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Als in een staalplaat-betonvloer slip optreedt in de verbinding tussen een van
deuken voorziene staalplaat en het beton, worden de deuken uit het beton gedrukt.
Hierdoor vervormt en verplaatst de staalplaat. De verhouding tussen vervormen en
verplaatsen is een maat voor de schuifweerstand van de verbinding.

Een eenvoudig model kan het complexe gedrag van een staalplaat-betonvioer niet
beschrijven of voorspellen, maar is zeer geschikt voor het verkrijgen van inzicht en
kan daardoor van groot belang zijn tijdens de ontwikkeling en het gebruik van
complexere modellen.

Bij trapeziumvormige staalplaten verzorgen de indeukingen naast schuifweerstand
ook de weerstand tegen verticaal separatie. Hierdoor is de geometrie van de plaat
en de geometrie en de locatie van de indeukingen belangrijker dan bij
zwaluwstaartvormige platen.

Een hogere betonsterkte vergroot de sterkte en stijfheid en reduceert de
vervormingscapaciteit van de verbinding tussen de staalplaat en het beton.
Hierdoor zal de ontwerpsterkte van een staalplaat-betonvioer vaker af- dan
toenemen.

Het is verleidelijk, maar fysisch niet correct, de invioed van de oplegreactie op de
schuifweerstand in staalplaat-betonvioeren te associéren met droge wrijving.

Detailproeven kunnen een alternatief zijn voor ware grootte proeven als de
uitvoering ervan eenvoudig is, de randvoorwaarden representatief zijn voor het
werkelijke gedrag van de vioer en een rekenmodel beschikbaar is om de resuitaten
toe te passen bij de analyse van volledige vioeren.

Fundamenteel onderzoek is moeilijk te plannen.

De toename van het aantal onderzoekers en promoties in het huidige A.1.O.-stelsel
doet onderzoekers van eerdere generaties, al dan niet gepromoveerd, te kort.

Het unieke van een A.1.O.-aanstelling is, dat de duur van de aanstelling niet
gerelateerd is aan de te verrichten werkzaamheden.

Als je van je hobby je werk maakt, is het tijd voor een nieuwe hobby.
Als doorgaan niets meer is dan het uitstellen van stoppen, is het beter te stoppen.

Later is al lang begonnen. (H. Jekkers / K. Meinderts - 1984)
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Summary

SUMMARY

This thesis focusses on the shear connection between profiled sheeting and
concrete in composite slabs, in which resistance is provided by indentations in
the sheeting. The aim of the project was to obtain an understanding of the
physical behaviour of the shear connection. Existing design methods are
empirical, which prevents application of existing profiles outside the tested range
of parameters and development of new types of profiles. Both these items are
important in the current European market.

By describing the mechanisms providing shear resistance a greater
understanding of the physical behaviour of connections is obtained. Distinction
is made between deformation and displacement of the sheeting. The
displacement of the sheeting consists of vertical separation between the
sheeting and the concrete. Vertical separation reduces the level of deformation
of the sheeting and therefore reduces the level of shear resistance.

A method for analysing shear connections is developed. The approach is also
valid for other means of shear resistance as long as the mechanisms providing
resistance can be described. For simple shear connections a Visual Solution
Method is developed which provides optimum transparency into various aspects
and parameters of shear connections. For more complicated configurations
Simplified Frame models (SF-models) are developed. Finite Element models
(FE-models) are used to consider all nonlinear phenomena. Since FE-models
are less transparent, recognition of mechanisms determining the behaviour of
connections is more difficult. The combination of simple, transparent models and
more accurate and complex models provides a powerful tool for performing
parametric studies and application during product development.

Based on the performed series of experiments and understanding of the
behaviour, requirements for small-scale experiments are listed. It appears that
current small-scale test arrangements can be simplified, although more
experimental data are required.

The phenomenon of vertical separation is most important for trapezoidal profiles.
The shape of re-entrant profiles provides sufficient resistance to vertical



Summary

separation. In Europe material efficiency of both steel and concrete is required
to obtain competitive flooring systems. Trapezoidal profiles, which achieve
limited resistance to vertical separation, are and have been developed. For these
profiles, the shear resistance between the sheeting and the concrete,
understanding of the physical behaviour of connections and the influence of the
behaviour of the connection on the behaviour of the slab is very important.
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Introduction

1. INTRODUCTION

1.1 Scope

A steel-concrete composite slab consists of profiled steel sheeting and concrete.
During construction the sheeting is brought into the structure in bundles, and put
in place by hand. The sheeting acts as a safe working platform and formwork for
concrete. Usually no propping is required, which is favourable for fast erection.

Fiure 1.1: Coposite slab under construction

Early composite slabs were either designed as concrete or steel slabs. Profiled
sheeting was used as lost formwork for reinforced concrete slabs, or concrete
was used to create a flat surface for steel decking. If a connection between the
sheeting and concrete is established, the sheeting acts as reinforcement for the
slab and the most favourable material properties of both steel and concrete are
used. Nowadays, in order to achieve competitive flooring systems, interaction
between sheeting and concrete is inevitable.

Profiled sheeting is made by a cold roll-forming process. Figure 1.2 illustrates the
process for cold-formed sections. A roll-former consists of a series of rolls, which

-1.1-



Chapter 1

stepwise deform flat sheeting into cold-formed elements. In order to obtain
interaction between sheeting and concrete in composite slabs, similar to the
interaction between reinforcement bars and concrete in reinforced concrete,
indentations are added to the sheeting.

Figure 1.2:  Roll-former used for making profiled sheeting.

Based on the height of the profiled sheeting, distinction can be made between
three fields of application: short, regular and long span. Table 1.1 contains
average dimensions for the three fields of application. With regard to the
geometry of profiled sheeting, distinction can be made between trapezoidal and
re-entrant shaped profiles. As illustrated in Fig. 1.3 profiled sheeting can be
either trapezoidal, re-entrant or a combination of both basic shapes.

Table 1.1:  Dimensions of existing profiles used for composite slabs

Short Span Regular Span Long Span

Sheeting
Height 15-35 mm 40-80 mm 200-225 mm
Thickness 0.50-0.70 mm 0.70-1.00 mm 1.00-1.50 mm
Composite Slab
Siab depth 40-100 mm 100-200 mm 280-340 mm
Span 0.60-1.50 m 2.0-6.0m 40-90m
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Trapezoidal Combination Trapezoidal & Re-entrant
Re-entrant

y Ry Ry Y AN A

Figure 1.3:  Profiled sheeting used for composite slabs

The analogy between shear connections in composite and reinforced concrete
slabs is illustrated in Fig. 1.4. The main difference is that the ribbed
reinforcement bars are embedded in concrete, where the sheeting can be
pushed along and separated from the concrete. Therefore, although the physical
behaviour of both connections is similar, the strength and stiffness of the shear
connection in composite slabs is usually only 10 to 20% of values found for
connections in reinforced concrete. In reinforced concrete the appearance of slip
or failure of the connection is caused by deformation (cracking) of concrete. Due
to the more flexible character of the shear connection in composite slabs,
deformation and displacements of the sheeting determine the behaviour of the
connection. The analysis of the shear connection therefore focuses on steel
sheeting rather than concrete.

X X «Q«éﬁl-—)

Reinforced concrete Slab

“ il O« Qe O« O« O« O
O« O« O« Oe« O

Composite Slab

Figure 1.4:  Analogy between reinforced concrete and composite slabs.

Lack of insight into the physical behaviour of shear connections between profiled
sheeting and concrete causes that existing design methods for composite slabs
are (semi-)empirical. The empirical character of the methods prevents the

-13-
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application of composite slabs outside the range of tested parameters. New
applications require expensive and time consuming tests. Due to historically
based differences in building practice between different countries, international
exchange of products is difficult. Apart from the application of profiled sheeting
outside its original field of application, understanding of the behaviour of the
shear connection is important during the development of new types of sheeting.
The optimum geometry has to be determined before the roll-forming equipment
is made, since adjustments to the equipment are expensive.

1.2 Aims

The aim of this study was to obtain insight into the physical behaviour of
longitudinal shear connections in composite slabs. Based on understanding of
the behaviour mechanisms are described. By implementing the mechanisms into
calculation models, tools are developed to analyse the properties of the
connections.

Due to the diversity of existing and recently developed types of sheeting, a
general model for shear connections in composite slabs is not feasible, nor
desirable. Developments outside the scope of any general model require
adjustments to the model. Therefore a general model does not provide the
required flexibility. This study focuses on the development of a transparent
method for analysing the physical behaviour of a connection.

1.3 Outline thesis

The outline of the thesis is shown in Fig. 1.5. First, a general introduction into
composite action between concrete and sheeting is given in Chapter 2. In
Chapter 3 a hypothesis concerning the physical behaviour of shear connections
in composite slabs is presented. Based on the physical behaviour of the shear
connection, a method for analysing shear connections is developed. Two types
of numerical models are discussed in Chapter 4. Both the hypothesis and the
numerical models are validated by experiments. Three series of experiments are
discussed in Chapter 5. The validation of the hypothesis and the numerical
models is discussed in Chapter 6. In Chapter 7 the resuits of a parametric study

-14-
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are presented. In Chapter 8 the results of the analysis of the shear connection
between the sheeting and the concrete are related to the behaviour of full-scale
composite slabs. The conclusions and recommendations are discussed in
Chapter 9.

Qualitative 3 Physical 3 Numerical 3 Parametric Full-8Scale
Behaviour Behaviour Models Study Behaviowr
2 3 ¢ 4 7 8
Experiments L—) Validation Conclusions
[} 6 9

Figure 1.5:  Qutline thesis with reference to corresponding chapters

-1.5-






Qualitative Description of Physical Behaviour

2. QUALITATIVE DESCRIPTION OF PHYSICAL BEHAVIOUR

2.0 Introduction

The behaviour of composite slabs depends on the behaviour of concrete, profiled
sheeting and the connection between them. Lack of insight concerning the
behaviour of composite slabs focuses on the shear connection. Prior to the
discussion of shear connections in composite slabs (§ 2.4), a general
introduction into composite members (§ 2.1), the general characteristics of shear
connections (§ 2.2) and the failure mechanisms of composite slabs (§ 2.3) are
discussed. Existing design methods with regard to composite slabs are
discussed (§ 2.5) and the relation between the contents of this thesis, existing
research and existing design methods is illustrated (§ 2.6).

21 General behaviour Composite Member
Figure 2.1 shows a composite slab represented by a 2-D composite beam

member, consisting of two separate elements. The lower element represents the
sheeting and the upper element represents the concrete.

II II-II

= F
o

I-1

7777

Figure 2.1: Composite slab represented as composite beam member
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The behaviour of the composite beam is determined by the behaviour of the
separate elements, and by the connection between them. In Fig. 2.1 the
connection is represented by horizontal springs. The phenomenon in which
properties of a composite beam are improved by the presence of a shear
connection is referred to as composite action. Composite action is illustrated
using a simplified composite beam, consisting of two identical homogeneous
elements, as shown in Fig. 2.2. Both elements exhibit elasto-plastic behaviour.

P

Figure 2.2:  Configuration simplified composite beam

Extreme situations of composite action are no interaction and full interaction. In
case of no interaction, the properties of the 'composite' beam are a summation
of the properties of the separate elements, with dimensions b-h. In case of full
interaction, the properties correspond to properties of a homogeneous beam with
dimensions b-2h.

No Interaction Full Interaction
A, = 2'A = 2bh A; = b(2h) = 2:bh = A,
3 3
Lo=21 =220 0 Lyys L. S NSRS
12 6 12 3
. _ 4, bh?2 1., _b(2h* _ 5 ..
Wp;m-zwp-zT-Ebh Wp;ﬁ-T-bh =2W,,

Figure 2.3 shows composite beams with no and full interaction. The deformed
beam and longitudinal slip are shown. Longitudinal slip is the difference between
horizontal displacements of the separate elements in the connection. For the
cross-section at mid span, normal and shear stresses are shown. In agreement
with the given cross-sectional properties, the deflection and maximum normal
stresses reduce if full interaction is compared to no interaction.

-22-



Qualitative Description of Physical Behaviour

No Interaction Full Interaction

P P

! }
b { b

L s L L L
L2 | 2 | 1 2 | 2
[ T 1 I 1 —1
Deflection
8 » — 1 PL 3 — ﬂl max
ni:max 48 EI h max
1P Long|tud|nal Slip

SNni;max = 16 I“i'h %e 6,, _> b|ﬁmax =0

Normal stress distribution

_ PL/4 o o _ cni;max
Chimax — W Ofimax

. s, C3p ES7_hear stress dlstnbEutlgn . ) VS, 3 p
ni;max bIni 8 bh fi;max 8

o

Figure 2.3: Composite beams with no and full interaction

2.2 General Behaviour of Shear Connections in Composite Slabs

Figure 2.4 shows a qualitative presentation of a shear connection. The shear
stress is related to the longitudinal slip. Three independent characteristics of the
connection can be distinguished: strength, stiffness and deformation capacity
(ductility). No and full interaction correspond to the axes of the diagram. In case
of no interaction, the shear stress is zero for all values of slip. In case of full
interaction no slip occurs, while both the stiffness and strength are infinite. Al
situations between no and full interaction are referred to as partial interaction.

g
A§ -
T - Strength
T
T s
Ductility
bl
Stiffness No Interaction
o —>
S —

Figure 2.4: Qualitative representation behaviour shear connection
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The influence of the strength, stiffness and deformation capacity of a connection
to the behaviour of a composite beam is illustrated in this paragraph by the
simplified beam shown in Fig. 2.2.

2.2.1 Strength of the Shear Connection

Figure 2.5 shows the relation between the resultant shear force (T) and the
normal forces acting in the separate elements (N,,,). In each cross-section the
normal force in the separate elements equals the resultant shear force between
the considered cross-section and the supports.

N,(x) N(x) = Ny(x) = Ny(x) = fr(x)dx =T (2.1)
Ma(x) 12 0
Na(x)

M(x) = My(x) + My(x) + N(x)-z 22)

&0
'\6’) If/q,(x)

Figure 2.5: Cross-sectional forces in separate members

The internal bending moment of the composite cross-section consists of a
contribution of normal forces and bending moments in the separate elements.
The bending resistance of the separate elements (M,) is reduced due to the
presence of the normal forces. For a homogeneous cross-section, with elasto-
plastic material behaviour, the relation between the reduced bending moment
(M,;) and the normal force (N) is given by eq. (2.3), illustrated in Fig. 2.6.

2 bh 2
| R VI L.
L'T 1 ; b P 4 Y y
| N BN . N (23)
h ; ) ]E‘n —zj ) M . ( 1 ) ( E] J
» : \ P N
+ \ P
5' ; f Y —:— 1 withh N = bhn'fy
— - o <+ , —» _ .
v ’ N, = bh-f,
Figure 2.6: Stress distribution and reduced plastic M = bLz_f
P Yy

bending moment homogeneous beam
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Qualitative Description of Physical Behaviour

Combining egs. (2.1) to (2.3) returns eq. (2.4), describing the bending resistance
of the cross-section as a function of the resultant shear force (T).

M =Nz+2M =Nh+2M" - 4M-N+2M-|1-| N 2 (2.4)
u o P p pN_P P Fp :
= LA 0 B N
B B [T 15
14 / =
T T ey e Example:
M M ' N 1 N
AL\ LR = : T=N=_2
Mu MD ;,/'IT Np 2 2
“Nez
J, M£2122M+§MZZ.M :lM“
............ N, 2 PP P g
oo N 1
N

Figure 2.7: Relation between the resultant normal force and the
bending resistance of a cross-section

Equation (2.4) and Fig. 2.7 illustrate the influence of the strength of the
connection on the behaviour of a composite beam. If the shear stress in the
connection (t(x)) increases the shear force T, and therefore the bending
resistance, increases. Equation (2.1) and Fig. 2.5 show that the distance x,
which is required to reach the ultimate capacity of the cross-section (M,),
reduces if the strength of a connection increases. The example in Fig. 2.7 shows
that 87.5 % of the ultimate capacity is present if only 50 % of the maximum shear
force is activated.

2.2.2 Stiffness of the Shear Connection

Figure 2.8 relates the vertical shear stresses in a cross-section (1,,(x,z)) to the
longitudinal shear stress (t(x)=1,(x,z)). By definition t,(x,z) equals 1,,(x,z), which
means that the vertical shear stress at the interface equals the longitudinal shear
stress in the connection. The vertical shear stress in a homogeneous cross-
section is given by eq. (2.5).

-25-
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.
H
‘!'!',; _ V(x)'S(X,Z)
x|l T2 =709 %) b1 23)
i B axa=Tx
z : ‘A’l__ Tez{%.2)

Figure 2.8: Relation vertical - longitudinal shear stress

In case of no interaction, eq. (2.5) is applicable for the separate elements. The
shear stresses refer to the local coordinate systems (x,z,) and (x,z,). In case of
full interaction the composite cross-section can be considered as a
homogeneous cross-section. The vertical shear stress distribution for no and full
interaction is given in egs. (2.6) and (2.7), and presented in Fig. 2.3.

No interaction:
b[({h)? 2 P
V,x)yr—||=| -z - 2
h h, " 2((2) ‘”] ) 3(4) Z1n
-—— < Z1/2 < E sz(X,Zl/z) = N bh3 = 2 bh m (26)
12
Full Interaction:
Voo 2 (h2-22) (g) :
- - A
-h<z<h: t,,(%,2) N bzhy 2 b2h) [ ( h) ) 2.7
12
Maximum values for t,, are equal for no and full interaction:
(2.8)

3P
sz(XsZ]J:O) = sz(x,z=0) = ga

For full interaction the longitudinal shear stress t(x) can be derived from eq.

2.7).
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Qualitative Description of Physical Behaviour

P

3
(x) = x,z=0) = =
(x) = 1( ) % bh

(2.9)

If the strength of a shear connection is infinite, and the stiffness increases from
nil to infinity, the behaviour of the composite beam changes from no to full
interaction. The vertical shear stress distribution in each cross-section changes
from eq. (6) to (7) and the cross-sectional properties change from values found
for no to full interaction. Figure 2.9 shows the vertical shear stress distribution
of a cross-section qualitatively. Three contributions can be distinguished:

- A Quadratic contribution caused by the vertical shear forces (V,,).

-B  Linear contribution caused by the shear stress (1,) in the connection.
- C  Quadratic contribution caused by the eccentricity of 1,.

VvV, V,—V

3

——
e

<__
S I
< ‘I
]
—
<+
[ S
>

(9]

@)

Figure 2.9:  Vertical shear stress distribution partial interaction

Shear pattern A corresponds to the stress distribution of no interaction. Shear
patterns B & C introduce the influence of the shear connection. The total area
enclosed by the vertical shear stress distribution is independent of shear
connection, since it represents the vertical shear force. Therefore the sum of the
enclosed areas B & C is zero. If the stiffness of the shear connection increases,
1, increases. With 1, the enclosed area of pattern C increases. The sum of the
patterns A & C is proportional to the curvature in the cross-section. In eq. (2.10),
the vertical shear stress distribution is evaluated for the upper element.
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1,,(%,2)) = T,(x.2) + 15(x,2) + 1dx,Z)
2 2
0 O R I OO P 1
h/2 2 h/2 4 h/2

Figure 2.9 and eq. (2.10) show, that vertical shear stresses can occur in
composite beams, even if no vertical shear force is present (t=tg+t.). If eq.
(2.10) is integrated over the cross-section, the different shear patterns can be
distinguished, as shown in eq. (2.11).

(2.10)

3P
8 bh

h/2 h/2 W2
V,(x) = fbtAdz + fstdz + fbrc
-h/2 -h/2
- 21 L R ETO %n (2.11)
8bh 3 2 3
= g + T-Eh_ - 1_'-22
4 02 ° 2

If the longitudinal shear stress is increased in three equal steps from zero to its
maximum value (t, .,,,), the stiffness of the connection increases from zero to
infinity, corresponding to no and full interaction. For all steps, the enclosed areas
of patterns A, B & C are calculated using eq. (2.11). The corresponding stress
distribution is given in Fig. 2.10. It shows that from no to full interaction, pattern
C increases from 0 to 75 % of the constant pattern A. This implies that the sum
of the quadratic patterns, and therefore the curvature, reduces by a factor 4,
which means that, in agreement with the derived properties for no and full
interaction, the bending stiffness increases by a factor 4.

The evaluation of vertical shear stresses illustrates that the presence of
longitudinal shear stresses in the connection reduces the curvature, and
therefore increases the bending stiffness of the composite beam. The stiffness
of a shear connection does not influence the strength of the composite beam.
However, if the stiffness of a connection reduces, the deformation of the
composite member corresponding to the ultimate resistance is larger, so the
required deformation capacity of the separate elements and the connection is
higher.
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x Vl(x):fTA+ftB+fTC

7, = 0: V() - %(1+0-o)

P 1 1
= —7 : V X) = —- 1+——-—
3 (.max l( ) 4 ( 4 )

= 4
2 i P 1
= Ty = g.t().max: VI(X) = Z [ L+ 5_ ;]

—>
Tomax

Figure 2.10: Vertical shear stress distribution partial interaction

2.2.3 Deformation Capacity of the Shear Connection

A shear connection can be seen as the third element in a composite cross-
section. Lack of deformation capacity (ductility) of the shear connection can
introduce (brittle) failure of the connection and the composite beam. In order to
illustrate the influence on the deformation capacity of the shear connection on
the behaviour of a composite beam, the concentrated load (P) is replaced by a
uniformly distributed load (q), as shown in Fig. 2.11. The material behaviour of
the separate elements is linear elastic instead of elasto-plastic. The influence of
the deformation capacity is illustrated by three different shear connections.
Connection A has a high stiffness and no deformation capacity. Connection B
combines a high stiffness with ductile behaviour. Connection C combines a finite
stiffness with ductile behaviour. The behaviour of the corresponding composite
beams A to C is presented in Fig. 2.15.

-29-



Chapter 2

PP RFTTITTTIT T T T T T

Nir

b
H — f { E—»

& —»

Figure 2.11: Simplified composite beam with different shear connections

Connection A

Figure 2.12 shows the behaviour of composite beam A. Until first failure of the
connection full interaction is present. The longitudinal shear stress is proportional
to the vertical shear force. No slip occurs.

b (n2_.,2
V kit h -
-5 (h?-22) g
be b(2h)’ 4 bh
12

Lol 1= 1,2 = 1,(x0) =

(2.12)

Once the ultimate shear stress in the connection (z,) is reached at the support,
the connection will fail rapidly like a zipper. Equation (2.13) determines the load
(q,5). at which initiation of failure of the connection occurs (A1).

qL _ - . 8bh
R e = 3T % (2.13)

=
=

t(&L2) = +

oo W

Figure 2.12 shows the longitudinal shear stress distribution (t(x)) and the
bending stiffness (EI*) for composite beam A. At point A1 first failure of the
connection occurs at both supports. Failure of the connection propagates from
the supports to mid span. From A1 to A2 slip arises, and the behaviour changes
from full to no interaction. According to the cross-sectional properties, the
stiffness after point A2 is decreased by a factor 4 with regard to the stiffness
between 0 and A1.
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Figure 2.12: Behaviour of composite beam A

Connection B

Figure 2.13 shows the behaviour of composite beam B. Until q,; beam B
behaves similar to beam A. When q,; is reached (B1) longitudinal slip occurs.
Propagation of slip occurs, instead of brittle failure (B1-B2). Due to the ductile
behaviour, the ultimate shear strength (1,) can be developed over the
connection. With the appearance of longitudinal slip, the bending stiffness
reduces, and lies between values found for no and full interaction. From B1 to
B2 the stiffness reduces by a factor 4. After B2, the resultant shear force no
longer increases and additional loading is carried by the separate elements.

0—B1 q<q,, B1—B2 —

sy e W

“u -5
El El
El n ~ "
El, El,
— -— ——————

Propagating slip

N No Interaction
connection

Full Interaction

Figure 2.13: Behaviour of composite beam B
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Connection C

Figure 2.14 shows the behaviour of composite beam C. Compared to beam B,
beam C shows longitudinal slip before 1, is reached. The initial bending stiffness
of the composite beam is smaller than found for connections A and B. Due to the
appearance of slip, the distribution of the longitudinal shear stress over the
connection is no longer proportional to the vertical shear force. The enclosed
area underneath the longitudinal shear stress diagram found for connection C
is larger than found for A and B, and therefore the resultant shear force is larger.
According to Fig. 2.7, the capacity of the composite beam is higher when 1, is
first reached at the supports (q¢;>qa;=g,)- Once 1, is developed over the full
length of the shear connection, the corresponding capacity equals the capacity
of connection B (q¢,=qgs,). However, in order to reach the same capacity, the
required deformation capacity is higher, since the level of slip is higher.

0--C1 C1—C2 =3

e e T

- N SN 1
~] N |

-
- k)

gy Sy Bl e o B,

B, El.
Propagating slip No Interaction
connection

Partial Interaction

Figure 2.14: Behaviour of composite beam C

The behaviour of the composite beams A, B & C is illustrated in Fig. 2.15. The
characteristic points in the load and longitudinal slip versus deflection diagrams
are given. Eventually, for all beams, the bending stiffness reduces to the bending
stiffness corresponding to no interaction. For beam A, the connection has failed
completely, whereas for beams B and C the connection is fully active. Due to the
linear material behaviour of the separate elements no ultimate capacity is found.
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Figure 2.15: Load versus deflection for composite beams A to C

Ductile behaviour enables the development of the ultimate cross-sectional
strength of the connection (t,) over a larger part of the connection. In case of a
uniformly distributed load, the resultant shear force (T) for a ductile connection
can be doubled with regard to a brittle connection.

2.3 Failure Mechanisms of Composite Slabs

For a composite beam member, three failure mechanisms can occur: flexural (1),
longitudinal shear (ll) and vertical shear or shear tension failure (IH). The
corresponding critical cross-sections are shown in Fig. 2.16. Flexural failure
occurs when the ultimate capacity of the composite cross-section is reached.
Longitudinal shear failure occurs if the capacity of the slab is limited by the
capacity of the shear connection. Vertical shear or shear tension failure only
occurs if deep slabs and short spans lead to large vertical shear forces, which
does not occur in commonly used composite slabs, and should be avoided
because of its brittle character.
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Figure 2.16: Failure mechanisms of a composite beam member

Eurocode 4 [1] uses the shear span (Lg) as the length of the shear connection
between the support and the critical cross-section. For the composite slab as
shown in Fig. 2.2, the shear span is L/2. For a uniformly distributed load, as
shown in Fig. 2.11, EC4 uses L/4.

Figure 2.17 shows the possible failure mechanisms as a function of the shear
span (Lg). The capacity of the slab is represented by the support reaction (V,).
If Lg is short, vertical shear or shear tension failure occurs (0-1). If Lg is large,
flexural failure occurs (ll-), since, due the length of the shear span, the shear
connection is not critical. If the shear connection is critical, longitudinal shear

failure occurs (I-1f).
, y |
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Figure 2.17: Failure Mechanisms as a function of the shear span (Lg)
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2.4 General Behaviour of Composite Slabs

In order to relate the behaviour of composite beam members to composite slabs,
a simplified case is considered, as shown in Fig. 2.18. The simplifications do not
violate the characteristic phenomena of composite slabs. The dimensions of the
slab are realistic. The sheeting is a symmetrical trapezoidal profile. The stress-
strain relations of both steel and concrete and the shear stress-slip relation of the
connection are bi-linear. Tensile stresses in the concrete are neglected.

Table 2.1: Properties Slab

_';_ % Concrete
l l f. = 16.7 N/mm?
— | [~ Ecm . = 29.000 N/mm?
= = Sheeting
|..1000 2000 4 1000 , 1000 4} fy = 235 N/mm?2
[ E, = 210.000 N/mm?
o, A, = 1078 mm3m
la = 638.5-10° mm*/m
W,, = 21.28-10° mm¥m
W, = 24.05-10° mm*m

; pa
f : pa = Agt,
M,.=W,f, = 6.20-10° Nmm/m
E, Connection

N = 253.0-10° N/m
302030 €, — T, = 0.20 N/mm?
= 200 N/mm/m
Figure 2.18: Simplified behaviour of composite slab  k, = 0.20 N/mm?®

The ultimate capacity of the cross-section (M, r,) is reached when N, is reached
in the sheeting, as illustrated in Fig. 2.19. The stress distribution in the concrete
is simplified in order to simplify the determination of the lever arm z.

o.ssng
e
T Herl

hc N =N

+ Mypg= Npz = N,,a-( E+hc—§) = 25.59- 106Nmm

2
h -+ —EP

. f b

Figure 2.19: Ultimate capacity of a composite cross-section
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Figure 2.20 relates the bending resistance of a cross-section to the resultant
normal force, similar to Fig. 2.7. If no normal force is present, the bending
resistance corresponds to the plastic bending moment of the sheeting (M,,),
since no tensile stresses occur in the concrete. For composite slabs, compared
to composite beams, the ratio between M, and M, g, is small, which means that
the presence and properties of the shear connection are more important.

? CN
- ©,
g s0 N Nuzs 59
------------------------- oo Mg
20 |
M., i
10 :
| €.20
| M-
0 100 200 300
N—p kN

Figure 2.20: Bending resistance versus resultant shear force for a
simplified composite slab

The characteristics of shear connections in composite slabs depend on the
geometry of the sheeting and indentations. The resultant shear force (T),
developed over a certain length of the shear connection (L,), is given by eq.
(2.14) and represents the enclosed area, as illustrated in Fig. 2.21.

