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Abstract: Steel-concrete—steel (SCS) sandwich structures have gained increasing interest in new
constructions. The external steel plates increase the stiffness, the sustainability, and the strength of the
structures under some extreme solicitations. Moreover, the use of these plates as lost prefabricated
formwork makes SCS structures modular, enabling higher construction rates. However, for a better
understanding of the complex behavior of these structures up to failure, refined numerical simulations
are needed to consider various local phenomena, such as concrete crushing in compression and
interface interactions. Indeed, the highly non-linear steel-concrete interaction around the dowels is
the key point of the composite action. In this contribution, a refined methodology is first proposed
and applied on a push-out test. It is especially demonstrated that a regularization technique in
compression is needed for the concrete model. Interface elements are also developed and associated
with a nonlinear constitutive law between steel connectors and external plates. From this refined
methodology, simplified numerical modeling is then deduced and validated. Directly applied to an
SCS wall-to-wall junction, this simplified strategy enables the reproduction of the overall behavior,
including the elastic phase, the degradation of the system, and the failure mode. The response of
each component is particularly analyzed, and the key points of the behavior are highlighted.

Keywords: steel-concrete—steel junctions; push-out test; numerical modeling; refined modeling;

regularization in compression; simplified modeling

1. Introduction

Steel-concrete-steel sandwich structures are composite structures made of a concrete
core caught between two steel plates [1-3]. The bond between these two components is
ensured by a connection system that is responsible for the composite action (Figure 1).
Different types of mechanical connection systems exist, such as shear studs [4,5], Bi-steel [6],
J-hook connectors [7], or mixing technologies with shear studs and ties, J-hooks and
studs [8], etc. The structure provides the advantages of reinforced concrete (specifically,
strength and stiffness) thanks to the optimal use of concrete and steel. Moreover, the
external steel plates increase the stiffness, the sustainability, and the strength under some
extreme solicitations [9-12] and are used as lost formwork, which can be prefabricated.
SCS structures are thus considered modular structures [13-15] and are gaining increasing
interest in construction.

Initially designed as an alternative solution for the building of submerged tubular
tunnels in the mid-1970s [1,2], SCS structures have been gradually used in bridge decks
(Figure 2a) [12] for the construction of shear walls in high buildings [16], for submerged
tunnels [17,18] and for blast and impact shield walls or liquid and gas containers [3,19].
In the nuclear field, SCS structures have been chosen for the internal structures of the
third-generation nuclear power plants “AP1000” [20] (Figure 2b) and “US-APWR” [21].
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They are also under consideration for Small Modular Reactors (SMR) or Advanced Light
Water Reactors (ALWR) [13].

Steel plate
T° Ik Concrete core |
<« Tie

ZI Stud
y X

Figure 1. Principle of an SCS beam with studs and ties.
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(a)
Figure 2. Example of (a) an SCS sandwich bridge deck [12]. (b) AP1000 containment module [22].

The composite nature of SCS structures leads to complex behavior. In fact, the effi-
ciency of SCS structures is directly dependent on the transfer of shear forces between the
steel plates and the concrete through the dowels, which is a key point in such structures.
Thus, particular attention must therefore be paid to the behavior of the connection system
since compression of the concrete around the connectors, deformation or buckling of the
steel plate, or shearing of the connectors directly affects this transfer of forces [12,23-26].
These elementary behaviors are generally characterized through push-out tests. As de-
scribed in (CEN, 2005a), the push-out test is based on the application of a vertical load on a
steel beam connected to concrete blocks by the two flanges thanks to a connection system.
During the loading, bending and shearing of the connector first appear, combined with a
progressive crushing and tearing of the concrete around the connectors [25,27].

In numerical studies, the local nature of these nonlinear phenomena leads to the
need for a refined simulation. Several studies propose simulations of the push-out test
with 3D solid elements, for example, in [28-32]. The overall stress—displacement curve is
generally well reproduced, and failure modes are sometimes identified. But to the best
of our knowledge, none of them discuss the mesh-dependency of the results. However,
the use of softening models leads to problems of objectivity of results, which have been
widely discussed for the simulation of concrete behavior in tension. Different techniques
of regularization have been provided [33-35]. In the simulation of concrete-plate dowel
connections, the softening behavior of concrete in compression and shear is an additional
issue. Techniques like those used in tension can be used, but the compression cracking
energy must be identified, which is another issue [36-38].

