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Abstract: In modular steel — concrete — steel (SCS) structures, a partial composite action may appear
in some unfavorable conditions, requiring the modeling tools to be adapted to both full and partial
composite actions. This study thus proposes a refined simulation methodology, including regularization
techniques in tension and compression, to assess full and partial composite actions in SCS structures
using 3D finite elements. It is validated on two three-point bending beams. A good agreement on global
(resistance) and local (failure mode) experimental quantities is obtained. The modelling strategy is then
used to discuss the transition point between the full and the partial composite actions in terms of stud
spacing. This numerical analysis is finally compared to existing standards requirements, which shows a
good agreement between standards and confirms their conservative tendencies in most situations.
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Partial to full composite action in steel concrete sandwich beams.

Development of a modelling strategy and comparison to standards

Abstract: In modular steel — concrete — steel (SCS) structures, a partial composite action may appear
in some unfavorable conditions, requiring the modeling tools to be adapted to both full and partial
composite actions. This study thus proposes a refined simulation methodology, including regularization
techniques in tension and compression, to assess full and partial composite actions in SCS structures
using 3D finite elements. It is validated on two three-point bending beams. A good agreement on global
(resistance) and local (failure mode) experimental quantities is obtained. The modelling strategy is then
used to discuss the transition point between the full and the partial composite actions in terms of stud
spacing. This numerical analysis is finally compared to existing standards requirements, which shows a

good agreement between standards and confirms their conservative tendencies in most situations.

Keys words: Steel-concrete-steel sandwich beams, numerical strategy, full composite action, partial

composite action, interfacial slip

1. INTRODUCTION

To improve the efficiency in building construction, new structural materials have recently appeared.
Among them, steel-concrete-steel sandwich structures (SCS) were introduced in [1] — [3] among others.
These composite structures are composed of a concrete core between two steel plates (Figure 1). They
were initially designed as an alternative solution for the building of submerged tubular tunnels in the
mid-1980s ([4] -[5]). They have then been gradually used in bridge decks (Figure 2 (a), [6]), for the
construction of shear walls in high buildings [7], for submerged tunnels [8], [9] or for blast and impact
shield walls or liquid and gas containers ([9] and [11]). In the nuclear field, SCS structures have been
chosen for the containment internal structures of third generation nuclear power plants (AP1000 [12]
(Figure 2 (b)) and US-APWR [13] for example). They are also under consideration for Small Modular

Reactors (SMR) or Advanced Light Water Reactors (ALWR) [3].
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Figure 1 Principle of a SCS beam with studs and ties
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Figure 2 (a) Example of a SCS sandwich bridge deck [6][5]; (b) AP1000 containment module [14]

In these structures, the main role of the structural concrete is the same as for standard reinforced
concrete: it ensures the stiffness and resists compressive stresses. The steel plates is beneficial for
tension loading (as reinforcements in reinforced concrete) and their position at the outer fiber of the
section increases the moment arm compared to standard reinforced concrete. In [6], [15] and [15], the
quality of these structures was highlighted in terms of stiffness, sustainability and strength against
extreme loadings. Moreover, SCS structures allow prefabrication of steel units which are also used as
lost formwork during concrete pouring. Consequently, in [17], a reduction of the in-site schedule was
underlined with a gain of about 30% on the concrete pouring and of about 4% on the complete schedule

of the construction work.

The key point to guarantee the efficiency of SCS structures is the overall behavior of the concrete core
and the steel plates. The composite action is here ensured by a connection system between both
materials. The connection creates a bond between the plate and the core while allowing an interfacial

slip to limit the stress concentration. Design methods were proposed in [11], [18] and [19] for the



connection system in order to support the shear forces due to the relative displacement between concrete
and steel plates. This connection is generally provided by steel connectors like heads shear stud [20], bi-
steel connectors [21] or J-Hook system [22] among others. The quantity of connectors directly defines

the nature of the bond. It results in a minimum number of connectors ng.,,4, Which can be calculated as:

Vi = ngryaPra )
where, V; is the horizontal shear force transferred between the concrete core and a steel plate and Py is
the shear transfer capacity of each connector. Design standards and guides applied to SCS structures or
anchorage systems (AISC N690-12s1 [23], Japanese design codes [24], [25], EC4 [26], British
standards [27] or ACI 318-08 [28], PCI 6 [29] and Model Code 58 [30]) classically use this equation for

the design of the shear connection.