A
Tu Ly
e ] T - { brx)dx < 1obL =T, (2.14)
Ll
—-

Figure 2.21: Resultant shear force T transferred over the length L,
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The resultant shear force (T) equals the resultant normal forces (N) and is
related to the length of the connection (L,). Fig. 2.20 can be transferred to Fig.
2.22, relating the bending resistance (Mg,) to the iength of the shear connection
(L,). The diagram is referred to as the partial interaction diagram. The ultimate
capacity of a cross-section (M, r,) is developed at a distance Ly from the
supports. The capacity of the cross-section does not increase if L >Lg.

Ly = —2 = ===2= - 1265mm (2.15)

Longitudinal Shear Flexural

M

pa

Let L, — om

Figure 2.22: Partial Interaction diagram for a simplified composite slab

The external bending moments (M,;} can be added to the partial interaction
diagram, as illustrated in Fig. 2.23. In each cross-section the capacity (Mg,)
should be larger than the external bending moment (Mg, > Mg,). The cross-
section in which Mg, equals M, is the critical cross-section. The location of the
critical cross-section with regard to L, determines the failure mode. If Lg>Lge
flexural failure occurs, which implies that the ultimate capacity (M, ) is reached.
If Lg<Lge longitudinal shear failure occurs. The shear connection fails and
reduces the bending resistance. Figure 2.23 shows that, for the configuration of
Fig. 2.18, longitudinal shear failure occurs. The load at failure can be derived
from Fig. 2.23.
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My (L, =1000) = M,(L,=1000) = g-%
8- 21.47-10°
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Figure 2.23: Partial interaction diagram simplified composite slab

With respect to the deformation capacity of the connection § 2.2.2 and 2.2.3
illustrate that the stiffness of the connection or a lack of deformation capacity can
lead to a reduction of the capacity of the slab. A general impression concerning
the required deformation capacity can be derived from the properties of the
shear connection. In order to ensure the development of the uitimate shear
strength over the considered shear span, the longitudinal slip should exceed 1.0
mm over the complete shear span. The required deformation capacity to reach
the ultimate bending capacity is at least 2 mm. The deformation capacity
required to assure ductile slab behaviour is at least 3 times larger. In general, the
required deformation capacity increases if the stiffness of the connection (k,)
decreases.

To increase understanding of composite action in composite slabs, two
variations of the basic configuration are considered. The influence of both
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variations is illustrated by adjusting the patrtial interaction diagram. Figure 2.24
shows the basic and adjusted configurations and the corresponding partial
interaction diagrams.

Variation 1: Reduced strength, stiffness or duclility shear connection
Reduction of the strength (A) of the shear connection leads to a reduction of the
resuitant shear force (T) in every cross-section. Ly increases and the partial
interaction diagram is expanded horizontally. The ultimate capacity of the cross-
section (M, z,) does not change since it is a cross-sectional parameter, which is
not influenced by the strength of the shear connection. The failure mechanism
might shift from flexural to longitudinal shear failure, due to the increased value
of L¢.. Reduction of the stiffness (B) increases the required deformation capacity.
Lack of deformation capacity (C) leads to early (brittle) failure of the siab.

Variation 1 Variation 2

L

Lx - of L.' Lx_;

Figure 2.24: Influence of variations to partial interaction diagram

Variation 2: Improved characteristics at supports

Due to the presence of the support reaction, the characteristics of the shear
connection at the supports are improved with respect to the characteristics found
between the supports. Further improvement can be obtained by deforming the
sheeting or shear devices at the supports. The contribution to the shear
resistance can be taken into account by a concentrated shear force at the
supports. The partial interaction diagram shifts to the left. L reduces and the
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capacity of all cross-sections increases. Again, the ultimate capacity of the
cross-section (M, g4) does not change. The failure mechanism might shift from
longitudinal shear to flexural failure, due to the reduction of L.

2.5 Existing Design Methods

Eurocode 4 [1] offers two methods for the design of composite slabs: the ‘m-k’
method and the Partial Shear Connection (PSC) method. Both methods are
based on the results of full-scale experiments. Depending on the test results the
behaviour of a slab is classified as brittle or ductile. The ‘m-k’ method may be
used for all profiles. The PSC method may be used only for ductile profiles. Both
methods are discussed in § 2.5.1 and 2.5.2. In § 2.5.3 two proposals for
adjustments to the PSC method are discussed.

2.5.1 ‘m-k’ Method

The ‘m-k’ method uses full-scale experiments to determine the capacity of a
composite slab. The ‘m-k’ method derives a design line for longitudinal shear
failure. The load corresponding to flexural failure is based on the calculation
model, as illustrated in Fig. 2.19. The results of the ‘m-k’ method are presented
in a diagram which relates the ultimate support reaction (V,) to the shear span
(Ls), as shown in Fig. 2.25. Compared to the presentation of Fig. 2.17, the
reciproke value of the shear span Lg is plotted on the horizontal axes. Other
parameters at the axes of Figs. 2.25 and 2.26 represent the width of the slab (b),
the distance between the neutral axis of the sheeting and the top of the slab (d,)
and the steel area in the cross-section (A,).

A typical result of the ‘m-k’ method is shown in Fig. 2.26. Two series of at least
three experiments are required. Series A & B represent respectively a relative
long and short shear span. The values at the horizontal axis should be chosen
close to points Il & I, as given in Fig. 2.25, in order to represent longitudinal
shear failure. A design line can be drawn based on the results of each group.
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Figure 2.25: Base diagram of the ‘m-k’ method
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Figure 2.26: Typical results ‘m-k’ method

The derived design line may only be used for the tested configuration or for
configurations in which the changed parameters are known to have a positive
effect on the capacity of the slab. Since this positive effect may not be taken into
account, the usage of the ‘m-k’ method outside the tested range of parameters
is either not permitted or conservative. Furthermore, the boundaries of
longitudinal shear failure (I & ll), can only be estimated well, if a general

impression about the performance of the shear connection is available.
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2.5.2 Partial Shear Connection Method

The Partial Shear Connection method uses a partial interaction diagram to relate
the bending resistance Mg, to the applied bending moments Mg,, as shown in
Fig. 2.23. The partial interaction diagram is based on the ultimate shear stress
1,, Or 7, in case friction at the supports is considered [2]. Values for 1, and 1, are
derived from full-scale experiments, as shown in Fig. 2.27. The orginal PSC
method as implemented in previous versions of Eurocode 4 [3] did not take into
account friction at the supports. The adjusted PSC method as implemented in
the current Eurocode 4 [1] allows for friction to be taken into account.

F F
==
TU
M =T I e
M., N, ry—e,
! s N
i _ N,
§ by
'; T ~ rera _H.R
» n N’. Tup = b(Ls +L°)

Figure 2.27: Determination of t, using full-scale experiments

If friction at the supports is not considered, the design partial interaction diagram
can be derived by using the ultimate shear stress 1,, as shown in Fig. 2.28.
Similar to Fig. 2.23, the design bending moments Mg, can de added to determine
the critical cross-section and the ultimate capacity of the siab. Three different
configurations are considered in Fig. 2.28. [f friction at the supports is taken into
account, the partial interaction diagram shifts to the left due to the frictional force
at the supports (4'R) and expands due to the reduced ultimate shear stress
(r,>1,,) as illustrated in Fig. 2.24.

With regard to the ‘m-k’ method, the PSC method can be used for a wider range
of parameters, since the effect of cross-sectional parameters can be taken into
account. With regard to the tested configuration, parameters influencing the
ultimate shear stress 1, may not be varied. The fact that only ductile profiles
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can be evaluated is not a disadvantage, since application of brittle profiles is not
desirable.

VL bbbl bbby
OR: %

Figure 2.28: Design partial interaction diagram

The PSC method is based on a calculation model with a physical background,
as illustrated in Fig. 2.22. The model assumes a uniform distribution of the shear
stress 1, over the considered shear span. In this thesis, it is stated that the
ultimate shear stress of cross-sections varies over the considered shear span.
Together with the issue of shear stress development as discussed in § 8.3, a
nonuniform shear stress distribution at the ultimate limit state is possible, and for
some profiles more likely than an uniform distribution. This implies that the
derived values for the ultimate shear stress 1, are average values of the shear
stress at failure. Application of the calculation model of Fig. 2.22 suggests a
physical background, which is only correct for configurations which have an
uniform distribution of shear stresses in the connection at failure.

2.5.3 Proposed adjustments to the Partial Shear Connection Method

Two design methods are developed, based on the original PSC method. The
New Partial Shear Connection Method [4,5], which is already implemented in the
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Australian standards, and the Three Parameter Partial Shear Connection Method
(3P PSCM) [6]. The background of both methods is discussed briefly.

Both methods propose the usage of small- instead of full-scale tests for the
derivation of the characteristics of a shear connection. Instead of the indirect
derivation of the strength 1, the strength, stiffness and deformation capacity are
obtained from small-scale tests. Three different types of small-scale tests are
schematically shown in Fig. 2.29. Disadvantage of small-scale experiments is the
fact that boundary conditions of specimen are not in all aspects consistent with
conditions in a full-scale specimen. For instance curvature of the slab and
cracking of concrete is not considered in a small-scale specimen. In general
boundary conditions influence the behaviour of the specimen. Due to the limited
size of the specimen the boundary conditions can dominate the behaviour of
small-scale specimen.

d
Kl
ooooooo i

Pull Test P 4
<~ 'Friction' Test
G 0 0 O 4|

Push Test

Figure 2.29: Small-scale test arrangements

Both methods recognize the appearance of friction at the supports. Two different
types of small-scale tests are performed. One represents the behaviour between
the supports, which implies that no or only a limited force is present
perpendicular to the shear connection (Pull/Push Tests). The second represents
the behaviour at the supports ('Friction' Test). A lateral force is applied to
represent the support reaction.

Within both methods, the second series of experiments is referred to as Friction
Tests, which is physically not correct if dry friction is considered. Since profiled
sheeting with indentations is considered the ratio between longitudinal shear
forces and lateral forces, acting perpendicular to the slab, can be larger than 1,
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as illustrated for a simple configuration in Figs. 5.1 and 5.27. For profiled
sheeting with indentations the contribution to the longitudinal shear resistance
at the supports should not be referred to as dry friction. The derived ‘coefficient
of friction’ from the Friction Tests might differ considerably from the coefficient
of friction found for an interface with flat sheeting and concrete.

The 3P PSC method includes an additional parameter, and a corresponding
small-scale test. Apart from a Push and 'Friction' Test, the behaviour of the
connection with tensile strains is considered (Tension-Push Test). It is stated
that the presence of large tensile strains influences the behaviour of the shear
connection.

The proposed small-scale tests [6,7,8] are very complex. Further improvement
of test arrangements and design methods requires understanding of the physical
behaviour of the shear connection. The mechanisms which determine the
behaviour of shear connections might lead to simplified test arrangements and
a reduction of the required number of tests. With the approach discussed in this
thesis, the improved behaviour at the supports as well as the influence of tensile
strains can be investigated, since the phenomena are part of the mechanisms
which determine the physical behaviour of the shear connection.

2.6 Overview of Research into Composite Slabs

Different levels of research can be distinguished with regard to composite slabs.
The work presented in this thesis can be related to both the existing design
methods and these levels of research, as shown in Fig. 2.30.

Level 3: Macro. Level 3 deals with full-scale composite slabs. The existing
design methods are level 3 design methods. In spite of the size of full-scale
specimen, experiments on level 3 are relatively easy to perform.

Level 2: Meso. Level 2 deals with sections of composite slabs, comparable to the
size of specimen commonly used in small-scale tests [4, 5 & 6]. This implies the
presence of approximately 20 to 60 indentations, depending on the type of
sheeting. A modified Partial Shear Connection method might start on this level
by determining the characteristics of the shear connection based on small-
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instead of full-scale experiments. Compared to full-scale experiments,
performing small-scale experiments is usually more complicated.

Level 1: Micro. Level 1 deals with analysis on the level of indentations, or slices
of sheeting with a limited number of indentations. The approach presented in this
thesis is based on the physical description of a shear connection at Level 1. The
characteristics of the shear connection are determined based on a cross-
sectional analysis. Results can be used in Level 2 or 3 composite slab analysis.

Partial Shear

Connection

New

Approach

Figure 2.30: Three levels of research for analyzing composite slabs

2.7 Conclusions for Chapter 2
#  Fora better understanding of the physical behaviour of shear connections

it is important to distinguish the independent characteristics: strength,
stiffness and deformation capacity. (§2.2)
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The advantages of the ‘m-k’ method is the simplicity of the full-scale
experiments, the fact that these experiments represent the actual
behaviour of slabs and the fact that the method may be used for both
brittle and ‘ductile’ profiles. The disadvantage is the limited applicability of
test results. (§2.5.1)

The advantage of the PSC method is the applicability of test results over
a wider range of parameters and the fact that the method is based on a
physical model. The disadvantages are that the method may only be used
for ‘ductile’ profiles and the fact that the physical model is not correct for
profiles which do not exhibit a constant shear stress over the shear span
at failure. (§ 2.5.2)

The term Friction Tests for small-scale tests which are subject to lateral
forces is misleading. Applying the principles of dry friction to profiled
sheeting with indentations might lead to ‘coefficients of friction’ which are
considerably higher than coefficients found for a flat surface.  (§ 2.5.3)

Performing small-scale instead of full-scale experiments for the derivation
of characteristics of a shear connection supplies more information about
the connection, which is favourable for analytical and numerical analysis
of composite slabs. However, performing small-scale experiments is more
complicated, which has lead to complex test arrangements. (§ 2.5.3)

Further improvement of test arrangements and design methods requires
understanding of the physical behaviour of the shear connection. (§ 2.5)

Analysing the cross-sectional behaviour and the description of
mechanisms is a fundamental and innovative approach for obtaining
understanding of the physical behaviour of a shear connection in
composite slab. (§ 2.6)
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3. PHYSICAL BEHAVIOUR SHEAR CONNECTION

3.0 Introduction

In this chapter, a hypothesis is presented, which forms the basis for a method
for analysing mechanisms, which determine the behaviour of shear connections
in composite slabs. Prior to the hypothesis (§ 3.2), the forms of shear connection
in composite slabs are discussed (§ 3.1). Prior to the discussion of the method
for analysing shear connections (§ 3.4), a qualitative description of the behaviour
is given (§ 3.3). Finally, the method is illustrated by an example and a parametric
study (§ 3.5).

3.1 Shear Connection in Composite Slabs

Analogy exists between the behaviour of composite and reinforced concrete
slabs. Loaded in positive bending, steel is subjected to tension and concrete to
compression, due to the presence of a shear connection. Figure 3.1 illustrates
the connection between steel and concrete for both reinforced concrete and
composite slabs. Reinforcement in concrete slabs is embedded in concrete, and
therefore the connection acts very stiff and strong. In composite slabs the
sheeting is not embedded in concrete. Due to the limited thickness of profiled
sheeting, the capacity of sheeting to resist forces acting perpendicuilar to the
indentations is limited. The sheeting can be separated from the concrete.

.

Reinforced Concrete Slab  Composite Slab

Figure 3.1: Comparison of shear connections in reinforced concrete
and composite slabs
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Due to the strength and stiffness of shear connections in concrete slabs,
longitudinal slip between reinforcement bars and concrete only occurs if cracks
arise in the concrete. Shear stresses in connections between profiled sheeting
and the concrete are smaller. Due to its flexibility, the sheeting tends to separate
from the concrete. If separation is prevented, the sheeting deforms. The
occurrence of slip in composite slabs is caused by deformation and displacement
of the sheeting. The fact that the sheeting deforms and separates from the
concrete causes mechanisms, determining the behaviour of the connection, to
be different than found for reinforced concrete slabs.

Eurocode 4 [1] distinguishes 5 different mechanisms for the development of
shear resistance between profiled sheeting and concrete, of which 4 are
illustrated in Fig. 3.2.

@ Mechanical interlock b Yy deformations @ End anchorage by shear devices

@ Frictional interlock ® End anchorage by deformation

Figure 3.2: Different means for development of shear resistance in
composite slabs

® Pure or chemical bond
Chemical bond arises during hardening of concrete. Although shear stresses
due to chemical bond can be significant, EC4 does not allow addition of this
contribution to the shear resistance, due to its brittle failure mechanism.

@ Mechanical interlock provided by deformations in the profile
Almost all existing types of sheeting have indentations or deliberately applied
deformations in the sheeting in order to develop shear resistance.

® Frictional interlock
Profiles might contribute to the shear resistance by friction. Even without the
presence of indentations, contact forces arise if a slab deforms. Contact
forces give rise to frictional forces, which contribute to the shear resistance.
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@ End anchorage provided by external shear devices
End anchorage improves the shear resistance at the supports. End
anchorage can be obtained by welded studs or other types of shear devices,
which are connected to the supporting beam through the profiled sheeting.
® End anchorage by deformation of the ribs at the supports
End anchorage can be obtained by deliberately deforming the ribs at the
supports (Hammer-dibel).

This thesis focuses on mechanical interlock, since it is characteristic for
composite slabs. Different mechanisms are required for the description of the
behaviour of shear connections, as currently available for other types of
connections or shear devices. For different reasons the other contributions to the
shear resistance are not considered in this thesis.

@ Due to the high stiffness of chemical bond, a slab shows full interaction as
long as bond is intact. Since in design reliance on chemical bond is not
permitted, it is important that other means of shear resistance are able to
prevent brittle failure of the slab after the breakdown of bond.

® Limited application is found for re-entrant profiles without indentations,
relying only on frictional interlock. Although these profiles, due to the
absence of indentations, lie outside the scope of the thesis, the behaviour
can be analysed with the developed method. if the mechanisms which
provide shear resistance can be described, the behaviour of any shear
connection can be analysed.

@/® Mechanisms describing the behaviour of end anchorage are essentially
different from mechanisms describing mechanical interlock. Since end
anchorage devices are embedded in concrete the behaviour lies closer to
the behaviour of reinforced concrete, with corresponding concrete-related
failure mechanisms. The contribution of end anchorage can be determined
separately and added to other forms of interlock.

Although the following hypothesis deals with mechanical interlock by

indentations, all existing profiles can be analysed, using the method based on
the hypothesis.
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3.2 Hypothesis

The hypothesis concerning the behaviour of shear connections in composite
slabs focuses on indentations, which provide shear resistance via mechanical
interlock. Due to the limited thickness of sheeting (0.7 to 1.25 mm) the bending
stiffness of the webs and flanges is limited. This allows for deformation of the
cross-section of the sheeting, if contact forces are present between indentations
and concrete. Figure 3.3 shows two circular indentations. If longitudinal slip
occurs, indentations will be separated from the concrete. Between the
indentations and concrete interaction forces occur (F)), which can be separated
in longitudinal shear forces (F,), which contribute to the shear resistance, and
forces perpendicular to the sheeting (F ), which deform the cross-section of the
sheeting.

'_,‘_ Sy é F
|

Figure 3.3:  Indentations over-riding the concrete

In order to develop shear resistance, the sheeting should be able to resist the
forces acting perpendicular to the surface of the sheeting (F)). If these forces
cannot be resisted, no equilibrium of forces is possible, hence no shear
resistance is developed. This implies that a suitable form of shear connection
should be able to resist forces which tend to separate indentations from the
concrete.

The hypothesis concerning the behaviour of the shear connection in composite
slabs is based on Fig. 3.3 and its implications. The hypothesis consists of two
parts. Figure 3.3 shows the ACTION part. The required response of the sheeting
to the forces tending to separate the indentations from the concrete is the
REACTION part:

ACTION: Over-riding of indentations by the concrete after longitudinal slip
has occurred

REACTION: Response of the sheeting to the over-riding of indentations
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The response of the sheeting is a combination of deformation and displacement.
The behaviour of shear connections in composite slabs depends on the ratio
between the deformation and displacement. Figure 3.4 shows three identical top
flanges of a re-entrant profile. The ACTION part is the same for all profiles, since
the displacement of the indentation with respect to the concrete is the same. The
response of the flanges shows different levels of vertical displacement. It shows
that the deformation deceases if vertical separation increases. The deformation
is a measure for the resistance of the sheeting to the over-riding of the concrete
by the indentations. Therefore the shear resistance of the connections
decreases from A to C.

5
b
[

d

™
H

!

Y,

Deformation
| o
Hin
i3
Vertical Separation

61,A > BL,B > 6L,C /\ 5vs,A < 6vs,B < 6vs.C
deformation _ 9, ) S ) 5 ¢
displacement 8, 0,5 Ou¢

al,A > 5“3 > 5l,c = FL,A > Fl,B > F;,c

= F,>F.>F
\al A
Figure 3.4: Ratio of deformation and displacement in response
sheeting

Hypothesis:

The longitudinal shear resistance of a connection between concrete and
sheeting in composite slabs depends on the response of sheeting to
forces tending to separate the indentations from the concrete, after
longitudinal slip has occurred. The response is a combination of
deformation and displacement. The ratio between deformation and
displacement determines the characteristics of the shear connection.

The two parts of the hypothesis, referred to as ACTION and REACTION part,
can be considered separately. In order to clarify the implications of the
hypothesis a qualitative description of the two basic shapes of profiled sheeting
used for composite slabs is given (§ 3.3). A method for analysing shear
connections, based on the hypothesis, is presented and illustrated by two
examples and a parametric study (§ 3.4 & 3.5).
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3.3 Qualitative Description Shear Connection

With regard to the geometry of profiled sheeting used in composite slabs, two
basic shapes can be distinguished: re-entrant and trapezoidal. All existing
profiles are derived from these basic shapes, or a combination of both, as shown
in Fig. 1.3. The response of the basic shapes to over-riding of indentations is
essentially different.

a. Initiation Deformation b. Deformed Shape
Figure 3.5: Response of re-entrant profiles

Re-entrant profiles usually have indentations in the top flange. Once slip has
occurred, the indentations are separated from the concrete and the top flange
is pushed down. The rib is pushed into the wedge of concrete, as shown in Fig.
3.5a. Due to the wedge of concrete re-entrant profiles are able to resist vertical
separation. Large contact stresses between the sheeting and concrete occur, as
shown in Fig. 3.5b. Via friction these contact stresses contribute to the shear
resistance.

a. Initiation Deformation b. Deformed Shape
Figure 3.6: Response of trapezoidal profiles

Trapezoidal profiles usually have indentations in the web. After slip has occurred
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the vertical component of the interaction forces tends to separate the sheeting
from the concrete vertically, as shown in Fig 3.6a. If the sheeting is not able to
resist vertical separation, the indentations are separated from the concrete
without developing shear resistance. For trapezoidal profiles, the geometry of the
rib itself does not provide resistance to the vertical separation. Depending on the
slope of the web and the geometry and location of the indentations, the
indentations resist both to longitudinal slip and vertical separation. Vertical
separation occurs, as shown in Fig. 3.6b, changing the direction of the forces
acting on the indentations until equilibrium of vertical forces is obtained. For
trapezoidal profiles, the presence of longitudinal slip implies the presence of
vertical separation. As illustrated in Fig. 3.4, the appearance of separation
reduces the level of deformation and therefore reduces the shear resistance.
The geometry of the sheeting and the geometry and location of the indentations,
is more important for trapezoidal profiles than for re-entrant profiles.

The qualitative analysis shows, that for trapezoidal profiles indentations should
be located in the web. If indentations are located in the flanges, the tendency of
separation is larger, while no resistance to vertical separation is present. For re-
entrant profiles, indentations can be located in both flanges and webs. If
indentations are located in the web, the vertical component of the interaction
forces acts upwards, so no tendency of vertical separation is present.

The analysis of the cross sectional behaviour shows that distinction can be made
between ACTION, over-riding of the concrete by the indentations (Fig. 3.3), and
REACTION, deformation and displacement of the sheeting (Figs. 3.5 and 3.6).

3.4 Method for analysing Shear Connections in Composite Slabs

Based on the hypothesis (§ 3.2), a method for analysing shear connections in
composite slabs is developed. In order to focus on the method itself, the
connection used to clarify the method is simplified, as shown in Fig. 3.7.
Although simplified, it contains all aspects of a realistic connection. The
indentation is pyramid shaped. The sheeting is flat, supported vertically and
horizontally along the sides. A shear force is applied to the sheeting. A similar
configuration is used in a series of experiments (§ 5.1).
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Figure 3.7: Simplified shear connection

The rotation of the indentation, causing different vertical displacements of the
front and back toe of the indentation, is neglected. Therefore the displacement
of the indentation with respect to the concrete has only two degrees of freedom:
longitudinal slip (§,) and vertical displacement (3,). If the concrete and the
indentation do not deform, the relation between &, and 5, depends on the
geometry of the indentation, as shown in Fig. 3.8. Equation (3.1) describes the
ACTION-part of the analysis.

(3.1)

F' ?I- ?n"' Fu-

F{],F F ?l-i-f"[

Figure 3.8: Displacement indentation and interaction force between
concrete and indentation

If the indentation is separated from the concrete, interaction forces occur
between the indentation and the concrete. An assumption has been made
concerning the direction of interaction forces. The assumption is validated by
experiments (§ 5.1 &6.1). Itis assumed that the interaction force is a summation
of a normal (F) and a frictional force (F,). The normal force acts perpendicular
to the area of contact on the indentation. The frictional force acts perpendicular
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to the normal force, and its direction depends on the incremental displacement
between the indentation and concrete. The interaction force can be decomposed
into a shear force (F,), and a force which tends to separate the indentation from
the concrete (F ), as illustrated in Figs. 3.3 and 3.8.

F, = Fysing + F cos (3.2)
F
F = Fycosp - F sing (3.3) /
with: tan¢ = —DHE (3.4) F
E F
. N
n = f(Fy) (3.6) ®

The ratio between F, and F, can be derived from egs. (3.2) to (3.6). Equation
(3.7) also deals with the ACTION part of the analysis.

Fi _ sing +p-cosp _ tanp+p _ 22H+pD

F cOS® — W' sing I-ptanp D-2-pH

L

(3.7)

The REACTION part determines the response of the sheeting to the force
tending to separate the indentation from the concrete (F ). The response can be
given as a stiffness (k ). Depending on the simplicity of the response, the
stiffness can be determined analytically, experimentally or numerically.

=r{

kK = -+
Sy (3.8)

For the simplified shear connection, the ACTION and REACTION parts of the
analysis are now completed. Results can be combined to relate the shear force
(F,) to the longitudinal slip (5,). Equations derived for the separate parts of the
analysis are linked in eq. (3.9):

F, F

Fi=g 30 (3.9)
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F, F,
F" = F—' * 8_ * SL
. + (3.10)
= ZH+pD * k x _.H_ = k-8
D-2pH + D2 ! UL

eq. (3.7) eq. (3.8) eq. (3.1)

The solution technique consists of back substitution of , into the described
relations for the ACTION and REACTION parts:

Solution Technique Simple Shear Connections

ACTIONI REACTION ACTIONII

Interaction Response Displacement
Forces Sheeting Indentation
F * FL
Fy = F—" 5 ¥ 5,
part 1 part 2 part 3
Solution:
FI r——— F; - — 6; - 6.

Result: F, = (5,)

Equation (3.10) is visualized by a set of diagrams in Fig. 3.9. Resuits from the
separate parts (egs. (3.7), (3.8) and (3.1)) are presented in separate diagrams.
The resistance of the connection for a certain level of slip can be found by
following the line marked by the numbers @ to ®:

Considered level of longitudinal slip 5,.

The vertical displacement &, is related to §, by eq. (3.1).

The force perpendicular to the indentation F  is related to & by eq. (3.8).
The shear force F, is related to F by eq. (3.7).

The shear force corresponding to the considered level of slip is plotted
in a diagram, which relates F, to §,.

®® 0o
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Part 2: Reaction Part 3: Action
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Part 1: Action RESULT

Figure 3.9: Visualization Method based on hypothesis

In this case, all relations are linear, so the final result is linear. if slip reaches D/2,
the indentation is pushed completely out of the concrete. The displacement (Part
3) and the lateral force (Part 2) remain constant. The normal direction of the
interaction force changes (Part 1), which reduces the shear resistance to alevel
corresponding to friction.

Equation (3.10) and Fig. 3.9 show that the analysis of the behaviour of a shear
connection can be divided into an ACTION and a REACTION part. Combination
of separate parts leads to the behaviour of the shear connection.

3.5 Example

In order to illustrate the possibilities of the method for analysing more realistic

shear connections, an example is evaluated. The characteristics of the
connection are determined and a parametric study is performed.
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3.5.1 Determination Characteristics Basic Configuration

The configuration of the example is shown in Fig. 3.10. The webs of the sheeting
are vertical. A circular indentation is located in the centre of the webs. The
widths of the top and bottom flanges are equal. The concrete on top of both
flanges is removed, which means that the flanges can deform freely, without
touching the concrete. Due to symmetry, no vertical separation occurs since no
vertical forces arise if the indentation is separated from the concrete. In § 4.5 the
example is evaluated again, taking contact between flanges and concrete into
account.