Although these refined methods allow the simulation of the behavior of test specimens,
they are not fully adapted for the simulation of large-dimension structures, for which
representative simplifications are needed. Sandwich structures are widely used in various
fields of engineering, and a great deal of research has been carried out to develop analytical
or numerical solutions, particularly in aerospace engineering [39,40]. But, the technologies
used to transfer forces between the skins and the core are different, such as bonding
or functionally graded materials [41], avoiding the concentrations encountered around
singularities such as studs in SCSs. On the other hand, the calculated non-linearities are
large displacements and buckling, whereas the materials have elastic behavior.
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In this paper, a refined modeling strategy is first developed, allowing the capture of
local behaviors related to SCS composite structures. Compared to a “classical” simula-
tion methodology, particular attention is paid to the mechanical behavior of concrete in
compression and to the shear behavior of the connectors. In the second part, a simplified
methodology is proposed to reduce numerical costs and enable larger structures to be
simulated. It is applied to the behavior of a wall-to-wall SCS junction under bending load.
Numerical and experimental results are finally compared.

2. Refined Modeling Strategy

The push-out test is generally a key step in the study of the mechanical response of
a steel-concrete composite structure. For this reason, in this section, a refined numerical
methodology is proposed for the simulation of such a test. Based on refined “classic” 3D
numerical modeling, developments in concrete behavior and connector shear modeling are
presented.

2.1. Limits of the “Classical” Simulation of a Push-Out Test

The experimental study proposed in [42] is considered. The ST25-A test is selected
from the experimental campaign. It represents the behavior of headed shear studs welded
on steel flanges and embedded in concrete blocks. All the characteristics of the components
and the methodology of the test follow the recommendations from Eurocode 4 [4] (Figure 3).
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Figure 3. Geometry of a push-out test [42].

The relative slip between the steel beam and the concrete blocks is measured as a
function of the applied force. It allows us to define the force P per connector—slip J
behavior law of the connection. The ultimate strength of the connection in shear Pr;
(Figure 4a) has been specifically recorded. The experimental failure mode of the specimen
is a shear failure of the stud near the welding point with the steel beam (Figure 4b).

Because of the symmetry and considering homogenous material properties in the
concrete blocks, only one-fourth of the structure is simulated. The concrete block, the steel
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beam, and the connectors are represented by 3D solid elements, while reinforcements are
modeled with 1D beam elements. At the interface between the steel connectors and concrete,
the nodes related to each material have the same position. The size of the finite element (the
cubic root of its volume) ranges from 1.83 mm (in the connectors) to 1dy = 25 mm (away
from the connectors) (Figure 5).

—e—ST25-Al
—— ST25-A2
—A-ST25-A3

0 2 4 6 8 10

Average slip(mm)
(a)

Figure 4. (a) Force-slip curves of the ST25-A push-out tests. (b) Failure pattern of the shear ruin of
the stud shank [42].
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Figure 5. Mesh of a quarter the ST25-A push-out test [42], concrete in black, steel beam in red, studs
in yellow; (a) overall view (b) cross section at the stud level.

An isotropic damage model [43] is chosen for the mechanical behavior of concrete
blocks. The stress-strain relation is:

0ij = (1 = D)Cijrien e))

where 0j; and ¢y, 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 evolution,
an equivalent strain is introduced from the local strain tensor:

3
Eeq = Z (<e >+)2 2)
i=1

where < ¢; > are the positive principal strains.
The loading surface g is defined by:

(e, D) =d(e) - D ®)
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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 (CT, 0) (4)

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,

d(e) = w(€) Dt (eq) + ae(€) De (eq) ®)

Difeeg) =1 Ve XP(Z“(';? (ko - eeq)) (6)

D (ew) =1~ KO(lg; - EXp——) 7
B

<131 <:l >+> ®)

rele) =1 i (e) ©)

D¢ and D, are the tensile and compressive parts of the damage, respectively. x is
the initial threshold from which damage grows, it is equal to the ratio between the tensile
strength f.; and the Young modulus. The weights a; and &, are computed from the strain
tensor. They are defined as functions of the principal values of the strains ¢} and & due to
positive and negative stresses, respectively. The parameter 5 reduces the effect of damage
under shear compared to tension. A, and B. are model parameters characterizing the
compression response of the concrete. They are determined to reproduce the compressive
strength of the concrete.

Compared to the initial version of the model, for the calculation of D; (Equation (6)), a
Hillerborg energetic method is used to regularize the damage evolution for any element
size [33]. This method introduces the dependence of the behavior law on the concrete
tension fracture energy Gr and on the element size /,.

For the steel studs and beams, an elastic—plastic model with an isotropic hardening
is chosen. For the reinforcement, an elastic—plastic law without hardening is used. The
material parameters are obtained from experimental data [42] (Tables 1-3).

Table 1. Concrete material characteristics [42].