When the number of connectors is sufficient, the full composite action is obtained. The behavior of a
SCS beam is then similar to the one of a reinforced concrete beam. In this case, the bond between
concrete and steel is important enough to ignore the interfacial slip and maintain the connection in an
elastic phase ([10], [31], [32]). The steel plates work like passive reinforcement and the strength of the
beam depends only on the concrete and steel loading capacities respectively in compression and in
tension. A shear failure appears, with a 45° inclined crack between the lower fiber and the loading point.

A buckling of the steel plates can also be observed (Figure 3 (a) [33]).

Critical diagonalicrack ) ? | Critical crack

(a) (b)

Figure 3 Failure of (a) a full composite action SCS bending beam (b) a partial composite action SCS bending beam [33]



Even if the full composite action is generally required, in some situations, a partial composite action
may appear. At least, the transition between a full and a partial composite action needs to be clearly
identified. For example, increasing the number of studs can lead to construction and welding difficulties
or economic inefficiency ([33]and [34]). The number of connectors has therefore to be reasonably
limited. Moreover, poor concrete pouring, concrete cracks or buckling of steel plates [35] may lead to a
reduction of the bond between the concrete core and the steel plates, which increases the slip at the
interface and changes the nature of the composite action. This resulting partial composite action is
generally characterized by a horizontal shear failure ([2] and [36]), which is associated to a significant

bond slip at the interface between the concrete core and the steel plates (Figure 3 (b)).

Full composite action on SCS structures has been widely investigated in both experimental ([19], [36],
[37], [38] and [20] among others) and numerical studies. For example, in [39], the connection system,
the steel plates and the concrete core of a SCS shear wall are modeled using 1D beam, 2D shell and 3D
volume elements respectively. Friction is considered between concrete and steel plates while a perfect
bond is simulated between concrete and studs and between studs and steel plates. The strength and the
initial stiffness of the system are reproduced as well as the shape of the post-peak hysteresis during
cyclic loads. In [40], the three main components of SCS structures are modeled with 3D elements,
considering hard contact and friction between them. A 0D element is added between the connector and
the plates to reproduce the evolution of the slip at the interface. A good agreement is obtained on the
concrete damage and the failure mode but differences appear in the post-peak phase on the global

guantities.

The studies on the partial composite action in SCS structures are much more limited. In [41], a model is
proposed for a beam with a limited number of connectors. The steel plates and the concrete core are
modeled using 2D shell and 3D volume elements respectively while the connection system is introduced
through a recalibration of concrete parameters. In this simulation, steel and concrete are perfectly
bonded. The strength of the beam is reproduced. However, as the connectors are not explicitly modeled,
the simulated structural damage is not representative. A finer model is presented in [36]. For this study,

similarly to [40], the connectors are modeled with 1D beam elements and are related to the plates through



a punctual bond element which integrates an evolution law for the slip as a function of the shear force
applied to the connector. A good agreement is obtained on the global behavior (initial stiffness and
strength especially). However, the failure of the system and the crack patterns are less accurate. This
brief overview, which can be complemented with additional references ([42], [43], [44] and [45])
illustrates that, in the case of a partial composite action, the significant slip between the concrete and the

steel plates creates a local non-linearity, which strongly influences the structural behavior.

This paper aims at investigating the transition point between full and partial composite actions, using a
unique modelling strategy. The numerical models is first presented. It is then validated on two SCS
experimental three point bending beams. A parametric study is then launched to discuss the transition
point between a partial and a full composite action. This quantity is finally compared to the different
standards requirements to evaluate its representativeness and the expected conservative nature of the

standards.

2. PROPOSITION OF A UNIQUE MODELLING STRATEGY FOR SCS

COMPOSITE BENDING BEAMS

In this section, a numerical methodology is proposed to represent both full and partial composite actions

in SCS structures. It is applied on two experimental three-point bending beams for validation.