Table 3.1: Dimensions Example

Height sheeting H, 60 mm
Thickness sheeting t 0.70mm
Width flanges B, 60 mm

Considered length L 40 mm
Diameter indentation D 12 mm
Height indentation H 3.0mm
Radius indentation R 7.5mm

. ]

Figure 3.10: Configuration Example § 3.5

Within the mechanical model of the sheeting, the flanges are replaced by
rotational springs. The presence of the indentation increases the bending
stiffness of the web. The improvement of the bending resistance can be taken
into account by assuming the bending stiffness to be infinite over a certain
distance D’. The fictitious value for D', should be based on the geometry of the
indentation and the distance between the indentations. Upper and lower
boundary values for D" are 0 and D.

The three separate parts of eq. (3.9) are evaluated in reverse order for the

configuration of Fig. 3.10, similar to the back substitution in the solution
technique.
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Part 3: Relation between the longitudinal slip and the displacement of the
indentation perpendicular to the web: 6, ~ 6,

In this case, due to symmetry, the indentation does not rotate around the
longitudinal axes. Since the distance between indentations in the longitudinal
direction is small, the deformation of the web is assumed to be cylindrical.
Rotation around the vertical axes is neglected. Figure 3.11 shows the
displacement of the indentation and the interaction force between the indentation
and concrete. The relation between the longitudinal slip 8, and the displacement
of the indentation perpendicular to the web &, can be derived from Fig. 3.11.
Equation (3.11) represents the third part of eq. (3.9).

D 5 2 2 - p2
—-8| +[R-h+8f =R
2 (3.11)
8, = -(R-h)+/(R-h)?-3,(5,-D)
D/2- 6/[
I=N
R—h+38
F, é L~/R
‘ii — IS,
D/2D/2 E{/ /2 S
Figure 3.11. Assumption interaction forces
Part 2: Relation between the displacement of the indentation perpendicular

to the web and the force perpendicular to the web: 6, ~ F,
To relate the component of the interaction force acting perpendicular to the web

F, to the displacement & , the mechanical model of the sheeting shown in Fig.
3.10 can be established. The stiffness of the rotational springs is k.
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o - 2
» " B, (3.12)

Without giving the full derivation, the results of the mechanical model are given
below. The bending moments in the edges M, ..., @nd the displacement of the
indentation (5,) can be calculated as a function of F .

Mg = 20 1 (3.13)
ange -web 4 4El/(kq,‘(Hs—D *)) +2 :
4El 1
= FJ-‘(HS_D*)3 . k‘P.(Hs—D*) 2 (3 14)
* 48EI 4E1 + 2 '
k,(H,-D")

Similar to eq. (3.8), the response of the sheeting can be given as a stiffness k,:

4EI .2
48E1 | k,"(H,-D")
(Hs"D‘)3 _f".F‘}___ +
k,*(H,-D")

(3.15)

s

F
kK = -% =
51.

N |

Substitution of eq. (3.12) leads to the second part of eq. (3.9):

4B, + 4(H,-D")
4B, + (H,-D")

(o _4SEL

" @Dy

(3.16)

Part1: Relation between the shear force and the force perpendicular to the
web: F, ~ F,

Figure 3.11 shows the interaction forces between the indentation and the
concrete. The shear force (F,) and the force perpendicular to the web, separating
the indentation from the concrete (F ), are derived similar to the derivation given
in eq. (3.7). For the circular indentation tan¢ is no longer constant, but a function
of the longitudinal slip. The coefficient of friction p is assumed to be constant.
The ratio between F, and F _is the first part of eq. (3.9):
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ﬂ _ sing +p-cosp _  tang +p (3.17)
F COS® — Wsing 1 - p-tang )
with: ¢ D2 -8,
I tang =
© R-h+d, (3.18)

Similar to the diagrams of Fig. 3.9 the results of the three separate parts are
plotted in Fig. 3.12. Since eq. (3.17) is a function of ,, the diagram presenting
Part 1 consists of several lines representing different levels of slip. Similar to eq.
(3.7) the ratio between F, and F_ can be derived. For the circular indentation
tang is no longer constant. Therefore the ratio between F, and F_is a function
of the considered level of slip. The ratio between F, and F_ can be taken at point
@, since the level of slip is known.

Part 2: Reaction Part 3: Action
4.0 — , 6_1_ — 4.0
- ; : : ; ; : : S -
et 7 y -
8‘ 1.0f--- I ‘.Azm 1 A 7 .. ,;_A_,,MZ_A.,...E__., -11.0 :
O 100 50 300 400 o) T3 30 435 60 75 9.0
— (S
500 - ; " - -L :F‘// - » . - - //500
— 400 ‘A,.P: e ;l,.»,; : ,,,,, : ..... M T 400
~ i ; : A
- 300l [ f I 300
e ;
S 200 el [T e 00
o
100 {100

O 100 200 300 400 500 5 3.0 45 6.0 7.5 9.0

Part 1: Action RESULT

Figure 3.12: Derivation shear resistance example 3.5

Compared to commonly available profiles, the number of ribs in this configuration
is higher, since the width of the bottom flange is reduced in order to create a
symmetrical profile. More ribs imply more indentations, which improves the shear
characteristic. The location of the indentation, in the centre of the web, minimizes
the stiffness k.. The calculated ultimate shear stress t, for the simplified
connection leads to a reasonable value.
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F F
o = avax _ Timax o 400 o0 (3.19)

“ A LBy 4060

3.5.2 Parametric Study Example

To illustrate the use of the method, 4 variations to the basic configuration are
considered. The effect of the variations to the shear resistance is shown in a set
of diagrams similar to Fig. 3.12.

Plasticity

Plasticity of the sheeting influences the response of the sheeting (Part 2). Figure
3.13 shows the adjusted response of the sheeting. For the mechanical model of
Fig. 3.10, first yielding occurs at the indentation, which reduces the stiffness k..
A plastic mechanism occurs if the plastic bending moments appear in the
rotational springs. Part 2 is no longer linear, but tri-linear. In this case, the plastic
mechanism is not developed within the considered range of parameters. Due to
the adjustment of Part 2, the strength of the connection decreases and the
connection behaves more brittle.

Part 2: Reaction

Part 3: Action

40 éil ——— T 4.0
1‘ S 3.0
I i h% -------------- foeeees 2.0
ISV €U SOUN, 5 SRS SO SO 1.0

O 160 70p 360 40 O T3 30 (45 60 75 3.0

— 1 — 9y
500 ‘ 500
400 400
300 300
200} f-/ /s ::{200

— L@y
O 100 200 300 400 300 1.5 3.0 4.5 6.0 7.5 9.0

Part 1: Action RESULT
Figure 3.13: Parametric Study: Plasticity sheeting

-3.16 -




Physical Behaviour Shear Connection

Geometry indentation

The height of the indentation is reduced, which changes both Part 1 and 3.
Figure 3.14 shows the adjusted diagrams. Part 3 shows the adjusted geometry.
In Part 1, the ratio between F| and F for different levels of slip reduces, due to
the reduced inclination of the indentation. The adjustments to Part 1 and 3 both
have a negative effect on the strength and stiffness of the shear connection.

Part 2: Reaction Part 3: Action

40— éh_ 40
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: ; 3) . T : : .’

; < ; 7t " :

2.0} R N N : I o ,‘;w’,',»fw: L5 ¢ PN s 42,0
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> S
500 l F - - - . //500
400 :" ...w..'.i‘.._;;;: T RERE 400
300 .," ',' \,} . PO TR 300
200 e i {200
100 |-/ i 100
!z oAy
O 100 200 300 460 500 s 3,0;;5 $0 7.5 9.0

Part 1: Action RESULT

Figure 3.14: Parametric Study: Geometry indentation

Thickness of sheeting and width of flanges

Variation of the thickness of the sheeting (t) and the width of the flanges (B;)
influence the response of the sheeting (Part 2). If the thickness increases, the
bending stiffness also increases. If the width of the flanges increases, the
stiffness of the rotational springs (k,) decreases, and therefore k, decreases.
Due to the adjustment of k , the stiffness of the connection respectively increase
and decrease for the variations of t and B,. Figure 3.15 shows the effect of both
variations. The line ®-® is drawn for the variation of B,.

The diagrams for the basic and adjusted configurations, shown in Figs. 3.12 to
3.15, illustrate that the distinction of the separate parts of the analysis increases
the understanding of the behaviour of the shear connection. Although the strict
distinction is no longer possible for complex shear connections, the numerical
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tools, as discussed in chapter 4, are also based on this distinction.

3.6

Part 2: Reaction

Part 3: Action
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Figure 3.15: Parametric Study: thickness sheeting & width flanges

Conclusions for Chapter 3

Although analogy exists between shear connections in reinforced concrete
and composite slabs, the mechanisms determining the behaviour of the
connections are essentially different. Since in composite slabs the
sheeting is not embedded in concrete and behaves flexible, due to its
limited thickness, mechanisms consist of deformation and displacement
of sheeting rather than cracking or crushing of concrete. (§3.1)

Hypothesis concerning the behaviour of shear connections in composite
slabs:

The longitudinal shear resistance of a connection between concrete and
sheeting in composite slabs depends on the response of sheeting to
forces tending to separate the indentations from the concrete, after
longitudinal slip has occurred. The response is a combination of
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deformation and displacement. The ratio between deformation and
displacement determines the characteristics of the shear connection.

The hypothesis consists of two parts. The ACTION part describes the
behaviour of the indentations, which are separated from the concrete after
longitudinal has occurred. The REACTION part describes the response of
the sheeting to forces tending to separate the indentations from the
concrete. (§ 3.2)

Both basic shapes of sheeting, re-entrant and trapezoidal, tend to
separate from the concrete after slip has occurred. The response of the
basic shapes to the over-riding is essentially different. Re-entrant profiles
are able to develop high resistance to vertical separation. For trapezoidal
profiles, indentations resist both longitudinal slip and vertical separation.
In that case, the presence of slip implies the presence of vertical
separation. The presence of separation reduces the level of deformation
and therefore reduces the shear resistance. (§ 3.3

The geometry of the sheeting and the geometry and location of the
indentations is more important for trapezoidal profiles than for re-entrant
profiles. (§ 3.3

The method for analysing shear connections in composite slabs shows
that the ACTION and the REACTION part of the analysis can be
considered separately. Combining of the results of the separate parts
leads to the behaviour of the shear connection. (§ 3.49)

The visual solution method leads to an ultimate level of transparency by
showing different parts of the connection, the relations between them and
the influence of each part on the overall behaviour of the connection. The
various examples show that the method is effective. (§ 3.4 &3.5)
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4. NUMERICAL MODELS

4.0 Introduction

The hypothesis concerning the behaviour of shear connections in composite
slabs is implemented in two types of numerical models. Prior to the discussion
of the numerical models (§ 4.3 and 4.4), the development of numerical models
is justified (§ 4.1). Similar to the hypothesis, both models perform a cross-
sectional analysis (§ 4.2). Possibilities and limitations of both models are
illustrated by an example (§ 4.5).

4.1 Justification of Numerical Models

Within shear connections in composite slabs several nonlinear phenomena
occur;

# Plasticity of the steel sheeting

# Cracking or deformation of concrete

# Contact between steel and concrete, including friction
# Geometrical nonlinear behaviour

The nonlinear phenomena justify the usage of sophisticated Finite Element
models, referred to as FE-models. Modelling the smallest possible repeating
section of a shear connection leads to relatively large FE-models. With the size
of FE-models, computing time increases, transparency reduces, and
interpretation of results and recognition of mechanisms becomes more difficulit.

Alternative for sophisticated FE-models are models, based on the hypothesis as
discussed in chapter 3. The solution technique, which implements the
hypothesis, is extended in order to deal with realistic shear connections. The
models are referred to as Simplified Frame Models, which refers to the simple
frame analysis used to describe the response of the sheeting.

SF-models do not include non-linear phenomena. Therefore SF-models alone,
are nhot suitable for determination of the behaviour of shear connections.
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However, the approach is based upon the belief that simple models may not be
very accurate, but allow for obtaining understanding of the physical behaviour.
Based upon obtained understanding more sophisticated analyses can be
performed. The other way around, sophisticated FE-analyses can be used to
investigate mechanisms, which can be implemented in SF-models. Due to their
transparency and the limited computing time, SF-models are very suitable for
performing parametric studies.

Considering advantages and disadvantages of both simple SF- and
sophisticated FE-models shows that a combination of both types of models
produces a powerful tool for obtaining understanding and performing parametric
studies. FE-models are suitable for the determination of the behaviour of a basic
configuration and for investigation of mechanisms, while SF-models are suitable
for performing parametric studies.

4.2 Cross-sectional Analysis
For both SF- and FE models the number of indentations, and therefore the

length of the considered shear connections is limited to the smallest repeating
section, as illustrated in Fig. 4.1.

Figure 4.1:  Smallest repeating section shear connection

SF-models are restricted by the solution technique, which is not suitable for large
numbers of degrees of freedom. FE-models are restricted by the size of the
model which mainly depends on the considered number of indentations. For
common profiles the smallest repeating section is usually smaller than 50 mm.
Therefore, both models concern analysis of a cross-section, since only a slice
of the composite element is considered. The analysis is either 2-D or semi 3-D.
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The behaviour of both full- and small-scale experiments differs from cross-
sectional analysis, since within the specimen different slices show different
behaviour. With regard to the full-scale specimen, two areas and a transition
area can be recognized, as illustrated in Fig. 4.2. The support reaction improves
the characteristics of the shear connection over the supports by pushing the
sheeting towards the concrete and therefore reducing vertical separation (Area
). Between the supports, no lateral force is present (Area Il). Both areas can be
analysed using cross-sectional analysis. The length of the transition area
between Area | and |l depends on the geometry of the sheeting. The behaviour
of full-scale specimen cannot be determined directly using cross-sectional
analysis. The areas | and Il can be analysed separately and results can be
combined to derive the behaviour of the shear connection.

}
////%/////////;

X3RN

Figure 4.2:  Limited applicability cross-sectional approach for full- and
small-scale specimen

In order to control the behaviour of the small-scale specimen in a test
arrangement, boundary conditions are applied to the specimen, which also affect
the behaviour of the connection, and often cause the separation between
concrete and sheeting to be restricted or variable over the specimen. This
implies that different slices may exhibit different behaviour, and therefore direct
determination of the behaviour is not possible using cross-sectional analysis.

Although direct determination of the behaviour of shear connections is not
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possible using cross-sectional analyses, the considered models are valuable.
Firstly, by using different analyses for different areas of the shear connection the
behaviour of the connection can be determined by combining the results of the
different areas. Secondly, the approach is useful for increasing understanding
and performing parametric studies. If variations to a basic configuration are
considered, determination of the behaviour of the basic configuration itself is not
necessary to investigate the effect of variations.

4.3 Simplified Frame Models

Similar to the hypothesis, SF-models are based on distinction between the
ACTION and the REACTION parts of the analysis. In this paragraph a general
solution technique, possible degrees of freedom and the ACTION and
REACTION parts are discussed.

4.3.1 Solution Technique

For the simple shear connections, illustrated in § 3.4 and 3.5, description of the
ACTION and REACTION parts was possible. Due to the limited number of
degrees of freedom and the simple geometry, it was possible to combine both
parts in order to relate the shear force in the connection F, to the longitudinal slip
d,. For common shear connections in composite slabs, more degrees of freedom
are active and the geometry of the sheeting is more complex. In this case,
description of the ACTION and REACTION parts is still possible, but combining
both parts in order to derive a formula for the shear resistance is no longer
possible.

For the shear connections considered in chapter 3, apart from the applied slip
9,, only one degree of freedom was present: §,. The solution technique consists
of back substitution of &, into the described relations for the ACTION and
REACTION parts. If more degrees of freedom are considered, relating the
ACTION and REACTION part becomes more difficult, and the simple solution
technigque is no longer applicable. A general solution technique for shear
connections is developed, which uses an iterative procedure to relate the
ACTION and REACTION parts.
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General Solution Technique Shear Connections in Simplified Frame Models:

S ACTION REACTION
module module
n Assumption
F—>
% DOF's 1
L3 »x
- FIIEE: §3
° % g &
3 |32 ¥
S 2|l & | % g
K
°
<4
S
@
s >< Check: DOF's &
© CHECK OK ? DOF’'s & Global
Q Forces Forces

# Resultant Shear Force
# Deformed Sheating
# Interaction Forces

RESULT:

Within the ACTION part, interaction forces at and displacements of the
indentations are described for each contact area. The direction of interaction
forces is determined, similar to the ACTION | module in the solution technique
for simple shear connections (§ 3.4). Description of the displacements relates all
considered degrees of freedom at the indentation to the applied slip &,, similar
to the ACTION Il module. Both modules are implemented in the ACTION-Black
Box. The REACTION module contains a REACTION-Black Box, describing the
response of the sheeting, which relates the interaction forces from the ACTION
module to values for all considered degrees of freedom. As long as the derived
values do not match the assumed values, the iterative procedure continues. The
iterative procedure of the general solution technique is suitable for
implementation in computer programs.

4.3.2 Possible Degrees of Freedom

Contact areas are defined as areas at which contact might occur between
concrete and sheeting, once longitudinal slip occurs. Apart from indentations,
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contact areas occur at locations where sheeting is pushed towards the concrete
once the sheeting deforms, contributing to the shear resistance via friction.
Figure 4.3 shows a trapezoidal type of sheeting with pyramid shaped
indentations in the web. Reflections concerning the degrees of freedom (DOFs)
are also valid for other types of sheeting and indentations.

Global cs. - REACTION OS¢

z, .

Y, .'.-"—---‘

Local cs. - ACTION *

Figure 4.3: Coordinate systems used within SF-models

The ACTION part focuses on contact areas and refers to local coordinate
systems. Each contact area has 5 possible DOFs:

® x: Local x-axis; coincides with direction of longitudinal slip (~3,).

@y, Local y-axis; x-y, describes plane of contact area.

® z;: Local z-axis; coincides with ,.

@@,: Rotation around the x-axis occurs if the sheeting deforms or is caused
by eccentricities of the interaction forces acting on indentations.

.- Rotation around the y-axis is caused by eccentricities of the interaction
forces acting on indentations. @, results in different values in the z-
direction () for the front and back toe of indentations.

- ¢,: Rotation around z-axis is prevented by in plane stiffness of sheeting.

2L

The REACTION part relates contact areas to global displacements of the
sheeting (5, and &) and refers to local and global coordinate systems.

®x,: Global x-axis; coincides with x, and J,
@y, Global y-axis
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®z,: Global z-axis; coincides with the direction of vertical separation (~-0,5).

For the shear connection, illustrated in § 3.4, the local and global coordinate
systems coincide. Rotation of the indentation was neglected (¢,=¢,=0). In plane
displacement of the sheeting perpendicular to the applied slip was prevented
(Yg=y=0). Two DOFs were considered:

@ Xg = X =B,
@ Zy=-z=-0,
- Yg|=Y|=(px=(Py=0

For the example illustrated in § 3.5, the local and global coordinate systems do
not coincide. Due to the absence of concrete at the flanges, vertical separation
does not occur (5,,2,=0). Due to symmetry and the neglecting of eccentricities
of the interaction force, no rotation occurred (¢,=¢,=0). Again two DOFs were
considered:

@ Xg =X = §,
@ Ya=2Z =0,
- zgl=-YI“6vs=(px=(Py=o

If the number of contact areas increases, the number of DOFs increase. if more
DOFs are active, the solution technique for simple shear connections is no
longer applicable. The general solution technique becomes more complicated,
but is still applicable.

4.3.3 Description ACTION part

A general approach is used to describe the ACTION part. The approach is
illustrated for a spherical indentation, but valid for all types of indentations. Figure
4.4 shows a contact area containing an indentation. Considering contact
between indentations and concrete, the concrete can be seen as a fictitious
indentation, which covers the indentation in the sheeting. The five DOFs (x,, y,,
z, ¢, and @,) displace the indentation with respect to the fictitious concrete
indentation. If a contact area does not contain an indentation, the procedure is
simplified.
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Concrete

Fictitious concrete indentation

Sheeting with indentation

5 possible degrees of freedom
with respect to concrete

Figure 4.4:  Visualisation of a contact area

The Black Box in the ACTION module determines a possible point of contact and
corresponding direction of interaction forces for each contact area.

ACTION Black Box:
ACTION Black Box
3 ‘| Mo | 1 — — x -
is 8L{Eisl @ W
« ;w o~ - = § T L] ‘O_| ®
> 3‘5 « 1% (8] 2] |« o s
< Q € ° o . a
£ % s 2 w r4 g £
5 . § a|l (& @] |w Ols o
s 8¢ af |a| |€| | B> ©
[ -n - L L L L Q
6 >9 — </ 2
© E; — ° = &
" o) N 2
LR & ] 8

0. Degrees of freedom
The level of slip is known (x,~5,) A value for 8, in the z-direction is derived
within the black box. For the remaining DOFs (y, ¢, and @,), values are set
outside the ACTION Black Box.
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. Determination of penetration indentation in the concrete
Figure 4.5 shows all possible DOFs of the indentation (x, y,, ¢, and @), which
might lead to penetration of the indentation into the concrete (5 <0). If no
penetration occurs, there is no contact, so no interaction force (F,) occurs.

Figure 4.5: Determination penetration indentation in concrete

. Determination of the point of contact
The point of contact between the indentation and the concrete is found at the
location where penetration of the indentation into the concrete is maximum.

. Determination of the value DOF in z-direction (6 )
The maximum penetration equals 5,. The indentation is pushed away from
the concrete with a value & .

. Determination of the direction of the interaction force
The interaction force is a summation of a normal and a frictional force: I*:i = Ir-'N
+ IEp. F\ acts perpendicular to the surface of the indentation at the point of
contact. F, acts perpendicular to Fy and its direction depends on the
incremental displacement of the indentation with respect to the concrete.

. Determination of the ratio of local forces on the indentation
The interaction force can be separated into three components, according to
the local coordinate system: ﬁ = IE,(I + lEy, + Iezl. Figure 4.6 illustrates the
decompasition for a given point of contact.

e ow - tang+p . oo tanp+u
F,:F :F = cosp : sinP- 01
Mot P 1-p-tang P 1-p-tang (4.1)
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F,=F,+F,
Fi = xyl + le
xyl =ry + yl
Figure 4.6: Decomposition interaction force
F,y1 =Fy'sing +F -cose 4.2)
F, =Fycos@-F -sinp 4.3)
Fxl = nyl. COSB (44)
Fy = FersinB 4.5)

The illustrated procedure determines displacements and the direction of the
interaction force for a considered contact area, based on values for the
considered DOFs. Using the general solution technique, the behaviour of all
contact areas is considered in the iterative procedure.

The described procedure is suitable for implementation in a computer program.
In some cases the ACTION part can be described analytically. In all cases the
procedure should supply the point of contact, a value for 5, and the ratio
between the components of the interaction force with respect to a local
coordinate system.

4.3.4 Description REACTION part

Within the REACTION module, the response of the sheeting is described using
a mechanical model, containing all considered DOFs, and loaded by the forces
derived in the ACTION module. For all DOFs new values are derived, which can
be compared to the assumed values. Within the iterative procedure the final
solution is determined, using the boundary equations to satisfy compatibility and
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equilibrium. The mechanical model can be a simplified 2-D frame model or a
sophisticated 3-D FE-model. Figure 4.7 shows part of the trapezoidal sheeting
of Fig. 4.3, with forces corresponding to the considered DOFs.

le:l ‘V’ M, =+ Fyie T Fagey
Forces - N i ',‘#
- Fxl:l ."yﬂ Mv;i =+ Fxl;i.eui + le;i'ex;i
Ll xi -
F E@m Bending Moments

Figure 4.7:  Forces corresponding to possible DOFs in contact areas

The response of the sheeting is presented as a stiffness matrix [A] which relates
forces [F] to the considered DOFs [u].

(A3 5] = [u] (4.6)

If a shear connection contains n contact areas, [A] leads to the matrix:

. I ]
xI;1 uxl;l
Al,l ot Al.S N Al,Sn—4 e Al,5n
Fyl;l uyl;l
Fo U1
. Mx;l ‘px;l
As,l AS,S My;l (py;l
- (4.7)

Aspgg + - o Ayisns o - - Agas|  [Fuaa Usiin
Fyl;n uyl;n
le;n uzl;n
Mx;n q)xn

ASn,l A M ot ASn,Sn 4 <t ASn,Sn M
yin ,(p)’;ﬂ
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All entries A, of the stiffness matrix [A] are determined by applying unified forces
F, to the mechanical model, which results in values for all DOFs u;. Usually not
all DOFs are active, which reduces the size of the stiffness matrix. For the shear
connections, illustrated in § 3.4 & 3.5, the size of the stiffness matrices was
reduced to [1x1], since there was only one contact area, which contained only
one active DOF: & . The second DOF, the applied slip 8,, is known and therefore
eliminated from the matrix.

§3.4: (AMF] =[] = [AyE] = o] = [ }fF] = (4.8)
§3.5: [A}[F] = [u] = [AI,IHle] = [uzl]
[0y om0

48El 4B, +4(Hg-D")

The matrix [A] for the evaluated example in § 4.5 is reduced to [4x4], which
already requires the general solution technique. If description of the ACTION and
REACTION module in parameters is possible, both modules can be
implemented in computer programs containing the iterative procedure of the
general solution technique, which reduces the computing time considerably.

Due to simplifications, the SF-models remain transparent. Even if the
simplifications affect the behaviour of the shear connection, SF-models can be
used effectively for parameter investigations. If the effect of simplifications can
be quantified, for instance by using sophisticated FE-models, SF-models are
powerful tools for investigating shear connections in composite slabs.

4.4 Finite Element Models

Although FE-models are not based on the strict distinction between ACTION and
REACTION, the physical background of the hypothesis can be implemented. FE-
models of shear connections should model the 4 components of shear
connections: sheeting, indentations, concrete and the interface between
concrete and sheeting.
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@ Sheeting

# Within the hypothesis, displacement and deformation of the sheeting is
important, so the sheeting has to be modelled accurately. Due to the limited
thickness of the sheeting (t<1.25 mm), the sheeting is modelled using beam
elements (2-D) or plate bending elements (semi 3-D).

# Plasticity of sheeting can be implemented. Large strains can occur at contact
areas and at the edges between web and flanges. If plasticity is considered,
the element distribution should not affect the development of plastic
mechanisms.

# Geometrical non-linear behaviour should be considered, due to the large
deformation of the cross-section.

# Profiled sheeting is made by repeated deformation of flat sheeting, which
influences the yield stress and thickness of the sheeting. Variations of yield
stress and thickness can be implemented.

@ Indentations

# Since the normal direction to the contact surface at the indentation
determines the direction of the interaction forces, an accurate description of
the indentation is crucial.

# The element distribution at the indentations should allow for deformation or
instability of the indentation itself.

# Indentations are added to the profiled sheeting by plastic deformation. Similar
to profiled sheeting, possible variation of properties can be implemented.

@ Concrete

# The outer layer of concrete, which is in contact with the sheeting, is cement
paste rather than structural concrete. The deformation of the concrete is
therefore caused by deformation of the paste. The strength and stiffness of
the paste is smaller than found for structural concrete. The indentations dig
"channels" through the paste, which should be taken into account by the solid
concrete elements.

# Due to the number of indentations and the flexibility of the sheeting interaction
forces between concrete and sheeting remain relatively small. Usually no
cracking of the concrete occurs.

# Concrete is modelled at all possible contact areas. Within FE-models, the
point of contact is a result of the analysis, whereas within the mechanical
model of SF-models the location of contact is predestinated.
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# In full-scale experiments, cracking of concrete occurs due to curvature of the
cross-section. The presence of these cracks influences the behaviour of the
shear connection. Due to the cross-sectional approach these effects are not
taken into account.

@ Interface between the concrete and the sheeting

# Contact elements consist of two parts which are connected to different parts
of the FE-model which might contact during loading. One of these parts
determines the direction of the interaction forces. Since the assumption with
regard to the direction of the interaction force is based on the geometry of the
sheeting or indentation at the point of contact, this part of the contact
elements is connected to the sheeting. If contact occurs, contact elements
return an interaction force which prevents penetration. Similar to the
hypothesis, the interaction force consists of a normal and an (optional)
frictional force.

# Friction can be implemented in contact elements. Different types of friction
are available. Rigid Coulomb Friction is used. This type of friction ensures
occurrence of the maximum coefficient of friction if slip occurs.

4.5 Example

The example of § 3.5 is considered again taking into account the concrete at the
flanges, as shown in Fig. 4.8. If contact arises between flanges and concrete,
interaction forces tend to separate the sheeting from the concrete, which can
only be resisted by the indentation. The example is evaluated using SF- and FE-
models.

4.5.1 Example SF-model

All 6 elements of the general solution technique are discussed:
1-  Determination of active degrees of freedom (§ 4.5.1a)
2-  lterative procedure (§ 4.5.1b)

3- ACTION module (§ 4.5.1c)

4- REACTION module (§ 4.5.1d)
5-  Checks in iterative procedure (§ 4.5.1¢)
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6 -  Results of analysis (§ 4.5.1f)

Simplifications within the SF-model are marked in the text (Ass. X). All
assumptions are reconsidered in § 4.5.3 using the FE-results.

