that the average compressive and tensile
strength were 133MPa and 8MPa, respectively. In addition,
the elastic modulus of UHPC was 45GPa.
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Fig. 6 Test set-up for composite slabs
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The steel plates for the steel-UHPC composite slabs and
the steel I-beams were all made of Q345B. The mechanical
properties of the steel plates and the steel beams provided
by the manufacturer are shown in Table 4. Five headed
studs with diameter of 16mm were tested under direct
tensile test accordingly to the Chinese code of GB/T 10433-

UHPC-1 2002 (2002) to obtain its tensile strength. All the steel-
— — UHPC-2 UHPC composite slabs adopt @10mm reinforcing bars with
—— Average ribs, and three tensile tests on the steel reinforcements were

0

Fig. 7 Tensile stress-strain curves of UHPC

2000 4000 6000 8000 10000 12000

performed according to ASTM A370-13 (2013) to obtain

Tensile strain (10°) their mechanical properties. The detailed mechanical

properties are summarized in Table 4.
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3. Test results and discussions

3.1 Results for push-out test

3.1.1 Failure mode and the damage area of UHPC
slabs

Fig. 8 shows the failure mode of push-out test
specimens, in which the surface of UHPC slabs and steel
beams at failure are presented. As shown in Fig. §, all the
specimens failed in the mode of stud fracture and local
concrete crushing in the inner side of headed studs.
Moreover, headed studs in D16H35-C, D16H50-A and
D13H35R-C all failed at the weld collar of stud and others
failed at the shank of stud.

The minimum spacing of headed studs were generally
determined by the crushing area of UHPC around headed
stud. In order to obtain the dimensions of crushing areas
around the headed studs, the photos of failure surface of
UHPC slabs were imported into the software of CAD. Then
those photos were scaled on the bias of the steel rule and the
dimensions of damage areas in the UHPC slabs were
marked, as shown in Fig. 8(a). The maximum width and
height of crushing areas in the specimen group D13H35
were 28 mm and 29 mm, respectively, which were
obviously less than the values of other specimen groups.
This implied that the stud diameter had a significant impact
on the crushing areas of UHPC. Comparing specimen group
D16H35 with D16H50, decreasing the height of headed
stud from 50 mm to 35 mm, the maximum width and the
height of crushing areas increased by 4.6% and 9.3%,
respectively. This revealed that the height of headed stud
had negligible influence on the deformation of headed stud
embedded in UHPC slab. Compare to the specimen group
DI16H35R, the maximum width and height of crushing
areas decreased by 25.6% and 25.8%, respectively. This
was because that reinforcement bars in UHPC slabs could
enhance the strength and stiffness of UHPC around headed
studs and the deformation of headed studs were limited,
which may lead to the decreasing of crushing areas.

The above discussions show that there was some
significant correlation between the dimensions of UHPC
crushing areas and diameters of headed studs. The length
and width of crushing area were directly related to the
diameter of headed stud, as listed in Table 5. It shows that
the maximum widths of UHPC crushing areas in each
specimen group ranged from 2.2d to 2.7d and the maximum
lengths ranged from 2.0d to 2.7d. Considering the safety
and reliability of practical engineering, the minimum
transverse spacing and the longitudinal spacing of headed
studs shall not be less than 3.0d and 6.0d, respectively.

3.1.2 Shear strength and stiffness

Fig. 9 shows the load-slip curves of the push-out test
specimens and Table 5 summarizes the shear strength and
the corresponding relative slips, where Pmax refers to the
peak load obtained from load-slip curve and Pgwa refers to
the shear strength of single headed stud, which is calculated
by dividing Pmax by stud number. Py, refers to the
average shear strength of headed studs in a specimen group.
In addition, Smax refers to the relative slip related with the

peak load, Pmax. Smax refers to the average slip of
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(b) Steel surface
Fig. 8 Failure mode of push-out test specimens

