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Introduction

1.1 Background of the research
Composite floor structures are widely used in the industrial or high-rise building
constructions. The reinforced concrete floor deck is casted on trapezoidally corrugated steel
sheeting, which provides formwork for the slab during the construction and bears poured
concrete and construction loads. After the concrete hardens the profile deck and the concrete
bears the loads together and the profile deck represents partial or complete tension
reinforcement.
The interface interlock’s function is to transfer the horizontal shear between the steel and
the concrete surfaces. Three different kinds of interface interlocks are applied: (1)
mechanical interlock of indentations or embossments, (2) frictional interlock for dovetail
ribs (3) end anchorage (e.g. welded studs or deformation of the ribs at the end).
The embossment type mechanical bond has various geometrical shapes like spherical,
rectangular, long-shaped (straight or inclined), V-shaped etc., examples are shown in Figure
1. The diversity of the embossment and profile geometry result large number of possible
combinations and each arrangement produces different effectiveness on the interface.
(a)

(b)

(c)

(d)

(e)

Figure 1: Embossment shapes: (a) circular, (b) long-shaped inclined,
(c) long-shaped 0º, (d) long-shaped 90º, (e) rectangular

Based on full-scale and small-scale tests – whereof the m and k design constants or the τu
shear strength is determined – the horizontal shear resistance can be computed by the m-k
method or the partial shear connection method [3]. Beyond the standards, Crisinel [4]
developed the new simplified method in 2004, which also uses test data of small-scale pullout tests to define a tri-linear moment-curvature relationship for composite floors. Abdullah
and Easterling [5] in 2008 developed a calculation method, which considers the slab
slenderness as the strength parameter. The shear-strength end-slip relationship is derived
from beam bending tests using the force equilibrium method.
Numerical models are also introduced [6]-[8] to follow the behaviour of composite floors.
The main point of the model is always the characterization of the interface interlock. Once
the local behaviour is well captured and implemented, the global model behaves well, too.

1.2 Research program
1.2.1
Aims
In the horizontal shear strength calculation performance tests are necessary since each steel
deck profile has its own unique shear transferring mechanism. The purpose of the tests is to
provide data for the ultimate strength design equations. In particular, a series of tests is
needed in order to provide ultimate experimental shear resistance for linear regression
analysis of the relevant parameters affecting the shear-bond capacity. However, the
laboratory tests are time consuming and expensive to make. Furthermore, small-scale tests
especially need precise manufacturing process and special loading conditions.
The aim of the current research is to determine the horizontal shear resistance at
embossment level, as shown in Figure 3. The goal is to understand the local failure
phenomena of an embossment to create a semi-empirical calculation method for the
resistance calculation.

Composite floor is to design for three typical failure modes (Figure 2): bending, vertical
shear and horizontal shear whereof the last is the most common failure type. In this last case
the horizontal shear resistance of the interface interlock, which is created mainly by the
rolled embossments, defines the resistance of the slab. The embossments increase the
roughness of the surface and ensure the horizontal shear transfer besides friction after the
chemical adhesive bond is lost. The embossments in open profiles work also against vertical
separation of the steel sheeting and concrete slab.

τu,Rd

Vl,Rd

PRd

Figure 3. Derivation of the local test from the recent test specimens

1.2.2

Problems to be solved

The horizontal shear failure phenomenon results in a longitudinal slip between the
concrete and steel and it is a complex combination of the failure of the steel embossments on
the sheeting surface and the concrete indentations around them, which have an influence on
each other all along the loading and failure. The horizontal shear resistance of a composite
slab is determined in a semi-empirical manner whereof the characteristics of the interface
interlock are determined by experiments.
The oldest testing procedure of composite slabs is the full-scale specimen which a
unidirectional bended slab specimen [1]. Full-scale tests are also approved and described in
the standards. The most popular test specimens are the small-scale pull-out/push-out tests [2]
which consist of a concrete encased profile rib subjected to pull or push loading.

Experimental background is needed which analyses one embossment individually
according to the research aims since embossments are investigated in groups so far by full
and small-scale tests.
Since the embossment type mechanical bond produces complicated failure under horizontal
shear, a complex model can follow the phenomenon. The problem is highly nonlinear
because it needs to follow material nonlinearity of the steel and the concrete damage at the
same time. A complex model is needed in order to predict the mode of failure. The basic
idea is to develop a calculation method similarly to other shear fasteners – like shear studs or
bolts – by separating the possible failure modes and calculating the resistance values
according to them. The interaction of the failure modes can be determined on a semiempirical or empirical manner by embedded design constants in the local resistance
calculations. Definition of the interaction is not part of the current research.
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Figure 2: Failure models of composite floors

1.2.3

Research strategy

The first step of the research is to understand the behaviour of the individual embossments
individually. Since a large number of embossment creates the interaction in the structure, the
analysis is to be extended to study the behaviour of an embossment series by the description
of one embossment. The failure of an individual embossment under horizontal shear is a
local phenomenon defined by the failure of the constituents. It is defined by three
components: (i) failure from the crushing of the concrete on the loaded side of the
embossment, (ii) failure of the steel embossment due to yielding and deformation and (iii)
friction after delamination of the interface, as shown in Figure 4. The three components are
considered independent by assuming that the weaker part of the connection fails while the
other remains undamaged. In the calculation of the separated failure modes, no interaction is
considered, but only the dominant failure. The first two failures are linked to the local
behaviour of the embossment and subjected to further analysis.
concrete crushing