Table 4.1: Dimensions Example § 4.5

& X ]
R | Height sheeting H  60mm
S a Thickness sheeting t 0.70 mm
s Width flanges B, 60mm
RSees H Considered length L 40 mm
B Diameter indentation D 12 mm
1o Height indentation h 3.0 mm
f B/2 B2 Radius indentation R 7.5mm
] ]

Fina= F viind T Fjiina

- -

Fiind = Faun + Fapn T Nig + N
= Fyl;ind - Foun - le;bﬂ =0

Figure 4.8: Configuration Example § 4.5

4.5.1a Determination active dearees of freedom

There are 3 possible contact areas: the indentation (ind) and both flanges (tfl/bfl).
Each area has five possible DOFs. It is assumed that the longitudinal
displacement of all areas equals the applied slip (Ass. 1: U,;=U,.50=Uyyina=Ux=0))-

Sheeting

Due to the large deformation of the web, the edges between web and flanges do
not have the same vertical displacement: 8 .,con1<Ousing<Ovswermn- 1NiS effect
increases the interaction force at the bottom flange (F,,,) and reduces the force
at the top flange (F,5). This effect is neglected (AsS. 2: 8¢ ,ebpi=0vsind=Ovswebitn)-

Flanges

Contact between flanges and concrete is assumed to be located in the centre of
the flanges (Ass. 3). Due to the boundary conditions at the flange, only u, is
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active.

Indentation

Eccentricities of the interaction force with respect to the indentation are
neglected (Ass. 4). Due to assumption 2 and the equal width of both flanges
(Byn=By), the cross-section remains symmetrical. Therefore, both rotations of the
indentation are zero (Q,,=9,...=0). TWo DOFs are active: u,;q & Uy, Due to
the vertical web, u,,,, coincides with the direction of vertical separation
(Uying=Dys)- Ugng COINCides with & .., which represents the fictitious penetration,
derived in the ACTION module.

Five DOFs are active within the ACTION and/or REACTION module. Each DOF
has a corresponding force:

Sheeting ® uxgl=uxl:bﬂ=uxl;ind=uxl;tﬂ - 6] - Fxl;bﬂ+Fxl:lnd+Fxl;tﬁ = Fu
Bottom flange @ U, ~ 0,4 - Fum
Indentation & Uyng ~ Oy = Fiin
® Uyig ~ 8,500 = Fuajng
Topflange ® Uy~ 0 4 -~ Fum

4.5.1b lterative procedure

The general solution technique requires assumptions for DOFs which are not
derived within the ACTION and REACTION modules. Since the applied slip J,
is known and &, is derived within the ACTION module, the remaining DOFs
are unknown and assumptions are required to start the iterative procedure. Each
assumption requires an equation which checks the assumed values once the
ACTION and REACTION modules are performed. In this case, three equations
are required.

Active DOF Assumed Check

DOF value
1 Upon 0 Contact at bottom flange: F;,, > 0
2 Uyting O, Resultant lateral force F, = Fp+F ) +F .0 = 0
3 Uy 0 Contact at top flange: Fz > 0

The mechanical model used within the REACTION module assumes contact
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between the flanges and the concrete. This implies a zero displacement for u,.,
and u,y,. The check corresponding to the assumption is the sign of the
interaction forces at the flanges (F, 4 & F.4). These forces should be positive. If
one of these forces becomes negative, the corresponding contact area should
be eliminated from the mechanical model.

The REACTION module determines values for all forces acting on the cross-
section. The resultant force in the global z-direction should be zero, since no
external lateral force is present: F,,, = F  =F, +F . +F,,=0.If F_is not zero,
the assumed value for the vertical separation &, should be adjusted.

4.5.1c ACTION module

The ACTION module is described in parameters. The spherical indentation can
be described as part of a sphere, as shown in Fig. 4.9a. Displacements of the
indentation (u,;=5; and u,,=8,;) can be translated to a displacement of the
fictitious sphere with respect to the concrete, as shown in Fig. 4.9b. The
displacements &, and 5, lead to penetration of the fictitious steel sphere into the
concrete, &;,. If deformation of the indentation and concrete is neglected (Ass.
5), the point of contact lies on the circle describing the toe of the concrete
indentation.

Indentation Sphere c'oncrete Circle Sphere
indentation /
R f
v 16 | .
R :
=
N b1
a. Description indentation as part b. Displacement sphere with respect

of sphere to concrete circle

Figure 4.9:  Description indentation as part of fictitious sphere
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The indentation and the concrete are described by a sphere and a circle:

Steel Sphere: xZ+ yl+zl = R? (4.10)
2
Concrete Circle: x2+ y? = [%) (4.11)
with: x; = x.- 9,
Y« T Ye- 6vs
Zs = - (R'h) - Sfp

The origin of the local coordinate system for the concrete circle lies at the centre
of the circle. The origin of the local coordinate system of the sphere lies at the
centre of the sphere. Each possible point of contact (x.,y,) at the concrete circle
might penetrate into the steel sphere &,(x..y.). Equation (4.10) can be rewritten
as:

Steel Sphere:  (x,~8,)* + (y.-3,,)* + (-8,-R-h))* = R? (4.12)

The concrete circle can be described using polar coordinates:

O<B<2m = -]:?—'cosﬁ; Yy, = lz)vsinﬁ
For all possible points of contact at the concrete circle, a value for &,,(x.,y.) can
be determined. If &, is negative, no contact occurs. If &, is positive, (X.y.) is a
possible point of contact. The maximum value of &, represents the maximum
penetration of the indentation into the concrete which equals 5, ;4. Equation

(4.12) can be rewritten:

(9-0085 _5,,)2 . [2°sinﬁ -svs)z + (-8 -(R-W) - R?
2 2 (4.13)

~ (~Drcosp8, +82) + (- Drsin-8,, +82) + (8,2 +2:8.-(R-h)) = 0

2
with: (R -h)? +[%J - R2

Resulting in &, as a function of B:
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8"+ 28 (R-h) + [3:(5, - D-cosp) + 8,5, - D-sinl] = 0
(4.14)

= 8, = ~(R-h) + J(R-h)*-3(5, - D-cosp) - 8,(8,, - D-sinp)

Differentiation of &;, to B determines the location of the maximum value of &,

By _1, -8, Drsinf + 8 - D-cosp o
op 2 \/(R—h)3 _ SH- (8“ -D-cosp) - 5VS. (3,.- D-sinp) o)
= o sinf = 8 - cosp ~ tanp = -2

8\\

The fictitious penetration of the indentation into the circle of concrete at point
(XC’YC) equals 6‘;ind:

B ina - By) (R | (RW2-5{ 8- | 5, f 5~ | (4.46)
Lind ~ Of Xy) =R+ “h)"= I Oy Ovs™ .
in p /5ﬁ+635 /6ﬁ+8\2.rs
3 S
at (x,y,) = ( 2'c:osB R %-sinﬁ) _| b. i , D, vs
’ 2 s 2 feea

Figure 4.10 shows the function of &, for three different combinations of slip and
separation, for values of B from -11/2 to /2, corresponding to the front half of the
concrete circle.

I m mr 9y
0 _ Table 5.2: &, for combination 6,/8

L e Lo sl woy | I m

£ oW oy f €9 5, D/4=30 D/4=30 DI/4=30
- v 8. 0 D/8=15 D/M4=30
& 1 \JI NI tan B 0 1/2 1
3 \ B [rad] 0.0 0.1481  0.250'm
g -tobam237, 00 3, 2.37 252 279

279

-3.0
-0.80 -0.28 0.00 0.285 0.80

Figure 4.10: Result ACTION module for combinations of &, and 8,
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The inclination of the indentation at the point of contact (x,,y,) determines the
normal direction at the indentation, and therefore the direction of Fy,,. The
frictional force F ;.4 acts perpendicular to Fy;,, and depends on the incremental
displacement of the indentation, which represents the movement of the
indentation with respect to the concrete at the considered level of slip. In this
case, no previous levels of slip are considered. The direction of F ;4 is based on
the displacement of the indentation with respect to the undeformed geometry
(Ass. 6). Similar to Fig. 4.6, the interaction force F;,,, which is a summation of
Fy.ina @nd F .4, can be decomposed with respect to the local coordinate system,
resulting in a ratio between local forces. For the given values of §, and 5, the
ratio between the local forces can be determined.

— - - —

Fi;ind = FN;ind + Fp;ind = Fxl;ind + Fyl;iﬂd + le;ind = Fxl;ind : Fyl;ind : le;ind (417)

For the contact areas between flanges and concrete, the ratio between the local
forces is determined by the coefficient of friction.

Fapona’ Fypoann' Fapann = Fupana'0:Frpann = P Fupann 0 Fapana = #1011 (4.18)
The location of the point of contact, a value for 5, and the ratio between local
forces at each contact area are a result of the ACTION module. Rotation of the
indentation (@,;,4*0 A @,;,4#0) can be implemented by a displacement of the

centre of the steel sphere.

4.5.1d REACTION module

The response of the sheeting consists of displacement and deformation of the
sheeting. The mechanical model of Fig. 4.11 describes the deformation of the
sheeting. The model relates active DOFs (u,.,4, U;ir @nd U,,) to corresponding
forces (F, 0, F,; and F,4). The deformed shape of the sheeting is a summation
of vertical separation and deformation, as shown in Figs. 4.11b & 4.11c. In order
to maintain contact between the centre of the flanges and the concrete, the
vertical separation should equal the deformation of the flanges.

uzl;bﬂ/tﬂ = 8vs +6¢:bﬂ/lﬂ =0 = 8J.;bﬂ/tﬂ = Hsvs (419)
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a. Mechanical Model b. Displacement = ¢. Deformation
Vertical Separation

Figure 4.11: Mechanical model SF-model

The influence of the indentation to the bending stiffness of the web is neglected
(Ass. 7: D'=0). The mechanical model is a 2-D frame model, which neglects
variation of deformation along the x-axis (Ass. 8). The stiffness matrix for the
given mechanical model, assuming contact at both flanges, can be evaluated:

A, A Foen Won 3, o =8,
Ay Assl Frina| = Wating| = 8| = O sina (4.20)
A, A

F

A .
[A]-[F] = [u] = |Ay,
A . 3,3 2I;tfl “zl;tﬂ 8J.;tﬂ _Svs

Values for the DOFs in [u] are available. 5, and &, ; result from the assumption
that contact is present (5, ,45=-0ys)- 8, .ns results from the ACTION module. The
forces acting on the cross-section can be derived:

[F] = [A]""- [u] (4.21)

Result of the REACTION module are values for all forces corresponding to the
active DOFs (F .. Fiing @and F).

In this case, a simple 2-D frame model is used within the REACTION module.
It is also possible to consider more DOFs and use more sophisticated tools, for
instance FE-models, to determine the response of the sheeting. If the response
is not determined in parameters, each configuration requires determination of a
stiffness matrix [A].
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4.5.1e lterative procedure general solution technigue

From the ACTION module, a ratio between local components of the interaction
force in each contact area is found (eq. (4.17)). From the REACTION module,
values for forces corresponding to active DOFs are found (eq. (4.21)), which
implies that all components in each contact area are determined. All local
components can be transferred to the global coordinate system. Summation of
all global forces results in a resultant shear force (F,) in the x-direction and a
resultant lateral force (F):

F ACTION
_ — . xl;ind . .
Fi = Fopn * Fagina * Faan = W Fppn * F_ Fotina * W Fan (4.22)
2l;ind
F ACTION
= - - - _ yliind . _
Fo= ~Fuon * Fiina ~ Faa = ~Faen * F Foina = Fayn (4.23)
zl;ind

The checks, listed in § 4.5.1b, can be performed. When all checks are satisfied,
the solution is found. If one or more checks fail, corresponding assumptions have
to be adjusted. If the first or third check fails (F,,,<0 and/or F,;<0), the
mechanical model in the REACTION module should be adjusted: F,,, and/or
F .. should be taken out of the model. If the second check fails (F,#0) the level
of vertical separation should be adjusted. If an external force is applied to the
cross-section, for instance by a support reaction, equilibrium should be obtained
between the external and internal forces (F =F ).

4.5 1f Results

Figure 4.12 shows the results of the SF-model. The solid line represents the
applied shear force (F,) versus longitudinal slip (5,) to the left axis. The dashed
line underneath the solid line represents the contribution of the indentation to the
applied shear force. The dotted line represents the result as found in § 3.5.
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Figure 4.12: Results SF-Model

Contact between flanges and concrete doubles the contribution of the
indentation to the shear force. This is caused by the increased rotational
stiffness of the edges between the flanges and the web. The total capacity is
further increased by the contribution of friction between the flanges and
concrete. To the right axis the vertical separation (5,,) is plotted versus &,. The
ratio between &, and 9§, is almost constant. It can be recognized that the ratio
increases until the maximum shear stress is reached, and decreases once the
shear resistance drops. For large values of separation, the difference between
the examples of § 3.5 and 4.5 reduces due to the decreasing contact forces
between the flanges and concrete.

4.5.2 Example FE-model

An FE-model with linear elastic behaviour is considered in order to evaluate the
assumptions of the SF-model. The sheeting is modelled accurately using shell
elements. For all contact areas all relevant DOFs are active. Concrete at the
flanges is modelled using solids. Concrete at the indentation is modelled by haif
a cylinder, placed in front of the indentation.

Since only linear contact elements are available, the contact surface at the

indentation is described by flat surfaces. Figure 4.13 shows the effect to the -
applied shear force, caused by the angle between the contact elements. The
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vertical component of the interaction force F, does not change when an edge is
passed, since the displacements of the indentation are continuous. Equilibrium
of forces at both sides of the edge determines the reduction of the applied shear
force. The effect can be reduced by increasing the number of elements, which
reduces the angle between the contact elements.

Figure 4.13. Discontinuity applied shear force caused by linear contact
elements on spherical indentations

Figure 4.14 shows results of both the SF- and FE-model. The shear resistance
of the FE-model is higher and the vertical separation smaller. Differences
between the SF- and FE-results are attributed to the influence of the indentation
to the bending stiffness of the web. This effect is investigated in § 4.5.3-7.
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Figure 4.14: Results FE-Model
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4.5.3 Evaluation Assumptions SF-model
The assumptions used within the SF-model are evaluated using the FE-results.

Assumption 1: Uyg = Ugpn = Usting = Uyn = O,
Longitudinal displacements of Table 5.3:  Displacement contact areas in x-

all contact areas are direction

presented in Table 5.3 for Applied slip = 3, 1.500 3.000 4.500

three levels of slip. The Uy bottom flange 1.512 3.005 4.497
i l-‘IxI;indentation front toe 1 500 2 996 4 495

assumptlon Shows to be uxl;indentationbacktoe 1508 3004 4500

reasonable. Usttop tange 1512 3005 4.497

Aﬁm 6vs;web/bﬂ = 6vs;ind = avs;wsb/tﬂ
Due to the large deformation Table 5.4:  Vertical separation
of the web, the assumption is

Applied slip =, 1.500 3.000 4.500

not correct. Table 5.4 shows Bosbiwes 0.365 0.777 1.105
values for the vertical Oys:thwed 0.438 0.981 1.399
i Faion 394 409 309
displacement of the edges Fo %3 361 246

between flanges and web. As
expected 6vs;web/bt‘l<6vs;web/tﬂ and
therefore F,.>F .. Figure 4.12 shows that the interaction forces at the flanges
are small compared to the interaction force at the indentation. Table 5.4 shows
that the variation between the forces at the flanges is small, and therefore the
assumption is reasonable.

Assumption 3: Contact area at flanges located at the centre of flanges

In general, if flanges are wide, the point of contact does not lie at the centre, but
shifts towards the edges. If flanges are small, contact is lost once vertical
separation arises. Results of the mechanical model show that for the considered
configuration the assumption is reasonable.

Assumption 4: Neglecting of eccentricities of the forces at the indentation
Eccentricities of the Table 5.5:  Rotation of the indentation
interaction force with respect ;e sip=5,  1.500 3.000 4.500
to the indentation result in a @ping 107 -0.108 +5.308 +5.708
tendency of the indentation to @ying 10° -3.958 -2.492 -0.250
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rotate. Rotations of the indentation within the FE-model are presented in Table
5.5. Rotations are derived from the displacement of the front, back, upper and
lower toe of the indentation in the local z-direction. Rotations remain small
compared to the maximum rotation of the edges for large values of slip, which
approaches 200:107.

FNl /Fll

Figure 4.15: Rotation indentation due to eccentricity interaction force

Table 5.5 shows that disturbance of the symmetrical behaviour as discussed at
Ass. 2, results in rotation of the indentation around the longitudinal axis (¢,). With
respect to the shear resistance, rotation around the local y-axis (9,) is more
important. @, is negative for small values of slip and increases if slip increases.
This effect is illustrated in Fig. 4.15. For small values of slip the interaction force
points underneath the centre of the indentation. For large values of slip, the
interaction force points over the centre of the indentation. Results show that due
to the presence of friction the eccentricities around the local y-axis (@,) remain
small.

@, affects the shear resistance in two ways. A negative value for @, results in a
smaller value for & ;. since the average displacement of the indentation
reduces, which reduces the shear resistance. However, a negative value for ¢,
increases the inclination of the indentation at the contact area, which improves
the shear resistance. The overall influence of @, on the shear resistance
depends on the geometry of the indentation and the sheeting. In this case, the
level of rotation allows for neglection of eccentricities of the interaction force
within the SF-model.

Assumption 5: Neglecting of deformation of the indentation and the concrete
Results of the FE-analysis show that high stress values arise at the indentation.
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The maximum equivalent stress in the indentation is reached when the ultimate
shear capacity is reached (0,,=700 N/mm?). In general, stresses in the
indentation remain smaller than stresses in the web, which implies that no large
plastic strains are expected in the indentation if plasticity is considered. Even for
the large stresses, found in the elastic analysis, deformation of the indentation
is limited, since the spherical indentation is very stiff.

{
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Figure 4.16: Contact mechanism shear displacement

When the shear capacity is reached, the maximum force acting at the concrete
is approximately 360 N. This force acts at paste rather than at structural
concrete. in [9] a concrete crack model is presented based on crushing of
cement paste, as illustrated in Fig. 4.16. Compared to the concrete model
interaction forces in composite slabs are relatively small. Nevertheless,
neglecting the deformation of concrete requires a more thorough analysis.
Similar to the deformation of the indentation, plasticity of sheeting reduces the
interaction forces, and therefore the deformation of the concrete paste.
Neglecting the deformation leads to over-estimation of the shear strength. The
influence of the deformation of both steel and concrete can be taken into account
in both SF- as FE-models.

Assumption 6:  Direction of F; based on undeformed geometry

The direction of the frictional forces F; should be based on the incremental
displacement of the contact areas. This implies that a stepwise analysis should
be performed. In the SF-model, the direction of the interaction force is
determined with respect to the undeformed geometry. The almost linear relation
between 8, and &,, as shown in Fig. 4.12, proves that the assumption is
reasonable.
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Assumption 7: Neglecting the influence of the indentation on the bending
stiffness of the web

Since in the SF-model the influence of the indentation on the bending stiffness
of the web is neglected (D'=0), the shear capacity is under-estimated. Figure
4.17 shows the results of the FE-model and three SF-models, with different
values for D". The bending stiffness of the web is taken infinite over a distance
D', therefore 0<D’<D. Figure 4.17 shows results for D=0, 0.56-D and D.
D'=0.56-D is determined using a FE-model of the web with an indentation.

600

D*=D
800 [
D*=0.56D

400

300 [

Shear Force [N]

100

Longitudinal Slip [mm]
Figure 4.17: Results FE-Model and SF-model for D'=0/0.56-D/D

Figure 4.17 shows the under-estimated result for D'=0, the over-estimated result
for D'=D and the result for D'=0.56-D, which shows reasonable agreement with
the FE-results.

Assumption 8: Neglecting the variation of deformation along the x-axis
In Table 5.6, displacements Table 5.6: Displacement along x-axis

perpendicular to the web (U,)  applieqslip=5,  1.500 3.000 4.500

along the x-axis are Uy rontz=0 1.352 2.282 2.765
presented. It shows that the Uytindentation-2=0 1.392 2.351 2801

indentation is only 2.5 % larger than the displacement at the front and rear
section. This implies that neglecting the variation of displacements along the x-
axis in the 2-D approach is reasonable for the assumed configuration.
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The power of the SF-models lies in the simplicity and transparency of the
solution technique. Although several simplifications were used within the SF-
model the results show good agreement with FE-results. In § 7.1, a parametric
study is performed using this example as the basic configuration.

4.6

Conclusions for Chapter 4

SF-models are based on the strict distinction between ACTION and
REACTION as presented in the hypothesis. The modules are analysed
separately, with tools matching the specific configuration. Possible tools
are analytical solutions, simple frame analyses and simple or sophisticated
FE-analyses. A general solution technique relates the modules in order to
determine the behaviour of a connection. Transparency of the model and
the modules is an important feature for obtaining understanding. Since
nonlinear phenomena are not included, derivation of the actual behaviour
of shear connections is not possible. The influence of variations of
parameters on basic configurations can be investigated. (§ 4.3)

All nonlinear phenomena of shear connections in composite slabs can be
implemented in FE-models. Due to the progressively increasing model
size for increasing number of indentations, only 2-D or semi 3-D cross-
sectional analyses can be performed (status: 1997). FE-models are not as
transparent as SF-models. (§ 4.4)

With SF- and FE-models cross-sectional analyses are performed. Results
are not suitable for directimplementation in smali- or full-scale specimens.
Recognition of areas with similar cross-sectional behaviour and
combination of results for different areas is possible. (§ 4.2)

Combining SF- and FE-models creates a powerful tool for investigating
shear connections in composite slabs. (§ 4.3-5)

Developments of FE-analysis allow for sophisticated parametric

investigation. Understanding of the physical behaviour is essential for the
development of proper FE-models and for checking FE-results.
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5. EXPERIMENTS

5.0 Introduction

Three series of experiments were performed in order to validate the hypothesis
and the numerical models:

Series | Validation Hypothesis (Level 1)
Series Il Validation Numerical Models: Simplified shear connection (Level 1)
Series /Il Validation Numerical Models: Realistic shear connection (Level 2)

In § 2.6, three different levels of research are distinguished. Series | and |l are
Level 1 experiments. The shear connection contains only one indentation. Series
Ill are Level 2 experiments. The connection contains about 50 indentations. The
objective, the form of the specimen, the test arrangement, and the results are
discussed for all Series. At the end of this chapter photographs of all series are
shown.

5.1 Series I: Validation Hypothesis
Within the hypothesis, an assumption is made concerning the direction of the

interaction force between indentations and concrete, first discussed in § 3.4 and
illustrated in Fig. 5.1 for a circular indentation.

Figure 5.1:  Assumption for the direction of the interaction force
It is assumed that the interaction force F, is a summation of a normal and a
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frictional component, Fy and F,. The normal force acts perpendicular to the
surface of the indentation at the contact area. The frictional force acts
perpendicular to the normal force and its direction depends on the incremental
displacement of the indentation with respect to the concrete.

5.1.1 Objective of Series |

" Validation of the assumption concerning the direction of interaction forces
between indentations and concrete, as implemented in the hypothesis "

In order to investigate the direction of the interaction force, all aspects of the
shear connection, that are not directly related to the interaction force are either
eliminated or simplified. The specimen corresponds to the fictitious shear
connection, considered in § 3.4. With respect to the shear resistance, distinction
can be made between three parts, which together determine the behaviour of the
shear connection.

ACTION|I REACTION ACTIONH

Interaction Response  Displacement
Forces Sheeting Indentation
F = ﬁ * E * bo)
I F L 6J. :

The ACTION | part deals with the direction of the interaction force. The
REACTION and the ACTION II parts are simplified, as illustrated in § 5.1.2.
Based on the assumption, the ACTION | part can be written as:

F _ FN Siﬂq) + FuCOS(p - tanq) + p

21
F, Fycosp - F, sing 1 - ptang 6.1

with: F, = n-Fy (5.2)
n = f(Fy) (5.3)

Equation (5.1) shows that the direction of the interaction force depends on the
inclination of the contact area at the indentation (tan ¢) and the coefficient of
friction u, which depends on the surface conditions and can be a function of F.
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5.1.2 Specimen of Series |

Figure 5.2 shows a specimen of Series |. The appearance and dimensions of the
sheeting, indentations and concrete are discussed.

Embossments
F, O 3 :
/ § 3
 w IR IR
- v U O =
= + K
F/
4—1 @ I
H
1
_ . bl | &K
AN <L ==
I v
AN AN AN

Figure 5.2: Appearance specimen Series |

Sheeting

Flat sheeting instead of profiled sheeting was used, in order to simplify the
response of the sheeting (REACTION part).

Along both sides, hinged supports are present, using three roller-bearings. In
order to prevent different vertical displacements over the bearings, prismatic
beams (b*h=10*5 mm) were placed between the sheeting and the bearings.
In order to obtain reproducible experiments, linear elastic material behaviour
is ensured by scaling up the dimensions of the specimen. Two pieces of
sheeting were used, with a thickness of 0.75 and 1.00 mm, referred to as 075
and 100. To ensure elastic behaviour, the width of both pieces is different:
L*B*t = 600*360*0.75 & 600*440*1.00 mm

Due to the dimensions of the specimen, rotation of the indentations during the
experiments can be neglected. This eliminates two possible degrees of
freedom (¢,=¢,=0), which simplifies both the REACTION and the ACTION ||
part.
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"Indentations”

Only one indentation was used, in order to avoid the issue of distribution of
forces over indentations.

Pyramid and circular shaped indentations are used. The different geometry of
the indentations enables investigation of the coefficient of friction.

The indentations are made of solid steel, referred to as ‘embossments’, which
eliminates deformation of the indentations during loading.

Since rotation and deformation of the embossments can be neglected, the
ACTION Il part simplifies, and can be derived from the undeformed geometry
of the embossment.

In the specimen, the embossments are bolted to the sheeting. With 2 pieces
of sheeting and 2 embossments a total of 4 specimens are achieved.
Specimens containing circular embossments can be used for several
experiments by adjusting the initial gap between the ‘concrete’ and the
sheeting.

"Concrete" and Contact surface

The concrete is replaced by a solid steel block. If concrete would have been
used, the condition of the interface between the concrete and the
embossment changes every time the test arrangement is used. Even small
interaction forces, either smooth or rough the interfaces, which influences the
coefficient of friction.

5.1.3 Test Arrangement of Series |

Figure 5.3 shows the loading and measurement arrangements.

Loading arrangement
The longitudinal shear force is applied by dead weight (F=G) .

Measurements
Longitudinal slip is measured at both sides of the specimen. Vertical
displacement of the sheeting is measured at four points around the embossment.
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M

H

i

Figure 5.3: Test arrangement of specimen Series |

Prior to the actual experiment, the response of the sheeting is determined by a
preliminary experiment. A vertical force (F,) is applied directly to the
embossment. A relation is obtained between the vertical force at the
embossment and the vertical displacement of the sheeting (3, 1o 8, en ©..rignt
and & .q)-

......................................

Assumption

FN - F,u,
Fy Fi jos
Preliminary Experiment Actual Experiment Derivation u

Figure 5.4:  Preliminary and actual experiment and adopted procedure
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After the actual experiment, the vertical component of the interaction force can
be derived from the vertical displacements of the sheeting by using the results
of the preliminary experiment. Once the horizontal (F,) and vertical component
(F,) of the interaction force (F,) are known, the coefficient of friction can be
derived fromeq. (5.1), using the assumption. By performing various experiments,
the assumption can be validated. The preliminary and actual experiment as well
as the procedure are illustrated in Fig 5.4.

5.1.4 Results of Series |

For the two different pieces of sheeting (075 & 100), the results of the
preliminary experiments (V075 & V100) are shown in Figs. 5.5 and 5.6. The
vertical displacement at the front and rear of the embossment is larger than the
displacement at the sides.

Vo075 V100

20 "r
- 10} _ 10F
£ £
é . o - ‘ 3
'} 3
(a} a
g 3

] 2t

(/] 10 20 30 40 80 [ 1] (] 10 20 30 40 80 60 70
Applied Vertical Force [N] Applied Vertical Force [N]
Figure 5.5: Results V075 Figure 5.6: Results V100

As mentioned in § 5.1.2, various experiments can be performed with specimen
containing circular embossments by adjusting the initial gap between the
sheeting and the ‘concrete’, as illustrated in Fig. 5.7.
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Figure 5.7: Influence of the initial gap

The influence of the initial gap on the shear resistance is illustrated in Fig. 5.8,
using the visual solution method. The dotted lines in the Part 3 and RESULT
diagram correspond to a zero initial gap. Once longitudinal slip occurs, the
embossment is pushed down immediately. The solid lines correspond to a
situation with an initial gap, which is half the height of the embossment

(8,0=H/2).

z.o.....hrﬂ;.

1.0]
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200 .4 £ ' LA
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Part 2: Reaction Part 3: Action 1l
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3.0 45 50 7.5 9.0

<S//
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--1400
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.-§200

= 550 75 5.0
Part 1: Action | RESULT: Load-Slip Diagram

Figure 5.8: Influence initial gap on shear resistance

If a horizontal |

oad is applied, the specimen displaces without any resistance

until contact between the embossment and the ‘concrete’ occurs (8,,). The
maximum vertical displacement of the embossment is reduced by the initial gap.
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The inclination of the embossment at each level of slip remains the same, which
implies that Part 1 does not change. The response of the sheeting is
independent of the initial gap, which implies that Part 2 does not change. The
behaviour of the shear connection with an initial gap can be determined by
following the line from 1 to 5 again.