headed studs in a specimen group. As can be seen from Fig.
9 and Table 5, larger diameter of headed stud leaded to
higher shear strength and larger relative slip. As the
diameter increased from 13mm to 16mm, the average shear
strength, Py, , increased by 44.6% and the average
relative slip, S,,qx, increased by 64.8%. For specimens
D16H35 and DI16H50, as the height of headed stud
increased from 35mm to 50mm, the average ultimate
strength, P4, increased only by 3.4%, whereas the
average relative slip, S,..., decreased by 0.8%, which
reflected that the increasing of height of headed stud had
negligible effect on the static behaviours of headed studs
with diameter of 16mm and the aspect ratio of 2.16 was
enough to take advantage of the strength of headed stud
embedded in UHPC. For specimen DI13H35R, the UHPC
slabs were reinforced by reinforcement bars. The average
shear strength, Py, 4, decreased by 5.6% and the average
relative slip, Sy,qx, decreased by 5.5%. This is because that
the stiffness of UHPC surrounding the headed stud are
enhanced by the transverse reinforcement bars and the
deformation of headed stud is constrained to some degree,
which leaded to the decreasing of fracture surface area of
headed studs.

As an important characteristic of headed studs, stiffness
reflects the deformation capacity of headed studs, which is
also an indicator to evaluate the performance of composite
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Fig. 9 Load-slip curves of push-out specimens

Table 5 Summary of push-out test results

Table 6 Summary of bending test of the composite slabs

Dimension of

Specimens P Pstua P, Stmax S, Kisud K, .
p max stud Dstud Omax Imayx Hstud Dstud cmshlng area

A310.9 77.7 2.63 122.8 HL-
DI3H35 B304.1 76.0 78.0 1.96 2.25 63.2199.8 2.1d~2.2d
C321.2 80.3 2.15 4134  VL:1.6d~2.3d
A 44881122 3.17 178.2 HL:
2.1d~2.7d
DI6H35 B 482.0120.5112.74.60 3.63 193.12192 (7
C422.6105.6 307 2863 2.1d~2.7d

A480.11200 423 2048 HL:
DI6H50 B469.9117.4116.53.12 3.60 372.2251.7 2.1d~2.6d

C44881122  3.45 1782 VLi1.7d~2.5d

A401.41003  3.63 1194 HL:
DI16H35R B 432.4108.1106.5 3.37 3.430203.4213.6 1'63,12_'6‘1

C4445111.1 328 3178 1.5d~2.0d

* d denotes the diameter of headed stud; HL refers to the
length in transverse direction; VL refers to the length in
longitudinal direction.

structures in the serviceability limit state. According to
Eurocode 4 (2005), the stud shear stiffness is defined as the
secant stiffness at the point of 70% peak load in the load-
slip curve. The shear stiffness of headed studs were
calculated and listed in Table 5. As shown in Table 5, the
shear stiffness increased significantly as the increasing of
stud diameter. Whereas, increasing the height of studs or the
arrangement of reinforcement bars in the UHPC slabs had
neglected effect on the stiffness of headed studs.

. . Pu ¢ § ! .
Composiesab "G (8 (R0, Puerm () (165w
CS150 96% 320.2 351.6 091 27.943097 4025 0.82
CS200 58% 285.7 2629 1.09 34.19 15424137 1.67
CS250 29% 1749 160.1 1.09 27.58 1441 3408 1.84

3.2 Results for steel-UHPC composite slabs

3.2.1 Failure mode of UHPC slabs

The connection degrees of composite slabs were
calculated by Eq. (1), and the calculation results were listed
in Table 6.

l//:nPStud/Fmin (D

where, n denotes the numbers of headed stud in the left or
right span of composite slab; P4 denotes the ultimate shear
strength of headed stud obtained from the push-out test
results. Fmin denotes the minimum force between
compression resistance of UHPC layer and tensile
resistance of steel plate.