2.1. Reference experimental test cases

The experimental results from [36] are considered. SP1-1 and SP1-2 beams are chosen. They have the
same geometry (Figure 4 and Table 1) but include a different number of welded headed shear studs
(average stud spacing S of 152 mm and 304 mm in two rows for SP1-1 and SP1-2 beams respectively).
The three-point bending beams are simply supported with a load applied at the mid-span. The applied
load, the cracking evolution and the vertical displacements at mid-span, at the loading points and at the
supports are experimentally monitored. Shear failure is observed for SP1-1 beam with a 45° inclined
crack between the loading point and the lower fiber (Figure 5 (a)). These diagonal cracks appear after

the propagation of vertical flexural cracks. The failure of SP1-2 beam is associated to a significant slip



at the interface between the steel plates and the concrete core (interfacial shear failure). The beam finally

breaks into two pieces due to a middle flexural crack (Figure 5 (b)). It can be concluded that the first

beam is representative of a full-composite action while the second beam is rather representative of a

partial composite action. That is why they have been chosen to evaluate the capacity of the proposed

numerical methodology to simulate the mechanical behavior of SCS structures.
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Figure 4 Geometry of the bending beams
Table 1 Geometrical parameters of SP1-1 and SP1-2 beams
Parameters Notations SP1-1 SP1-2
Length of beam L (mm) 2895.6
Width of beam B (mm) 304.8
Thickness of steel plate t, (mm) 6.5
Height of concrete core h, (mm) 445
Diameter of stud dguq (mm) 12.7
Height of stud hgypq (mm) 63.5
Spacing between two studs along the beam width S; (mm) 152.4
Number of studs per steel plate Ngua (—) 40 20
Spacing of the studs along the beam length S (mm) 152.4 304.8
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Figure 5 Failure modes of SP1-1 (a) and SP1-2 (b) beams [20]

2.2. Simulation methodology

A unique numerical methodology is here proposed to represent the mechanical behaviour of the beams.
Due to the symmetries of the beam, only one fourth of the structure is modelled. The concrete core, the
steel plates and the connectors are represented using 3D solid elements. The size of the finite elements
ranges from 1.6 mm (in the section of a connector) to 2d;,4 (in the concrete far from the connectors),
where dg, 4 i the diameter of the studs. The total numbers of nodes in the beams are given in Table 2.

The meshes are illustrated in Figure 6 (a) — (d).

Table 2 Number of nodes in the numerical models for the bending beams

Number of | Concrete Steel plate One stud
Total
nodes in core One plate All plates One stud All studs
SP1-1 34 436 5067 10 134 342 6 840 51410
SP1-2 24 806 3357 6714 342 3420 34 940
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Figure 6 Meshes of SP1-1 (a) and SP1-2 (b) beams; (c) Mesh of one steel plate (SP1-2 beam); (d) Mesh of one stud

Concrete behavior is simulated using an isotropic damage model based on Mazars model in compression
[46] and a regularized damage evolution in tension, through a Hillerborg energetic method [47]. This
law has been chosen because it allows to correctly reproducing the global behavior in tension and
compression with only five model parameters for damage. It introduces a scalar variable D that

guantifies the influence of microcracking:

0ij = (1 = D)Cijrier (2)
where o;; and gy, are the stress and strain components respectively, C;j; is the fourth order elastic tensor

and D is the damage variable. For the description of the damage growth, an equivalent strain is

introduced from the local strain tensor:



€eq = \/Z?=1(< & >+)2 (©)

where < g; >, are the positive principal strains.

The loading surface g is defined by:

g(eD)=d(e) =D (4)
where the damage variable D is also the history variable which takes the maximum value reached by d

during the history of loading

D = max(d,0) ®)
d is defined by an evolution law which distinguishes the mechanical responses of the material in tension

and in compression by introducing two scalars D; and D,.