Value
Compressive strength f. (MPa) 35.3
Tensile strength f.; (MPa) * 3.23
Young modulus E. (GPa) * 32.11
Poisson’s ratio v. (—) 0.2
* Values computed from EC2 [44].
Table 2. Model parameters for the concrete.
Gr (Nm™1) Ko (—) B (=) Ac (-) B¢ (-)

150 fet/Ec 1.06 1.55 1900
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Table 3. Steel materials characteristics [42].
Steel Beam Studs Reinforcements
Yield limit f, (MPa) 235 328 500
Young modulus Es (GPa) 210 213 210
Poisson’s ratio vs (—) 0.3 0.3 0.3
Tangential modulus Et (GPa) 0.84 0.45 -

The loading and boundary conditions are then defined (Figure 6). First, symmetry
conditions are considered on both symmetry faces (zero normal displacements for (condi-
tions a and b)). The concrete block is simply supported on the test set-up, and the vertical
displacement is blocked on its bottom face (condition c). A vertical displacement is applied
at the top of the steel beam (condition d), and an additional condition is finally imposed on
a line at the base of the concrete block to eliminate rigid body movements (condition e).

@\i (d) Loading : u, imposed l

/(a) Symmetrical condition : u, = 0 I
/{ (b) Symmetrical condition : u,, = 0 |

i |

(e) Stability support: u, = 0

2 % (c) Support: u, = 0 |
y xS :

Figure 6. Boundary conditions of the push-out test.

)

\

Particular attention must be paid to bonding conditions at the interfaces between
components (Figure 7A). First, a perfect bond (same displacement at the interface) is
imposed between the concrete and the reinforcement, which plays here a secondary role in
the mechanical behavior. A perfect bond is also imposed between the stud heads and the
concrete block (condition A, the detailed geometry of the stud heads is not modeled in this
study; the bond is imposed on the face at the end of the cylinder) and between the stud feet
and the steel beam (condition B). Partial bonds at the interface between the concrete block
and the steel beam and between the concrete and the studs are then considered (conditions
Cand D, respectively). They suppose a contact relation that allows for normal separation
and a free slip in the tangential directions. In case of contact, equal displacements are
imposed on both materials. In the tangential direction, no friction is considered as the studs
are oiled before the test.

[ (c) concrete block — steel beam interface H Partial bond

(A) Concrete block — studs’ head interface H Perfect bond

Concrete

(8) - steel beam interface |% Perfect bond

(D) Concrete core — interface H Partial bond

Figure 7. Binding conditions at push-out test interfaces in “classical” modeling.

The simulation is performed using the implicit finite element code Cast3M [45].
The numerical evolution of the load per stud P as a function of the slip ¢ is illustrated
in Figure 8a. A significant difference is noticed in the experimental result. In fact, despite
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180
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a similar initial phase, a significant decrease in the numerical stiffness leads to an under-
estimation of the strength by around 20% compared to the experimental mean strength.
After the peak, a brittle failure of the system is simulated. The damage distribution of the
concrete, illustrated in Figure 8b, shows an important localization of the damage, which
remains concentrated in the concrete elements close to the connectors. In Figure 9, the
distribution of the cumulative plastic strain presents a poor yielding of the steel beam
and the connectors, which is not in agreement with the experimental observations. In the
following sections, improvements are proposed to overcome these two difficulties.

1.0
95
90
85
.80
.75
70
.65
.60
.55
.50
.45
.40
.35
.30
.25
.20
.15
.10
.05
0.0

Experiment 1
- = — Experiment 2
Experiment 3
3D simulation (1)

OO0 O0OO0DO0OODOODOOOOOOOOOO

4 6 8 10

Figure 8. (a) Load reduced to a stud-slip of the steel beam curve of the push-out test. (b) Final
damage distribution in concrete (whole block and cut at the studs) with the “classical” modeling.

5.0x10? 5.0x 102
45x107? 45x10?
4.0x 102 4.0x10?
3.5x 102 3.5x 102
3.0x 107 3.0 x 102
-2
25x10 2.5x10?
2.0x 107
. 2.0 x 102
1.5x 10?2
1.5 x 102
1.0x 10?2
1.0x10?
0.5x 102 2
0.5 x 10
0.
% -~
Y £y X 0.
(a) (b)

Figure 9. Final plastic strain distribution of (a) the steel beam and (b) the steel studs for the push-out
test with the “classical” modeling.

2.2. Improvement through a Regularization Method in Compression

Because of the highly compressed concrete zones around the connectors, the concrete
behavior law needs to be improved. The local description of the mechanical behavior in
compression is insufficient, as the stress—displacement evolutions are influenced by the
element size. It is thus chosen to adapt the tensile regularization method to the compressive
part of the model (D.). This choice is made from the assumption that in compression, the
slenderness of specimens influences the stress—strain curve but not the stress—displacement
response, independently of the height of the specimen [36,37,46,47]. This justifies the
development of a regularization of the concrete compressive behavior, in which the size of
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the finite elements is integrated into the constitutive laws. To do so, from the definition of
D, (Equation (7)), the model parameters A. and B, are calibrated from uniaxial compression
simulations to obtain the same stress—displacement curves independently on the values of
I, (Figure 10). From this calibration, evolution laws are deduced (polynomial interpolation)
for both parameters and applied to the concrete model (Equations (10) and (11)). It is to
be noted that this calibration obviously depends on the material properties (compressive
strength and softening behavior) and should be recalculated when concrete changes.

