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ABSTRACT: This study presents a comprehensive three-dimensional nonlinear finite element (FE) model
developed in ABAQUS to investigate the behavior of bolted shear connectors embedded in Ultra high
performance concrete (UHPC) composite slabs with steel decking. Material nonlinearity was modelled using
ductile and shear damage criteria for steel material and the Concrete Damaged Plasticity (CDP) model for UHPC.
Model accuracy was validated against experimental push-out tests from the literature, showing a good agreement
in load-slip response and peak load. Following validation, an extensive parametric study was conducted to assess
the influence of UHPC compressive strength, connector diameter, and reinforcement configuration. Increasing
the UHPC compressive strength from 120 MPa to 180 MPa increased the shear capacity from 96.8 kN to 133.4
kN, corresponding to an enhancement of 1.38 times. Among all parameters, the connector diameter exhibited the
most pronounced influence, with an increase of 1.52 times. The results is mainly due to enhanced confinement
and bearing resistance around the connector. In contrast, modifications to the reinforcement cage such as using
double reinforcement layers or reducing bar spacing, resulted in only marginal (1-3%) improvements. The
findings provide valuable insights into shear transfer mechanisms in steel-UHPC composite systems and offer a
validated numerical framework for optimizing connector design.
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1. INTRODUCTION increasing connector height or diameter significantly
enhances shear capacity and stiffness, whereas
Steel-concrete composite structures have been insufficient embedment may lead to brittle failure.
extensively adopted in bridges and buildings Similarly, Arezoomand Langarudi and
because they combine the high compressive strength Ebrahimnejad (2020) [8] numerically examined
of concrete with the excellent tensile performance of composite slabs with steel decks and confirmed that
steel members [1-3]. This synergy allows for lighter, connector geometry, reinforcement layout, and deck
stronger, and more economical structures with thickness influence the shear response and failure
improved stiffness and ductility. A critical mechanisms.
component in achieving full composite action is the In recent years, ultra-high-performance concrete
shear connector, which transfers longitudinal shear (UHPC) has emerged as a promising material for
forces across the steel-concrete interface and next-generation composite structures due to its
prevents slip between the two materials. The most outstanding mechanical and durability properties [9,
commonly used type is the welded headed stud, 10]. UHPC typically exhibits compressive strength
favored for its simplicity and reliability in both static exceeding 120 MPa, tensile strength above 10 MPa,
and fatigue conditions. Recently, bolted shear and extremely low permeability. Its dense matrix
connectors have been proposed as an alternative to and dispersed steel fibers provide superior stiffness,
welded headed studs in composite slabs with crack control, and long-term durability compared
profiled steel sheeting. Unlike welded studs, bolted with normal concrete [11, 12]. These advantages
connectors can be easily detached, allowing steel make UHPC an attractive alternative for use in
beams to be reused rather than recycled at the end of composite beams and slabs, enabling reduced self-
a structure’s service life [4-6]. weight, enhanced flexural rigidity, and improved
In conventional concrete (NC) systems, many service life [13-16].
researchers have explored the performance of shear A few studies have focused on shear connectors
connectors through push-out tests and finite element embedded in UHPC, aiming to understand their
analyses. Pavlovi¢ et al. (2013) [7] investigated the mechanical behavior and optimize design. Kim et al.
comparative behavior of headed studs and bolted (2013) [13] conducted push-out tests on headed
connectors in normal concrete slabs and found that studs in UHPC slabs and reported that UHPC
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substantially increases shear strength and stiffness
compared with NC, though ductility tends to
decrease due to the higher modulus of elasticity.
Yang et al. (2022) [17] studied studs embedded in
UHPC-NSC composite slabs and found that the use
of a UHPC layer around the stud root enhances both
the load-bearing capacity and slip capacity while
maintaining adequate ductility. Study by Li et al.
[18] experimentally investigates the shear behavior
of steel-UHPC composite slabs connected by epoxy
resin adhesive, headed studs, and their hybrid form.
Thirty-two push-out tests were conducted to
evaluate failure modes, load-slip behavior, and
influencing parameters. Results indicate that the
hybrid connectors exhibit complex shear transfer
with interface debonding and stud shrinkage. More
recently, Wang et al. (2024) [19] examined the shear
performance  of  prefabricated  steel-UHPC
composite beams under combined tensile and shear
loading. Their results confirmed that UHPC
improves the ultimate shear strength and stiffness of
connectors, but the interaction of tension and shear
can reduce ductility and cause mixed-mode failure at
the stud root. The distinctive characteristics of
UHPC necessitate a thorough re-evaluation of shear
connector  behavior. While UHPC generally
improves the shear capacity and stiffness of
conventional headed studs compared to NC [13, 17],
research frequently indicates that studs embedded in
UHPC often fail to meet the ductility requirement
specified in design codes, such as the minimum
characteristic slip of 6 mm mandated by Eurocode 4
[13, 17, 20]. These findings highlight the need for
deeper investigation into the complex stress transfer
mechanisms and interface behavior in steel-UHPC
composite members. Despite the recent experimental
progress, systematic numerical investigations on
shear connectors embedded in UHPC slabs remain
limited. Finite element modeling can provide a
powerful tool to capture the nonlinear material
behavior, interface contact, and failure evolution that
are difficult to observe experimentally.