As shown in Table 6, Composite slab CS150 was
designed with full connection between steel plate and
UHPC layer. And the shear strength of headed studs in the
shear span of composite slab CS150 was enough to ensure
the transfer of shear force between steel plate and UHPC
layer before the yield of steel plate. The composite slab
behaved as a monolithic flexural member and no obvious
separation at the interface between steel plate and UHPC
slab was observed until the specimen reached ultimate
resistance. The specimen failed in the yielding of steel plate
and UHPC crushing, as shown in Fig. 10. Due to the strong
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stud connection between steel plate and UHPC layer, the
deformation of tensioned UHPC was effectively restricted
by the steel plate and no crack was observed below a load
of 272kN (about 85% of ultimate resistance). Slight
interface cracks between the left load point and support
were observed after a load of 156kN. Whereas, the widths
of interface cracks hardly increased before the crushing of
UHPC. Furthermore, after the ultimate resistance, as UHPC
crushing occurred at the left load point, the vertical load
center shifted to the left of composite slab, which leaded to
a larger shear force at the left side of composite slab than
that at the right side. After the ultimate resistance, obvious
interfacial cracks were observed at the left shear span of
composite slab. Lastly, some headed studs were fractured at
the left shear span of composite slab when the vertical load
dropped to 262kN (about 81% of the ultimate resistance).

For composite slabs of CS200 and CS250 designed with
the connection degree of 58% and 29%, slight interfacial
cracks between steel plates and UHPC layers were observed
at a load of 75kN and 60kN, respectively. The separation
was obvious between the loading point and the support as
the increasing of vertical load. Flexure cracks with width of
0.04mm were observed below a load of 180kN (about 63%
of ultimate resistance) and 100kN (about 57% of ultimate
resistance), respectively. When the load reached about 80%
of the ultimate resistance, some headed studs in the shear
span were fractured and then the UHPC was crushed as the
deformation of UHPC layer increased distinctly, as shown
in Fig. 11(b) and (c). Furthermore, the depth of flexure
cracks at the side surface of composite slabs increased as
the increasing of stud spacing. When the composite slab
reached ultimate resistance, the maximum flexural crack
widths of specimens CS150, CS200 and CS250 were 0.24
mm, 0.5 mm and 0.66 mm, respectively.

3.2.2 Load-deflection curves and strain distribution

Fig. 12 shows the load versus mid-span deflection
curves of the three composite slabs and Table 6 lists the
ultimate resistance, P,, and the corresponding midspan
deflections, d,. It shows that the curves of composite slabs
CS150 and CS200 had no differences below a load of 150
kN. For the composite slab CS150, the shear connections
were enough to ensure the full use of strength for steel plate
and UHPC. The ultimate resistance of composite slab
CS150 was significantly higher than composite slabs of
CS200 and CS250. As the connection degrees increased
from 29% to 58% and 96%, the ultimate resistance of
composite slabs increased by 63.4% and 83.1%,
respectively. For composite slab CS200, as the lower shear
connections between steel plate and UHPC layer, the
flexure cracks were generated after a load of 180kN, the
stiffness of composite slabs decreased rapidly compared to
the curve of composite slab CS150. Furthermore, for the
composite slab CS250 with connection degree of 29%, the
stiffness began to decline after a load of about 40kN due to
the poor connection between steel plate and UHPC layer.

Fig. 13 shows the strains of steel plates and UHPC
layers at different loading levels, in which the solid lines
represent the strains at the top surface of UHPC layers and
the dashed lines represent strains at the bottom surface of
steel plates. As illustrated in Fig. 13, for the composite slab
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Fig. 12 Load-deflection curves of composite slabs

CS150, the strains of steel plate matched well with the
strains of UHPC layer. Whereas, for composite slabs CS200
and CS250, the strains at the bottom surface of steel plate
increased quickly than the strains at the top surface of
UHPC. Table 6 summarizes the maximum steel strains and
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Fig. 13 Strain of UHPC and steel plate under different
load levels

concrete strains when the specimens reached the ultimate
resistance. As illustrated in Table 6, the steel plate strain of
composite slab CS150 exceeded the yield strain of steel
plate. Whereas, for composite slabs CS200 and CS250, the
steel plate strain cannot exceeded the yield strain of steel
plate. This was because the flexure stress can not be fully
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Fig. 14 Strain for the mid-span section of composite slabs
under different load levels

transferred to the steel plates due to the fracture of headed
studs.