A. = —111.91 12 +18.864 I, — 0.0017 (10)

Be = —310276 12 + 31842 I, — 2.1143 (11)

uz - uz_peak (mm)

le(mm) | A, (-) | Bc(-)
25 04 600
10 0.18 285
- 5 0.09 150
%— 4 0.072 120
3 0.054 90
2 0.035 60
1 0.0175 30

Figure 10. Stress—displacement curves of concrete cubes in compression of different dimensions with
different values of A. and B..

Applied to the push-out test modeling, the global behavior of the system with this
new concrete model is illustrated in Figure 11a. A clear improvement is obtained for the
load per stud-slip curve. At a slip of § = 3.33 mm, the numerical load is Py, = 163.4 kN
with a difference of 4.7% with the experimental mean force. The observation of the concrete
damage allows for identifying a larger spread (Figure 11b), thus confirming the better
distribution of the stress. In addition, several tests have been carried out in [48] and show
that the global response is practically independent of the mesh size.

200
180
160
140
120

100

P (kN)

80

60

Experiment 1
= = = Experiment 2

40

20 Experiment 3
3D simulation (2)

0 2 4 6 8 10
& (mm)

(a) (b)

Figure 11. (a) Load reduced to a stud-slip of the steel beam curve of the push-out test. (b) Final
damage distribution in concrete (whole block and cut at the studs) with the new numerical modeling.
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For the post-peak behavior, the experimental failure mode is not reproduced nu-
merically, although a shear pattern can be identified in Figure 12. The simulation even
provides forces that exceed the shear strength of the push-out test (167 kN) calculated from
Equation (12) (from [4] without considering the safety factor), underlining difficulties to
reproduce the shear behavior of the steel connectors—steel plates interface.

Prg = min(Py; Pyg) = min(O, 29ocd§\/chc ; 0, SAgfug) (12)

2.3. Joint Elements for the Steel Connector—Steel Plate Interfaces

As mentioned in the previous section, the shear behavior at the steel connector—steel
plate needs to be improved (condition D in Figure 7). In the push-out test, the most
common mode of failure observed experimentally is shearing of the stud near the interface
with the steel beam flange. Although this degradation process could be modeled with
classical finite element methods, the required spatial discretization would be so fine that it
would be inapplicable in terms of numerical cost. For example, an element size of 0.5 mm
would be needed to reproduce the pure shear behavior of a single steel bar welded on a
steel plate (without concrete) tested in [25], leading to a very large number of elements
(Figure 13). With a mesh discretization like the one used in the push-out modeling, an
important overestimation of the system strength is visible.

5.0 x 102
5.0x 102
-2
45x 102 &0
40x 102 4.0 x10?
35x 102 35x10?
3.0x 102 3.0 x 10?2
25x 10? I 25 x 102
2.0x 10? 2.0x10?
1.5x 10?
* 15x 102
1.0x 10?
L 10x 10%
0.5x 102
2 0.5 x 10?2
0.
: I ;
= x, X
(a) (b)

Figure 12. Final plastic strain distribution of (a) the steel beam and (b) the steel studs for the push-out
test with the new numerical modeling.

Experiment from (Foundoukos, 2005)
Mesh 1 (ref)
Mesh 2

Maximum elements sizes (mm) Number
. of nodes
Direction x (1) Plan yz in the
Bar Plate (y2) mesh
Mesh 1 -
25 7.39 4.9 825
Ref)
Mesh 2 0.5 0.49 0.49 408,689

Figure 13. Mesh size influence on the shear force—slip curve of the pure shear test on a steel bar
welded on a steel plate modeling [25].
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To overcome this difficulty, additional junction elements are developed to represent
this shear behavior with an acceptable computational cost. They are zero-dimensional
spring elements, which connect each node of the stud to the associated node of the steel
plate through an orthotropic constitutive law. In the longitudinal direction of the stud
(normal to the cross-section), a linear elastic law is supposed. Its stiffness is chosen high
enough (K, = 10'2 N/m) to reproduce the welding of the stud on the plate. In the
tangential directions (respectively, y and z), an elastoplastic law is imposed. The initial
stiffness is equal to the normal one, while the plastic criterion is classically written as a
function of the force:

F(E,X) = \/<Fy - Xy)z + (F, — X2)% — Pyg (13)

with X the hardening parameters in the directions y and z and P,¢ the shear strength of the
steel stud, calculated from EC4 [4] without the safety factor (Equation (14)).