2. RESEARCH SIGNIFICANCE

The present study aims to develop a
comprehensive three-dimensional nonlinear finite
element model in ABAQUS to analyze the shear
behavior of connectors in UHPC composite slabs
with steel beams. The numerical model is validated
against available test results and subsequently
employed to perform a detailed parametric study
considering the effects of connector diameter,
concrete strength, and interface properties. The
outcomes are expected to offer a better
understanding of the shear transfer mechanism in
steel - UHPC composite slabs and contribute to the
design optimization of next-generation composite
structures.
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3. SIMULATION MODEL BUILD-UP

The constitutive behavior of steel, including the
steel deck, steel bar and connectors, is defined using
isotropic  plasticity. The material response is
commonly simplified using a bilinear curve [21-23].
The modulus of elasticity of steel is typically
defined as 200 GPa, with a Poisson ratio of 0.3 and a
density of 7850 kg/m3. The yield and ultimate
strength for steel were assumed with S350 grade to
be 350 and 470 MPa, respectively. To capture the
failure modes, especially in shear connectors,
Ductile and Shear damage models are incorporated
as progressive damage models in ABAQUS [24].
The parameters for the ductile damage initiation
criterion are derived based on uniaxial true plastic
strain at the onset of necking.

UHPC used in this study had compressive and
tensile strengths of 120 MPa and 9 MPa,
respectively, with an elastic modulus of 42000 MPa.
The nonlinear behavior of concrete (including
UHPC) is accurately captured using the Concrete
Damaged Plasticity (CDP) model in ABAQUS,
recognized for its robustness in modeling reinforced
concrete behavior in both static and dynamic
analyses [25-28]. In ABAQUS, implementing the
CDP model involves defining several essential
parameters, such as the biaxial-to-uniaxial
compressive  strength  ratio, failure  surface
configuration, dilation angle, eccentricity, viscosity
coefficient, and the material’s constitutive
relationship. The specific input parameters adopted
for UHPC and conventional concrete (CC) in this
model are summarized in Table 1. Note that the
CDP model parameters for CC are used for the
numerical model validation presented in the
following section.

Table 1. Parameters of the CDP model for UHPC
and conventional concrete (CC)

Value
Parameters
UHPC [29] CC [30]
Obo/Oco 1.07 1.16
& 2/3 2/3
f 36° 31°
€ 0.1 0.1
Viscosity 0.005 0.005

Interaction definitions play a crucial role in
accurately simulating the transfer of horizontal and
vertical forces between discrete  structural
components, including the steel beam, steel deck,
connectors, and UHPC slab. The normal contact
condition was defined as hard contact, ensuring that
the slave surface does not penetrate the master
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surface and that no tensile stress is transmitted
across the interface. The tangential contact was
modeled using a penalty friction formulation with a
friction coefficient (n) of 0.4 [31, 32], which is
commonly adopted for the interface between the
steel deck or connectors and the concrete slab . In
addition, the reinforcement cage was defined as
being embedded within the concrete matrix to ensure
a realistic load transfer mechanism. Boundary
constraints and load applications were established to
replicate the standardized push-out test configuration
in accordance with Eurocode 4 specifications. To
reduce computational demand, symmetry boundary
conditions were applied along the relevant planes.
For a half-model, displacement along the X-axis and
rotations around the Y- and Z-axes were restrained
(U1 = UR2 = UR3 = 0) on the symmetry plane. The
loading procedure was implemented through a
displacement-control method applied at the top
surface of the steel beam, enabling the accurate
capture of load—slip behavior during simulation. Fig.
1 presents the detailed geometry and the 3D
simulation model of the bolted connectors in UHPC
composite slabs with steel beams.