&(5) = at(E)Dt(‘Seq) + ac(S)Dc(‘Seq)

K le.
D, =1 ——Oexp< e-Jou (KO — seq))
£ Gr

eq
D :1_K0(1_Ac)_ Ac
‘ €eq exp|B;(geq — ko) (6)
3 B
<ef><g >,
a; = _—
t qu
i=1
a.=1—a;

D, and D, are the tensile and compressive parts of the damage, respectively. The weights a; and «, are
computed from the strain tensor. They are defined as functions of the principal values of the strains
ef and f due to positive and negative stresses respectively. The parameter f reduces the effect of
damage under shear compared to tension. [, is the average size of the finite element (cubic root of the
element volume), G is the fracture energy and f; is the tensile strength. x is a parameter (equal to the
ratio between the tensile strength and the Young modulus) and represents the initial threshold from
which damage grows. A, and B, are two parameters of the model. They are calibrated from uniaxial
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compression simulations to obtain the same stress — displacement curve for different values of [,. The
calibration process thus follows the constant compressive cracking energy concept, as defined in [48].
It is one of the originality of the proposed unique modeling strategy, compared to the state-of-the-art.
As partial and full composite actions have both to be represented, a particular care has to be taken on
the shear and compressive interactions between the concrete core and the steel studs. It is especially the
case for partial composite action, for which the interfacial slip may become significant. A compressive
“regularization” has thus been added to the classical damage model in order to improve the compressive
description of concrete behavior. It is achieved through the proposition of an evolution law for the

compressive parameters of the model, as described in Table 4.
The Kuhn — Tucker conditions finally determines the evolution of damage:
g<0, d=0, gd=0 (7

From the experimental data provided in Table 3, the model parameters are described in Table 4 to obtain

the same material properties.

For the steel plates and the steel studs, an elastic plastic behavior with an isotropic hardening is chosen.

The parameters, obtained to reproduce the experimental data [36], are given in Table 5.

Table 3 Concrete material properties [36] (* values computed from EC2 [49])

Compressive strength f. (MPa) 42.06
Tensile strength f.; (MPa)* 3.15
Young modulus E . (GPa)* 33.85
Poisson’s ratio v, (-) 0.2

Table 4 Model parameters for the concrete

A () B. () Gr (0m?) Ko () B()

67.59812 + 18.853[, — 0.0006 257131, + 1.068 150 9.3110° 1.06
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Table 5 Steel materials characteristics

Plates Studs

Yield limit f,, (MPa) 4482 = 4888
Young modulus E (GPa) 201 201
Poisson’s ratio vy (-) 0.3 0.3
Tangential modulus E7 (GPa) 0.42 0.42

For the loading and the boundary conditions, the displacement in the vertical direction is blocked along
a line at the position of the experimental support (condition a). A vertical displacement is also applied
on the upper steel plate at the position of the experimental loading system (condition b). Symmetry
conditions are finally considered on both symmetry faces (zero normal displacements for condition ¢

and d) (Figure 7).

A particular attention is also paid to the bond between steel plates, concrete and studs (Figure 8 (a)). A
partial bond at the interface between concrete and steel plates is first considered. It assumes a contact
that allows a normal separation and a free slip in the tangential directions. If the two surfaces become in
contact, equal displacements are then imposed on both materials. The same condition is applied between
concrete and studs. A perfect bond, which imposes the same nodal displacements between studs and
concrete, is imposed at the end of each stud to represent the effect of the stud heads. Compared to a 3D
representation of the head, it may be seen as a simplification of the model. However, it avoids potential
meshing difficulties with a significant increase in the number of elements. Finally, the bond between the
studs and the plates is obtained through junction elements. These zero dimension finite elements connect
each stud node to the associated node of the steel plate through an adapted constitutive law. This law
represents the evolution of the bond force as a function of the differential displacements in each
direction. In the longitudinal direction of the stud (normal to the cross section), a linear elastic law is
supposed. Its stiffness (K,, = 102N /m) is chosen high enough to reproduce the welding of the stud on
the plate. In the tangential directions, an elastic plastic law is imposed. The elastic phase corresponds to

the welding of the stud (K, = 102N /m). A plastic limit is then introduced to model the shear failure
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of the stud (Prq = 49.5 kN), which is calculated from [26] with no safety factor (equation 8). An

illustration of the constitutive law in one tangential direction is presented in Figure 8 (b).

Pra = 0,8fu54g0u; = 49.5 kN (8)

These particular finite elements for the bond between the studs and the steel plates, and the way they are
calibrated (explicitly introducing the shear failure of the stud), represents the second main originality of
the proposed numerical strategy. As for the compressive regularization, it is here again especially
required when partial composite action wants to be reproduced. In this case, the failure mode is expected

to be rather driven by the steel plate — steel studs interaction, which has to be carefully represented.