Pug = 0.8fugAg (14)

where f;¢ is the ultimate tensile strength of a shear stud and Ay is the stud cross-section. For
the hardening parameters, a linear kinematic behavior is supposed through K, variable.
Applied to the push-out test, these junction elements are added at the interface between the
studs and the steel beam (condition B in Figure 14). For the plastic behavior, the yield point
is determined from Equation (14), Py = 167.3 kN, and the plastic slope is K,,;; = 10 N/m
to ensure a quasi-horizontal plateau.

| I (€) Concrete block — steel beam interface H Partial bond

(A) Concrete block = studs” head interface H Perfect bond

Concrete

Distributed non-linear
I junction element

(D) Concrete core — interface }—) Partial bond

~

(8) - steel beam interface

Figure 14. Newinterface binding conditions.

The numerical evolution of the load per stud P as a function of slip ¢ is illustrated
in Figure 15a. Experimental and numerical results agree, and the three major phases of
the mechanical behavior are correctly reproduced. The elastic phase (phase I) and the
degradation phase (phase II) meet the experimental results, and a horizontal plateau at the
shear strength of the stud (P,; = 167.3 kN) is finally observed. It is to be noted that the
softening behavior is not modeled in the constitutive law of the interface elements. That is
why no softening behavior can be numerically obtained. Figure 15b illustrates the damage
evolution.

Significant damage is observed under the studs, which characterizes concrete crushing.
The cumulative plastic strain distributions of the steel beam and of the steel studs (Figure 16)
show shear yielding. Large plastic strains develop at the interface for both elements. These
qualitative observations confirm the capacity of the model to reproduce the shear behavior
through the junction elements, which leads to a shear failure of the studs in agreement with
the experimental observations.

With this refined modeling strategy, several other experimental push-out tests of
the literature (different geometries and material characteristics) have been simulated [48].
Numerical results are in good agreement with experimental ones.
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Experiment 1
= = = Experiment 2
— — — Experiment 3
3D Simulation 2

OC0OO0O0O0OO0O0DO0OO0OO0OO0O0O0O0O0O0O
0
=

Figure 15. (a) Load reduced to a stud-slip of the steel beam curve of the push-out test. (b) Final
damage distribution in concrete (whole block and cut at the studs) with the proposed modeling.

5.0 x 107 5.0 x 10?2
4.5x10? 4.5x10?
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3.5 x 10 3.5x 107
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2.5x 1072
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1.5x 107
1.0 x 10?2 z
1.0 x 10%?
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1 -2
0 S~ 0.5x 10
X X
Y 0.

Figure 16. Final plastic strain distribution of (a) the steel beam and (b) the steel studs for the push-out
test with the proposed modeling.

3. Simplified Modeling and Application to SCS Junctions

The numerical modeling strategy that has been previously developed allows us to
represent finely the behavior of the composite structure in shear. It has been used to qualify
partial or complete composite action in steel-concrete sandwich beams [49]. However, it
is numerically costly, both in terms of implementation (mesh generation) and calculation
time. It may thus be inapplicable for SCS industrial structures with larger dimensions and
complex geometries. A simplified approach is here proposed based on a 1D modeling
of the connectors instead of 3D elements. It is validated on the push-out tests and then
applied to the mechanical behavior of an SCS junction.

3.1. Simplified Modeling

The representation of the connectors by one-dimensional finite elements anchored in
the concrete core aims at easing the mesh discretization, reducing the number of nodes,
and finally simplifying the interfacial conditions. The studs are modeled through 1D beam
elements. To regularize the behavior and avoid any 1D-3D concentration problems [50],
it was decided to locate the 1D elements in the center of the solid concrete elements (3D
elements size equal to 1d,) (Figure 17).
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Figure 17. Mesh of a quarter of the ST25-A push-out test [42] modeled with the 1D simplified
modeling (overall view and cross section at the stud level); concrete in black, steel beam in red, studs
in yellow.

Because of the 1D mesh, no contact can easily be envisaged between the 1D elements
of the rod and the 3D elements of the concrete. That is why a perfect bond is considered
(the same displacements between the 1D connectors and the concrete elements in which
they are embedded). An elastoplastic junction element is still considered to represent the
bond between the studs and the steel beam flange (Figure 18, condition D), using the same
parameters as the reference methodology.

e T (A) Concrete block — steel beam interface }—) Partial bond
!

o
: ° Stud (C) Concrete block —studs’ head interface |ﬁ Perfect bond

o
. € N .
15 Distributed non-linear

z: (D) — steel beam interface }—) . .
junction element
L ——————————— (B) Concrete core — interface H Perfect bond
X

Figure 18. Interface binding conditions of the 1D simplified modeling of the push-out test.

The evolution of the force per stud as a function of the slip of the steel beam is
presented in Figure 19. The simplified modeling leads to a higher initial stiffness compared
to the reference 3D modeling. It was expected since the contact between the steel studs and
concrete had been replaced by a stiffer perfect relation.