steel failure

delamination and friction

Figure 4. Failure modes of embossments
In the research the possible failure modes are analyzed separately. The basic models
consist of one embossment and the surrounding concrete. According to the research idea it is
essential to avoid the failure of one component while the other fails since the dominant
failure mode is to follow and the interaction of the failure modes is neglected.
The main focus of the research work is to establish the background of the steel type
embossment failure by experimental and numerical studies. The simulations need
experimental background of an individual embossment. Spherical embossment shape is
chosen for the research for manufacturing reasons. Thin-walled mild steel plates are used to
make the embossed plates in the specimens. The concrete part of the specimens is chosen to
be relatively stronger in the connection. The concrete type behaviour is analyzed by
numerical investigations, experimental analyses have not been made.
The research steps are as follows:
- an experimental background is assembled to analyse the behaviour of embossments
emphasizing one of the separated failure modes: the steel type failure is supported by own
experiments and the concrete type failure is supported by experiments found in the
literature;
- the steel type failure is analyzed on an individual enlarged embossment with spherical
shape subjected to pull-out test, and followed by numerical model;
- the test procedure and the developed model is applied to analyze a series of real size
embossments to link the local behaviour of one embossment and the global behaviour of
the interface made by numerous embossments;
- the concrete type failure is followed by a numerical model for which a concrete material
model is adjusted on global beam models and local embossment models;
- a calculation method is developed to determine the horizontal shear resistance for steel
type and concrete type embossment failure.
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Experimental studies

The aim of the research is to analyse the local behaviour of embossments under shear
action. The tests are designed to be able to analyse the embossments as individual fasteners.
Special pull-out tests are carried out to follow the behaviour of the rolled embossments apart
from the structure. In the pull-out specimens the steel part is weaker than the concrete which
ensures that the ultimate behaviour of the specimens is governed by the failure of the steel
embossment and the concrete damage is negligible. An individual and enlarged embossment
is first investigated and followed by detailed measurement; including the analysis of the
manufacturing process of the embossment. Then the investigation is applied to analyse a
series of real size embossments under the same conditions as the enlarged embossment to
determine the relationship between the two configurations.

2.1 Pull-out test of a concrete encased enlarged individual embossment
The composite action of rolled embossments is followed by a new composite specimen.
The test specimens are designed on the basis of traditional pull-out tests, with the difference
that the steel plate is not a half wave of an open through profile, but a steel strip which has
one enlarged embossment on it as shown in Figure 5. The shape of the embossment is
chosen to be spherical which is the simplest existing. The scope of the enlargement of the
embossment is to be able to create the specimen and to follow the failure phenomenon by
strain gauge measurement. The extruding of the spherical embossment was executed as cold
forming on the thin plate with a bearing ball of d = 45 mm diameter. About four times bigger
connection is formed than a real one [9]. The cold forming procedure is followed by
additonal experiment. In order to keep the quasi-original geometric ratio of the embossment,
the steel plate thickness is chosen to be thicker than the plate thickness in a regular
composite floor; 1.5 and 2 mm.
embossment
deformation

Load [kN]

Failure of individual connectors is defined by two possible modes: shear and bearing.
Accordingly, design resistance of the fastener is defined by the relevant failure mode, the
minimum of the shear and bearing resistances (Pv,Rd and Pb,Rd). An analogous calculation
method is to develop in the followings for embossments.

40
35
30
25
20
15
10
5
0

2 mm plate
1.5 mm plate
0

20

40

60

Displacement [mm]

Figure 5. Pull-out specimens

Figure 6. Test results

Two embossed plates are placed back-to-back in the middle of a concrete cube. A 6 mm
thick spacer plate is installed between the embossed plates. An 80 mm diameter hole is cut
on the spacer plate around the embossment, which leaves the area of the connection without
restraint inside and ensures the free deformation of the embossment. The thin plates and the
spacer plate are connected along their edges with spot welding, and finally the edges of the
plate pile are covered with waterproof adhesive tape. In the design of the specimen it was

5

The pull-out test of the real size embossment series (later referred to small pull-out test) is
designed based on the pull-out test of the individual enlarged embossment (later called as
enlarged pull-out test), with the difference that the embossment pattern is made from real
size embossment series (Figure 7). The height of the spherical embossment is 3.35 mm and
the base diameter is 12 mm. Three plate thicknesses are chosen from the currently used
composite profile deck thicknesses: t = 0.7, 1.0 and 1.2 mm. The steel part (290x40xt mm)
of the specimen is composed of a three layer plate pile of two thin plates, separated with a
spacer plate. The embossment pattern is cold-extruded in the thin plates. The size of the
concrete part of the specimen is 72x72x144 mm. The global failure of the concrete is
avoided by removable external fixing (Figure 9). Three embossment patterns are analyzed
according to Figure 8. The maximum number of the embossments is four, the minimum is
two. The basic pattern includes four embossments located 23 mm from each other (the
distance of the middles is 35 mm). The two patterns including two embossments are formed
by (i) keeping the two middle embossments and (ii) keeping only the second and the fourth
embossment. The surface of the steel plates is kept “as rolled” (neither cleaned nor oiled).
F
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2.2 Pull-out test of real size embossment series

Twenty-five tests are completed. The behaviour and failure agrees well with the
expectations based on the enlarged pull-out test: the ultimate behaviour is governed by the
failure of the embossments on the steel surface. During the loading a vertical crack becomes
first visible which starts from the supported side of the concrete along the steel plate. The
crack propagates to the top and meanwhile the plate pile starts to slip out of the concrete
block.
Compared to the deformation of the enlarged individual embossment the real size
embossment does not collapse completely it rather keeps a shape that is deformed at the
loaded side and the back part of the embossment remains spherical (Figure 12). This shape
of deformation is valid on the enlarged embossments until the ultimate load then the back
part crushes as well.
The effect of transversal compression is analysed on the test series. It is seen on the test
results of the transversally compressed specimens that the character of load-displacement
curves becomes different, although they have a visibly matching failure mode with the non
pre-loaded specimens. The initial phase of the curves ends in a peak and higher ultimate load
and then the load gradually decreases.