The simulation is performed using the implicit finite element code Cast3M [50].

l'\{ b) Loading : u, imposed ‘

/{ c) Symmetrical condition: u, = 0 |

a) Support: u, = 0

\{ d) Symmetrical condition: u, = 0 I

Figure 7 Boundary conditions for the bending beams
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Figure 8 (a) Interfacial bonds, (b) Constitutive law of the shear stud — steel plate junction interface in a tangential direction
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2.3. Results of the reference simulations

Results for SP1 beam are illustrated from Figure 9 to Figure 12. Regarding the global behavior (Figure
9), the overall behavior is correctly reproduced (elastic regime and mechanical degradation). The
structural strength is especially obtained, with a difference of about 6% between the experimental and
the numerical values. Several partial unloading are observed numerically. The first one corresponds to
the initiation of a vertical flexural crack, which modifies the stiffness of the structure. The second
unloading can be associated to the opening of a 45° inclined concrete shear crack (258 kN). The
following unloading corresponds to the opening of concrete cracks in the lower fiber of the beam.
Finally, the overall failure mode is consistent with the experiment (Figure 10 (a)). The experimental and
numerical longitudinal strains in the steel plates are also in agreement (Figure 10 (b)). A local yielding
of the bottom steel plate is especially obtained numerically near the position of the shear crack. It is to
be noted that the increase in the strain in the top steel plate at the midspan is due to the modeling choices

and especially to the linear applied load.

Load (kN}
= N W W s
(9] (=] U (=] (93] (e U
(=] (=] (==} [} (=] (=] (=]

=
(e}
(=)
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3D Simulation

U
o

0 5 10 15 20 25

Midspan vertical deflection (mm)

Figure 9 Load — midspan vertical displacement curve of the numerical simulation of the SP1-1 beam
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Figure 10 SP1-1 beam results: (a) final damage distribution in concrete, (b) Longitudinal steel plate strain along the beam

for a deflection of 13.9 mm

For SP1-2 beam (expected partial composite action), the global mechanical behavior is also correctly
captured (Figure 11) with a lower mechanical resistance, compared to SP1-1 beam. The first unloading
corresponds here to the initiation of a vertical flexural crack near the stud, close to the application points
of the load. The second unloading (13.9 mm displacement and 256.15 kN load) corresponds to the
initiation of a shear crack inclined at more than 45° (Figure 12 (a)). Even if this crack is not observed
experimentally, it is to be noted that this failure mode is generally obtained for partial composite action
beams ([33] for example). After the peak load, a constant force is observed. It corresponds to the
maximum shear force that can be transferred by the junction elements at the interface between the stud
and the bottom steel plate. The simulation of the longitudinal strain in the steel plate also shows an
overall agreement (Figure 12 (b)). The observed differences may be explained by some model
simplifications (no friction between the concrete core and the steel plate, simplification of the studs’
heads or simplification of the behavior of the stud — steel plates junction elements with a perfect elastic
plastic constitutive law). However, the quantitative and quantitative differences between a full and a
partial composite action are clearly underlined with a decrease in the strength of the structure and the

change in the failure mode.
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Figure 11 Load — midspan vertical displacement curve of the numerical simulation of the SP1-2 beam
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Figure 12 SP1-2 beam results: (a) final damage distribution in concrete; (b) Longitudinal strain inside the steel plate along

the beam for a deflection of 24.3 mm

3. PARTIAL TO FULL COMPOSITE ACTION: NUMERICAL ANALYSIS

Based on the previous results, a parametric study is launched to evaluate the transition point between a
partial and a full composite action in the beam. The number of studs in the bending beam is gradually
increased (decrease in the stud spacing) from the number of studs in SP1-2 beam (S = 304.8 mm) to
48 studs per steel plate (S = 127 mm) (Table 6). A constant spacing is supposed between each stud. It
is to be noted that the mesh needs to be adapted to the number of studs. Examples of meshes are provided

in Figure 13.
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Table 6. Configurations for the parametric study on the stud spacing

s/2 S s S/2
1524 mm | Symmetry Top view of a steel plate
o 'e ® o
Stud spacing (mm) Total number of studs per steel plate