200
180
160
140
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z
= 100
o
80
60
40
20 = 3D Simulation
——— 1D Simplified simulation (1)
0
0 2 4 6 8 10

& (mm)

Figure 19. Load reduced to a stud-slip of the steel beam curve of the push-out test.
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It is thus proposed to adapt the constitutive law of the junction elements to implicitly
consider the push-out behavior, using the theoretical law from [51] between the force and
the slip (Equation (15) and Figure 20).

18\ 5
P = Pgry (1 — exp<2545>> (15)

PRd

Transmitted shear force (kN)

Pela

0 2 4 6 8
Differential displacement (mm)

Figure 20. New constitutive law of the shear stud-steel beam junction element system in a tangen-
tial direction.

Prg is the shear strength of the push-out test, defined from the shear failure force of
the stud (P, in Equation (14)) and the failure force of the concrete under the pulling out of
the stud P, [4]:

Prg = min(Pyg; Pyc) = min(O.S fugAg; 0.5A4+/ chc) (16)

For the implementation of this elastoplastic behavior, an elastic limit P, is introduced,
calculated from Equation (15) for a slip § = 0.01 mm, and the strain hardening law follows
Equation (15). An illustration of the obtained force—slip function in one tangential direction
is illustrated in Figure 20.

The results of the push-out simulation using the new constitutive law for the joint
element are shown in Figure 21. The stiffness of the system in the elastic phase is correctly
reproduced, as well as the final strength, which corresponds to a shear failure of the studs in
Equation (16). As for the reference simulation, the concrete damage initiates near the studs
and spreads along the stud shank. However, as expected, due to the 1D simplifications,
the simulation fails to represent very local effects (Figure 21b). A drastic decrease in the
computational time is obtained (Table 4), validating the ability of the methodology to be
applied to industrial applications while remaining representative of the global behavior
and the global failure mode.

Table 4. Number of nodes and calculation times of the numerical modeling (on a computer 1 node
with 64Go of RAM and 2 Intel Xeon E5-2670 v3 (at 2.30 GHz) and 12 cores per processor).

Total Number of Nodes Calculation Times
Refined 3D numerical modeling 7060 8.6h
Simplified 1D numerical modeling 3850 0.56 h

3.2. Application Example: Junction between SCS Walls

To validate the application of the simplified methodology, it is now directly applied to
the study of the mechanical behavior of a steel-concrete—steel junction.
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P (kN)

—3D Simulation

1D Simplified simulation (2)

Figure 21. (a) Load reduced to a stud—slip of the steel beam curve of the push-out test. (b) Final dam-
age distribution in concrete (whole block and cut at the studs) with the new 1D simplified modeling.

3.2.1. Presentation of the Simulation

A wall-to-wall junction experimentally tested as part of the SCIENCE project [52]
is modeled. It is a T-intersection that connects a discontinuous SCS wall (thickness
hiw = 0.4 m) to the center of a continuous SCS wall (thickness hy, = 0.5 m). The in-
tersection of the two walls defines the junction area, which is delimited by steel plates
connected to the concrete core by head shear studs. The junction connection system consists
of headed shear studs and transverse tie rods with a diameter d; = 19 mm. The geometry
of the system is illustrated in Figure 22.
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4800 400
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| 500 100,200,200|200)200, 200,200|200| 200,200
! ] 1
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Steel plates 8Smm
Steel plates 12mm
1000
[~ 7]  Concrete core
Ties rods d, = 19mm
Headed shear studs d, = 19mm; t,,, = 150mm

Headed shear studs d, = 19mm; t,; = 75mm

Figure 22. Geometry of the wall-to-wall junction bending test [52].
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The concrete core and the steel plates are modeled by 3D solid elements, while the
connectors (studs and ties) are modeled by 1D beam elements. Following the simplified
strategy, these 1D elements are located at the center of solid concrete elements whose size
is equal to 1d¢ = 19 mm. Away from the connectors, the mesh size of the concrete and the
steel plates reaches 4d, (Figure 23).

Ties.
Studs S1

Studs S2
[T Steel plates 8mm
HHH  Steel plates 12mm

g
wt
B
.
N
Ny
it
.

A /‘_’!

S

(a) (b)

Figure 23. Mesh of the studied wall-to-wall junction: (a) complete mesh and (b) mesh of the steel
plates and connectors.

Concrete is modeled using the isotropic damage model, which has been previously
discussed, including tensile and compressive regularizations. The parameters are chosen
to represent C30/37 concrete. They are calibrated from the material properties and the
simulation of uniaxial tension and compression tests for the evolution laws. An elastoplastic
model with an isotropic hardening is applied to the steel plates, tie rods and shear studs.
The material properties and numerical parameters are summarized in Tables 5-7.

Table 5. Concrete material characteristics from [52].