Load [kN]

important to avoid the global failure of the concrete block splitting, hence frequently
distributed stirrups (by 30 mm) are applied in the concrete block along the plate.
As the load is introduced, the first mark of failure appeared on the concrete block. The first
crack is appeared in line with the steel plate at the exterior surface of the concrete block. The
first crack is shown at the side, where the steel plate is closer to. The crack propagated all
over the height of the cube and the steel plate slipped out from the concrete block. It is found
that the ultimate behaviour is conducted by steel embossment failure due to local bending
which results in yielding extension and the appearance of the plastic failure. It is found that
the connection is ductile, the failure occurs after large plastic deformation of the
embossment. Since the concrete cover is destroyed when removed, the inner concrete failure
around the embossment cannot be followed, but the outer crack propagation is well captured
on the specimen. The change of plate thickness has direct effect on the initial stiffness and
the load carrying capacity, but it does not affect the global behaviour (Figure 6). Behaviour
of the embossment is followed with strain gauge measurement which is used in further
model verification.

15
10
5

35
30
25
20
15
10
5
0
4 ty pe

0
0

5

10

15

20

25

30

2s ty pe

2k ty pe

Embossment pattern

Displacement [mm]

t=1.2 mm

Figure 10. Effect of transversal compression
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Figure 11. Results by specimen types
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Figure 12. Ultimate deformation of the embossments
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Figure 7. Pull-out specimens

Figure 8. Embossment patterns
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Figure 9. Fixing

To evaluate the tests, the load displacement results are compared by specimen types. The
evaluation is made by the test results which are independent of the transversal pre-loading.
The evaluation of the results is shown in Figure 11. According to the a-priori expectations
the 4-embossment specimens show higher load-bearing capacity than the 2-embossment
ones. The 4-embossment specimens do not bear twice as much than the 2-embossment
specimens, but note that the first embossment in the ‘4’ type specimens is less effective than
the other three due to concrete damage at the support. Note that inactive embossments are
assumed to be in the real structure, as well at the edge of the slab, but their importance in the
load bearing is less important than in the specimen. The ‘2s’ type specimens show slightly
higher load-bearing capacity than the ‘2k’ type ones. The reason of it is identified by the fact
that the embossments in the ‘2s’ type specimens deform more individually than the
embossments in the ‘2k’ type specimens. It is also observed that the load-bearing capacity
decreases by thinner plate thicknesses reduction.

7

Numerical studies

According to the research strategy the numerical analysis of the rolled embossment splits
into two parts: (1) simulation of the concrete damage around the embossment and (2)
simulation of the plastic failure of the steel embossment.
In the concrete damage analysis the concrete is characterised by a homogeneous isotropic
linear elastic material associated with the Willam-Warnke failure criterion while the steel
sheeting is considered linear elastic, non damageable part of the models. Models are built in
two levels: (i) global and (ii) local. The aim of the global models is to calibrate the concrete
material model which is used in further investigations. The aim of the local models is to
investigate the concrete failure around the embossment.
In the steel failure analysis the sheeting is characterized by linear elastic – hardening
plastic material model. The concrete in this case remains non damageable part of the models.
A three-step-model is developed according to the pull-out test of individual enlarged
embossment which includes the manufacturing and the loading of the embossment. The
model is applied to simulate the pull-out test of real size embossment series. Detailed
parametric study is executed by the model of the enlarged embossment to determine the
effect of the different geometrical and physical parameters on the behaviour.
The numerical models are developed using ANSYS finite element software [10]. The
Newton-Raphson approach is used in the nonlinear analysis. The convergence of the solution
is checked on the basis of the Euclidean norm of unbalanced force vector by applying a
tolerance factor of 0.1%. In the geometric nonlinear analysis large displacements and strains
are considered. Automatic time stepping is used which cut a time step size in half whenever
equilibrium iterations fail to converge and automatically restart from the last converged sub
step. If the halved time step again fails to converge, bisection will again cut the time step
size and restart, continuing the process until convergence is achieved or until the minimum
time step size is reached.

composites. To assign the concrete material properties the uniaxial tensile (ft) and
compressive strength (fc), and additionally the shear transfer coefficients for open and closed
cracks are the required input data. The material is initially considered isotropic. The cracking
is modelled as a smeared band and it brings a modification in the stress-strain relationship by
introducing a plane of weakness in a direction normal to the crack face [10]. Typical shear
transfer coefficients range from 0 to 1, with 0 representing a smooth crack (complete loss of
shear transfer) and 1 representing a rough crack (no loss of shear transfer). The failure
surface for concrete is identified by the Willam-Warnke criterion. The mathematical model
of this failure surface is smooth and convex; it gives close fit of experimental data in the
operation range and it is defined by a small number of parameters which are determined
from standard test data [12]. When applying concrete material properties, a total of five input
strength parameters (ft, fc, fcb, f1 and f2 whereof the first two parameters are detailed above
and the last three parameters are the biaxial compressive strength, the compressive strength
for a state of biaxial and triaxial compression superimposed on hydrostatic stress state,
respectively) are needed to define a 3D failure surface. Minimum of two constants – ft and fc
– are required input parameters, the program calculates the others on the basis of the uniaxial
compressive strength. The reinforcement can be discrete or smeared. In the first case, it is
defined apart, as 3D tension/compression spar element. In the second case, the reinforcement
is defined as modified material property. Different models are worked out for testing the
change of those parameters of the concrete material model