Specimen with pyramid embossments (P-Series) were released after loading.
The difference between loading and reversed loading lies in the direction of the
frictional force. The sign of p in eq. (5.1) changes. For the P-Series, a value for
p is derived both for loading and unloading, referred to as a positive and
negative value. Specimen with circular embossments (C-Series) were used with
three different initial gaps. Results of all experiments are shown in Figs. 5.9 to
5.12 and presented in Table 5.1. The upper part of each graph, shows the
applied shear force F, versus longitudinal slip §,. A value for the coefficient of
friction p is derived at each load level and plotted in the lower part of each graph.
It shows that within each experiment the coefficient of friction is consistent.

Table 5.1: Results of Series |

Experiment | Loading | Dimensions Type of | Initial | Fu.x | Average
Direction | of Sheeting | Emboss- | Gap [N] 7}
[mm] ment [mm] [l
V075 Vertical | 360*600*0.75 | Pyramid - -
PO75 Shear + | 360*600*0.75 | Pyramid | 2.584 +0.355
Shear - -0.247
C075-1 Shear | 360*600*0.75 | Circular | 0.500 | 239 { 0.157
C075-ll Shear | 360*600*0.75 | Circular | 1.382 | 199 | 0.130
COo75-Ml Shear | 360*600*0.75 | Circular | 2.329 | 199 | 0.185
V100 Vertical | 440*600*1.00 | Pyramid - -
P100 Shear + | 440*600*1.00 | Pyramid | 1.488 +0.186
Shear - -0.126
C100-i Shear | 440*600*1.00 | Circular | 0.703 | 28.7 | 0.137
C100-l| Shear | 440*600*1.00 | Circular | 1.710 | 24.7 | 0.134
C100-I Shear | 440*600*1.00 [ Circular | 4.883 | 12.0 | 0.166
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5.2 Series II: Simplified Shear Connection (Level 1)

The hypothesis concerning the behaviour of shear connections is based on the
distinction of an ACTION and a REACTION part. The response of the sheeting
to the over-riding of indentations by the concrete is a combination of vertical
separation between sheeting and concrete and deformation of sheeting, as
shown in Fig. 5.13 for two trapezoidal profiles. The ratio between separation and
deformation determines the characteristics of the connection.

Separation A > Separation B
Deformation A < Deformation B
Resistance A << Resistance B

o Separation
I( Separation

H

Yy Deformation

A

Deformatin

Figure 5.13: Response of the sheeting: Vertical Separation and
Deformation

52.1 Objective of Series Il

" Providing experimental data for a simplified shear connection, in order to
support and validate both the hypothesis and the numerical models. "

Both existing design methods require full-scale experiments (Level 3). With this
Series, the possibilities and limitations of Level 1 experiments are evaluated. A
simplified connection is considered in order to investigate phenomena of shear
connections in composite slabs, displacement and deformation of sheeting
separately, which is not possible if realistic shear connections are considered.

5.2.2 Specimen of Series Il

Figure 5.14 shows a specimen of Series |l. Similar to Series |, the form and
dimensions of the sheeting, indentation and concrete are discussed.
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Figure 5.14: Appearance specimen of Series Il

Sheeting

Figure 5.15 shows the geometry and dimensions of the profiled sheeting. Due

to the vertical webs and the location of the indentation in the top flange, there is

no resistance to vertical separation within the cross-section of specimen |l.

Vertical separation is prevented by external supports at the bottom flange. The

| support reactions are measured. By avoiding internal balancing of vertical forces,
the vertical component of the interaction force at the indentation can be
measured. Equilibrium of forces in the cross-sections of trapezoidal and re-
entrant profiles and the considered specimen is illustrated in Fig. 5.16.

Dimensions Sheeting:

]
Height H 50mm
Thickness t 0.75-1.00 mm
Width flanges B, 50 mm
Length L 500 mm
Radiusedges r 2.0mm

L . ]

Figure 5.15: Dimensions sheeting

Trapezoidal Re-entrant Specimen I

Jjj_—‘(JDO‘ > U

Figure 5.16: Equilibrium of forces in the cross-section of the sheeting

-511-



Chapter 5

The thickness of the sheeting was varied: 0.75 and 1.00 mm. Two specimens of
each thickness were available. The length of the sheeting is large compared to
the cross-sectional parameters, in order to avoid affecting of the stress
distribution at the indentation by the applied load. The load is applied to the top
flange. The interaction force between the concrete and the sheeting also acts in
the plane of the top flange. The eccentricity of these forces cause bending
moments in the sheeting. Since only one indentation is present, axial stresses
remain small.

Material properties are determined in two directions: parallel and perpendicular
to the longitudinal direction of the sheeting in the specimen. Material properties
are presented in Table 5.2. The properties referred to as ‘perpendicular’
correspond to the main direction of the coil of the sheeting.

Table 5.2: Material Properties of Series Il: Sheeting

Thicknes Direction E-modulus | Yield stress f,,, | Ultimate stress f,
s [ [N/mm? [N/mm?¥ [IN/mm?]
[mm]
0.75 Parallel 213.969 341.0 376.4
Perpendicular 193.218 315.5 378.2
1.00 Parallel 224.202 384.6 404.6
Perpendicular 203.594 370.0 4104
Indentations

Similar to Series |, only one indentation is present, in order to avoid the issue of
distribution of forces over indentations. The circular indentation was added to the
sheeting before it was folded to its final shape, using a set-up as shown in Fig.
5.17. A vertical force F, is applied to a massive steel ball, which is guided
vertically and centred above a steel ring. The sheeting is placed between the ball
and the ring. The dimensions of the indentations are determined by the radius
of the ball, the shape of the ring and the elastic relief of the indentation after
unloading. For each thickness, the required vertical force is determined by trial
and error (Fy.o75 & Fy.q00)-
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Massive Steel Ball

A

>

S—

Flat Sheeting /

Steel Ring

Figure 5.17: Set-up for applying indentations to the sheeting

The dimensions of the indentations are given in Fig. 5.18. The method of
applying indentations to flat sheeting is checked by an FE-model. The elastic
relief after unloading is less than 1 % for both types of sheeting. The empirically
derived vertical forces agree with the FE-results. FE-results and visual inspection
of the indentations confirm that sheeting is pushed into the ring as shown in Fig.
5.18. The inclination of the inner edge of the ring corresponds to the inclination
of the indentation at the toe (tan @,). Therefore, the diameter of the indentation
corresponds to Dg;,,. The height of the indentation is determined by the radius
of the ball Ry,, and Dg,,,. Elastic relief is included by increasing Rg,, with 1 %.

(RBall -H )2 *

2 2
Dy 2 2 Dy;
—Ring} =Rz, = H =Ry, - JRou- g (54)
2 4
D D
| Ring__ (W
0.6 B e
H 20.8 D —— 2 TH
> I-—T——> ;\’i"" g\(op," ; \t
aaag / o a::R,,’E
S . - Do

Figure 5.18: Dimensions indentations
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Dimensions of the sheeting, ball and ring Dimensions of the indentation
L ]

Thickness t = 0.75/1.00 mm Diameter D = Dgyy=20.8 mm
Radius Ball R = 150 mm Radius R = 101%*Ry,
Diameter Ring Dg,, = 20.8 mm = 15.15 mm
Ring = Dyng/2 Height H = 4.134 mm
= 104 mm Inclination toe tan @, = Rgg/(R gg-H)
Applied Force Fyg510 = 10.0/18.0 kN = 0.944 -

Indentations are applied by plastic deformation of the sheeting. If no material is
pulied over the edges of the ring, the thickness of the sheeting in the indentation
is reduced corresponding to the increased surface area of the indentation with
respect to the flat sheeting.

Alndemaion - 2aRH _ 393.5 = 1.158 -t - tSheeting
A

nd ion 55
R, 3398 mdeoation ~ " 58 (5:5)

Sheeting

In general, the yield stress of sheeting increases due to plastic deformation. Due
to severe plastic deformation, the yield stress is increased at the toe of the
indentations. At the indentation itself the yield stress is hardly influenced, due
to the large ratio between the radius and thickness of the indentation [10].

Concrete and Contact Surface

In order to minimize deformation of the concrete, high strength concrete was
used. The dimensions of the concrete block are dictated by practical boundary
conditions. Dimensions and material properties of the concrete are given in Fig.
5.19.

0 Dimensions Concrete Block
1 5 3 0 0o

Length Le
Width B¢
X Height Hc

150 mm
300 mm
150 mm

Py
(4]
(o]

Material properties after 28 days

XX

ISO & Strength fo = 74.66 N/mm?
50 R E-modulus E. =41.333 N/mm?

N

Figure 5.19: Dimensions Concrete Block

The specimen are loaded until the indentation is pushed out of the concrete
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completely. Reversed loading returns the sheeting to its original position. Unlike
Series |, the contact surface changes during the experiment. Deformation of
concrete occurs. The condition of the concrete and steel surface, and therefore
the condition of the contact surface changes, which implies that values of the
coefficient of friction found for loading and reversed loading are not necessarily
equal.

5.2.3 Test Arrangement of Series Il

The specimen is placed vertically to enable visual inspection of the top flange
and to improve the accessibility of the top flange for the measurement
arrangement. Successively the boundary conditions, the loading arrangement
and the measurements are discussed.

Boundary Conditions

Boundary conditions are applied to the specimen at the loading end, the bottom
flange and the concrete. All boundary conditions are illustrated in Fig. 5.20. The
load is applied at the top flange of the sheeting. Apart from the applied slip, the
lateral displacements is prevented.

Figure 5.20: Boundary conditions Specimen Il

Due to the absence of resistance to vertical separation in the cross-section,
lateral supports are required, as justified in § 5.2.2. Lateral supports can be
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displacement or force controlled, or a combination of both, respectively by using
sliders, dead weight or springs. The objective of the lateral supports is to
measure the support reaction and to control both the displacements and forces
at the bottom flanges of the sheeting. The lateral supports are carried out as
alternative sliders, as shown in Fig. 5.21.

—

Figure 5.21: Lateral supports bottom flange

Regular sliders have two disadvantages: friction introduces longitudinal forces
and measurement of the support reaction is difficult. The alternative sliders avoid
these problems. The beams with hinges at both ends do not prevent the lateral
displacement of the bottom flanges over the full range of slip. However, the
lateral displacement caused by the described circles is known and minimized by
using long beams. Dead weight of the beams is balanced. The beams contain
load cells and threaded bars which makes it possible to apply prestress to the
beams. At the start of experiments, each beam is prestressed by a force of 250
N. This force ensures contact between the sheeting and the concrete. The
contact forces, caused by the prestressing force contribute to the shear
resistance via friction.

The concrete block is fixed to the testing frame by two sets of U-beams and
threaded bars, as shown in Fig. 5.22. The concrete was protected by thin layers
of rubber, in order to prevent splitting of the concrete due to the clamping forces.
The fixation of the concrete appeared to be unsatisfactory. In § 5.2.4 it is shown
that separation occurred between the concrete and the sheeting, caused by
displacement of the concrete block with respect to the testing frame.
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Concrete
| Rubber
Layers

N

Figure 5.22: Fixation concrete block to testing frame

Loading Arrangement

The load is applied displacement controlled by hand. The loading arrangement
is shown in Fig. 5.23. A threaded bar with a fine pitch is placed between the
testing frame and a load cell, which is connected to the sheeting. The bar is
guided by a steel plate, which provides the boundary conditions at the loading
end of the sheeting. By using two nuts, the sheeting can either be pulled up or
pushed down. The loading arrangement is simple and appeared to be
satisfactory. Friction between the nuts and the bar could cause rotation of the
sheeting. This effect can be avoided by minimizing friction or by placing a
rotational weak element between the loading arrangement and the sheeting.

Figure 5.23: Loading arrangement
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Measurements
Eleven measurements are taken from the specimen. All measurements but 10

& 11 are

recorded electronically. Figure 5.24 shows half of the specimen. The

missing measurements 3, 5 & 11 are taken from the other half of the specimen.

Figure 5.24: Measurements Specimen I

N
Qo =
[44]

I
0
I

6to9

Applied Load; A load cell is placed between the threaded bar and the
sheeting.

Lateral Support Reaction; Load cells are placed in both lateral support
beams.

Longitudinal Slip; In both corners of the top flange slip between the
concrete and the sheeting is measured just above the concrete block.
Lateral displacement; The displacement of the centerline of the top
flange is measured at four locations. The appearance of the
measurement arrangement for 6 to 9 is similar to the appearance of
the lateral support beams. Since access to the top flange is limited,
transducers are placed 750 mm away from the flange. Screws are
glued to the sheeting and connected to the transducers via thin beams
and fork heads. These beams also describe circles. The results are
corrected according to the recorded level of slip.

Unexpected separation between concrete and sheeting occurred. The
separation exceeds the separation caused by the described circles of
the support beams. The last three experiments contained analogue
measurements to record the separation.
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5.2.4 Results of Series Il

Results of all experiments (075-1, 075-1l, 100-1, 100-I1) are presented in graphs
which contain two figures to clarify the contents. The upper figure shows the
considered specimen schematically. The lower figure shows the measurements.

General Results

Figures 5.25 and 5.26 show the applied shear force and the lateral support
reaction of all specimen.

2500

2000
1500

1000 -}

500 Y

Applied Shear Force [N]

[e] 5 10 15 20 25 30
Longitudinal Slip [mm]

Figure 5.25: General Results: Applied shear force
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Figure 5.26: General Results: Lateral support reaction
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During the first experiment (075-1), unexpected separation between the sheeting
and concrete occurred. The experiment was stopped temporarily, which caused
relaxation of the applied shear force and the lateral support reaction. For the
remaining specimen the separation was measured. The separation was caused
by a displacement of the concrete block with respect to the sheeting.

Specimen 075-1, 075-11, 100-1 & 100-II

Results of all specimen are plotted in Figs. 5.28 to 5.31, each consisting of 3
graphs. Graphs a show the applied shear force and the lateral support reaction.
Graphs b show the displacement of the top flange (8 ¢, 8 ¢, 5,.c & 8, ). Four
measurements are taken, since the indentation rotates during the experiments.
For specimen 075-1l, 100-1 and 100-lI graphs ¢ show the separation and the
lateral support reaction.

Graphs 5.28a to 5.31a

-1- The applied slip ensures that indentations are pushed out of the concrete
completely: &, yax ~ 20.0 mm > D/2 = 10.4 mm.

- 2- The lateral support reaction for loading and reversed loading is different,
which implies that plastic deformation occurred during loading.

- 3- For large values of slip (5>D/2) the ratio between F, and F, is almost 1,
which can not be explained by dry friction. Due to the deformation of
concrete, the indentations are not completely pushed out of the concrete.
Furthermore, frictional forces between the webs and the concrete
contribute to the shear resistance.

- 4 - |f the sheeting is pushed back, the direction of frictional forces changes.
Apart from the coefficient of friction, which is influenced by the surface
conditions, the shear resistance for reversed loading equals the resistance
for loading until the indentation re-enters the concrete. This phenomenon
is checked by changing the direction of the slip several times before the
indentation re-enters the concrete. Figures 5.30a & 5.31a show that the
resistance slightly increases when the direction of the slip is changed. This
implies that the contact surface becomes more rough, hence the
coefficient of friction increases every time the indentation passes. This
effect is also observed during the friction test (§ 5.2.5).

-5- If the indentation re-enters the concrete, the sign of the frictional
component of the interaction force is changed. Figure 5.27 shows
equilibrium of forces for loading (5.27a) and reversed loading (5.27b & c).
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When elastic behaviour is considered (5.27b), the vertical component of
the interaction force (F ) for loading and reversed loading is equal.
Equilibrium of forces shows that the applied shear force (F,) reduces, and
can become negative. If the sheeting is deformed plastically during
loading (5.27c), the vertical component of the interaction force for
reversed loading reduces (F '<F ), which further reduces the applied shear
force.

>F
/4 ==
a. Loading b. Elastic rev. loading c. Plastic rev. loading

Figure 5.27: Equilibrium of forces for loading & reversed loading

-6- Results of 075-1 show that relaxation of the lateral support reaction affects
the behaviour for reversed loading.

Graphs 5.28b to 5.31b

-1- It shows that once the indentation is pushed out of the concrete (5,>D/2),
the deformation of the top flange no longer changes.

-2 - For small values of slip, the indentations rotate (5 .. > 8 ¢ > 8,). For
larger values of slip, the rotation reduces and the displacement &
increases and becomes larger than &, ..; and §, 5, which implies that plastic
deformation of the indentation occurred.

-3 - For specimen 100-l, the deformation of the top flange is illustrated in Fig.
5.32 for two levels of slip (§,=3.0 & 15.0 mm). The sections between
points F, FT, C and B are assumed to be undeformed. The deformed
shape shows the rotation of the indentation and the penetration of the
indentation into the concrete. This implies that either the indentation
deforms or the concrete is damaged. Both damage to the concrete and
plastic deformation of the top flange and the indentation is observed.
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a. Applied shear force and lateral support reaction versus slip
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b. Displacement of the top flange versus slip

Figure 5.28: Results of Specimen 075-1
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Figure 5.29: Results of specimen 075-11
-5.23 -




Chapter 5

2800

Force [N]
- - N
o & ©O
o © ©o
o 6 o

800

1
»
(-4
c ©

-1000
-1500
-2000

Reaction [N]

-2800

Lateral Support Applied Shear

10 18 20 26 so
Longitudinal Slip [mm]

a. Applied shear force and lateral support reaction versus slip

8.0
4.8
4.0

3.0
2.8
2.0
1.8
1.0
0.8
0.0

Displacement Top Flange [mm]

b. Displacement of the top flange versus slip

=500
-1000

-1500

Reaction [N]

-2000

Lateral Support

0.00

-0.28

-0.850

-0.78

Separation
[mm]

-1.00

M°“°°.°.°'.
i 100-1
- 6J_ icircle
L (S-L
8 10 18 20 28 30

Longitudinal Shp [mm]

c. Separation and lateral support reaction versus slip

Figure 5.30: Results of specimen 100-
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6,=3.0mm 6,=15.0 mm

Figure 5.32; Deformation top flange for two levels of slip

-4-

-5-

In all cases, 8, is much smaller than &, ., so deformation of the top flange
concentrates at the indentation.

Figure 5.33 shows the graph of Fig. 5.30b including reversed loading.
When the sheeting is pushed back completely, all points show significant
plastic deformation. This confirms that both the indentation and the top
flange deform plastically. The plastic deformation of & . remains larger
than & . and 8,5 Wwhich proves that the indentation itself deforms
plastically.

Displacement Top Flange [mm)

Longitudinal Slip [mm]

Figure 5.33: Displacement of the top flange including reversed loading
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-6-

Prior to the experiment, the sheeting was taken from the concrete in order
to inspect the contact surface. Figure 5.34 shows the graph of Fig. 5.30b
for small values of slip. In all cases, the displacements prove that the
sheeting was not replaced to its original position. Fig. 5.34 shows that the
sheeting was replaced too low. For small values of slip, this results in
negative displacements.
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Figure 5.34: Displacement top flange for small values of slip

Graphs 5.29c to 5.31c

-1-
-2-

-3-

For specimen 075-1, the separation is not measured.
For specimen 100-1, an adjustment of the measurement of the separation
was necessary. This did not affect the accuracy of the results.
Graphs ¢ show the lateral support reaction F, separation &, and
separation caused by the lateral support beam &, ... It shows that the
separation is almost proportional to the lateral support reaction.
Most likely, the separation is caused by the rubber layers between the
concrete and the testing frame. The fact that the relation between the
lateral support reaction and the separation is almost proportional, supports
the assumption that separation is caused by displacement of the concrete
with respect to the testing frame. A virtual stiffness of the lateral supports,
Ksep» CaN be calculated by relating the lateral force to the separation, as
shown in eq. (5.6).

F -F

- L L0
e (5.6)

1;eircle

-5.27 -




Chapter 5

In order to determine k,,, both F, and &, are corrected. F, is reduced by
F_., which is the applied prestress to the lateral supports. The influence of
F .., occurs before the actual experiment and therefore does not influence
the virtual stiffness kg,,. 8, is reduced with & .., which is the separation
caused by the lateral support. For 075-ll, 100-1 and 100-Il, kg, is
determined for all measurements. The virtual stiffness is plotted in Fig.
5.35 and presented in Table 5.3.
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Figure 5.35: Virtual stiffness of the lateral support

ksep IS almost constant for each specimen. The fact that no consistency is
found between average values for ks, supports the idea that kg, depends
on the test arrangement rather than the specimen. The rubber layers and
the clamping forces determine the virtual stiffness of the lateral supports,

Ksepr

Table 5.3: Virtual stiffness of the lateral support

Specimen Average value K,
[N/mm]
075-| -
0751 1744
100-1 1029
100-11 2698
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5.2.5 Friction Test

After the experiments 075-1 to 100-Il, a friction test was performed to investigate
the coefficient of friction. The test arrangement of Series |l was used for a friction
test, as shown in Fig. 5.36. The profiled sheeting is replaced by flat sheeting.
The lateral force F_ is applied by the lateral support beams. Longitudinal slip is
applied and the shear force F, is measured. The coefficient of friction is
calculated from F, and F,.

_mn

=
I

(5.7)

|

<

it

%

Figure 5.36: Test arrangement friction test

Within the original specimen, apart from a small area around the indentation in
the top flange, the sheeting was oiled before the concrete was placed, as shown
in Fig. 5.37. Therefore the surface conditions between the flat sheeting and the
concrete in the friction test (Area 2) differs from the conditions between the
indentation and the concrete in the original experiments (Area 1). Oiling the
sheeting was done for two reasons:

-1 - Avoiding chemical bond
The required shear force necessary to break down chemical bond between
the sheeting and the concrete is higher than the shear capacity of a
connection with only one indentation. The sudden breakdown of chemical
bond would influence the conditions of the connection.

- 2 - Visual inspection of the contact surface
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Inspection of the contact surface was desirable. By oiling the sheeting, the
sheeting could be easily taken from the concrete.

Area 1

Figure 5.37: Different surface conditions

The visual inspection showed that the oiled areas of the sheeting remained
greasy (Area 2). The opposite concrete areas were perfectly flat. At the
indentation, some cement paste was stuck to the sheeting (Area 1). The
opposite concrete surface was rough due to the absence of the cement paste.
Different coefficients of friction can be expected for both surface conditions.

During the test, the flat sheeting was displaced up and down. Two parameters
were varied within the test: the lateral force and the range of the applied slip. By
increasing the slip range during the experiment, a certain length of the
connection was loaded for the first time, whereas other parts were previously
loaded. Figure 5.38 shows the results of about 300 measurements. Four levels
of lateral force were applied (500, 1000, 1500 & 500 N). Ten cycles of slip were
applied, which implies that the contact area passed the origin 20 times. The slip
range was increased from +2.5 to +7.5 mm. The upper part of Fig. 5.38 shows
the derived coefficient of friction for each measurement. The lower part shows
the corresponding level of slip.

Some observations can be made from Fig. 5.38:
- 1 - The coefficient of friction is different for positive and negative slip rates.
- 2 - The coefficient of friction increases during the experiment, which implies

that the number of cycles influences the characteristics of the connection.
- 3 - Within one half cycle the coefficient of friction reaches a maximum when
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the origin is passed, which implies that the coefficient of friction is higher
if the contact surface is previously loaded.

F,~= 500 10001500 . 500
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Figure 5.38: Results Friction Test: Slip and Coefficient of Friction

A physical explanation for the different behaviour in different directions can be
found in the production method of the sheeting or the difference between pulling
and pushing in the test arrangement. The results of this friction test prove that
determination of the coefficient of friction is difficult. It also shows that even if
surface conditions of a shear connection are identical, different results are
obtained with respect to the coefficient of friction. Determination of the coefficient
of friction is difficult, and resuits can only be used as a guidance for similar
cases.

5.3 Series lll: Realistic Shear Connection (Level 2)

As part of the development of a new type of profiled sheeting, a series of 24
detailed experiments was performed at TNO Building and Construction
Research. Apart from the measurements required to determine the shear
characteristics of the connection, additional measurements were taken to record
the separation and deformation of the sheeting.
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5.3.1 Objective of Series Il

" Providing experimental data for realistic shear connections, in order to
validate the numerical models "

5.3.2 Specimen of Series Il

Figure 5.39 shows a typical test specimen. All test specimens were supplied by
the manufacturer. One rib of sheeting is tested. Over the length of the concrete
block, the sheeting contained 46 indentations. Reinforcement bars were placed
in the concrete. The bars were located in the plane of the neutral axis of the
sheeting.

300

210

210 50, 360 |

N Ny e N

Figure 5.39: Appearance specimen Series Il

Four different types of sheeting (I to IV) and two different types of indentations
(B(ig) & S(mall)) were tested. For each combination 3 specimens were available.
The different types of sheeting are shown in Fig. 5.40. Although not developed
for that purpose, the different types of sheeting enable investigation of the ratio
between deformation and separation, since the resistance to vertical separation
differs significantly.
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Figure 5.40: Different types of Sheeting

The indentations consisted of a spherical and a conical part. The shape of the
indentations was determined by digitalized photographs. The shape of all
indentations was remarkably accurate. The location of the indentations in the
web varied between different groups of specimen, as illustrated in Fig. 5.41. The
lower indentations were located closer to the edge of the web than the upper
indentations. In general, the response of the sheeting improves when
indentations are iocated closer to the edges. Especially the location of the lower
indentation is important, since it provides resistance to vertical separation.

IS 1B IS 1B ms B | IVS IVB | Average
How | 113 107 | 133 136 | 142 140|165 103 13.0
Hyp 16.2 165 [ 145 141 | 147 138 | 13.7 155 14.9

XIS 744

12.77 10.43

Figure 5.41: Geometry and location of the indentations
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Geometrical properties of all specimen were measured. Normal weight concrete
was used. Material properties were not supplied. The surface of the sheeting
was clean, but not oiled before the concrete was placed.

5.3.3 Test Arrangement of Series Il

The test arrangement was developed by TNO. The specimen was placed
vertically in the testing frame, as shown in Fig. 5.42. It was standing on the
reinforcement bars, which acted as hinges. A solid steel block was placed on top
of the sheeting to distribute the load over the cross-section of the sheeting. The
bottom flange of the sheeting was supported by vertical sliders, which kept the
sheeting in a vertical position. An external lateral force (F ) of 500 N was applied
to the specimen, and kept constant during the experiments.

Figure 5.42: Measurements Specimen Ill

Due to the test arrangement, vertical separation between concrete and sheeting
is not constant over the length of the specimen. The concrete block rotates with
respect to the sheeting once separation occurs, as shown in Fig. 5.42. Since the
separation, and therefore the deformation of the sheeting, varies over the length
of the specimen, a cross-sectional analysis is not representative for the
deformed shape of the specimen.
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To determine the characteristics of the shear connection, the applied shear force
F, (®), the longitudinal slip between concrete and sheeting , and the applied
lateral force F, were measured, as shown in Fig. 5.43. Slip between concrete
and sheeting was measured at the loading end of the specimen. The level of slip
changes over the specimen, due to axial deformation of both concrete and
sheeting. This effect may become important when the resistance of the shear
connection is high.

Ok

Figure 5.43: Measurements Specimen Il

Additional measurements were taken to record the separation (@) and
deformation (®) of the sheeting at a certain cross-section, schematically shown
in Fig. 5.43. The relative displacement of the edges of the top flange with respect
to the concrete were measured. The deformation of the web was measured by
recording the shortening of the distance between opposite indentations. For
some specimens with sloping webs (lll & IV) the shortening between opposite
angles was measured.
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5.3.4 Results of Series Il

Figures 5.44 to 5.47 show results of representative specimen from each group
containing big indentations. In the upper part of the graph, the applied shear
force (@) is plotted versus longitudinal slip. In the lower part, the vertical
separation (®) and the shortening between the webs (®) is plotted versus
longitudinal slip. The shortening between the webs equals twice the average
horizontal displacement of the webs.

Figures 5.44 to 5.47 show that the strength and stiffness of the connection
improve from Type | to IV. Specimen with big indentations behave better than
specimens with small indentations. For each type of measurement general
remarks are made:

® /1 Chemical bond between the concrete and sheeting results in a shear
force for small values of slip. Breakdown of chemical bond leads to a
sudden increase of slip.

® /2 The ultimate shear force is reached between a slip of 1.0 and 2.0 mm.

®/3 The maximum slip approximately equals half the diameter of an
indentation, which implies that the indentation is pushed out of the
concrete completely. The remaining resistance for large values of slip is
considerable.

® /1 The recorded separation of the top flange is almost proportional to the
slip. The ratio between separation and slip increases slightly, once the
ultimate shear force is reached.

@ /2 For Type | & ll, the separation of the bottom edge of the web is smaller
than the recorded separation of the top edge of the web, due to the
deformation of the web: d,;<5,.n- FOr Type Ill & IV, the web stretches
due to the angle between the separate parts of the web. Therefore, the
separation of the bottom edge of the web is larger than the recorded
separation at the top: 8,.,1>0 .-

@ /3 In most cases, the recorded separation at both edges of the top flange
is equal, which implies a symmetrical deformation of the cross-section.

®/1 The shortening between the webs reaches a maximum value. Due to the
slope of the web, the appearance of separation and deformation of
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concrete the shortening between the webs is smaller than twice the
height of one indentation.