600

(a) Geometry

s,

(b) 3D simulation model

Fig. 1 Bolted connectors in UHPC composite slabs
with steel beams
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4, RESULTS AND DISCUSSIONS
4.1 Simulation model validation

To verify the reliability and accuracy of the
numerical model developed in the present study, the
finite element (FE) model was validated against the
experimental results reported by Rehman et al.
(2016) [33] on demountable shear connectors in
composite slabs with profiled steel decking. Among
the test series, specimen S1 was selected as the
benchmark for comparison. The experimental push-
out specimen S1 consisted of two concrete slabs
measuring 600 x 500 x 150 mm, cast on both sides
of a 203 x 203 x 52 UB steel section. The slabs were
connected to the steel beam using two shear
connectors (type C1). Each connector had a shank
diameter of 19 mm, a collar diameter of 17 mm. The
connectors were fabricated from Grade 8.8 steel
bolts, and ribbed steel bars of 10 mm diameter were
used as reinforcement in a single-layer cage
configuration. The profiled steel decking employed
was Richard Lees Rib E60, made of S350-grade
steel with a thickness of 0.9 mm. The concrete used
for specimen S1 had an average cube compressive
strength of 57.5 MPa. The ultimate tensile strengths
of the shear connector steel and reinforcing bars
were 510 MPa and 610 MPa, respectively.
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Fig. 2 Load-slip curves between push-off test

specimens and simulation

Table 2. Comparison between experimental and
simulation results

Maximum load per

Case study connector P, (kN) Slip at P, (mm)
Test (1) 60 5.5
Simulation (2) 66.1 6.0
Disparity
11 1.09
@/

The comparison between the experimental and
numerical load-slip responses, as illustrated in Fig. 2,
demonstrates a good agreement in both the overall
trend and the peak behavior. Both curves exhibit a
typical nonlinear pattern characterized by an initial
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linear elastic stage, followed by a nonlinear
ascending branch up to the peak load, and finally a
gradual descending branch due to progressive
damage and slip localization at the interface. The
simulation curve closely follows the experimental
one throughout the loading process, accurately
capturing the stiffness degradation and post-peak
softening behavior. As presented in Table 2, the
maximum load obtained from the simulation (66.1
kN) shows only a slight deviation of approximately
10% compared with the experimental result (60 kN).
Similarly, the slip corresponding to the peak load
differs marginally, with 6.0 mm for the simulation
and 5.5 mm for the test. These small disparities (load
ratio of 1.1 and slip ratio of 1.09) fall within an
acceptable engineering tolerance, indicating that the
calibrated material parameters and boundary
conditions in the numerical model accurately
represent the real push-out behavior.

s, Mises
SNEG, (fraction = -1.0)
)

+2.5
+2.3572+06

DAMAGET
{Avg: 750

(b)

Fig. 3 Stress of steel decking (a) and damage of
concrete part (b)

Fig. 3 illustrates the simulated stress distribution
in the steel decking and the corresponding damage
patterns in the concrete slab. The steel deck exhibits
pronounced Von Mises stress concentrations around
the bolt holes, indicating significant bearing action
and local distortion induced by shear transfer from
the bolted connectors. Elevated stress bands along
the web of the steel deck further reflect localized
effects, whereas the lower flange remains only
lightly stressed, confirming that force transmission is
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highly confined to the connector region. In the
concrete slab, the damage map reveals severe
localized crushing and cracking immediately
surrounding the bolt shanks, consistent with the high
stiffness and brittle response of concrete under
concentrated shear. Additional regions of moderate
damage along the steel-concrete interface suggest
the onset of local debonding under elevated shear
demands. Importantly, damage remains confined to
the connector vicinity, with no evidence of large-
scale failure.

S, Mises

(Avg: 75%)
+2.8792+08
+2.643e+08
+2.4072+08
+2.171e+08
+1.935e+08
+1.699e+08
+1.463e+08

+4.7928+06

(a) First stage

5, Mises
(Avg: 75%)
+3.9982+08
+3.6742+08
3502+

+1.405e+
+1.081e+08
+7.573e+07
+4.332e+07
+1.091e+07

(b) Second stage — yielding stress

© Final stage (Damage of the test of Rehman [33]
and simulation)

Fig. 4 Damage of bolted connectors

Fig. 4 presents the progressive development of
stress and damage in the bolted shear connector
during loading, highlighting the transition from
elastic behavior to yielding and ultimately to
complete shear failure. In the first stage, the
connector exhibits a predominantly elastic stress
distribution, with Von Mises stresses well below the
yield limit and concentrated mainly around the
threaded region and the interface where shear
transfer is initiated. As loading increases, the second
stage reveals the onset of yielding along the bolt
shank, accompanied by a significant expansion of
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high-stress regions. This pattern indicates that the
connector undergoes of combined shear and uplift
forces in the composite system. In the final stage,
both the simulation and the experimental results
reported by Rehman [33] clearly show that the
connector fails by shear fracture at the collar,
leading to a complete separation of the bolt into two
distinct pieces. The numerical model successfully
captures this localized fracture mechanism, and the
resulting deformation shape closely matches the
experimentally observed failure.