3.1.2

3.1.1

Concrete model details

Force [kN]

3.1 Simulation of the concrete type behaviour
Since the concrete damage plays a role not only in the local failure of embossment but also
in the global failure of the floor structure it is essential to be able to simulate its adequate
behaviour. Concrete is a non homogenous building material that mainly consists of
aggregates embedded in a mortar matrix. The nonlinear behaviour of concrete is related to
the initiation and propagation of micro and macro cracking/crushing in the structure. The
concrete material can be modelled at different levels (macro-, meso-, multi-scale) in the
numerical simulations. Most commonly the macro-scale is used where the concrete is treated
as homogeneous continuum. This approximation is correct since the size of the engineering
structures is much larger than the representative volume element (RVE1) of the material. The
chosen finite element program offers a homogeneous continuum approach for concrete
modelling which is applied on the analyzed models.

Reinforced concrete beams: model calibration

Taking advantage of the symmetry the quarter of the single span beams is modelled. The
load, according to the experimental data is applied in a four-point-bending arrangement by a
displacement control. The LINK8 spar element is chosen to model the reinforcement with an
elastic-plastic material model. Small loadsteps are applied during the nonlinear solution to
make sure that the crack propagations velocity stays low to insure numerically stable
analysis. The results of the analyses are shown in Figure 13 and Figure 14.
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RVE is the smallest volume possible whereof the physical state (stress, strain) is yet representative to
the material.
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Figure 13. RC beam #1 [11]

The material model is calibrated based on two experimental investigations of reinforced
concrete beams: (i) one which is found in the literature [11] and (ii) a self made reinforced
short-beam. The SOLID65 element is chosen to model the beams. The element is defined by
eight nodes and isotropic material properties and it is usually applied in three dimensional
modelling of brittle solids, especially in concrete application and modelling of reinforced
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Figure 14. RC beam #2

By the numerical analyses it is found that the type of reinforcement (discrete or smeared)
has no effect on the ultimate load or on the behaviour of the models. The small loadsteps in
every case insure numerically stable analysis. In the current research the applied minimum
loadstep size is emax/10 000 (e is the maximum deflection value of the experiment [11]). The
loadstep size, however, can be increased. Using larger loadstep values result smoother loaddisplacement curve and shorter runtime than in case of small loadsteps. The shear transfer
coefficients of the concrete material model have a slight effect on the concrete behaviour: the
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coefficients are to be used for detailed model calibration; their magnitude can be adjusted to
experimental results. The FE model of the short beam is mesh sensitive, the mesh size
influences the behaviour of the model. When the shear becomes governing in the behaviour
a denser mesh leads to spurious stiffness increment. In general a coarse FE mesh (in the
current research means one volume is meshed by one element) gives good results and
produces time efficient analysis.

3.1.3

Concrete type embossment failure

The local model of rolled embossment consists of one embossment, the underlying steel
sheeting and the surrounding concrete. The load is applied as uniformly distributed surface
load on the back face of the concrete block (Figure 15). The purpose of the analysis is to
push off the concrete block from the steel sheeting and observe the ultimate behaviour and
failure.
Numerical local models are worked out with different shapes of embossment. Parametric
study is accomplished as well, according to published experiments [13], [9] and the
tendencies are well shown by the local models. The effect of the round or sharp edge on the
embossment behaviour is determined. Having the observations on the models the following
conclusions are derived:
Local models – general:
- the failure mode of the local models was primary conducted by concrete failure and the
effect of steel yielding was negligible;
- the failure mode can be justified by experiments of pull-out test results [14];
- the local models are found mesh sensitive, the mesh size influences the load carrying
capacity;
- with the denser mesh the ultimate load decreases (note, that the tendency is not strict);
- the geometrical shape of the mesh influences the direction of the crack propagation;
- the tendencies from changing physical and geometrical parameters on the model show
good agreement with experimental results of pull-out tests.
loading

3.2 Simulation of the steel type behaviour: three step-model
3.2.1

Principles

The aim of the model is to analyze the different phases of manufacturing and loading of
the steel embossment. Two experiments are embedded in one model: (i) the extruding and
(ii) the pull-out test of the enlarged embossment. In the pull-out experiments the steel plate
was relatively weaker comparing to the concrete which means that the steel behaviour
dominates in the global failure. Previously the local model consists of steel sheeting with one
embossment on its surface, and the surrounding concrete block. The same idea is adapted to
the three-step-model with the following characteristics:
- the base of the model is a flat steel sheet and the concrete block with the indentation of
the embossment,
- the concrete block is assumed to be linear elastic and non-damageable part of the model,
- the model includes the extruding related model parts: the bearing ball and a section of
the the bottom forming plate,
- the manufacturing process of the embossment is made under two loadsteps: extruding of
the embossment (1st step) and removing the extruding related model parts (2nd step),
- the model includes a pull-out test related part: the spacer plate which insures support and
symmetry condition for the embossment for the loading procedure,
- the pull-out test is performed in the 3rd step.
The concept of the model and the loadsteps details are shown in Figure 17 and Figure 18,
respectively. In the simulation certain model parts are multi-functional: the spacer plate and
the section of the forming plate together model the bottom forming plate, the concrete part
models the upper forming plate of the extruding experiment in the first two loadsteps. In the
third loadstep the concrete part and the spacer plate act according to their role in the pull-out
test.
concrete block