127 48 (24 X 2)

138.5 44 (22 x 2)

152.4 (SP1-1) 40 (20 X 2)

169.3 36 (18 x2)

190.5 32 (16 x 2)

217.7 28 (14 x 2)

254 24 (12 x 2)

304.8 (SP1-2) 20 (10 x 2)

S = 254 mm (24 studs per steel plate) S = 127mm (48 studs per steel plate)

Figure 13 Examples of the mesh of bending SCS beams (one fourth of the beam)
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3.1. Effect of the composite action on the global behavior

Figure 14 and Figure 15 provide midspan vertical displacement as a function of the load for stud spacing
between S =304.8mm and S = 190.5mm and between S =190.5mm and S =127 mm,
respectively. Similar responses are obtained before the opening of the first flexural concrete crack.

Differences can be explained by the different steel ratios due to the stud spacing.

When the flexural crack initiates, changes in the behavior become visible. Two groups of structural
responses can then be identified. From S = 304.8 mm to S = 190.5 mm (Figure 14), the force —
deflection curves show a significant variation as a function of the stud spacing, with, for a given
deflection, an increase in the force with decreasing stud spacing. When S < 190.5 mm (Figure 15), the
evolution of the curves is less significant, until the initiation of the shear crack (second unloading).
These observations give first information about a transition from a partial to a full composition action.
However, they may be considered insufficient to identify a precise transition point. That is why the local

behaviors are going to be investigated in the next section.

450
400
350

300
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SP1-1 = = = 5P1-2
50 $=304.8mm (SP1-2) S =254mm
5$=217.7mm = 5=190.5mm
0
0 2 4 6 8 10 12 14 16 18 20

Midspan vertical deflection {(mm)

Figure 14 Load — midspan vertical displacement curves for SCS beams with different stud spacings from S = 304.8 mm to
S§S =190.5mm
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Figure 15 Load — midspan vertical displacement curves for SCS beams with different stud spacings from S = 190.5 mm to

S =127 mm

3.2. Effect of the composite action on the failure mode

Figure 16 (a) provides the longitudinal strain along the bottom steel plate for a deflection of 13.9 mm,
which corresponds to the experimental failure in SP1-1 beam (full composite action). For S <
190.5 mm, ayielding of the bottom steel plate is obtained with a longitudinal strain higher than the steel
yield strain ( &, = 2186 ue). The local yielding of the bottom steel plate indicates an good contribution
of the steel plate and is associated to a full composite action. For § = 190.5 mm, no local yielding is
observed. In the Figure 16 (b), the longitudinal steel strains do not reach the yield strain and the plate
remains in an elastic phase. The failure mode is rather a concrete-driven failure mode, which rather
characterizes a partial composite action. A transition criterion between full and partial composite action
can thus be defined from this plasticity criterion, for a spacing between S = 169.3 mm and S =

190.5 mm.

This quantitative analysis is confirmed by the damage distributions (Figure 17). For each beam, at a
deflection of 13.9 mm, a vertical localized damage band is observed. For the beams with S < 190.5 mm,
an inclined crack with a slope lower than 45° can be observed. These shear cracks confirm the failure
mode under shear stress, which can be related to a full composite action. A crack, which develops along
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the bottom plate, is observed for the beams with § < 169.3 mm. In accordance with the experimental
results from [19], [20] and [36], this evolution is also related to a full composite action. When S >
190.5 mm, the slope of the inclined crack becomes higher. The failure mode related to a partial
composite action is identified. It corresponds to a shear failure with an important interfacial slip, with a
lower contribution of the steel plate. These results qualitatively confirm the transition point between the

full and the partial composite action for a spacing between S=169.3 mm and S=190.5 mm.
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Figure 16 Longitudinal bottom steel plate strain along the half-beam for a deflection of 13.9 mm for SCS beams with

different stud spacing: (a) fromS = 190.5mmto S = 127 mm; (b) from S = 304.8 mmto S = 190.5 mm

S=127 mm S =138.5mm
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Figure 17 Damage distributions for simulated SCS beams with decreasing studs spacing for a vertical deflection of 13.9 mm

Finally, the interfacial slip is studied. In the state-of-the-art, the partial composite action is indeed related
to an increase of the interfacial slip. This interfacial slip directly affects the strength and the stiffness of

SCS structures ([9], [25], [31], [50] and [52]).