® /2 The shortening between the upper indentations is larger than the
shortening between the lower indentations. Partly this can be explained
by the shortening of the web, which reduces the effect of the top flange
to the deformation of the web (§ 4.5). Secondly, the lower indentations
are located closer to the edges of the web. For Type 11l & IV, the larger
span of the upper part of the web leads to larger displacements.

Comparison of Type | & I

Due to the steeper slope of the web, the separation of Type Il is smaller than for
Type |. Therefore, the deformation of the web is larger for similar values of slip.
The ratio between deformation and separation increases, which improves the
characteristics of the connection. The more favourable location of the
indentations in the Type | specimen reduces the difference between Type | & Il.

Comparison of Type Il & 1lI

Type lll behaves better than Type |l, although the average slope of the web is
equal. The angle in the web generates arching action and increases the stiffness
of the web, which improves the response of the sheeting. Due to the steep lower
part of the web, the vertical separation of Type lll is smaller than for Type Il
Again, the ratio between deformation and separation increases, which explains
the improvement of the shear characteristics.

Comparison of Type lll & IV

Type IV behaves significantly better than Type Ill. Apart from the increased
stiffness of the web, the web is locked between the lower indentation and the top
flange, due to the stretching arch. Interlocking creates contact forces between
the top flange and the concrete, which contribute to the shear resistance via
friction. Furthermore, caused by the more favourable location of the indentations
in the Type IV specimen, the difference between Type lll & IV is significant. Type
IV exhibits less ductility compared to all other types, since the advantageous
effect of interlocking disappears when the level of separation increases. The
recorded separation of Type IV remains small until the ultimate shear force is
reached. Apparently the top flange is still pushed towards the concrete, while the
concrete rotates from the sheeting, as shown in Fig. 5.42. Similar to the
comparison between Type Il and 111, the reduction of the separation from Type
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Il to IV increases the ratio between deformation and separation, and therefore
the characteristics of the connection.

Experimental results show that the angle in the web of Type Ill & IV improves
both the bending resistance of the web and the resistance to vertical separation.
Both effects improve the characteristics of a connection. Results of Type IV
show that the influence of the angle can be significant. A minimum angle is
required to obtain the beneficial effect of contact between the upper edge of the
web and concrete.

54

Conclusions for Chapter 5

The different embossments used in Series | are effective for investigating
the direction of interaction forces and the coefficient of friction.  (§ 5.1)

The test arrangement and specimen of Series Il prove that it is possible
to perform simple experiments at Level 1. (§5.2)

The geometry of the sheeting in Series Il was chosen to avoid internal
balancing of forces, as found in both re-entrant and trapezoidal profiles.
However, due to the frictional forces between the webs and the concrete
the measured forces are not equal to the interaction force between the
indentation and the concrete. (§5.2)

Visual inspection of the interface between concrete and sheeting before
experiments is not recommended, since replacing the sheeting is difficult.

(§5.2)

Determination of the coefficient of friction is difficult, and results can only
be used as a guidance for similar cases. The coefficient of friction
increases if the contact surface is previously loaded and can be different
in different directions. (§ 5.2.5)

Since the ratio between the deformation and displacement is different for
the considered rib types, Series |l provides valuable experimental data.

(§5.3
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# Although the location of the indentations varied between specimen, the
specimen of Series lli prove that specimen can be prepared with a similar
accuracy as provided by roll-formers. (§ 5.3

# The test arrangement of Series Il shows that boundary conditions are
very important within a small-scale specimen. The fact that the sheeting
is pushed down and the concrete block rotates once vertical separation
occurs, makes it hard to analyse the experimental results. (§ 5.3)

# The sloping webs in Type lll & IV improve the behaviour of the shear
connection. If the angle remains small, the effectis limited (Type lil). If the
angle is larger (Type V), the web is locked between the lower indentation
and the top flange, which increases the resistance significantly. Since the
interlocking effect disappears for larger values of slip, the behaviour is less
ductile than established for trapezoidal profiles with steeper webs.

(§5.3
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5.5 Photographs

Series 1: Overview test anangemet

Séﬁes 1 : Sheetm - circular embossment - measurements of deflection
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Series 2: Overview test afrangement - S}—,'ries 2: Applied shear force - concrete
lateral support beams block clamped to testing frame
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Series 2: Inspection sheeting with indentation before testing

Series 2: Measurement of slip and separation
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Series 3: Overview test arrangement
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6. VALIDATION

6.0 Introduction

The hypothesis and the numerical models are validated by the experiments,
discussed in chapter 5. Figure 6.1 shows a refined version of Fig. 1.5, relating
the contents of this chapter to the hypothesis, the experiments and the numerical
models. Series | (§ 5.1) is used to validate the assumption concerning the
direction of interaction forces between indentations and concrete in the
hypothesis (§ 6.1). Series Il (§ 5.2) and Ill (§ 5.3) are used to validate the
numerical models. The FE-models are validated by the experiments. Since
nonlinear phenomena are not included in SF-models, the experiments can not
be used to validate the SF-models. Validated FE-models are used to validate the
SF-models (§ 6.2 & 6.3).

Numerical Models

——3 Physical Behaviour

!

s FE-Models | SF-Models ,

Validation
Direction _Interaction
Forces 6.1
s s
T = 2 %
] o
-4 2
. = s B
Experiments > >
s 6.2-6. 6.2

Figure 6.1: Outline validation hypothesis and numerical models

6.1 Series I: Validation Hypothesis

The validation of the assumption concerning the direction of interaction forces
between indentations and concrete in composite slabs is based on a similar type
of shear connection, for which the assumption holds. This connection is
discussed in § 6.1.1. In § 6.1.2, the differences between this connection and
shear connections in composite slabs are listed, followed by the actual validation
of the assumption in § 6.1.3. In § 6.1.4 theoretical and numerical results are
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compared with the experimental results.

6.1.1 Comparable Shear Connection: Concrete Crack subjected to Shear

The behaviour of cracks subject to shear displacements [9], is modelled
analogous to the suggested approach for composite slabs. The model consists
of spherical aggregate particles and a cement matrix. The model is simplified into
a 2-D analysis by considering a representative slice of the volume. The strength
and stiffness of the aggregate particles is higher than those of the cement matrix.
The bond zone between particles and matrix is the weakest link. Hence, cracks
occur through the matrix and along the circumference of the aggregate particles,
as shown in Fig. 6.2.

a. Concrete Volume b. Representative Slice

'F
y F‘-dp“(dy’“_ﬂxl
Fy= dwlo‘- u.oy‘l

r '\w T~ d"“\\// o
| Fx Ca \\/ < 3
8 A S,
A O -
L I"pu
Fy' L°_“I I a, |

¢. Contact Mechanism at Shear Displacement
Figure 6.2: Concrete crack subject to shear
The contact mechanism illustrates the behaviour of one particle section. Apart
from the shear displacement, separation occurs. The matrix is considered to be

perfectly brittle, with a crushing strength ¢,,,. With penetration of the particle into
the matrix, normal and frictional forces occur. The direction of the normal and
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frictional forces correspond to the assumption concerning the interaction forces
between indentations and concrete in composite slabs.

6.1.2 Comparison Connection Concrete Crack Model versus Composite Slabs

A comparison is made between the characteristics of the shear connection for

concrete cracks and composite slabs.

Concrete Crack in Shear

Composite Slab

Model consists of aggregate particles
and a cement matrix. Higher strength

and stiffness of aggregate particles
compared to cement matrix. Interface
between particles and matrix weakest
link. Cracks through matrix and along
circumference of aggregate particles.

Brittle behaviour cement matrix.

High resistance to separation results in
large interaction forces and
considerable penetration of aggregate
particles into cement matrix.

Straight crack is considered: direction
forces on each particle coincide. All
particles together show equilibrium with
external loads.

Irreversible deformation cement matrix.
In case of cyclic loading, the shear
resistance becomes path-dependent.

Model consists of profiled sheeting
containing indentations, and concrete.
Concrete at interface is cement paste
rather than structural concrete.
Interface between profiled sheeting and
cement paste weakest link. Cracks
along surface sheeting.

Behaviour cement paste comparable to
behaviour cement matrix.

Due to its limited thickness, sheeting
deforms and indentations are pushed
out of the concrete. Limited resistance
to separation results in smaller
interaction forces and reduces the
penetration of indentations into paste.

Interaction forces are (partly) balanced
internally, due to geometry sheeting
and location indentations. External
lateral forces are smaller (support
reaction) or zero.

If cement paste deforms, "channels”
appear. Shear resistance becomes
path-dependent, since resistance
perpendicular and parallel to "channels”
is different.
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The main difference between both types of shear connections lies in the
resistance to separation. Due to the flexible behaviour of the profiled sheeting,
interaction forces between the profiled sheeting and the concrete remain smaller,
and therefore the tendency of indentations to penetrate into the cement paste is
smaller. The shear connection in concrete cracks proves that the assumption
concerning the direction of the interaction forces holds if a stiff particle, either
aggregate or indentation, penetrates into a weaker, brittle material. The
assumption also holds for limited penetration.

In order to prove that the assumption holds for composite slabs it should be
validated that the assumption holds for infinite small penetration. The contact
area, described by the penetrated cement matrix, reduces to a contact point. In
principal, the direction of the interaction force at a contact point is singular. If the
assumption is validated for connections with contact points instead of contact
areas, the assumption holds for shear connections in composite slabs.

6.1.3 Actual Validation Series |

The validation is based on the derived values for the coefficient of friction p, as
shown in § 5.1, Figs. 5.9 to 5.12 and Table 5.1. Average values of y are
presented again in Table 6.1. p is almost constant within each experiment, which
proves that y is constant over the considered range of F. The fact that p is
almost constant within the P-series does not prove the validity of the assumption.
The fact that p is also constant for the C-series proves that the assumption
holds, since the variation of the inclination does not influence the results. Hence,
the validation of the assumption is based on the derived coefficients of friction
M, which are almost constant for both pyramid and circular embossments.

No consistency is expected between the results of pyramid and circular
embossments, since the embossments are produced in a different manner,
resulting in different surface conditions. In both cases, the surface conditions are
different in opposite directions, so the positive and negative values found in the
P-series are not expected to be equal.
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Table 6.1: Evaluation coefficient of friction circular embossments

Experiment Initial Average Average i | Deviation of results
Gap | per Experiment | C-Series from average
[mm] [ [] %

PO75 - +0.355/ -0.247 -
C075- 0.500 0.157 0.157 -0.2
Co75-1 1.382 0.130 0.157 -17.4
C075-1ll 2.329 0.185 0.157 +17.6

P100 - +0.186 / -0.126
C100-I 0.703 0.137 0.146 -5.9
C100-II 1.710 0.134 0.146 -8.0
C100-11l 4.883 0.166 0.146 +14.0

Although a factor of approximately two is found between the average values
found for PO75 and P100, no systematic error is found in the test arrangement
or the derivation of u. The large difference between the results is probably
caused by a different orientation of the embossment in the test arrangement.

Consistency is expected within the C-series, since the embossments were
orientated in the same direction. Considering the indirect way the coefficient of
friction is determined and the limited number of measurements within each
experiment, especially the ones with large initial gaps, the results are reasonably
consistent.

6.1.4 Comparison Experimental, Theoretical and Numerical Results Series |

Once a value for the coefficient of friction is available, both theoretical and
numerical models can be evaluated. A theoretical model is used in § 3.4 to
illustrate the hypothesis. For the considered shear connection the theoretical
model corresponds to the SF-model. A simple FE-model is used to obtain FE-
results.

The comparison between experimental, theoretical and numerical results is not

performed to validate either the hypothesis or the numerical models, but only to
illustrate the models. The experiments of Series | are simplified to such an extent
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that only the assumption concerning the direction of the interaction forces and
the value for the coefficient of friction are unknown. Once the assumption is
validated and a value is derived for the coefficient of friction, the experimental,
theoretical and numerical SF-results should be consistent.

Since, due to the influence of the initial gap (5,,), circular embossments are
most interesting, the results of C100 are illustrated. Figs. 6.3 to 6.5 show the
experimental, theoretical and numerical FE-results of specimen C100-1to lll. The
lower parts of each graph shows the coefficient of friction, u. The dots represent
the derived values for each measurement. The straight line represents the
average value of the coefficient of friction <y> for each experiment. <u> is used
within the theoretical and numerical models. The upper part of Figs. 6.3 to 6.5
show the applied shear force. The dots represent the experiments, the
continuous line represent the theoretical results and the discontinuous line
represent the FE-results. The theoretical and numerical results should be similar.
The results may deviate from the experimental results, according to the deviation
of the coefficient of friction from the average coefficient of friction.

@ Experiments ® Experiments ® Experiments
—  Theory ——  Theory e Theory
s0 - Ao rE s0 L T - 0 v FE
z 4 z
3 25 J g as 3 as
E 20 u 20 IE a0
* -
2 15 g 15 g 15
10 10 10
2 3 3
s s s b
§ § § :
o ] ]
| @ Experiments - ® Experments . Expariments
E §_ ——  Average 3 § —  Average 3 é r [—  Avera
o En.u ..................................................... kY :E)"‘” ...................................................... o Eo'" ......... ". ........
» Syt ® ® ‘G ®
§s S e e R S e . AT
0.0 0.0 0.0
00 S0 100 150 200 1250 o8 so 100 150 208 1250 00 So 100 130 200 1250
Longitudinal Shp Longitudinal Slip Longitudinal Slip

Figure 6.3: Results C100-1 Figure 6.4: Results C100-Il Figure 6.5: Resuits C100-1ll

The discontinuous nature of the FE-results is discussed in § 4.5.2 and illustrated
in Fig. 4.14. For more complicated 3-D models, discontinuity occurs in two
directions. If the number of elements over the indentations is increased, the
effect of the discontinuous nature of the applied shear force is reduced.
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6.2 Series lI: Validation Simplified Shear Connection (Level 1)

Experimental results of Series Il are used to validate the FE-models. The final
FE-model contains all relevant phenomena of the specimen. The model is
developed in a stepwise manner (§ 6.2.1). Since SF-models contain numerous
simplifications, SF-results cannot be compared to experimental results directly.
Validated FE-models are used to validate SF-models (§ 6.2.2).

6.2.1 Validation of FE-Models

Within the final FE-model, describing the experiments of Series I, all relevant
phenomena are included:

Plasticity of sheeting
Even for small values of slip, plastic deformation of the flange occurs. The
material properties presented in Table 5.2 are used.

Crushing of concrete in front of the indentation

Visual inspection of the specimen after testing showed deformation of the
concrete, similar to the deformation of the cement matrix of Fig. 6.2.
Accurate modelling of the concrete interface is difficult, since distinction
should be made between the outer layer of cement paste and the concrete.
Description of geometrical and material properties of the outer layer of
paste lies outside the scope of the thesis. Therefore, fictitious properties are
derived, which lead to in plastic deformation of the concrete, matching the
damage found in experiments. The fictitious material properties for concrete
used in Series Il and Itl are presented in Table 6.2.

Table 6.2: Fictitious material properties concrete in Series Il and I

Measured Values Fictitious Values
£, [IN‘mm? _E_[N/mm? | f.,, [N/mm? E, [N/mm?
Series || 74.66 41333 35.00 30000
Series ll| 41.01 - 7.50 10000

Contact between indentation and concrete, including friction (Area 1)
The tested interface within the friction test (§ 5.2.5) differs from the interface
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in Area 1. Figure 5.38 shows that after a number of cycles the coefficient
of friction reaches a value of 0.50. The first cycles show values between
0.25 and 0.30. Apparently the contact surface roughens during the first
cycles. Inspection of specimen after experiments shows that the cement
paste behaves as sand paper when indentations slide along the concrete
surface. Small particles are forced through the paste. Since high strength
concrete was used in Series ll, a value of 0.30 is used for the coefficient of
friction, where the concrete crack model uses a value of 0.40.

Contact between web and concrete, including friction (Area 2)
if a slip displacement is applied to the sheeting, the top flange deforms and
the web is pushed towards the concrete, contributing to the shear
resistance via friction. Since the contact surface is large, no deformation of
concrete occurs. The surface of the sheeting in Area 2 was oiled in order
to prevent chemical bond. Nevertheless, the same value for the coefficient
of friction is used as for Area 1.

Separation between sheeting and concrete
Separation between sheeting and concrete, which occurred during
experiments, is taken into account.

The FE-model is built up in a stepwise manner in order to obtain understanding
into different aspects of the shear connection. Four different models are
developed (M1 to M4), as illustrated in Figs. 6.6 and 6.7.

—t
[ee]  [ee]  [rr-r]

Figure 6.6: Stepwise development FE-models: M1 & M2
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Figure 6.7: Stepwise development FE-models: M3 & M4

M1 & M2 consider only the top flange of the sheeting. M3 & M4 also consider the
web and bottom flange. Considering contact and severe plastic deformation of
the flange and concrete in combination with geometrical nonlinear behaviour
caused numerical instability in the FE-models. Therefore, geometrical linear
behaviour is considered for all models.

The edges of the flanges in M1 & M2 are clamped. In front of the indentation, a
block of concrete is placed, which has a similar shape as the indentation.
Contact elements are present between the indentation and concrete. The top of
the concrete block is fully fixed. Within M2, the concrete block is not fixed in the
vertical direction. Springs are used to model separation between the sheeting
and concrete, as shown in Fig. 6.8. The properties of the springs are based on
the virtual stiffness of the lateral supports, as presented in Table 5.3.

-

Figure 6.8:  Boundary conditions concrete block in Model 1-3 & 2-4
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For M1, alternately elastic and plastic material behaviour is considered for
sheeting and concrete, in order to illustrate the influence of both materials.
Figure 6.9 shows results of all combinations of elastic and plastic material
behaviour of both sheeting and concrete: M1EE, M1EP, M1PE & M1PP.

7000 [

6000 [
r M1EE

5000 | ) M1EP

4000 |
[ M1EP
sooo | ’ i

3 ' M1EE
2000 | R

Applied Shear Force [N

s000 | M1PP

M1PE

1 " L " 1 " 1

° A J. A 1 " 1 A
o 2 4 6 8 10 12 14 16 18 20

Longitudinal Slip [mm]

Figure 6.9: Results Model 1: M1EE, M1EP, M1PE & M1PP

If elastic behaviour is considered (M1EE), large interaction forces occur between
the indentation and the concrete due to the unlimited bending resistance of the
top flange. Even for large interaction forces the deformation of concrete is
limited. For large values of slip, the indentation is pushed out of the concrete and
the shear resistance reduces significantly. If plasticity of steel is considered
(M1PE & M1PP), plastic hinges occur at the toe of the indentation and along the
edges of the flange, reducing the lateral support reaction and therefore the shear
resistance of the connection. If plasticity of concrete is considered (M1EP &
M1PP), the strength and stiffness of the connection reduces. The stiffness
reduces since part of the applied slip is taken by the deformation of the concrete.
The strength reduces since the deformation of the flange reduces. For large
values of slip, the reduction of the shear resistance is smaller. The indentation
digs its way through the concrete and is not pushed out of the concrete
completely.

Within the FE-models M1EE and M1EP, a phenomenon occurs, which does not
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occur during the experiments. During experiments, the cement paste in front of
the indentation is crushed, similar to the cement matrix in Fig. 6.2. The volume
of the paste reduces, as illustrated in Fig. 6.10a. Within the FE-model, the
volume of the concrete remains constant. Material is pushed from the contact
area forwards, as illustrated in Fig. 6.10b. Within the FE-model the indentation
contacts this material, which increases the shear resistance. Results of M1EE
and M1EP which are affected by this material flow are presented as dotted
instead of solid lines.

a. Crushing of the cement paste b. Material flow in a FE-model
Figure 6.10: Material flow in FE-models M1EE & M1EP

Figure 6.11 shows results for all models with plastic behaviour of both sheeting
and concrete (M1PP, M2PP, M3PP & M4PP). M4PP is the final FE-model.

2500
z
= 2000 .
8
5 1500
w
. 1000
°
Q 3
6 800 -5
_— 0
<
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0 2 4 6 8 10 12 14 16 18 20
Longitudina! Slip [mm]

Figure 6.11: Results of 100-1l, M1PP, M2PP, M3PP & M4PP

The separation between sheeting and concrete, caused by the described circle
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of the support beams, is neglected, since it is small for the considered levels of
slip, as shown in eq. (6.1).

S

vscirsle = Lp ~ {Lp ~8; < 1200 -/1200? - 15* = 0.09 mm (6.1)
Figure 6.12 shows results of M3PP. The web and bottom flange of the sheeting
are modelled and contact between web and concrete is included, which
contributes to the shear resistance via friction. Once plastic deformation of the
edges of the flange occurs, the contribution of friction remains constant. At a slip
level of 10-12 mm, an increase of the shear resistance caused by material flow
can be recognized again. Figure 6.13 shows results of M4PP including reversed
loading.

2800

1800 " Gontribution Web

1000 | [

soo -f Contribution Indentation

Shear Force [N]

(] 2 10 12 14 16 18 20

4 [ 8
Longitudinal Slip [mm]

Figure 6.12: Resulits of M3PP
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Figure 6.13: Results of M4PP including reversed loading
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Figure 6.14 shows the vertical displacement of the top flange. For all models the
number of elements, the normalized CPU-time and the ultimate shear and lateral
forces are presented in Table 6.3.

5.0 [

Displacement Top Flange [mm]

0 5 10 18 20 28 30
Longitudinal Slip [mm]

Figure 6.14: Vertical displacement of the top flange of model M4PP

Table 6.3: Results of FE-models

Material Number of Computing  Ultimate
Behaviour Elements Time Forces
o)) QO

~ S o N 7] " -

A 3 3 2 g 8 2 X 5 O

Q 2 3 2 5 8§ & g8 2§

= B O v u O u S= 7 B~
M1EE E E 62 54 336 - 24 6517 10218
M1EP E P 62 54 336 - 36 4762 5910
M1PE P E 62 54 336 - 56 1952 1838
M1PP P P 62 54 336 - 60 1806 1852
M2PP P P 62 54 336 4 60 1610 1818
M3PP P P 97 57 366 - 100 2470 1864
M4PP P P 97 57 366 4 96 2164 1814

In Fig. 6.11 the results of the FE-models are compared to those of specimen
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100-11, using sheeting with a thickness of 1.00 mm. Similar to Fig. 6.11, Fig. 6.15
shows results of all plastic models for specimen 075-Il.
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|

o 2 4 6 8 10 12 14 16 18 20
Longitudinal Slip [mm]

Figure 6.15: Results 075-1I, M1PP, M2PP, M3PP & M4PP

6.2.2 Validation of SF-Models
Two series of four SF-models are developed for Series II:

SF-I SF-models evaluated using the visual solution method (§ 3.4)
SF-II SF-models evaluated using the general solution method (§ 4.3.1)

The visual solution method can be used, if apart from the slip, one degree of
freedom is considered. In other cases the general solution technique can be
used. Four SF-I- and four SF-ll-models are evaluated.

6.2.2a SFE-I-Models

Within the visual solution method, the ACTION I, ACTION Il and REACTION part
of the analysis are evaluated separately. If rotation of the indentation is
neglected, &, is the only degree of freedom, apart from the applied slip. If
deformation of the indentation is neglected, both ACTION parts are evaluated
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Figure 6.16: Determination of the elastic response (SF-I-1) using a 2-D
beam model of the top flange

similar to Fig. 3.12. The difference between the four SF-I models is found in the
REACTION part.

SF-I-1: Elastic 2-D beam model of the top flange

As illustrated in Fig. 6.16, a 2-D beam mode! is used to determine the response
of the top flange. Two parallel elements are considered in order to take the
influence of the indentation to the stiffness of the flange into account. The
spherical indentation is replaced by a square block with an equally projected
area and infinite stiffness. Arbitrarily, the total width of the beams equals the
span (B = b,+b, = L).

If the deformation pattern is assumed to be cylindrical over the considered width
B, the response of the flange results from the separate elements:

F, F_+F, El, EIL
k = —= = ——=% =192| —+—=| = 1820+784 = 2604 N/mm (6.2)
5, 5, L} L} '
b,-t3 b,t3
with: El, = E- ;2 El,= E- 2 E = 205.000 N/mm?
b,=D b, =L-D’ L,=L-D° L,=L
t=0.982 mm B=L=50.0mm D =/mD=18.4mm

SF-I-2: Plastic 2-D beam model of the top flange
For the plastic response of the top flange a square part of the flange is
considered with yield lines according to Fig. 6.17.
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Figure 6.17: Determination of the plastic response (SF-I-2)

The plastic capacity of the top flange is:

4m ‘B +4-m-L 16:m_-L
= —2 | P - 2264N
L-D* L-D* (6.3)
2
t2

f .
with: m = " 4 f,o = 371 N/mm?

1P

SF-1-3/4: Elastic/Plastic 3-D FE-model of the top flange
The elastic and plastic response of the top flange are also determined using an
FE-model:

K pp g = ——;E—E = 2518N (6.4)

1

o
"

wrep = 1762N (6.5)

Considering the simplicity of 2-D beam model used in SF-I-1, the difference
between SF-I-1 and the sophisticated FE-model used in SF-I-3 is small. The
difference between SF-I-2 and -4 lies in the development of the yield pattern,
shown in Fig. 6.17. Results of the FE-model show that yield lines ® are hardly
developed, which reduces the result of eq. (6.3) by 25 %: 75% of 2264 = 1698
N.

The visual solution method is evaluated for SF-1-3 and -4 in Fig. 6.18. Results
are compared with SF-lI- and FE-results in Figs. 6.19 to 6.21 and 6.23.
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Figure 6.18: Visual solution method: results of SF-1-3 & SF-I-4

6.2.2b SFE-lI-Models

Four SF-ll-models are evaluated and validated using FE-results. Rotation of the
indentation is considered in SF-lI-1. Deformation of concrete, plasticity of
sheeting and contact between web and concrete are considered in SF-11-2 to -4.

SF-II-1: Additional degree of freedom; rotation of the indentation

Eccentricities of the interaction force with respect to the indentation cause
rotation of the indentation. Similar to the determination of the response of the
sheeting to vertical loading, the rotational stiffness of the indentation in the top
flange can be determined using an FE-model. The rotational stiffness is included
in the general solution technique. A positive rotation of the indentation reduces
the vertical displacement of the indentation 3, in the ACTION Il part. Figure 6.19
shows results of SF-Ii-1, SF-I-3 and M1EE. Results of SF-lI-1 can be compared
to M1EE. The difference between SF-I-3 and SF-lI-1 illustrates the influence of
the rotation of the indentation. Rotation of the indentation reduces the stiffness.
For SF-II-2 to SF-lI-4, the rotation of the indentation is neglected.
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Figure 6.19: Results of SF-I-3, SF-1I-1 & M1EE

SFE-lI-2: Inclusion of deformation of the concrete

Within the ACTION II part of the general solution technique, the deformation of
concrete can be included. A 3-D approach of the 2-D concrete crack model,
illustrated in Fig. 6.2, is used. A, is the projected frontal area and A, is the
projected upper area of the crushed concrete.

F, =F, =o,(a+nA) (6.6)
F, =F, = o, (A -wA) (6.7)
with: o, =80, for:15<f, <60 N/mm?

] =0.30

fec = 74.66 N/mm?

Within the concrete crack model, the concrete is considered to behave perfectly
brittle with a crushing strength of g,,,, which is related to the crushing strength of
150-mm cubes, f_.. Although the strength of the concrete used in Series Il lies
outside the given f-range, the formula for o, is used.

Results of SF-1I-2 can be compared to M1EP. Within the concrete crack model
and SF-II-2, the volume of the cement matrix reduces, if concrete is crushed. As
mentioned in § 6.2.1, the material flow within the FE-model influenced the results
of M1IEE and M1EP. An additional FE-model, M1EP’, is evaluated which
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eliminates the influence of material flow, by allowing the indentation to penetrate
through the concrete, which does not exist if brittle cement paste is considered.
Figure 6.20 shows results of SF-I-3, M1EE, SF-lI-2, M1IEP & M1EP’. The
difference between SF-I-3 and SF-|1-2 illustrates the influence of deformation of
concrete. Although high strength concrete is used, the influence is considerable,
due to the large interaction forces between the indentation and concrete.

7000
'SF-1-3 = M1EE,
Z €000 SF-lI-2 = M1EP
Q
O 85000  M1EP
R TS
_ 4000 .
® N
2 A
o 3000 \ ..‘
o) |l14 H
0 2000 v R
g M1EP*
< 1000
o 1

0 2 4 6 8 10 12 14 16 18 20
Longitudinal Slip [mm)]

Figure 6.20: Results of SF-I-3, SF-1I-2, M1EE, M1EP & M1EP’

SF-II-3: Plasticity of the sheeting

SF-I-4 considers plasticity of the sheeting, and elastic behaviour of the concrete,
similar to M1PE. SF-II-3 considers plasticity of sheeting and concrete similar to
M1PP. Figure 6.21 shows the results of SF-I-4, M1PE, SF-II-3 & M1PP.