1,2

thin plate

e3

Force [kN]

1
0,8
0,6

forming plate

0,4
0,2
0

Figure 15. Local model

spacer plate

e2

0,005 0,01 0,015 0,02
Displacement [mm]

Figure 16. Behaviour and failure of the local model

Local models – effect of round and sharp edge:
- a simplified (sharp edge) local model with similar mesh density shows the same failure
mode, ultimate load and crack pattern than the refined (round edge) model;
- the simplified model shows higher stiffness, lower ductility and lower stresses in the
steel sheeting;
- the simplified model is accurate enough if the target of the calculation is the ultimate
load, and if the concrete behaviour governs the failure.
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e1
e2

Figure 17. Details of the model

0

support

bearing ball

e1= 10 mm
e2= -10 mm
e3= 20 mm
e =10 mm

Figure 18. Details of the loadsteps

The boundary conditions of the cold-forming and the afterwards performed pull-out test,
however, are basically different. In the extruding process the steel sheet is free to move
between the forming plates. In the pull-out test the spacer plate and the embossed plate are
connected and move together. Those conditions have to be handled in one model in such a
way that the restrictions of one loadstep do not bother the successful execution of another
step. Some of these boundary conditions are defined by contact surfaces in the model, so the
definition of their type is found essential (whether the contact pairs behaviour is frictional,
bonded or frictionless). Since the element properties are not changeable during the solution
of the model between the loadsteps, they need to be defined at the beginning of the
simulation process to be appropriate for all the loadsteps.
The simulation of the extruding process is verified first by experimental results. After the
model characteristics (support conditions, contact features) of the manufacturing are
determined the complex three-step-model is developed.
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Simulation of the manufacturing process

3.2.4

Numerical model is worked out to follow the load-displacement relationship as well as the
strains of the manufacturing process. The numerical model is developed in ANSYS finite
element program under the Workbench platform. The model is built up from higher ordered
solid elements with experimentally adjusted material models (Figure 19). The analysis is
completed in two steps: the embossment is extruded first under displacement control until
the height of 10 mm is reached. The unloading of the embossed plate is performed
afterwards. Figure 20 shows the load-displacement curves from the experiment and the
simulation. Both curves show the extruding and the unloading of the plate. The results of the
model show good agreement with the experimental curve. The ultimate displacement and
load by the model is 10.2 mm and 31.91 kN, respectively. The model is found to be
appropriate to study the 3D cold-forming processes. The connections and support conditions
of the model is analyzed and further applied in the three-step-model.

symmetry plane

Load [kN]

25
20
15
10

experiment
model

5
0

bearing ball

0 1 2 3 4 5 6 7 8 9 10 11
Vertical displacement [mm]

forming plate 2

Figure 19. Model of extruding

Figure 20. Load-displacement results

Simulation of the pull-out test: enlarged embossment

FE model is built for the analysis of the pull-out test without the manufacturing process of
the embossment for comparison. By the three-step-model it is found that the initial stiffness
of the model (S2) decreases comparing to the one-step pull-out model (S1) and in the same
time the same load carrying capacity is reached by both models. The initial stiffness gives
good accordance with the experimental results (Sexp) until the first yielding in the thin plate.
The difference between the experimental and numerical load-displacement curves after
yielding can be explained by the local concrete damage, which occurred during the
experiment.
S1 S2
Sexp

30

bearing ball
thin plate + spacer plate

Figure 23. Solid and shell numerical models (‘2s’ type)
The quality of the models is evaluated by the results of two specimen types 10.4 and 10.2s
(1.0 mm plate thickness, 4 and 2 embossments). The solid models were found more
appropriate then the shell models to follow the experimental behaviour and ultimate load
(Figure 24) so the solid model is used further. The test specimen 2.10.2s (1.0 mm plate
thickness, 2 embossments) is chosen for the model calibration. Since the cyclic loading is
not performed on the model its results are compared with the experimental curve part which
belongs to the pull-out test after the last unloading (Figure 25).
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3.2.3

Simulation of the pull-out test: real size embossment series

The numerical analysis of the small pull-out test splits in two directions: (i) analysis on the
quality of the potential models, and (ii) the simulation of the small pull-out test by the
selected model. Numerical models are worked out for the simulation from 8-node-solid
(three-step-model) and 4-node-shell (only pull-out test) elements (Figure 23).
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Figure 24. Shell vs. solid model

Figure 25. Model vs. experiment

The tendencies of changing the plate thickness, the number of embossments and the
embossment pattern is well shown by the model (Figure 26). The small pull-out test is
proved to be sensitive of transversal compression by the three-step-model. The same
behaviour is observed by the model and the experiment: the transversal load increases the
ultimate load and influences the behaviour (Figure 27).
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Figure 21. Load-displacement relationship
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Figure 22. Deformations after the test

25
15
5
-5

transversal
compression
increases

Deformation of the embossment at the
maximum load in the experiment

15

160

35

Load

20

Ultimate load [kN].