21



The distributions of the slip along the center line of the interface between the bottom steel plate and the
concrete are given for beams SP1-1 and SP1-2 in Figure 18 (a), for a deflection equal to 0.25 mm (before
the first crack initiates). A zero slip is obtained on the symmetry face (x = 1.524 m) due to the applied
boundary conditions. Then the bond slip increases along the beam. As expected, the interfacial slip on
SP1-2 beam is always higher that on SP1-1 beam, due to a smaller number of connection points. A
comparison of the bond slip at the position of the support for a deflection equal to 0.25 mm is presented
for different stud spacings in Figure 18 (b). The interfacial bond slip significantly increases with S, when
S is more than 169.3 mm, which is in agreement with the transition point discussed in the previous

section.

This evolution is modified when cracks appear in concrete and leads to a discontinuity in the interfacial
slip. Figure 19 (a) and (b) compare the slip along the bottom interface for beams SP1-1 and SP1-2 after
the flexural crack (deflection equal to 2 mm) and at the experimental failure of SP1-1 beam (deflection
equal to 13.9 mm). Damage in concrete leads to an important local increase of the slip and redistributions

along the structure.
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Figure 18 For a deflection of 0.25mm (a) evolution of the bond slip at the interface between the bottom steel plate and the
concrete core for the 3D simulation of SP1-1 and SP1-2 beams; (b) comparison of the bond slip at the lower interface at the

left edge of SCS beams for different stud spacing
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Figure 19 Evolution of the bond slip at the interface between the bottom steel plate and the concrete core for the 3D

simulation of SP1-1 and SP1-2 beams (a) for a deflection of 2mm, (b) for a deflection of 13.9mm

4. DISCUSSION ABOUT STANDARDS FOR FULL COMPOSITE ACTION

In the previous section, it was highlighted how the proposed simulation methodology was able to
reproduce both partial and full composite actions. A transition criterion has been discussed from the
distribution of the steel strains especially. In this section, the numerical transition between a full and a

partial composite action is going to be compared to the standards requirements.

4.1. Standard requirements for the minimum number of studs

Generally, standards specify requirements to achieve a full composite action in composite structures,
especially in terms of number of studs. This criterion represents the minimum number of studs ng;,4 to
ensure a flexural failure before the shear failure of the studs ([23], [25], [26]). When considering two
rows of studs (S = 2L/ng,4), the following equation gives the criterion on the stud spacing to ensure

the full composite action:

§ < 2Pral 9)
4]

where L is the length of the beam and V; is the horizontal shear force.

Prq is the shear transfer capacity of each connector. It is defined from the shear strength of the connector

P,;.,q and the concrete pull-out strength P.,,,.:
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Prg = min(Pgya; Peone) (10)
V; is obtained considering that the failure of the bending composite beam occurs either by crushing of

the concrete (F nqy) OF by yielding of a steel plate (F; ,,,4,), depending on their relative dimensions:

V= min(Fc,max; Fs,max) (11)
Table 7 summarizes the different equations provided in EC4 [26], AISC 690 [23], JSCE 15 [24][25],

ACI 318-08 [28], PCI 6 [29], BS 5400 [27] and Model code 58 [30]. Differences on the influencing

parameters and in the safety coefficients can be observed especially.

Table 7 Comparison of the formulas of the calculation of the minimal number of studs per steel plate to ensure a full composite

action from several standards

Horizontal interfacial shear stress Shear strength of the connection
Standard Vl = min(Fs,max; Fc,max) PRd = min(Pstud; Pconc)
Fs,max Fc,max Pstud Pconc
0.84 2
EC4 [26] Apiacef, 0,854,010 f 084studfu 0,29ad2q+/fcEe
1.25 1.25
AISC 690
Aplatefy 0:85Acorefc 0.75 Astudfu 0-5Astud\/ chc
[23]
1
9.395d? 2
JSCE 15 1—sltudfc if hstud/dstud = 5.5
’ 1
[24][25] 1.722d ey hseuaf 2
51u1 pee if hstud/dstud <55
AC1 318-
Apiatefy 0,85Acoref: 0.65 Astuafu 0.7(24/fedsiahua
08 [26]
PCI 6th
[29] Aplatefy 0,854 orefc 0.75 Asruafu 0-7(215\/Ed;£1dh2§4d
BS 5400
Apiatefy 0,44 0ref: From a table
[27]
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Model

code 58

Aplatefy

0,85Acorefc

0-6Astudfu

1.09

2
- 9IRS

[30]