The stiffness of SF-1-4 is higher than for M1PE. This is partly caused by the
neglecting of rotation, which improves the stiffness of the connection, as
illustrated in Fig. 6.19. If rotation of the indentation is considered, yielding of the
top flange occurs earlier at the front toe of the indentation. Therefore the
reduction of the stiffness will be larger than shown in Fig. 6.19.
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Figure 6.21: Results of SF-I-4, SF-1I-3, M1PE & M1PP

] 2 4 6 8

14

SF-1I-4: Contact between the webs and the concrete

16 18 20

The influence of contact between the webs and the concrete can be included in
the general solution technique, using results of SF-I models. For SF-I-3 and -4
the bending moments at the clamped edges result from the FE-models. For SF-I-
1 and -2, the bending moments result from the 2-D beam analysis, where M,
acts over b, and M, acts over b,.

Elastic:

Plastic:

F L, F L
Mg, = 3 Mg, = ; :
M, = myb, M, = m;b,

(6.8)

(6.9)

Figure 6.22: Conversion bending moments to contact forces

The conversion of bending moments to contact forces between the webs and
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concrete is illustrated in Fig. 6.22. The lever arm z is assumed to be 10.0 mm.
The assumption is based on the fact that the edge of the flange moves away
from the concrete when the flange deforms. This implies that z is larger than can
be expected from the stiffness ratio between the sheeting and the concrete.

M
FL;Web = Z]/z (610)

Frwes = WF e (6.11)

The contribution of F ..., is added to the results of SF-II-3 within the general
solution technique. Results can be compared to M3PP. Figure 6.23 shows
results of SF-11-3, SF-11-4, M1PP & M3PP.

SF-li-3

2500 [
[ SF~-lI-3 = M1PP
zZ - -n-
< 000 | SF-ll-4 = M3PP
8 M3PP
o} [
L 1500 |
©
Q
K-y L
¥ 1000 1PP
kol
o
Q
Q
<

500

0 2 4 6 8 10 12 14 16 18 20
Longitudinal Ship [mm]

Figure 6.23: Results of SF-1I-3, SF-1I-4, M1PP & M3PP

All SF-models are evaluated for specimen containing sheeting with a thickness
of 1.00 mm. Results for sheeting with a thickness of 0.75 mm are shown in Fig.
6.24.
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Figure 6.24: Results of SF-1I-3, SF-1I-4, M1PP & M3PP for 0.75 mm

The stepwise development of the SF-models in this paragraph illustrates the
possibilities of the general solution technique. Four different phenomena were
described and included in the general solution technique in SF-li-1 to -4.
Appropriate tools were used for the description of the different phenomena.
Similar to the stepwise development of FE-models, the stepwise development
of the SF-models increases understanding of the physical behaviour. The
validation of Series Il, in which the FE-models are validated by experiments and
the SF-models by the validated FE-models illustrates the strength of the two
different type of models.

6.3 Series lll: Validation Realistic Shear Connections (Level 2)

For Series lll, no SF-models are considered. The FE-models are validated by
experimental results.

The FE-models of Series Il are cross-sectional models, modelling half a web,
containing two indentations. Concrete volumes are placed in front of the
indentations and at the flanges. The external lateral force, applied to the test
specimen, is represented by a proportional lateral force at the bottom flange. All
phenomena summarized in § 6.2.1 are included in the FE-models.

-6.22 -




Validation

Plasticity of Sheeting
Material properties are not supplied by the manufacturer. Therefore the
material properties of Series Il are used.

Crushing of concrete in front of indentations
Similar to Series |l, the fictitious material properties are determined by
matching the damage found in experiments to the plastic deformation of FE-
models. Series lll contains normal strength instead of high strength concrete
and interaction forces remain five times smaller. The fictitious material
properties are based on properties of the cement paste and the actual
concrete. If interaction forces remain small, the properties of cement paste are
dominant, where for large interaction forces the paste is crushed and the
properties of concrete become more important. The derived properties for
Series lll are also presented in Table 6.2.

Contact between indentations and concrete
Similar to Series |l, concrete volumes are placed in front of the indentations.
The coefficient of friction is increased from 0.30 to 0.40. Usage of high
strength concrete justifies a reduction of the coefficient of friction in Series Il.
For normal strength concrete the coefficient of friction used in the concrete
crack model is more appropriate.

Contact between flanges and concrete
Similar to contact between the webs and the concrete in Series li, contact
occurs between flanges and concrete. No deformation of concrete is
considered in these areas.

Separation between sheeting and concrete
Within the cross-sectional FE-models the separation is not restricted.

In Figs. 6.25 to 6.28 experimental and FE-results of representative specimen of
Type | and Il are shown. Results for big indentations show reasonable
agreement with the applied shear force. The deformation and separation is
slightly over-estimated. Results for small indentations show reasonable
agreement for the deformation and the separation, while the strength and
stiffness are under-estimated. This implies that the considered FE-models tend
to under-estimate the strength and stiffness of the connection.
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Figure 6.26: Validation for specimen I1S-8

Figure 6.25: Validation for specimen IB-13
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In Figs. 6.29 to 6.30 a similar comparison is given for representative specimen
of Type Hll and IV, containing only big indentations. The FE-results for these
specimen are significantly lower than the experimental results.

The cross-sectional approach of the numerical models does not match the
deformed shape of the specimen, as illustrated in Fig. 5.42. The concrete block
rotates when separation occurs. The measurements are taken 125 mm from the
bottom of the specimen. The vertical separation between the bottom flange and
the concrete varies over the specimen from &g, 10 Sygmax:

Ly 50 2

Oysmin = Lr LM'SVSM = T7_5'bvsm = 7'SVSM (6.12)
. Ly+ L 350
OySmax = L()Trs; VsM T ”ﬁg vsm = 2'0ysm = 7 Oygmin (6.13)
with: d,, = measured vertical separation bottom flange at L,,

L, = length reinforcement bar underneath specimen = 50 mm

L = location measurements from bottom specimen = 125 mm

L = length specimen = 300 mm

The numerical models represent a cross-section of the specimen. So far, results
at cross-section M are considered. If boundary conditions are applied which
result in smaller values of 8, representing the lower part of the specimen, the
characteristics of the shear connection improve. The reduction of the separation
requires an external compressive lateral force. The reverse, if larger values of
0,5 are considered, representing the upper part of the specimen. If the positive
effect of restricted separation (8,qy~Oysmn) €quals the negative effect of
increased separation (8,su~8ysmax), the cross-sectional approach is areasonable
representation of the specimen.

For all rib types, shown in Figs. 6.25 to 6.30, the separation of the bottom flange
(dysm) is almost proportional to the longitudinal slip (5,). In Table 6.4 the ratio
between the separation at the bottom flange and the longitudinal slip is
presented. It shows that the separation of the bottom flange reduces for steeper
webs (Type I-1l). The separation of the bottom flange for profiles with sloping
webs is larger, due to stretching of the web (Type lI-1Il/IV). increasing the angle
in the web further increases the separation (Type ll1-1V).
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Table 6.4: Results linear regression between &, and 3,

IB IS 1B IS ns Iv8
[LRatio 5oy over 5, | 0.3446  0.3361 | 0.2751 0.2628 | 0.3817 | 0.5563

For all specimen, two additional calculations are performed. The separation
between the bottom flange and the concrete was forced to respectively &,,,, and
Oysmaxs USING €. (6.12) and the ratios as presented in Table 6.4. Equilibrium of
lateral forces for the overall specimen is not checked. In order to satisfy
equilibrium within the specimen, the external compressive and tensile lateral
forces acting with 8y, and dys., Should be comparable.

For all specimens, the applied shear force of the original and additional
calculations are shown in Figs. 6.31 to 6.36. It shows that for regular trapezoidal
profiles (Type 1 & 1) the positive and negative effect of variations of separation
on the applied shear force are comparable. The same holds for the applied
lateral forces, which implies that the cross-sectional approach is a reasonable
representation for these configurations.

30 i

d/Smax
= = l / \ I
8 g 20t} Ovsma
5 5
TR w
8 5 18|
5 &
8 8
§ g
<
o t 2 3 4 8 6
Longitudinal Slip [mm] Longitudinal Slip {rmm]
Fig. 6.31: 3 Levels of separation IB-VS Fig. 6.32: 3 Levels of separation 1S-VS
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For specimen with sloping webs (Type lll & IV) the effect of the forced separation
is larger than the effect found for the trapezoidal profiles (Type | & Il). For
specimen of Type IV the positive and negative effect on the applied shear force
is comparable. For specimen of Type lll, the results for &,,,, do not meet the
pattern as found in all other specimen. It is likely that the FE-results for this
calculation are not correct (8ysma,)- Results of the external lateral force are not
comparable. It appears that the required compressive lateral force acting with
Sysmin IS larger than the required tensile force for 8y, This implies that the
comparison between the experimental and numerical results using different
levels of separation is not suitable for specimen with sloping webs.

The large difference between the experimental and FE-results for specimen |VB
cannot be explained by the FE-models. The shear strength found in full-scale
experiments lies closer to the FE-results [11]. The characteristic shear strength
of the developed profile, corresponding to specimen IVB in this chapter, is 0.22
N/mm2, which corresponds to an applied shear force of 13.3 kN for the
considered specimen. It seems that the form of the test arrangement had a
positive effect on the strength of smali-scale specimen containing sloping webs.
Since the numerical results are supported by the full-scale experimental resuilts,
no further development of the FE-models is considered.

Although the overall behaviour of the small-scale specimen containing sloping
webs is not validated by the FE-models, the influence of the sloping webs on the
shear resistance, as given in § 5.3, is supported by the FE-results. In § 5.3 itis
stated that interlocking occurs between the lower indentation and the top flange,
which evokes contact forces between the top flange and the concrete. Figure
6.36 shows an angle in the course of the applied shear force at a level of slip of
approximately 2 mm. Within the FE-models, this level of slip corresponds to first
separation of the edge between the web and the top flange. The FE-results do
not show a significant influence on the loss of contact to the applied shear force,
similar to the experimental results. However, the fact that the characteristic point
in the experimental results coincides with the occurrence of separation at the top
flange, supports the idea concerning the interlocking of the web.
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6.4

Conclusions for Chapter 6

The assumption concerning the direction of interaction forces as given in
the hypothesis is valid. For the considered range of interaction forces, a
constant value for the coefficient of friction was established. (§6.1)

Stepwise development of numerical models, both SF- and FE-models,
increases understanding into the behaviour of shear connections. (§ 6.2)

FE-models can be validated by experiments. SF-models can be validated
by validated FE-models. (§6.2)

The SF-models illustrate the possibilities of the general solution technique.
Within the general solution technique, due to the separate analysis,
description of phenomena can be performed using the most suitable tools.

(§6.2)

With respect to deformation of concrete, the outer layer of concrete is
important. Description of geometrical and material properties of this outer
layer of paste is beyond the scope of the thesis. Inspection of connections
after experiments is very important. The deformation of the concrete
supplies valuable information for the determination of the properties of the
cement paste. Fictitious properties are derived, which result in plastic
deformation of concrete, matching the damage found in experiments.

(§ 6.2/3)

Within the numerical models, coefficients of friction of 0.30 and 0.40 are
used for respectively high strength and normal strength concrete (Series
[1/11). Within the concrete crack model a coefficient of friction of 0.40 is
used. The reduction of the coefficient to 0.30 for Series Il is based on the
fact that high strength concrete improves the properties of the cement
paste and therefore smoothens the concrete surface. (§ 6.2/3)

By using small-scale experiments to determine the behaviour of the shear
connection, usually boundary conditions are applied which are not present
in full-scale slabs. Together with the fact that by definition not all
phenomena can be considered, for instance curvature and cracking of
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concrete, it is questionable whether small-scale experiments can be used
to determine the behaviour of shear connections in composite slabs.

(§6.3

# For common trapezoidal profiles (Type | and ), the results obtained by
the cross-sectional approach in the FE-models show reasonable
agreement with the small-scale experimental results. (§6.3

# Rapid development of FE-tools solves limitations, such as the linear
contact elements and the considered geometrical linear behaviour. In
general it can be stated that the stepwise development of FE-models,
required for the development of accurate models, is more important than
practical or technical limitations of current FE-tools. (Chapter 6)
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7. PARAMETRIC STUDY

7.0 Introduction

Three parametric studies are performed, based on three types of profiled
sheeting, using both SF- and FE-models.

Transparency is the most important feature of SF-models. The visual solution
method as presented in § 3.4 leads to ultimate transparency by showing different
parts of the connection, the relations between them, and the influence of each
part on the overall behaviour of the connection. SF-models should be considered
as tools enabling investigation of shear connections, which are too complicated
for the visual solution method.

Application of FE-models instead of SF-models is more appropriate if the
transparency or the flexibility of SF-models is affected by the configuration of the
connection. Furthermore, application of FE-models is required if physical
phenomena are to be considered, which can not be included in SF-models.

Similar to the validation procedure presented in chapter 6, FE-models describe
the actual behaviour of shear connections provided all relevant phenomena and
geometrical data are included in the FE-model. Due the simplifications in SF-
models, SF-results can only be compared to FE-results obtained by simplified
FE-models. SF-results can be used for qualitative analysis or for analysis of
specific phenomena or geometrical properties.

7.1 Parametric Study Example Chapters 3 & 4

Based on the geometry of the example, evaluated in § 3.5 & 4.5, a parametric
study is performed using SF-models. Since the ACTION and REACTION
modules within the SF-model are described in parameters, determination of the
influence of variations is simple and fast. Five parameters are varied. The
underlined values correspond to the basic configuration:
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SF®: Location indentation: a=1/3, 1/2 & 2/3
SF®: Slope web: 0°, 15° & 30°

SF®: Height indentation: 2.5, 3.0 & 3.5 mm
SF®: Coefficient of friction: 0.3, 0.4 & 0.5.
SF®: Resultant lateral force: 0, 75 & 150 N

An FE-model is used to vary parameters which are difficult to consider using SF-
models:

FE®: Plasticity: no plasticity & 360 N/mm?
FE®: Longitudinal prestress in the sheeting: 0 & 95 % f,

Results are shown in Figs. 7.1 to 7.7. The applied shear force is plotted on the
left axis. The vertical separation is plotted on the right axis.

SF@: Location indentation (Fig. 7.1)

When the indentation is moved up (a=2/3) or down (a=1/3) with respect to the
original position (a=1/2), the shear resistance increases, due to the more
favourable location of the forces acting on the web. Due to rotation of the
indentation (@,) the resistance to vertical separation increases when the
indentation is moved down (a=1/3) and decreases when the indentation is
moved up (a=2/3). Due to the higher resistance to vertical separation, moving
down the indentation is more beneficial.
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@ o ]
280 280 £
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Figure 7.1: SF@: Location indentation ~ Figure 7.2: SF@: Slope web

SF&: Slope web (Fig. 7.2)
When the slope of the web increases, the resistance to vertical separation
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decreases. The sheeting is pushed away from the concrete. Contact is lost
between the flanges and concrete. When the slope of the web increases, the
strength, stiffness and ductility of the connection decreases.

SF®: Height indentation (Fig. 7.3)

Over-riding of indentations by the concrete is related to the height of
indentations. For the considered circular indentation the inclination of the
indentation at the toe increases with the height of the indentation. Therefore,
both the stiffness and the strength of the connection increase. Due to the
increased inclination at the toe, vertical separation remains smaller for small
values of slip. For larger values of slip the larger interaction forces for the higher
indentations lead to a higher level of separation.

1.0

Shear Force (N]

[-X ] (X}

100 |

>
Vertical Separation [mm]
Shear Force [N]
Vertical Separation [mm]

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 8.0

Longitudinal Slip [mm] Longitudinal Slip [mm]

Figure 7.3: SF®: Height indentation Figure 7.4: SF@: Coefficient of friction

SF@: Coefficient of friction (Fig. 7.4)

Similar to the inclination of indentations, the coefficient of friction influences the
direction of interaction forces. Increasing the coefficient of friction improves both
the shear resistance and the resistance to vertical separation. The improvement
of the shear resistance results in higher interaction forces. In spite of the
improved shear resistance, vertical separation reduces for higher values for the
coefficient of friction.

SF@: Resultant lateral force (Figs. 7.5)

In general, external lateral forces reduce vertical separation and improve the
shear resistance. Due to the simplicity of the mechanical model used in the
REACTION module, vertical separation is negative for small values of slip.
Profiles with limited resistance to vertical separation benefit most from the
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presence of external lateral forces. Within the basic configuration, the tendency
to separate is limited. The contribution of friction is approximately 60% (0.40-75
N = 60%- 50 N). The remaining 40% is caused by the reduced separation.

480 2.0

Shear Force [N]

Vertical Separation [mm]

Longitudinal Slip [(mm]
Figure 7.5: SF@Y0 °: Lateral force

FE@: Plasticity

Due to plasticity, the shear resistance of the connection decreases, since the
resistance of the web to forces perpendicular to the web is limited. Due to the
presence of the indentation, first yielding occurs at the upper and lower toe of the
indentation, due to the local stress concentrations. The level of vertical
separation is hardly influenced by the occurrence of plastic behaviour.

480 20 480 20
400 ] 40e Plastio T
3 280 18 '§ g 280 {18 -%
8 300 = ° 300 _g
5 20 o § £ 10 Prestress g
% 200 3 % 200 e 3
@ |
2 180 E ‘g 180 g
-] 100 o8 g @0 100 0.8 £
80 > &0 ;
] + 0.0 (] 0.0
0.0 1.0 2.0 3o 4.0 8.0 8.0 0.0 1.0 2.0 3.0 4.0 8.0 8.0
Longitudinal Slip [mm] Longitudinal Slip [mm]
Figure 7.6: FE®: Plasticity Figure 7.7: FE@: Longitudinal ‘prestress’

FE@: Longitudinal prestress in the sheeting

Due to the shear connection, high tensile stresses can be present in the
sheeting. Longitudinal tensile stresses reduce the bending capacity of the web
and flanges, and therefore reduces the shear resistance. However, it shows that
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large longitudinal tensile stresses hardly influence the shear characteristics.

7.2 Parametric Study Series Il

Based on the geometry of the experimental Series Il (§ 5.2), a parametric study
is performed using both SF- and FE-models. Since SF-models contain
simplifications, results of the basic configurations of the SF- and FE-models are
not identical. Although the SF-models are not able to describe the actual
behaviour of the connection, results of both models supply valuable information
about the influence of variation of parameters of shear connections to the shear
resistance.

Four parameters are varied, using both SF- and FE-models and two using only
FE-models. Again the underlined values correspond to the basic configuration
of Series Il. Results are plotted in Figs. 7.8 to 7.17 and discussed briefly.

SFO/FE® Thickness sheeting: 0.75, 1.00 & 1.25 mm
SFQ/FE®@ Plasticity of steel: 240, 360 & 480 N/mm?
SFR®/FE® Coefficient of friction: 0.2, 0.3 & 0.4
SF@/FE® Height indentation: 3.0, 3.6, 4.134 & 4.8 mm
FE® Strength of concrete: 15, 25, 35 N/mm?
FE® Longitudinal prestress in the sheeting: 0, 50, 70 & 90 % f,,,

SFGYFE@: Thickness sheeting (Figs. 7.8 & 7.9: 0.75 < t < 1.25 mm)

The bending capacity of the sheeting is quadratically proportional to the
thickness. The stiffness is proportional to the third power. All SF-models are
based on the procedure as given in § 6.2.2. The visual solution method is used,
assuming a bi-linear relation between F_and &, based on the models SF-I-1 &
SF-I-2 (§ 6.2.2a). For the SF-models the variation of the shear resistance is
almost proportional to the variation of the bending capacity of the sheeting.
Within FE-models, a higher bending capacity results in larger interaction forces,
which increase the deformation of concrete and reduce the effect of the
improved capacity and stiffness.

Strength
Mp(0.75) : Mp(l.OO) : Mp(1.25) =0.752:1.00%:1.25% = 0.56:1.00:1.56 (7.1)
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SF®: Fimax(0.75) : Fpyy(1.00) : Fy ., (1.25) = 0.52 : 1.00 : 1.61 (7.2)
FED: Fla0.75) : Fpp0(1.00) : Fy o (1.25) = 0.60 : 1.00 : 1.40 (7.3)
Stiffness

EI(0.75) : EI(1.00) : EI(1.25) = 0.75°:1.00°: 1.25° = 0.42:1.00:1.95 (7.4)
SF®: Flan(0.75) : Fyy(1.00) : Fy 0 (1.25) = 0.46 : 1.00 : 2.15 (7.5)
FE®D: Fuan(0.75) : Fp0(1.00) : Fy o (1.25) = 0.51 : 1.00 : 1.67 (7.6)

4000 €000

8000 ‘;'\‘\ . 5000 [
? 4000 ; § 4000 [ - 1.25
5 s000 :,' & 3000 T T
z 2000 :' . z 2000 1.90

1000 [ Q.

100} i/

Longitudinal 8ilp [mm]

Figure 7.9: FE@: Thickness sheeting

Longitudinel 8ip [mem]

Figure 7.8: SF®: Thickness sheeting

SF@YFE: Plasticity of steel (Figs. 7.10 & 7.11: 240 < {,, < 480 N/mm?)
Similar to variation @ the yield stress influences the bending capacity of the
sheeting. Only the strength of the shear connection is influenced. Similar to the
comments given for variation @ the variation of the shear resistance found with
SF-models is almost proportional to the bending capacity, where for the FE-
models the effect is reduced by the deformation of concrete.

Strength
Mp(0.75) : Mp(l.OO) : Mp(l.25) = 240:360:480 = 0.67:1.00:1.33 (7.7)
SF®: Fipu(0.75) : FLp(1.00) : F, o (1.25) = 070 : 1.00 : 125 (7.8)
FE®: Fynad0.75) : 0 (1.00) : F, (125) = 0.80 : 1.00 : 1.20 (7.9)
s000 s000
soo0 | 8000 |
Z w00} o Z 4o00f
& 3000 .g 2000 .. 480
i 480 e
2 2000 [ f . Tl 1 2000 240 36 o
1000 2‘0“"”" 360 woor £ T e
‘o a:c s;o 115 u;.o 1;.1 180 o ain l:o 11: 100 128 180

Longitudinal 8¥p {rmem)

Figure 7.10: SF@: Plasticity of steel

Longitudingl 88p [mm]

Figure 7.11: FE@: Plasticity of steel
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SFG@YFE@: Coefficient of friction (Figs. 7.12 & 7.13: 0.2 <u < 0.4)

The variation of the coefficient of friction changes the direction of the interaction
force, which means that a similar response of the sheeting leads to different
values for the shear resistance.

Fi _ _p+tang

F 1 pung (7.10)
For the circular indentation, tang is different for different values of slip. Equation
(7.11) shows the ratio between F, and F for a value of tang corresponding to a
value of slip of 5.0 mm. Since only the direction, but not the size of the
interaction force changes, the variation of the strength is almost proportional to
the variation of the coefficient of friction in both models. The response of the
sheeting and the deformation of concrete is hardly influenced.

Strength (6,=5.0 mm)

F F F
—1(0.30): —£(0.40): —1(0.50) = 0.84 : 1.00 : 1.18 (7.11)
FJ. FJ_ F.L
SF®: F|a(0-30):F,.,(0.40):F . .(0.50) = 0.81 :1.00 : 1.19 (7.12)
FE®: Fnax(0-30):F, ,(0.40):F . (0.50) ~ 0.78 :1.00 : 1.20 (7.13)
Z 4000 Z 4000 f
§ 3000 [ E so000 [ B . 04 e
] SN L] g e
1000 \\“\\ 0.4 1000 F 1’ ’ 0_2 ........... e
et 0.3
. 0.2 — . . . . .
00.0 2.8 8.0 7.8 10.0 128 18.0 °l).() 2.6 8.0 7.8 10.0 128 15.0
Longitudinal Sfip [mm] Longitudinal 8kp [mm]

Figure 7.12: SF@x Coefficient of friction ~ Figure 7.13: FE@: Coefficient of friction

SF@/FE@: Height indentation (Figs. 7.14 & 7.15: 3.0 < H,,; < 4.8 mm)

The height of the circular indentation affects the inclination of the indentation,
tang, which influences the direction of the interaction forces, as shown in eq.
(7.11). In this case both the stiffness and the strength are considered. For the
stiffness the value of tang is based on a value of slip of 1.0 mm, where for the
strength again a value of slip of 5.0 mm is considered. Similar to variation ®, the
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height of the indentation influences the inclination of the indentation, which
effects the direction of interaction forces. The influence to the inclination reduces
if the level of slip increases. Due to plastification of the top flange, the actual
height of the indentation hardly influences the response of the sheeting, so the
variation of the strength of the connection is mainly caused by the direction of
the interaction force, tang. Since the stiffness of the connection is considered at
a smaller level of slip, the influence to the stiffness is larger as found for the
inclination alone.

Stiffness (6,=1.0 mm)

tang (3.0) : tano (3.6) : tangp (4.1) : tano (4.8) = 0.69:0.85:1.00: 1.20 (7.14)
SF@: k3.0):k(3.6):k(4.134) : k(4.8) = 0.70 : 0.84 : 1.00 : 1.23 (7.15)
FE®: K(3.0):k(3.6):k(4.134) : k;(4.8) = 0.63 : 0.77 : 1.00 : 1.44 (7.16)
Strength (6,=5.0 mm)

tang (3.0) : tang (3.6) : tang (4.1) : tano (4.8) = 0.76:0.89:1.00: 1.13 (7.17)

sF@: F;(3.0):F(3.6):F(4.134):F/(4.8) = 0.83 : 092 : 1.00 : 1.09 (7.18)
FE®: F,(3.0):F,(3.6):F,(4.134) :F(4.8) = 0.72 : 0.86 : 1.00 : 1.16 (7.19)
4000 €000
$000 | 8000
; 4B 4134
! 2000
1000 3.6 3-6
00.0 .8 8.0 1il 1 (;.0 1 ll.l 18.0 'o.n I:I l:o 1‘.. 1 0..0 1 I.J 18.0
Longitudinal Sip {mmn) Longitudinal Sip [mm]

Figure 7.14: SF@: Height indentation Figure 7.15: FE@: Height indentation

FE@: Strength of concrete (Fig. 7.16: 15 < f, < 35 N/mm?)

The behaviour of the concrete is very important for the behaviour of the shear
connection. Due to the deformation of concrete, part of the applied slip is taken
by the concrete, and the displacements of indentations are reduced, which
reduces the stiffness and strength of the connection. If elastic behaviour of the
concrete is considered, the indentation is pushed out of the concrete for larger
values of slip, which leads to a considerable reduction of the shear resistance,
as illustrated by the results of all elastic SF-models. If deformation of concrete
occurs, the indentations dig channels in the concrete, and the reduction of the
shear resistance for larger values of slip is smaller. This physical phenomenon
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causes the differences between the SF- and the FE-models.

The considered strength of concrete corresponds to the strength of the cement
paste in high strength concrete (f. = 35 N/mm? - Table 6.2 - § 6.3) . Reduction
of the strength of the cement paste to 25 N/mm? hardly affects the strength.
Further reduction to 15 N/mm? reduces the strength of the connection. In
general, the reduction of the strength of the cement paste improves the
deformation capacity. The strength of 15 N/mm? for the cement paste is still
larger than the strength determined for regular concrete in § 6.3.
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Figure 7.16: FE®: Strength of concrete Figure 7.17: FE@®: Longitudinal prestress

FE®: Longitudinal prestress in the sheeting (Fig. 7.17: 0 < % f,, < 90%)

If a longitudinal prestress is present in a reduction of the shear resistance can
be expected, since longitudinal stresses reduce the bending capacity of the
cross-section. If a prestress of 90% of the yield strength is applied the reduction
of the strength is only 15 %. Apparently redistribution of stresses reduces the
effect of the prestress to the yield pattern of the cross-section. Part of the
reduction of the strength is a result of the displacement and deformation of the
indentation caused by the applied prestress, which reduces the effectiveness of
the indentations.

From Fig. 7.17 it seems that the stiffness of the connection is affected. However,
since the prestress is applied to the rear of the model, before slip is applied at
the front, elongation of the sheeting occurs and the indentation moves
backwards, resulting in a zero stiffness for small values of slip.
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7.3 Parametric Study Series Il

Based on the geometry of the experimental Series il (§ 5.3), a parametric study
is performed, similar to § 7.2. The most important difference between Series ||
and lll is the response of the sheeting. According to the hypothesis, the
response of the sheeting is a combination of displacement (separation) and
deformation of the sheeting, whereas the ratio between deformation and
displacement is a measure for the shear resistance. Within Series |l, vertical
separation is prevented, which increases the level of deformation. The sheeting
in Series 11l behaves more flexibly due to the presence of separation.

Similar to § 7.2 both SF- and FE-models are used for the parametric study.
Again results of the basic configuration for both models are not identical, since
the SF-models contain simplifications which affect the behaviour of the shear
connection. Within the SF-models, the material behaviour is linear elastic, since
inclusion of nonlinear behaviour reduces the transparency of the models and
therefore violates the basic principles of SF-models.