Fig. 14 shows the strain distribution at the mid-span
section of composite slabs. As shown in Fig. 14, the
composite slab CS150 exhibited flexural behavior
consistent with an integrated steel plate and UHPC layer
before the ultimate resistance. Whereas, for the composite
slabs CS200 and CS250, the side strain was no longer
planar after 70% of the ultimate resistance owing to the
relative slip between UHPC layer and steel plate.
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3.2.3 Load-slip curves

Fig. 15 shows the relative slips between steel plate and
UHPC layer and Table 6 summarizes the slips when the
specimens reached the ultimate resistance. As shown in Fig.
15, the relative slips for composite slabs CS150 and CS200
could be neglected before the yield load. And after the yield
load, the slips increased slowly until the failed of
specimens. For the specimen CS250, distinct slips were
observed after a load of 20kN. The slips had a sudden
increasing after the yield load due to the poor shear
connection at the interface of steel plate and UHPC layer.

4. Evaluation of test results

4.1 Evaluation for push-out test results

4.1.1 Fitting for the load-slip curves

The load-slip curve is an important index to evaluate the
mechanical behaviours of shear studs (Wang et al. 2019),
which also determines the accuracy of numerical simulation
results for the composite structures. Previous researchers
have proposed several methods to predict the load-slip
curves of headed studs (Ollgaard et al. 1971, Anand
Cederwall 1996, Classen and Hegger 2017, Wang et al.
2019). However, most of these methods were inferred based
on the test results of headed studs embedded in the normal
concrete or the high strength concrete.

In order to verify the suitability of these formulas for
headed studs embedded in UHPC slabs, Sun et al. (2017)
modified the formula proposed by Ollgaard et al. (1971)
according to the push-out test results of headed stud
embedded in UHPC slab. The modified formula is
expressed as following.

P=P(1-e™)" )

Where, P, denotes the shear strength of headed studs;

P denotes the shear load under different slips; S denotes
the slips between steel beam and UHPC slabs (the unit is
mm); m=-3, n=0.5, which were fitted on the basis of test
results.

Wang et al. (2019) proposed an empirical equation
considering the influence of stud diameter based on the
push-out test results. The equation is expressed as
following:

P S/dy,
T e g 3)
P, a+bS/dy,

where, Oy, denotes the diameter of studs; @=0.006,

b=1.02, which denote the parameters fitted by the test
results.

The empirical equations for headed stud embedded in
UHPC slabs were all built based on the limited test results,
which need further verification with more test data (Wang et
al. 2019). In this paper, the push-out test results were used
to fit the parameters in the above equations. The fitted
equations are as following:

P=P (- g 1795050 “
P S / dstud
P, 0.016+0.92S/d,

Fig. 16 compares the load-slip curves predicted by the
above equations with curves obtained from push-out tests.
As shown in Fig. 16, the equations fitted by Sun ef al
(2017) and Wang et al. (2019) all overestimated the shear
stiffness of headed studs. It may be caused by the difference
elasticity modulus of UHPC (Sun ef al. 2017). Correlation
analysis was also conducted and Table 7 lists the analysis
results. As shown in Fig.16 and Table 7, the Eq. (4) and Eq.
(5) all could predict the load-slip curves reasonably.
Moreover, the load-slip curves predicted by Eq. (5) could
better match the test results as considering the diameter of
headed studs in Eq. (5).