Load [kN]

25

t=1.2 mm

t=1.0 mm

t=0.7 mm

0

Plate thickness [mm]
4* model 2.s model 2.k model

Figure 26. Results by specimen types
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Figure 27. Effect of transversal compression
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3.3 Simulation of the steel type behaviour: parametric study

4

3.3.1

The aim of the current research is to calculate the resistance of the embossment based on
the method which is used for the shear fasteners, e.g. in [3] and [15]. The embossments are
considered as individual shear connectors whereof the possible failure modes are determined
as: (i) bearing resistance of concrete and (ii) yielding mechanism of steel. The bearing
resistance represents the failure of the indentation on the loaded side of the embossment and
the yielding mechanism represents the plastic failure of the steel embossment on the
sheeting. The concrete type failure (Pb,e) is analogous with the bearing resistance and it
emerges by concrete crushing on the loaded side of the embossment. The steel type
embossment failure is local bending on the embossments surface with the appearance of
yielding mechanism (P y,e).

The parametric study aims to analyse wide range of geometrical and physical embossment
parameters. The study results in a large number of simulations whereof the time efficiency of
the applied model is essential. Simplification of the model can be made comparing to the
solid models by replacing the concrete solid elements with a rigid shell surface in the finite
element model: the steel part is modelled with shell elements, and the solid part is ignored,
and a rigid shell surface with identical geometry as the embossment is considered instead.
The manufacturing process of the embossment is not considered.
Good agreement is found between the experimental and the numerical curves in the range
of ultimate behaviour. In this phase the source of the nonlinearity is the steel yielding of the
embossment whereof the applied model gives correct prediction.

3.3.2

Results of the simulation

The parametric study aims to determine the behaviour by different embossment
parameters: the sheeting thickness, the coefficient of friction, the height and the size (Figure
28) of the embossment. The size effect analysis is important since the experiment is executed
on an enlarged embossment; hence a size effect analysis needed to determine the relationship
between the experimental embossment size and the real size of a same shape. From the
results the following achievements can be written:
the load carrying capacity is influenced linearly by the change of the coefficient of
friction and the height of the embossment,
in the height analysis the different ultimate behaviour occur by decreasing the height of
the embossment,
also, the load carrying capacity depends linearly on the embossment size and a same
type of difference in the behaviour is found like in the case of the height analysis.
the dependency on the plate thickness is second order type,
After the height and size effect analysis it can be concluded, that scaling up the problem
influences the behaviour and the failure type of the connection. The deformation capacity is
larger with the bigger embossment sizes. By the evaluation of the models the real size
embossment has no relevant ductility. However, the load carrying capacity can be scaled
back from the enlarged connection (Figure 28) to the real size connection; the difference in
the behaviours must be clarified by further investigation.

4.1 Horizontal shear resistance of embossment: concrete failure
The bearing resistance of the embossment is computed analogously with the bearing
resistance of bolts under shear. The cross section in compression is considered to be equal
with the middle cross section of the embossment. The calculation is verified by the results of
the refined local model whereof the failure is governed by the initiation and propagation of
concrete damage. The calculation remains on the safe side.
The calculation is to compare with results of a pull-out test whereon the source of the failure
is concrete damage [14]. The details of the experiment and the geometry of the embossment
are shown in Figure 29. The contribution of the embossments in the specimen is considered
equal, so the bearing resistance is computed as:
Pb ,e,sum = n ⋅ Pb ,e
(1)
where,
n
the number of the concrete encased embossments,
Pb ,e = A k − k ⋅ f c the bearing resistance of one embossment.
k

Ak-k~41.5 mm2

section k-k
4 mm

Finite element model

Horizontal shear resistance calculation

k
28 mm

15 mm

Figure 29. Pull-out test and embossment details
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It is found that the bearing resistance of the embossment cannot be directly applied to
determine the horizontal shear resistance although the failure mode shows agreement. An
empirical reduction factor is suggested to apply on the calculation which defines the portion
of the resistance which is taken into account as:
Pb ,e = β ⋅ A k − k ⋅ f c , where β < 1.0

(2)
It is assumed that the value β depends on the material properties of the components of the
connection. By the current test results β ~ 0.40 is expected, but the exact definition of the
reduction factor needs further investigation.

Figure 28. Height and size effect analysis

14

15

4.2 Horizontal shear resistance of embossment: steel failure
The yielding resistance of the embossment is calculated using the theory of yield lines [16]
based on the shape of the ultimate deformation of the embossment verified by test and model
results (Figure 30). The yielding mechanism is identified by the yielding pattern on the
ultimate deformation.
The yield-line pattern is determined semi-empirically: the boundary is defined by a circle
and the inner yield lines form envelope shape. The load is introduced on the embossment by
the edge of the concrete indentation in front of the embossment. The imprint of this edge is
recognized at the upper part of the yield line pattern as it is shown in Figure 30 (marked by
dot line on the experimental deformation). The inner yield lines are determined by the
followings: (i) the base circle of the embossment is offset to the center of the substituent
plate, (ii) based on the measurement of the experimental yield lines, the arc section of the
two circles is replaced by a tri-linear curve, (iii) the inclined cord is rotated by 90° to get the
last two inner yield lines (Figure 30).
A substituent plate is defined for the calculation to replace the spherical failure surface of
the embossment. The yield lines are defined on the substituent plate which connects the top
and the bottom of the loaded side of the embossment. The area of the substituent plate is
equal to the failed spherical shape on the embossment (Figure 31).
Experiment

Deformation of the model

Yield lines
base circle of the
embossment

The external work of the forces on the displacements is written by Eq. (4) assuming that the
load is introduced by the edge of the concrete indentation in front of the embossment which
is replaced by a tri-linear curve in the calculation.
l ⋅ 1 [m]
(4)
Πe = 2 ⋅ pm ⋅ α
+ p m ⋅ l m ⋅ 1 [m]
2
where,
pm
the load (perpendicular to the substituent plate) along the loading line,
the angular section of the loading line and
lα
lm
the middle straight part of the loading line.
The reaction force which is to be compared to the experimental results is calculated by
pm
µ ⋅ pm
Py =
⋅ (2 ⋅ l α + l m ) +
sin(α)
cos(α)
(5)
where,
α
definition is shown in Figure 31,
µ
the value of the coefficient of friction (µ = 0.2 is considered in the calculation).
The calculation shows good agreement with the test and model results of the individual
enlarged embossment and valid for the real size embossments, as well.
A series of embossment can develop individual and grouped failure depending on the
spacing of the embossments. During grouped failure the deformations of the embossments
interact and a delamination emerges between the concrete and the steel surface (Figure 32).