Value

Compressive strength f. (MPa) 37.5

Tensile strength f.; (MPa) 2.8

Young modulus E. (GPa) 27.6

Poisson’s ratio v, (—) 0.2

Table 6. Model parameters of the concrete core.
Gr (N.m’l) Ko (-) ﬁ ) A (-) B. (-)
200 fet/Ec 1.06 —104.5 12 +27.701 I, — 0.0113 —221548 12 + 34030 I, — 9.6231

The wall-to-wall junction, loaded in bending, is simply supported at both edges of
the continuous wall and rests on the test support on one side. The boundary conditions
(Figure 24) include blocked displacements in the x direction at the upper and bottom
parts (conditions a and b) and in the z direction at the bottom edge (condition c) of the
continuous wall. A vertical displacement is imposed on the discontinuous wall (condition
d). Condition e reproduces the support of the junction on the test support while ensuring
the stability of the system with the displacements blocked in the y direction.
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Table 7. Steel material characteristics from [52].
Wall Plates Junction Plates Ties Studs S1 Studs S2
Yield limit f, (MPa) 371 408 451 459 499
Young modulus E; (GPa) 210 210 210 210 210
Poisson’s ratio vs (—) 0.3 0.3 0.3 0.3 0.3
Hardening modulus E7 (GPa) 0.61 0.56 0.40 0.23 0.24

/(a) Support : u, < 0 I
///
/ /I (e) Stability support : u,, = 0 |

I(d) Loading :u, imposed I

/

—

S R e a A eaaal

,,\,I(b) Support : 1, > 0 |

Vf/f 7"|(C) Support : u, > 0 |

Figure 24. Boundary conditions of the bend test of the SCS wall-to-wall junction.

The bond conditions are the same as for the simplified simulation of the push-out
test. For the constitutive law of the joint elements, the shear strengths of the connectors are
determined from Equation (16) and summarized in Table 8.

Table 8. Shear strengths of the connectors.

Prg (kN)
Ties 128.4
Studs S1 (hg = 150 mm) 113.4
Studs S2 (hg = 75 mm) 123.2

3.2.2. Analysis of the Flexural Behavior

Figure 25a presents the experimental evolutions of the applied load and of the load
point displacement as a function of time. Figure 25b illustrates the crack patterns and
the failure mode. Several phases can be experimentally identified. First, the opening of a
flexural crack in the concrete core of the discontinuous wall ends the initial elastic phase.
A progressive loss of stiffness is then observed. It corresponds to the degradation phase
with the opening of a diagonal crack in the concrete in the junction and of several cracks in
the concrete cores of the connected walls. At a bending load equal to F = 754 kN, a peak
in the load-time curve characterizes the failure. It is associated with the buckling of the
bottom steel plate of the discontinuous SCS wall closed to the junction. Concrete crushing
and failure of some tie rods and shear studs due to the instability of the plate complement
the failure mode. No additional degradation develops in the junction area, as the design
methodology aims at ensuring a junction strength higher than the strongest connected wall.
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Figure 25. (a) Applied load-time and displacement of the load point-time curves and (b) ruin pattern
of the bending test of the SCS junction [52].

Experimental and numerical results are compared in Figure 26. The direct application
of the numerical modeling strategy allows us to obtain a good estimation of the mechanical
behavior. The different phases are correctly identified (elastic phase until point A and the
degradation phase after), even if differences are visible for the initial stiffness. Additional
calibration of the model parameters could be investigated, as it is to be noted that the only
calibration here is the one from the material properties. Inverse analysis is beyond the
scope of the proposed contribution. Moreover, experimental interpretation could explain
the observed differences and are currently under investigation (correction of the sensors’
values, for example). However, this “blind” application of the simplified methodology is
considered promising for simulating the mechanical behavior of complex SCS junctions.
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Figure 26. Load—displacement curve of the SCS junction test.

Regarding the failure mode, even if the simulation does not allow us to directly capture
the buckling of the compressed plate in the discontinuous wall, it is possible to post-process
the stresses in the steel plate and to compare them to the critical buckling resistance o¢:

2
oo = L _ 2763 MPa (17)
}12

where E; is the Young modulus of the steel plate and y is its slenderness ratio. This param-
eter is defined as y = L, /p with L, the free length of buckling of the plate (L, = 200 mm
equal to the spacing between two rows of studs). p is the radius of gyration, p? = Ig,/ Aplate
with g, the inertia moment and A, the cross-section of the plate. From a vertical dis-
placement of u, = —25.5 mm (point C), the normal stress in the compressed steel plate of
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the discontinuous wall is locally higher than the critical buckling strength of the steel. At
this displacement, the strength of the system is F, = 723.5 kN with a difference of 4% with
the experimental ruin of the system.