4.2 Parametric study

After being validated through comparison with
the experimental results presented above, the
numerical model was further developed to perform
an extended series of parametric studies. The
parameters considered in this study include the
compressive strength of UHPC, the diameter of the
bolted shear connector, and the configuration of the
reinforcement cage.

4.2.1 Effect of UHPC's compressive strength
140 T T T T T

ot

=

s PO B
e 145 M
Pl — LA
— 13 AP

Lond par eonmustonr (KN

124

Fig. 5. Influence of UHPC compressive strength on
load-slip response of bolted connectors

Table 3. Maximum load per connector under
different UHPC compressive strengths

UHPC Maximum
Case . load per Increment
compressive Note
study strenath connector of P,
g Py (kN)

1 120 96.8 1 "

2 140 111.3 1.15 2)/(1)

3 160 1235 111 3)/(2)

4 180 1334 1.08 /()

In this parameter, the compressive strength of the
UHPC was increased from 120 to 180 MPa, while
all other variables, including the shear connector
diameter, steel grade, geometric dimensions, etc.
were kept constant. Fig. 5 and Table 3 illustrate the
influence of UHPC’s compressive strength on the
load-slip behavior of shear connectors. The
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numerical results indicate a clear enhancement in the
overall shear resistance and stiffness of the
composite connection as the compressive strength of
UHPC increases from 120 MPa to 180 MPa. At the
initial loading stage, all curves exhibit a nearly linear
response, representing elastic behavior of both the
stud and surrounding UHPC matrix. As the load
increases, the curves gradually become nonlinear
due to local cracking and plastic deformation near
the connector. The specimens with higher UHPC
strength show a steeper ascending branch, reflecting
improved confinement and bond performance
between the shear connector and UHPC.

In terms of ultimate capacity, the maximum load
per connector (Pu) increases from 96.8 kN for 120
MPa UHPC to 133.4 kN for 180 MPa UHPC,
equivalent to an approximate 38% improvement.
However, the incremental growth ratio of Pu
gradually decreases (1.15—1.11—1.08), indicating
that the effect of compressive strength tends to
saturate beyond 160 MPa. This suggests that, after a
certain threshold, further increases in matrix strength
contribute less to load transfer efficiency, as failure
becomes dominated by stud yielding or interface
shear failure rather than UHPC crushing.

4.2.2 Effect of Shear Connector Diameter

In this parametric study, the reference case (Case
1) corresponds to a UHPC with a compressive
strength of 120 MPa and a shear connector diameter
of 17 mm. To evaluate the influence of connector
size on the overall shear behavior, the shear
connector diameter was increased successively to 19
mm, 20 mm, and 22 mm while keeping other
parameters constant. The resulting load-slip
relationships are presented in Fig. 6, and the
corresponding maximum load capacities are
summarized in Table 4. The results clearly
demonstrate that increasing the connector diameter
significantly enhances both the initial stiffness and
ultimate load capacity of the shear connection. As
the diameter increases from 17 mm to 22 mm, the
peak load per connector rises from 96.8 kN to 147.3
kN, representing a total improvement of
approximately 52 %. The incremental growth ratios
between successive cases are 1.14, 1.18, and 1.13.
This diminishing return is attributed to the nonlinear
stress distribution within the UHPC matrix and the
limited confinement effect beyond a certain
connector size. Compared to the parameter of UHPC
compressive  strength, varying the connector
diameter provides a more pronounced improvement
in the load-carrying capacity of the composite
connection, emphasizing the strong influence of
mechanical interlocking and bearing action at the
connector-UHPC interface. From the load-slip
curves, larger-diameter shear connectors exhibit a
steeper ascending branch, implying a higher stiffness
and better interfacial bond between the shear
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connector and UHPC. Moreover, the peak load
occurs at a slightly larger slip value for bigger shear
connectors, showing that increased diameter not
only improves strength but also maintains a
reasonable level of ductility. Conversely, smaller
shear connector (17 mm) shows earlier stiffness
degradation and a more gradual post-peak decline,
indicating weaker anchorage and earlier onset of
local concrete crushing or shear failure.