40%
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20% 90º
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Individual deformation
middle of the edge circle

gap

Figure 30. Definition of the yield line pattern
1.0 m
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Figure 32. Individual and grouped embossment deformation
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Figure 31. Definition of the substituent plate and yield lines on it
The internal virtual work of the yield lines on the rotations is explained in Figure 31 and Eq.
(3):
Π b = M pl ∑ l i ⋅ Θ i
i
(3)
where,
Mpl
the plastic moment of the plate,
l
the length of the yield line section, and
θ
the angle of rotation under the yield line.
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Due to the delamination the embossments leave their indentation so the surface of the load
transfer decreases, as shown in Figure 33. In case of individual failure of multiple
embossments the total resistance is calculated as a sum of the embossment resistances by
Eq. (6). In case of grouped failure a reduction factor is proposed to calculate the resistance of
an embossment in a group from the individual resistance by Eq. (7). The relationship of
reduction factor is derived from the stiffness of the steel plate as shown in Figure 34.
Py. mod, g = n ⋅ Py ,i

Py. mod, i = n ⋅ Py,g

(6)


t3 
= n ⋅ 1 − Py,i
 12 

(7)

where,
t
plate thickness in [mm],
Py,g
the ultimate load of one embossment in the group, and
Py,i=P y the ultimate load on the individual embossment failure.
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Figure 34. Relationship for the ultimate load ratio
of individual and grouped failure

The relationship gives a maximum plate thickness as a limit for the application. Using
thicker plate result in a different failure mode such as: (i) concrete failure or (ii) the
delamination of the interface.
However the horizontal shear resistance from local failure cannot be applied directly to
determine the equivalent horizontal shear resistance of a pull-out test. The relationship is to
be determined by further investigation.

4.3
4.3.1

Proposal for further research
Experimental investigation and numerical studies

The current research has limited validity regarding the shape and the spacing of the
embossments. The experimental procedure is proved to be appropriate to analyse one
specific embossment shape. Furthermore the calculation is worked out for the circular
embossment shape and for two specific distances where the embossment show individual or
grouped failure. It is known that the shape and spacing of the embossments has large
diversity. The experiment is to be verified for other embossment geometries. Parametric
study is needed furthermore to investigate the effect of spacing of the embossments on the
load carrying capacity to determine the relationship for other (closer/farther) spacing
conditions then the analysed distances.
The experimental investigation and the numerical study of the current research based on a
novel composite specimen. Difficulties arose during the preparation of the specimen as
casting the concrete and keep the steel strips in position, avoid the global concrete failure
and control the transversal compression, etc. Specification is needed about the preparation of
the specimens and look for other options to make the specimens better. Further specification
is needed also on the details of the numerical model, as well. The model is now appropriate
to follow the actual experiments and the goal is to define the general guidelines to make it
available for further analysis.

4.3.2

Semi-empirical partial shear connection method

A calculation is proposed for two local failure components: concrete type and steel type
embossment failure (Pb,e, Py,e). The next step of the research is to establish the relationship
between the local failure and pull-out test results which makes the calculation adoptable for
the partial shear connection method. In the thesis a proposal is made by defining a reduction
factor β to get the description of the global behaviour (τu) from the local failure. Parallel
experimental and numerical studies are needed to determine the parameters (physical,
material etc.) that affect the relationship and also the properties of the effects.
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New scientific results

I developed a novel experimental procedure and designed a new composite specimen to
study the behaviour of concrete encased embossment of steel strips under shear action for
composite slabs with profiled steel decking.
1(a) I executed an experimental program on individual enlarged spherical embossments
by the developed procedure; on the basis of the test results the followings can be
stated:
The method and the specimen are appropriate to study the local behaviour of the
embossments.
By the applied parameter range the observed failure mode is governed by the steel
behaviour, the effect of concrete damage is negligible.
The steel type of failure is characterized is characterized by the extension of yielding
zones due to local bending and followed by large deformations (ductile behaviour).
1(b) I executed an experimental program on real size spherical embossments by the
developed procedure; on the basis of the test results the followings can be stated:
The significant effect of the transversal compression force on the behaviour is showed.
The same steel type of failure mode in each embossment of the series in the specimen
is observed as in the case of individual embossments.
The effect of the spacing of the embossments on the ultimate behaviour is showed and
explained.
Publications linked to the thesis: 1, 2, 4, 9, 10.
2. Thesis
I developed numerical model for the simulation of the concrete type embossment behaviour.
The failure is governed by the concrete damage; the effect of steel failure is ignored.
I completed push-out test simulations on two different shapes of individual embossments.
On the basis of the results the followings can be stated:
The adopted concrete material model is calibrated with two experimental
investigations whereof the mesh sensitivity and the load-increment dependency of the
results is determined.
The ultimate behaviour is rigid, crack initiation and propagation on the loaded face of
the embossment leads to the final failure.
It is proved that simplification of the rounded edge to sharp edge of spherical
embossment in the model does not influence the ultimate behaviour but it increases the
stiffness.
The tendencies of changing geometrical and physical parameters are determined; the
observations are verified by published experimental results.
Publications linked to the thesis: 3, 6, 7, 8.
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3. Thesis

6

I developed a three-step numerical model for the analysis of the different phases of the
manufacturing and loading of steel spherical embossment’s behaviour, as follows: (1)
extruding of the embossment on the steel strip by spherical tool, (2) separation of the
extruding tool from the sheet, and (3) completing the pull-out test. In phase (3) only the
failure of the steel is considered; the effect of concrete damage is ignored.
The developed model is proved to have appropriate accuracy and efficiency for the
simulation of the behaviour and ultimate load of one enlarged and the real size embossment
series.
Publications linked to the thesis: 11, 12.