Considering the damage distributions (Figure 27), different steps can be identified. The
end of the elastic phase corresponds to the opening of the flexural crack in the concrete core
of the discontinuous wall (point A). Then, a degradation phase appears with an increase
in the concrete damage (flexural crack in the walls) and a decrease in the stiffness of the
system (A to C phase). A diagonal crack is also obtained in the junction area at point B.
Local degradation around the connectors appears in the walls. However, the number of
connectors is sufficient to transfer the stress along the walls. The failure mode of the SCS
discontinuous wall is obtained with an inclined shear crack in the concrete core and its
extension along the tensile plate of the wall. For the continuous wall, concrete damage
develops less and is concentrated around the connectors. In the junction, the damage
initiates through the opening of a compression rod. This diagonal crack illustrates the shear
forces in the concrete inside the joint.

Compression rod in the
junction area

First flexural
crack

Inclined flexural crack

Point A: u, = =3 mm Point B: u, = —15 mm Point C: u, = —25.5 mm

Figure 27. Damage patterns of the concrete of the SCS junction in bending.

Figures 28 and 29 show the equivalent von Mises stresses inside steel components
(connectors and steel plates). Significant stresses are observed in the studs and the ties in
the discontinuous wall close to the welding with the steel plates. The yielding of some
ties crossing a concrete shear crack is also noticed. It confirms the participation of the
connectors. For the steel plates, significant yield stresses developed close to the junction for
both continuous and discontinuous walls. Yielding of the tensile plate of the discontinuous
wall is simulated in agreement with the experimental results.

Finally, even if the experimental ruin of the test is due to the failure of the discontinuous
wall, the observations of the mechanical behaviors of each component also enable us to
identify the critical points of the junction. These areas correspond to the ones that develop
the higher stresses. In our case, the steel plates close to the junction develop significant
stresses, as well as the concrete of the loaded wall. The large number of connectors allows
for distributing the shear stresses, which develop against the slip between the concrete
cores and the steel plates. It thus ensures the full composite action. The most loaded
components of the junction zone are the plates at the corner and the concrete core, which
work according to the compression rod principle. The studs within this zone are impacted
by significant shear and tensile stresses to avoid the separation of the steel plates and the
concrete core. Special care should be paid to these elements for the design and the analysis
of the response of SCS wall-to-wall junctions.
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Figure 28. Equivalent von Mises stresses (in MPa) at loading point C (a) for the connectors and (b) for
8 mm thick steel plates.
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Figure 29. Equivalent von Mises stresses (in MPa) at loading point C for 12 mm thick steel plates.

4. Conclusions

Steel-concrete-steel composite structures are competitive choices in the construction
field. Their high resistance, stiffness, sustainability, and modularity support their use in
new high buildings, blast and impact shield walls, submerged tunnels, or nuclear power
plants. To get a better understanding of their complex composite behaviors, an adapted
modeling strategy is proposed in this contribution.

The local shear behavior of the connection system was first investigated through the
simulation of a push-out test using refined 3D modeling. To reproduce the experimental
behavior, two improvements were proposed compared to classical finite element simula-
tions. First, compressive regularization was introduced in the concrete constitutive law,
with the definition of evolution laws for the model parameters as a function of the element
size. Then, elastoplastic junction elements at the interface between stud and plate were
developed. They both ensured an appropriate simulation of the mechanical response
(global and local behaviors).

However, for simulating the behavior of large structures, the refined strategy would be
too costly in terms of memory and computing time. Based on the refined modeling strategy,
simplifications were proposed, considering studs as 1D beam elements. The constitutive
law of the junction element was modified to account for the consequences of local effects,
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which cannot be reproduced by 1D elements. This simplified strategy was successfully
applied to the push-out test as a validation.

Finally, this simplified modeling strategy was applied to an SCS wall-to-wall junction.
Despite some differences with the experimental results, this simulation was able to repro-
duce the global response of the system. The degradation process was correctly captured,
and critical zones can be identified as the most likely to fail. For the studied wall-to-wall
junction, these points correspond to the areas of the connected wall close to the junction
and, the corner zone of the plate, and the concrete core of the junction.

The compression regularization method presented in this article is somewhat tedious,
as it requires the coefficients of Mazars’ law in compression to be identified for different
element sizes. Developments are underway to propose a modification of the law so that
cracking energy is explicitly included in the equations as for tension. At the structure level,
additional studies could be launched with special care on critical zones to improve the
knowledge and better predict the behavior of structures. A “multilevel strategy” between
refined and simplified methodologies could be an option to reach this goal.

The proposed refined modeling is reliable for understanding local degradation phe-
nomena around studs and for conducting parametric studies and avoiding costly tests,
for example, on the relative size of studs and plates. The proposed simplified strategy,
less demanding in terms of calculation time but relatively reliable, enables parametric
simulations on the scale of structural elements (beams, walls, junctions, etc.) to study, for
example, the influence of the spatial distribution of studs or the presence of defects, which
would be costly if exhaustive experimental tests were carried out.
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