4.1.2 Shear bearing capacity of shear studs

Headed stud embedded in normal concrete failed in the
surrounding concrete crushing or fracture of stud shank.
The design formulas in codes were all built based on the
two failure modes. The calculation formula in Eurocode 4
(2005) is defined as:

P, =0.290d?[f.E, /1y, <08A_f/y, (6

where, a =0.2(h/d+1) <1.0; h and d denote the height and
diameter of shear stud; f. and E. denote the compressive

strength and the elasticity modulus of concrete; Ay denotes
the section area of stud; f denotes the tensile strength of
stud; y, denotes the reduction factor, which is equal to 1.25.

AASHTO LRFD (2012) defined the calculation formula
of shear stud as following:

P, =¢0.5A_JT.E, <pA_f )

Where, ¢ denotes the reduction factor, which is equal
to 0.85.
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Table 7 Correlation analysis between test results and
modified equations

Correlation coefficients

Specimen Eq. (4) Eq. (5)
D13H35 0.9993 0.9958
D16H35 0.9871 0.9899
D16HS50 0.988 0.9861
D13H35 0.9933 0.9976

Mean 0.9919 0.9924

Previous studies (An and Cederwall 1996) revealed that
the mechanical behaviours of headed stud embedded in high
strength concrete were different from the headed stud
embedded in normal concrete. The calculation methods for
the shear strength of headed stud embedded in high strength
shall consider the influence of weld collar. Based on
pushout test results, Doinghaus et al. (2003) proposed the
calculation formula of stud shear strength considering the
weld dimensions as:

P=Af+nfd,l,. (8)

where, dy. denotes the diameter of shear stud weld; Iy
denotes the height of shear stud weld; # denotes the
correction factor, which is equal to 1.5.
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Fig. 17 comparison of different empirical factor 7

Luo et al. (2016) suggested an empirical factor 7 =2.5
for headed stud embedded in high concrete with
compressive strength range from 120MPa to 150MPa. Cao
et al. (2019) verified the validity of the formula by the
comparison of numerical simulation and experimental
results. It concluded that for the headed studs in UHPC, the
contribution of the weld collar should not be ignored.
Otherwise, the calculation results may be too conservative.

Fig. 17 shows the relationship between the strength
contributed by stud weld collar and the term related to the
stud weld dimensions and UHPC compressive strength.
Lines calculated by different empirical factors, 5 , were
presented in Fig. 17. Table 8 lists the stud shear strength
predicted by different methods. The reduction factors in Eq.
(6) and Eq. (7) were set to be 1 for consistency. As can be
seen from Fig. 17 and Table 8, 7 =2.5 may overestimate
the studs with diameter of 16mm. 7 =2.0 appears acceptable
with reasonable conservatism.

4.2 Evaluation for bending test results of composite
Slabs

The ultimate resistance of steel-UHPC composite slabs
was accompanied by two failure modes: (1) the yield of
steel plate and compressive crushing occurred at the top
surface of UHPC layer; (2) the failure of headed studs in the
shear span of composite slab and crushing occurred at the
top surface of UHPC layer. Based on the characteristics of
strain distribution at the mid-span section of composite
slabs with different stud connection conditions, the
resistance model for the composite slabs under ultimate
resistance could be defined as Fig. 18. Furthermore, Fig.
18(b) represents section strain of composite slabs with full
shear connection and Fig. 18(c) represents section strain of
composite slabs with partial connection. It should be note
that the thickness of UHPC is larger than the thickness of
steel plate for the steel-UHPC composite slab, the neutral
axis shall be located in the UHPC layer. As the height
tensile strength of UHPC, UHPC in tensile zone also could
resistance some tensile force, which is different with the
conventional composite slabs, the tensile force in the
concrete layer is resisted by the reinforcement.
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(@)

(b)

Fig. 18 Analysis model for ultimate load of composite slab

Table 8 Stud shear capacity predictions of different method versus test results

Specimen % Prucode(kN) M Paasuro(kN) & Prq.7) (kN) FI)DStUd
Eucode AASHTO Eq.(7)