International journal papers

4. Thesis
I applied the developed numerical models for parametric studies on the simulation of the
manufacturing process, testing procedure and embossments’ behaviour.
By the simulation of the manufacturing process it is proved that it has significant effect
on the stiffness but does not influence the resistance of the embossment.
By the simulation of the pull-out test procedure the sensitivity of the behaviour and
ultimate load on the applied transversal compression force is proved. This finding can
be used in the design of small-size pull-out testing method.
By the simulation of the behaviour of the embossments the tendencies of the (i)
geometrical parameters (height, plate thickness, number and arrangement of
embossments), the (ii) friction coefficient, and the (iii) size effect are determined.
Publications linked to the thesis: 1, 12.

1.

N. Seres, L. Dunai: Experimental and numerical studies on concrete encased
embossments of steel strips under shear action for composite slabs with profiled steel
decking, Steel and Composite Structures (impact factor: 0.532), vol. 11, no. 1, pp.
39-58, 2011.

2.

N. Seres, L. Dunai: Experimental investigation of an individual embossment for
composite floor design, Concrete Structures, vol. 12, pp. 78-84, 2011.

3.

N. Seres, L. Dunai: Modelling aspects of interface interlock in composite floors,
Periodica Polytechnica Civil Engineering (impact factor: 0.077), vol. 55, no. 2, pp.
147-160, 2011.

Hungarian journal papers
4.

N. Seres, L. Dunai: Experiment versus modelling. Analysis of a shear connection
extruded in steel plate (in Hungarian), MCAD, vol. 2, pp. 41-43, 2010.

5.

N. Seres, L. Dunai: Design of composite slabs with profiled steel decking: Local
resistance of the interface interlock of embossments (in Hungarian), Magyar
Építıipar, (accepted for publication) 2012.

6.

N. Seres, A.L. Joó, L. Dunai: Finite element modelling of a joint in a composite
structure – testing of the concrete model (in Hungarian), BME Scientific Publications
of the Department of Structural Engineering, Faculty of Civil Engineering, pp. 147154, (HU ISSN 1586-7196) 2006.

5. Thesis
I proposed to determine the resistance of an embossment on the basis of the local failure
components as follows: (i) failure from the crushing of the concrete on the loaded side of the
embossment, (ii) failure of the steel embossment due to yielding and deformation, and
(iii) friction after delamination of the interface. The failure components are considered
independent.
I determined the characteristics of the steel type embossment failure by experimental and
numerical investigations. I developed a calculation method for the resistance of an individual
embossment using the theory of yield lines based on the ultimate deformation (plastic
mechanism). I extended the method for real size embossment groups by considering the
spacing.
I determined the characteristics of the concrete type embossment failure by numerical
investigations. I proposed a calculation method for the bearing resistance of an individual
embossment. An empirical reduction factor can be derived to link the local failure of an
embossment and the global failure of embossment series on a pull-out test.
Publications linked to the thesis: 5
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Publications on the subject of the Thesis

International conference papers
7.

N. Seres, A.L. Joó, L. Dunai: Numerical modelling of shear connections for
composite slabs, Proceedings of the 9th International Conference on Computational
Structures Technology (ISBN: 978-1-905088-23-2), Athens, Greece, 2-5 September,
18 p. Paper nr. 303, 2008.

8.

N. Seres: Numerical modelling of shear connection between concrete slab and
sheeting deck, 7th fib PhD Symposium in Civil Engineering, Stuttgart, Germany, 1113 September, p. 10 (CD Rom, paper 13.8, pp. 77-86), 2008.

9.

N. Seres, L. Dunai: Experimental investigation of individual embossed mechanical
bond in composite floor, Proceedings of 9th International Conference on Steel,
Composite and Hybrid Structures (ASCCS), Leeds, UK, 8-10 July, 2009.

10.

N. Seres, L.Dunai: Experimental Investigation for Mechanical Bonf for Composite
Floors, Proceedings of the 26th Danubia-Adria Symposium on Advances in
Experimental Mechanics, 23-26 September, Leoben, Austria, Paper nr. 106, 2009.

11.

N. Seres, L. Dunai, F. Werner: Numerical model development for the analysis of the
composite action of a steel plate containing one single embossment and concrete,
Proceedings of the 8th fib PhD Symposium in Civil Engineering, 20-23 June, Lyngby,
Denmark, pp. 177–182, 2010.
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12.

N. Seres, L. Dunai, F. Werner, M. Göbel: Investigation on the effect of 3D coldforming. Experimental and numerical analyses of an embossment in thin-walled
plate, Proceedings of EUROSTEEL 2011 - 6th European Conference on Steel and
Composite Structures, August 31 - September 2, Budapest, Hungary, vol. A, pp.
147-152, 2011.
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