{HTN

Fig. 6. Influence of diameter on load-slip response
of shear connectors

Table 4. Maximum load per connector with different
shear connector diameter

Shear .
Maximum load
Case connector Increment
. per connector Note
study diameter of P,
(mm) P, (kN)
1 17 96.8 1 1
5 19 109.9 1.14 (5)/(1)
6 20 130.3 1.18 (6)/(5)
7 22 147.3 1.13 (7)I(6)

4.2.3 Effect of Reinforcement Cage

In this parametric investigation, the influence of
the reinforcement configuration within the UHPC,
specifically the use of single versus double
reinforcement layers, as well as the spacing of the
reinforcement mesh, is examined to assess their
effects on the load-carrying performance of the joint.
From Table 5 and Fig. 7a, it is evident that the use of
a double reinforcement layer slightly enhances the
shear capacity of the connector compared to the
single-layer configuration. The maximum load per
connector (Py) increases from 96.8 kN for the single-
layer case to 99.6 kN for the double-layer case,
corresponding to a 3% improvement. This modest
increase suggests that the addition of a second
reinforcement layer leads to enhanced interaction
between the steel and concrete materials. The double
layer helps to distribute tensile stresses more
uniformly, delaying local cracking and improving
the composite action at the steel-concrete interface.
However, since UHPC already exhibits very high
compressive and tensile strength with limited
cracking under load, the influence of an additional
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reinforcement layer is relatively minor in terms of
total load capacity. This indicates that the dominant
factor governing the connector’s behavior remains
the UHPC matrix and connector geometry, rather
than the reinforcement quantity.

Table 5. Maximum load per connector with single
layer and double layer

Maximum
Case  Reinforcement load per Increment
Note
study cage connector of Py
Pu (kN)
1 Single layer 96.8 I 1
8 Double layer 99.6 1.03 (8)/(1)

Table 6. Maximum load per connector with different
spacing of reinforcement bars (Single layer of
reinforcement cage)

Maximum
Case  Spacings load per Increment Note
study (mm) connector P, of P,
(kN)

1 100 96.8 1 1

9 80 97.7 1.01 9)/(1)

10 60 98.9 1.02 (10)/(9)

11 40 100.4 1.02

(11)/(10)

(a) Single layer and double layer

(b) Spacing of reinforcement bars

Fig. 7 Influence of reinforcement cage on load—slip
response of shear connectors

In the second parametric study (Table 6 and Fig.
7b), the effect of bar spacing on the connector
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performance was investigated for a single
reinforcement layer with spacings of 100 mm, 80
mm, 60 mm, and 40 mm. As the spacing between
reinforcement bars decreases, the maximum load per
connector gradually increases, from 96.8 kN (100
mm) to 100.4 kN (40 mm). The corresponding
increments of Pu are approximately 1.01 to 1.02 for
each reduction step, indicating that closer
reinforcement spacing provides slightly higher

stiffnress and load-carrying  capacity.  This
improvement can be attributed to enhanced
confinement and the reduction of local stress

concentration in the UHPC, as the reinforcement
grid effectively limits crack propagation and
contributes to higher ductility. Nevertheless, the
magnitude of increase is again modest, implying that
once adequate confinement is achieved, further
reduction in spacing has diminishing effects on
overall performance. The load-slip curves show a
similar trend for all spacing cases, maintaining a
nearly identical shape, with only slight upward shifts
in the peak load region. This confirms that while
reinforcement spacing affects peak strength, it does
not significantly alter the general failure mechanism
or stiffness behavior of the connectors.

5. CONCLUSION

This study developed a comprehensive three-
dimensional nonlinear finite element model to
investigate the shear behavior of bolted connectors
in UHPC composite slabs with steel decking. The
model, constructed in ABAQUS, was validated
against push-out test results. Based on the obtained
results, the following conclusions can be drawn:

e Increasing the UHPC compressive strength
from 120 MPa to 180 MPa resulted in significant
gains in peak load and initial stiffness. However, the
incremental improvement diminished at higher
strength levels. Connector diameter exhibited the
strongest influence among all parameters examined.
Enlarging the diameter from 17 mm to 22 mm
produced substantial increases in shear capacity and
stiffness, highlighting the dominant role of
mechanical interlocking and bearing action at the
bolted connector-UHPC interface. In contrast,
adjustments to the reinforcement cage, whether
through adding a second layer or reducing bar
spacing—yielded only marginal improvements,
indicating that reinforcement primarily contributes
to crack control rather than directly enhancing shear
transfer.

o The validated numerical model offers a robust
framework for understanding the complex
interaction between UHPC and bolted connectors
and can be used to support design optimization of
steel-UHPC composite systems. Future research
might consider cyclic loading effects, long-term
degradation, and full-scale composite beam behavior
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to further extend the applicability of the proposed
modeling approach.
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