Apiates Acores Astua-  Cross sections of the steel plate, of the concrete core in compression and of a stud;
dstuar hseua - diameter and length of the stud; f,, f,,: yield strength of the steel plate and of the studs, f;, E.

concrete compressive strength and Young modulus; «a is a coefficient to consider the ductility of the stud defined

asa=0.2(;1“—”d+1)if3szs‘f—“ds4and a=1if _Zstud>4

stud stud stud

4.2. Comparison between standards and numerical transition

Standards are applied to the bending beams. Results are provided in Table 8. Differences in the maximal
stud spacing to ensure a full composite action are observed, from S = 179.3 mm (JSCE 15) to S =

117.2 mm (Model code 58)

The calculated numerical transition point is now compared to the standards (Figure 20). It can be
observed that the numerical transition point is in a rather good agreement with the standards (same order
of magnitude). It thus validates, at least qualitatively, the numerical strategy to define the change from
a full to a partial composite action. As expected, the standards remains conservative, as they are based

on the overall behavior of the concrete core and the steel plates and considered a zero interfacial slip.

Table 8 Results of the application of standards design of the SP1 beam

Horizontal interfacial shear stress Shear strength of the connection Failure
S (mm)
Standard Fs,max (kN) Fc,max (kN) V (kN) Pgiya (kN) P onc (kN) Prq (kN) mode
EC4 [26] 867.5 4849.1 39.6 44.7 39.6 138.5
AISC
867.5 4849.1 46.4 76.7 46.4 160.4
690 [23]
Stud
JSCE 15 867.5
867.5 53.1 53.1 179.3 shear
[24][25]
AC1 318-
867.5 4849.1 40.3 101.7 40.3 138.5
08 [28]
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PCI 6th
867.5 4849.1 46.4 64.4 46.4 160.4
[29]
BS 5400
867.5 2281.9 37.8 37.8 132.5
[27]
Model
code 58 867.5 4849.1 34.1 39.1 34.1 117.2
[30]
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Figure 20 Comparison of the minimal number of studs to ensure the full composite action for standards and the numerical

analysis

5. CONCLUSION

Steel-concrete-steel composite structures are sandwich composite structures combining steel plates and
a concrete core through a connection system, which ensures the overall behavior. The structure combines
the advantages of reinforced concrete and provides a greater resistance under extreme loadings,
sustainability and durability. Moreover, the external position of the steel plates allows their use as
formwork and leads to a modular structure, which tends to reduce and ease the construction phase. All

these advantages make SCS construction a competitive choice in the construction field.

In this contribution, a general simulation methodology was proposed to assess both full and partial

composite actions using 3D finite elements, compared to the classical state-of-the art, which generally
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considers numerical strategies for either full or partial composite actions. The modeling strategy
especially includes two key components, namely a regularization technique in compression and interface
elements. It was validated by comparison to experimental results on three point bending beams. The full
composite action was associated to a concrete failure in shear and a local yielding of the bottom steel
plate while the partial composite action was driven by a horizontal shear failure associated to a

significant bond slip at the interfaces between the steel plates and the concrete core.

A transition point between full and partial composite actions was numerically discussed in terms of stud
spacing through a numerical parametric study. Using a criterion based on the plastic yielding of the steel
plates, a full composite action was obtained for a stud spacing between 169.3 mm and 190.5 mm. The
global behavior and the interfacial slip between the concrete core and the steel plates allowed to verify

the change of behavior and confirmed this transition point.

The identified numerical criterion was finally compared to the classical standards for composite
structures. A good agreement was obtained, considering the expected conservative aspects of the
standards. The proposed methodology can thus be seen as an appropriate alternative to the direct

application of standards, especially if local quantities need to be studied.
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