D13H35 78.0 46.1 1.69 57.7 1.35 70.6 1.10
D16H35 112.8 69.9 1.61 87.4 1.29 111.3 1.01
D16H50 116.5 69.9 1.67 87.4 1.33 111.3 1.05
DI16H35R 106.5 69.9 1.52 87.4 1.22 111.3 0.96
Mean 1.62 1.30 1.03

According to the analysis model, the force equilibrium
equation can be defined as following:

Ne—N,—F, =0 ©)
0.5f bx— fb(h.—x)-F,=0 (10)

where, f: and f; denote the compressive and tensile stress of
UHPC, respectively; b denotes the width of composite slab;
he denotes the thickness of UHPC layer; As denotes the
thickness of steel plate; F4 denotes the shear capacity
provided by the headed studs in shear span, which should
be less than the strength of steel plate, N, and the strength
of UHPC layer, N..

The stress distribution in the steel plate is determined by
the shear connection between steel plate and UHPC layer.
In order to simply calculate the ultimate load of composite
slabs, assuming the steel plates stress distribution as Fig. 18
(d). The relationship between F4 and Ns could be defined as:

F,=N,= fbee (11)

The tension depth of steel plate, x., can be calculated
according to Eq. (10) and The section-moment could be
calculated as following.

1 1 1
M==fbx*+=fb(h —x)*+F,(h—x)—-——F?
3% 5 (h,=x)"+F,(h—x) 2th (12)

The relationship between section moment and the
vertical load could be defined as following:
2M
P=—r (13)
8
where, ao denotes the distance between support and loading
point.

Table 6 lists the ultimate load of composite slabs
calculated by Eq. (9)~(13) and verified with the test results,
which resistance model calculated by Eq. (13) could well
predict the ultimate flexural capacity of steel-UHPC
composite slabs.

5. Conclusions

This paper reports the experimental and analytical
studies on structural behaviours of headed studs embedded
in UHPC. Push-out test consisted of twelve push-out
specimens was carried out to investigate the influence of
stud height, aspect ratio and dense reinforcement bars on
the structural behaviours of headed studs. Based on the
push-out test results, three steel-UHPC composite slabs
were tested by four-point bending test to investigate the
effect of stud spacing on the structural behaviours of steel-
UHPC composite slab. The main conclusions are
summarized as follows:

e All the push-out specimens failed in the mode of
stud fracture and local concrete crushing in the inner side of
headed studs. Increasing the height of headed stud did not
obviously influence the structural behaviours of headed
studs and the aspect ratio of 2.16 was proved enough to take
full advantage of the headed stud strength.

e Detailed dimensions of UHPC crushing area around
headed studs were measured and analyzed. The maximum
length of crushing areas was 2.7 times diameter of headed
stud. Considering the safety and reliability of steel-UHPC
composite slabs in practical engineering, the minimum
spacing of headed studs shall not be less than 6 times
diameter in the curvature direction.

. The equations in current design codes all
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underestimated the shear strength of headed stud embedded
in the UHPC. A parametric study was conducted to
investigate the effect of weld collar on shear strength of
headed stud. And empirical equation considering the
contribution of weld collar was modified to predict the
shear strength of headed stud. Compared with the push-out
test results, the modified equation could accurately predict
the shear strength of headed stud embedded in UHPC.

e The shear connection degree in the shear span had a
significant effect on the structural behaviours of steel-
UHPC composite slabs. Composite slab CS150 with the
connection degree of 96% exhibited a ductile failure
accompanied by the tensile yield of steel plate and crushing
of UHPC. Whereas, composite slabs CS200 and CS250
with connection degrees of 29% and 58%, respectively,
exhibited brittleness failure as the shank failure of headed
studs in the shear span. As the connection degrees increased
from 29% to 58% and 96%, the ultimate resistance of
composite slabs increased by 63.4% and 83.1%,
respectively.

e Based on the two failure modes of steel-UHPC
composite slab, analysis model considering shear
connection degree at the interface of steel plate and UHPC
was developed to predict the ultimate resistance of
composite. The validation against the test and prediction
results showed the reasonable and accuracy of the
developed mode.
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