Four parameters are varied, using both SF- and FE-models. Three parameters
are varied using only FE-models. The underlined values correspond to the basic
configuration of Series lll:

SFO/FE® Location indentation: 0.150, 0.175, 0.200, 0.225, 0.250 & 0.275
SF@/FE®@ Slope web: -9.5°, 0°, 9.5°, 18.4°, 26.6° & 33.7°
SF®/FE® Lateral Force: 0, 21.4, 150, 300 & 450 N
SF®/FE® Thickness sheeting: 0.70, 0.80, 0.90, 1.00, 1.10 & 1.20 mm
FE® Plasticity of sheeting: 240, 360 & 480 N/mm?
FE® Strength of concrete: 7.5, 15, 30 N/mm?
FE® Longitudinal prestress in the sheeting: 0, 70 & 80 % {4

SFGYFE@: Location indentation (Figs. 7.18 & 7.19: 0.150 < a < 0.275)

The location of the indentation is very important for the behaviour of trapezoidal
profiles. Firstly, indentations within trapezoidal profiles resist both longitudinal
slip and vertical separation. Located closer to the edges of the web, the
resistance to vertical separation increases significantly. Secondly, the location
of the indentation in the web influences the deformation of the sheeting. Both
effects are also mentioned in § 7.1 for SFO®.
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The SF-models consider linear elastic behaviour for both the sheeting and the
concrete, which leads to a significant reduction of the shear resistance for larger
values of slip, since the indentations are pushed out of the concrete. Figure 7.18
shows that the ultimate shear resistance increases significantly if a decreases,
due to the more favourable location of interaction forces acting on the web,
which improves the response of the sheeting. It also shows that until the ultimate
shear stress is reached, the level of separation for all configurations is almost
equal. Since interaction forces are larger for smaller values of q, the resistance
to vertical separation is larger.
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Figure 7.18: SF®: Location indentation ~ Figure 7.19: FE@: Location indentation

Within the FE-models, deformation of concrete improves the resistance for larger
values of slip. Since the indentations are not pushed out of the concrete
completely, vertical separation remains smaller than found within the SF-models.
For a>0.225, the deformation of concrete is limited, which leads to a reduction
of the strength similar to the reduction found within SF-models. For a<0.225
interaction forces become larger, which increases the deformation of concrete.
The reduction of the strength for large values of slip is limited. The stiffness of
the shear connection increases if a reduces.

SFEYFE@: Slope web (Figs. 7.20 & 7.21: -9.5°< 8 < 33.7 9
In general, a steeper web increases the resistance to vertical separation and
reduces the 'span' of the web, which improves the response of the sheeting.

Within the SF-models, the slope of the web is varied between -9.5° and 33.7°.
A negative slope corresponds to a re-entrant shape. Figure 7.20 shows that the
shear resistance of the re-entrant configuration equals the resistance of the
configuration with a vertical web. Apparently the resistance to separation
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obtained by the vertical web is enough to ensure maximum shear resistance.
Decreasing the slope of the web reduces the strength and stiffness, and
increases the vertical separation.
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- <\ 10 -9.8% , 0
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Longitudinel Siip [mem] Longitudinal Sip [mm]
Figure 7.20: SF@: Slope web Figure 7.21: FE@: Slope web

Within the FE-models, the slope of the web has a significant influence to the
stiffness of the connection. It shows that for 8<9.5° limited vertical separation
occurs and the strength reduction for large values of slip is limited. Profiles with
R>18.4° show a significant strength reduction over the full range of slip. For
larger values of slip, the reduction of the shear resistance implies that the level
of deformation of concrete is small. The results for >26.6° show reasonable
agreement with the SF-results, which can be explained by the flexible behaviour
of the sheeting, resulting in a lower level of plasticity of steel and deformation of
concrete. Apparently, the physical behaviour of trapezoidal profiles with a steep
web is similar to the behaviour of re-entrant profiles. For the given configuration,
the transition between re-entrant and trapezoidal behaviour of a connection
corresponds to a slope of the web of approximately 10°.

SF@YFE@: Lateral Force (Figs. 7.22 & 7.23: 0 < F,,; < 450 N)

In general, the presence of lateral forces improves the shear resistance of a
connection. The improvement depends on the internal resistance to vertical
separation. A profile with a high resistance to vertical separation benefits from
the lateral force by friction. A profile with limited resistance to vertical separation
benefits from lateral forces, since the level of separation reduces and the level
of deformation increases, which has a more significant influence to the shear
resistance as the contribution of friction alone.

The maximum applied lateral force is derived from the support reaction
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corresponding to a slab configuration with a span of 4.0 m. The support reaction
can be transferred to a lateral force, for the considered width and length of the
shear connection.

Within the SF-models, the lateral force varied between -150 and 450 N. It shows
that a small or negative lateral force reduces the deformation capacity. The
strength increases significantly if the lateral force increases. Approximately 45%
of the improvement is caused by a friction. The stiffness increases up to a lateral
force of 150 N and does not increase for larger lateral forces. For large lateral
forces, the vertical separation remains small, which reduces the effect of further
increasing the lateral force. For the SF-models, which assume contact between
flanges and concrete in the centre of the flange, negative values for the
separation can occur for positive lateral forces.

30000 30000
28000 248000
Z 20000 § Z 0000 §
I; 15000 § g 18000 §
2 10000 % z 10000 %
8000 ;""‘\ ® 5000 ;‘;}[ =
° o &
0.0 0.0
Longitudinal Stip [mm) Longitudinal Skp [mm]
Figure 7.22: SF@; Lateral force Figure 7.23: FE@: Lateral force

Within the FE-models, the lateral force is varied between 0 and 450 N. The
presence of the lateral force (F =150 N) improves the strength and stiffness of
the connection significantly and reduces the vertical separation. Further
increasing of the lateral force (F >300 N) improves the stiffness but hardly
improves the strength of the connection. For large lateral forces (F >300 N), the
strength for large values of slip recuces.

SF@FE@: Thickness of sheeting (Figs. 7.24 & 7.25: 0.70 <t < 1.20 mm)
The thickness of the sheeting effects both the bending capacity as the stiffness

of the sheeting, which improves the response of the sheeting.

The SF-models do not consider deformation of concrete and plasticity of the
sheeting. Figure 7.24 shows that the vertical separation is almost equal for all
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thicknesses, which implies that the deformed shape of the sheeting is equal for
all configurations. The increase of the strength is proportional to the bending
stiffness of the sheeting.
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Figure 7.24: SF@: Thickness sheeting Figure 7.25: FE@: Thickness sheeting

The influence of the thickness is smaller within the FE-models. Apparently the
interaction forces corresponding to the large shear resistance found within the
SF-models lead to significant deformation of concrete and plastic deformation of
the sheeting. Increasing the thickness increases the stiffness of the connection.
The influence to the strength is smaller for the larger thicknesses. Due to the
deformation of concrete, configurations with larger thicknesses behave more
ductile. The level of vertical separation is smaller for larger thicknesses.

FE@®: Plasticity of sheeting (Fig. 7.26: 240 < f,, < 480 N/mm?)

Due to the relative flexible response of the sheeting, the influence of the yield
strength is small compared to the re-entrant configuration as discussed in § 7.2.
Figure 7.26 shows that first yielding occurs at a slip level of 1.2 mm. Reducing
the yield strength, reduces the bending capacity and interaction forces. Similar
to earlier comments, smaller interaction forces result in less deformation of
concrete, which causes the indentations to be pushed out of the concrete and
leads to a strength reduction for large values of slip. Over-riding of the concrete
by the indentations increases the level of separation. Increasing the yield
strength hardly increases the strength and level of separation, but leads to more
ductile behaviour.
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Figure 7.26: FE@: Plasticity sheeting Figure 7.27: FE®: Strength of concrete

FE®: Strength of concrete (Fig. 7.27: 7.5 < f, < 30 N/mm?)

As mentioned in § 6.2.1 and 6.3.1 the strength of concrete is a fictitious material
parameter, describing the behaviour of the cement paste rather than the actual
concrete. As given in § 6.3.1 the strength of the paste varies between 7.5 and
35.0 N/mmzif regular and high strength concrete are considered. In Fig. 7.27 the
strength of the paste is varied between 7.5 and 30.0 N/mm?.

As illustrated in most FE-results, the influence of the deformation of concrete is
important. The influence of the concrete strength and stiffness, as shown in Fig.
7.27 is in accordance with earlier reflections. Increasing the strength of the
cement paste from 7.5 to 15.0 N/mm? reduces the level of deformation of the
paste, resulting in over-riding of the concrete by the indentation, which explains
the significant reduction of the strength for large values of slip and the
corresponding higher level of separation. Further increasing the strength to 30
N/mm? has limited effect. Increasing the strength and stiffness of the cement
paste

Table 6.2 relates the properties of the cement paste to the properties of
concrete. The concrete used in experimental Series lll, referred to as regular
concrete, can be classified as C30/37. In practice concrete classified as C20/25
and C30/37 behaves similar to the corresponding strength of the cement paste
of 7.5 and 15.0 N/mmz2 in Fig. 7.27.

FE@: Longitudinal prestress in the sheeting: (Fig. 7.28: 0 < % f,, < 90 %)

The influence of variation of the yield strength to the shear resistance is limited
due to the flexible response of the sheeting, similar to variation FE®. Therefore
the influence of the longitudinal prestresses is also limited. Apparently, the yield
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pattern, consisting of yield lines at the edges of the web and at the toe of
indentations, is hardly influenced by the applied prestress. Redistribution of
stresses over the cross-section allows the prestressed configurations to develop
almost the same ultimate strength as the basic configuration.
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Figure 7.28: FE@: Longitudinal prestress

Results and conclusions of all parametric studies in this chapter are related to
the considered configuration. The configuration of § 7.2 is a representative re-
entrant type of sheeting, whereas the configuration of § 7.3 is a representative
trapezoidal type of sheeting. The tested Types Iil & [V (§ 6.3), containing the
sloping webs, can also be classified as trapezoidal profiles.

As mentioned in chapter 1 recent profiles often combine re-entrant and
trapezoidal portions. Depending on the location and geometry of the re-entrant
portions the behaviour of these profiles can be classified as re-entrant or
trapezoidal. Most important for the classification of these profiles is the expected
level of vertical separation. The re-entrant portion in the upper profile in Fig. 1.3
effectively reduces the level of vertical separation of the sheeting. Therefore the
profile can be classified as re-entrant. The re-entrant portion in the centre of the
top flange of the lower profile is less effective and therefore hardly affects the
level of separation of the sheeting. Therefore the profile can be classified as
trapezoidal. If indentations are present in the re-entrant portions, these
indentations are more effective than the indentations in the trapezoidal portions.
In that case the complete profile can be classified as re-entrant.
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Conclusions Chapter 7

The siope of the web can be used to classify profiles. Profiles with steep
webs (slope < 10°) show a large ratio between deformation and
displacement of the sheeting, resulting in plastification of sheeting and
deformation of concrete. This is referred to as ‘re-entrant’ behaviour as
it is similar to the behaviour found for re-entrant profiles. The remaining
profiles show a smaller ratio between deformation and displacement and
limited plastification of sheeting and deformation of concrete. This is
referred to as ‘trapezoidal’ behaviour to distinguish it from the previous
type of profiles.

In Table 7.1 the results of all parameters investigated are presented.
Distinction is made between ‘re-entrant’ and ‘trapezoidal’ types of
sheeting.

Table 7.1: Influence of parameters on the behaviour of shear connections

Shape of the profiles ‘Re-entrant’ ‘Trapezoidal’
Ratio deformation / displacement large small
Slope web <10° >10°
Effect increasing parameter to: < @ > = @ >
+/— = positive/negative effect 2 ¢ =12 ¢ =
0 = no effect % % § % % é
Slope web 0 0 0 - - -
Lateral force + 0 0 + +
Location indentation + + 0 + + 0
Height indentation + + 0 + + 0
Coefficient of friction + + 0 + + 0
Yield strength sheeting + 0 0 0 0 0
Thickness sheeting + + + + + 0
Strength concrete + 0 - + 0 -
| Longitudinal prestress 0 0 0 0 0 0
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The properties of the concrete and the cement paste have a significant
influence on the physical behaviour of the connection. If the indentations
‘dig’ channels in the cement paste, the behaviour of the connection is
more ductile. The deformation of concrete depends on the properties of
concrete and level of the interaction forces. Limited deformation of
concrete leads to more brittle behaviour. The deformation of concrete
implies that for ductile shear connections, the behaviour is path-
depended.

The configurations of § 7.2 and 7.3 can be considered as representative
re-entrant and trapezoidal types of sheeting. Most recent profiles
combine re-entrant and trapezoidal portions. Depending on the location
and geometry of the re-entrant portions the behaviour of these profiles
can be classified as re-entrant or trapezoidal.

Although only circular indentations are considered in this chapter, the
reflections hold for all types of indentations. In general circular or curved
indentations behave better than sloping indentations consisting of
multiple flat parts, since the maximum inclination is larger.
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8. FULL-SCALE SLAB ANALYSIS

8.0 Introduction

According to the three levels of research, illustrated in Fig. 2.30, the work
presented in this thesis is based on cross-sectional Level 1 analysis. The
accuracy of current full-scale Level 3 models depends mainly on the description
of the physical behaviour of the shear connection. Greater understanding of the
behaviour of shear connections can lead to improved models.

In § 8.1, a general full-scale model (Level 3) is presented. In § 8.2, a general
cross-sectional model for shear connections in composite slabs is presented
which relates the Level 1 and 2 analysis of shear connections to the Level 3 full-
scale slab analysis. Comments on the Partial Shear Connection method and
small-scale experiments are made in § 8.3 and 8.4. Finally, comments on
product development are made in § 8.5.

8.1 General Model Full-scale Composite Slab - Level 3

A general full-scale slab model is shown in Fig. 8.1.
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Figure 8.1: General full-scale model for composite slabs
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The lateral stress in the connection p(x) distributes the applied load over the
concrete and the sheeting. Over the span, the total applied load is transferred
from the concrete to the supports via the connection and the sheeting. The
nonlinear behaviour of concrete and the presence of concentrated lateral forces,
lead to a non-uniform lateral stress distribution p(x). Since the presence of lateral
stresses influences the longitudinal shear resistance, the longitudinal shear
stress distribution over the span is also non-uniform. Due to the stiffness of the
sheeting, the effect of concentrated lateral forces is spread over a length larger
than the length over which the forces are applied.

Current full-scale models take into account the shear resistance over the span
due to mechanical interlock and a contribution of friction. The Partial Shear
Connection method as presented in the Eurocode considers a constant ultimate
shear stress 1,,, over the shear span Lg*+L, and a concentrated frictional force
Ty, at the supports. The longitudinal shear force T in the critical cross-section
L,=L is a summation of the two contributions.

Lg
T= [ryde+ T, =1y, (Ls + Lo) + pR [N/mm] (8.1)
-L, .
The general model considers a non-uniform distribution of lateral stresses over
the span instead of a concentrated force at the supports. Therefore also frictional
shear stresses instead of a concentrated frictional force are considered.

Two phenomena can be recognized which influence the longitudinal shear stress
distribution over the shear span. The cross-sectional analysis presented in this
thesis recognizes the influence of vertical separation on the characteristics of the
shear connection. The vertical separation is a function of the longitudinal slip and
the lateral stress. Since both the level of slip and the lateral stress vary over the
shear span, the longitudinal shear stress is not uniformly distributed over the
shear span.

A second phenomenon is the shear stress development over the shear span.
The slip distribution over the span of a slab consists of a continuous and a
discontinuous function. As long as elastic or smeared crack behaviour is
considered, the slip distribution over the full span remains continuous [12]. A
typical slip distribution for 4-point loading is shown in Fig. 8.2. If connections with
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a finite stiffness are considered, slip occurs over the full span, since no
discontinuity occurs beneath the applied load.

'
1
i

T—
i

Figure 8.2:  Typical elastic slip distribution for 4-point loading

If cracks are considered, a local slip distribution is added to the distribution as
shown in Fig. 8.2. Depending on the characteristics of the connection, a limited
number of large or a number of smaller cracks arise. Figure 8.3 shows the slip
distribution over half a span with only one dominant crack. Due to the cracks the
level of slip between the applied loads remains small. The discontinuity
underneath the applied load leads to larger values of slip between the applied
loads and the supports.

4 r~

Figure 8.3: Superposition of slip due to cracking of concrete
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The ultimate shear force over the shear span is reached when all cross-sections
in the shear span reach the ultimate cross-sectional shear stress. For the slip
distribution shown in Fig. 8.3, this requires that the ultimate shear stress is
available for slip levels between approximately 60 to 120 % of the level of end-
slip. For all stress-slip diagrams which do not meet this requirement, a non-
uniform distribution of shear stresses is obtained.

Equation (8.2) shows a general formula for the longitudinal shear force in the
shear connection. Similar to eq. (8.1), distinction can be made between the
shear resistance provided by mechanical interlock ((x)) and the resistance
provided by friction (z ,(x)). ©(x) is a function of the vertical separation (5,(x))
and the longitudinal slip (5,(x)). dys(x) is a function of the lateral stress p(x) and
5,(x). The frictional stress t ,(x) is related to the lateral stress p(x) via the
coefficient of friction p.

Lg Lg Lg Lg
T = fT(X)dx + ftp(X) = fT(X)dx +ope fp(X)dx (8.2)
Lo Lo Lo Lo
with:  ©(x) = f(3y4(x);8,(x)) (8.3)
dys(®) = f(p(x);5,(x)) (8.4)

Since lateral stresses between the applied point loads remain small, the
contribution of friction in egs. (8.1) and (8.2) are almost equal if the critical cross-
section is considered.

Lg

T = ft(x)dx +pR (8.5)
LO
L2 Ls
R = dx = dx
with: Lf p(x) Lf p(x) (8.6)

For profiles with a large resistance to vertical separation and ductile behaviour
of the shear connection, the cross-sectional ultimate shear stress is constant
over the shear span and can be developed in all cross-sections, which implies
that eq. (8.5) equals eq. (8.1). For most re-entrant profiles this is the case. For
trapezoidal profiles, vertical separation is more important and the behaviour of
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the connection is usually less ductile, which leads to non-uniform shear stress
distributions over the shear span.

8.2 General Model Shear Connection - Level 1

Based on the understanding obtained in this thesis, a general cross-sectional
model for shear connections in composite slabs is shown in Fig. 8.4. Three
degrees of freedom are considered. Apart from the deflection §(x) and the
longitudinal slip §,(x), the vertical separation between the concrete and the
sheeting &,4(x) is considered.

alx)

8.(x) + 3(x)
2

D.of. 2: 8. (x) = 8(x) - d(x)

D.of. 1: 3(x) =

D.of. 3: 3,(x)

A T

dx
Figure 8.4: General cross-sectional model for composite slabs

Existing methods do not take vertical separation into account. Since the
separation is small compared to the deflection, the behaviour of the concrete and
the sheeting is hardly influenced by the separation. However, the influence of the
separation on the behaviour of the shear connection can be significant. With the
vertical separation, also a lateral stress in the connection is introduced (p(x)).
The shear resistance of the connection is a function of the longitudinal slip and
the lateral stress in the connection, as shown in eq. (8.3).

If no lateral stress is present (p(x)=0), no external lateral restraints act on the
connection. This is referred to as unrestrained separation. As discussed in § 3.2
and 3.3, the behaviour of the shear connection is based on the deformation of
the sheeting and the separation between the concrete and the sheeting.
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Resistance to separation is required for the development of shear resistance.
This implies that for unrestrained separation, apart from a relation between the
longitudinal slip and the shear stress, a relation between the slip and the
separation exists, as illustrated in Fig. 8.5.

T T

T S
Vi VS o(x)=0

p(x)=0

O O

I n

Figure 8.5:  Shear stress and vertical separation versus longitudinal slip
for unrestrained separation

If lateral stresses are present (p(x)>0), the ratio between the deformation and
displacement of the sheeting increases, which improves the shear resistance
and reduces the separation, referred to as restrained separation. Restrained
separation affects the strength, stiffness and ductility of the connection. Similar
to the diagrams shown in Fig. 8.5, diagrams can be determined for different
levels of lateral stresses, as shown in Fig. 8.6.

T T p(x)=0
Ty Ovs p(x)>0
p(x)>0
p(x)=0
(@] O
() (/]

Figure 8.6:  Shear stress and vertical separation versus longitudinal slip
for restrained separation

The shear resistance for unrestrained separation can be referred to as the pure
shear resistance of the connection, where the resistance for restrained
separation can be referred to as improved shear resistance. The lateral stress
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p(x) in the cross-section contributes directly to the shear resistance by friction.
Indirectly it improves the contribution of mechanical interlock by reducing the
vertical separation.

The general formula for the longitudinal shear stress in a connection (t,(x)) can
be derived from eq. (8.2).

7,(x) = 1) + 7,() = 1x) + e p(x) (8.7)

The general cross-sectional model, as illustrated in Fig. 8.4, is generalty used for
sandwich panels, composite structures or adhesive bonded joints [12,13]. For
implementation of the cross-sectional model into a full-scale model as illustrated
in Fig. 8.1, it is not required to consider all degrees of freedom in multi-layer
structures. By obtaining understanding of the physical behaviour of the
connections, the properties of the shear connection should be related to
considered degrees of freedom and/or stresses in the connection. The properties
and relations can be essentially different for different types of profiles.

The general fuli-scale model as shown in Fig. 8.1 enables the determination of
the behaviour of the composite slab based on the cross-sectional model, as
shown in Fig. 8.4. Using either the General Solution Technique as illustrated in
§ 4.3.1 or Finite Element analysis, the behaviour of the slab can be determined
for applied loads from zero up to failure.

Determination of the capacity of a slab based only on the cross-sectional model,
as shown in Fig. 8.4, is not possible, as mentioned in § 8.1. The ultimate shear
stress of each cross-section depends on the level of separation and the lateral
stress in the cross-section. Furthermore, the slab configuration and the
characteristics of the shear connection determine whether the ultimate shear
stress is reached in each cross-section. The ultimate shear force in the
connection is not necessarily the summation of the ultimate shear stresses in all
cross-sections.
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8.3 Partial Shear Connection method

The ultimate shear resistance 1, used in the PSC method is based on full-scale
experimental results. 1, is not a cross-sectional parameter, but the average
shear stress over the considered shear span. For each experiment, the value of
Ty, IS calculated based on the determined total shear force Ny and the
contribution of friction at the supports as illustrated in Fig. 2.27.

_ N'N,-uR

T Loty (8.8)

Similar to full-scale experiments used for the determination of values for m and
k within the 'm-k’ method, two series of experiments are performed for the
determination of values for t,,. For the longer spans (Series A), three
experiments are required, whereas for the shorter spans (Series B), only one
experiment is required. The lowest value of 1, is used as a basis for the design
value 1,4. For all existing profiles, the longer specimens lead to lower values for
Ty, than the shorter specimen (ty,,<1y,5 for Ls,>Lgg) as illustrated in Fig. 8.7.

~——— PSC Method

T I PSC Method - including friction

Figure 8.7: General results PSC method including friction at supports

Taking friction at the supports into account leads to a lower value for the ultimate
shear stress over the shear span (1,,<1,). In general, the difference between the
results for the two series of experiments reduces, but does not disappear by
taking friction at the supports into account. The fact that the design value is
based on the lowest values for 7, implies that the design is by definition
conservative for shorter spans. The fact that for ali tested profiles, the results for
longer spans are lower than for shorter spans, implies that the assumed uniform
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shear stress distribution over the shear span is not correct.

The two phenomena described in § 8.1, causing non-uniform longitudinal stress
distribution over the shear span, explain (part of) the difference between the
average values for the shear stress for the longer and shorter spans. The
improvement of the shear resistance at the supports, caused by the restricted
vertical separation, can be compared to the contribution of friction at the
supports. Similar to the effect shown in Fig. 8.7, an extra contribution to the
shear force at the supports would further reduce values for series A and B and
would also reduce the difference between them.

The second phenomenon deals with the development of the shear stresses over
the shear span. For the longer spans, the required level of ductility of the shear
connection is higher. Veljkovic introduced a correction factor ¢, to take the
development of shear stresses over the shear span into account [14]. The
correction factor relates the area beneath the stress diagram to the maximum
area.

LX LX

f 7(x) dx f 7(x) dx

L -L

c

o

moo C (Lg+Ly)rT,

(8.9)

A value of ¢, close to 1.0 is found for extremely ductile shear connections as in
some re-entrant profiles. Generally, trapezoidal profiles lead to more brittle
behaviour, such as the behaviour found for a simple elastic shear connection,
as illustrated in § 3.4 and 4.5. Over-riding of indentations by the concrete and
vertical separation cause a reduction of the shear resistance for larger values of
slip. For these profiies, smaller values for ¢, are found, which implies that the
difference between the cross-sectional resistance and the average shear
resistance found in full-scale experiments is larger. The average shear stress
over a shear span as derived with the procedure used in the PSC method under-
estimates the cross-sectional resistance, especially for the longer shear spans.

The difference between the derived average shear stresses, as presented in Fig.
8.7 can be explained by the phenomena discussed above. Taking into account
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friction and the improved behaviour at the supports reduces the average shear
stress found in the shorter spans. Taking into account the development of shear
stresses over the shear span leads to higher values for the cross-sectional shear
resistance for the longer spans. By reducing the difference between the longer
and shorter specimen, the conservatism currently introduced by the PSC method
for the shorter spans can be reduced.

8.4 Small-scale Experiments

Ever since the PSC method was adopted in the Eurocode small-scale test
arrangements are developed to determine values for 7, with small-scale instead
of full-scale experiments. Similar to the cross-sectional analysis as presented in
this thesis (Level 1), small-scale experiments (Level 2) provide information about
the shear resistance of a shear connection. However, before these small-scale
test results can be used within full-scale slab analysis, understanding into the
shear stress development over the shear span for different types of profiles,
connections and slab configurations is required.

It is recommended that a series of full-scale experiments is performed with at
least three different types of representative profiles. The most important
parameter should be the shear span. It is recommended to test 5 different shear
spans.

Provided that understanding into the development of the shear stresses over the
shear span is obtained, small-scale experiments can be effectively used for the
determination of the shear resistance corresponding to unrestrained and
restrained separation as discussed in § 8.2. Based on the information obtained
from the small-scale experiments as presented in § 5.2 and the required
experimental data with respect to unrestrained and restrained separation, the
following aspects of small-scale test arrangements are discussed:

A. Lateral forces

B. Applying shear force via tension in the sheeting

C. Boundary conditions

D. Number of indentations - length of considered shear connection
E. Variation vertical separation over the connection
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F. Orientation of the specimen
G. Required measurements
H. Simplicity specimen and test arrangement

A. Lateral forces

In order to obtain values for the pure and improved shear resistance, the test
arrangement should allow for testing with and without external lateral forces. If
a profile has no internal resistance to vertical separation, the pure shear is
limited. Slabs containing such profiles exhibit brittle behaviour. In order to
prevent interlocking, it is desirable to apply the external lateral force force
controlled, which makes recording of the lateral force easier.

B. Applying shear force via tension in the sheeting

Applying the external shear force to the sheeting in tension instead of
compression has three advantages. Firstly, tension represents the actual
behaviour of the sheeting in a slab. Secondly, compression in the sheeting might
lead to contact stresses which contributes to the shear resistance, which does
not occur in practical situations. Finally, by applying the shear force in tension,
no risk of instability of the profile occurs.

C. Boundary conditions considered shear connection

By allowing a certain distance between the applied shear force and the actual
connection, no effect of the stress distribution in the shear connection occurs. By
fixing the concrete to the testing frame, no eccentricities of forces occur. By
applying boundary conditions similar to Fig. 5.20, with or without the lateral
supports, no unrealistic boundary conditions are applied to the specimen.

D. Number of indentations - length considered shear connection

By reducing the number of active indentations, the length of the considered
shear remains small. A limited number of indentations produces a more
transparent distribution of forces over the considered connection, and the
variation of the slip over the specimen remains small. Reducing the number of
active indentations in existing profiles is possible by applying flexible material at
the sheeting outside the considered connection during concreting. It is
recommended to reduce the considered connection to the smallest repeating
section of the profile.

-8.11-



Chapter 8

Existing small-scale specimen have a length of approximately 300 mm, which is
relatively large compared to shear spans of slabs with short spans. Profiles that
perform well are able to reach up to 40 % of the yield strength of the sheeting
over 300 mm, which results in an elongation of the sheeting over the considered
connection of up to 0.15 mm. The corresponding stress level does not influence
the shear resistance.

E. Variation vertical separation over the connection

The variation of the vertical separation should be limited over the considered
connection, unlike the specimen shown in Fig. 5.42. By applying the shear force
in tension, reducing the length of the considered connection and increasing the
distance between the applied shear force and the connection rotation of the
specimen, and therefore the variation of separation over the connection is
limited. That way, the cross-sectional behaviour of the connection is obtained.
The cross-sectional behaviour can be validated more easily by numerical models
than the more complex behaviour as shown in Fig. 5.42.

F. Orientation of the specimen

Since the deformation and displacement of the sheeting is important for small-
scale specimen, visual inspection of the sheeting is important. Due to the
reduced length of the shear connection, not only the displacements, but also the
forces remain small. This requires good accessibility of the specimen and the
loading and measurement equipment. Placing the specimen in a vertical
position, like the specimen discussed in § 5.2, was very convenient.

G. Required measurements

The applied load, the longitudinal slip and the vertical separation should be
measured. In order to record the deformation of the sheeting multiple
measurements are required. The number of cross-sections in which the slip and
separation is measured and the number of measurements per cross-section
depends on the geometry of the sheeting. If rotation of the sheeting is possible,
if displacement perpendicular to the slip and separation is possible or if the slip
or separation varies over the shear connection the number of required
measurements increases.

H. Simplicity specimen and test arrangement
The form of the specimen and the test arrangement should remain simple.
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Measuring small forces and displacements does not necessarily require complex
measuring equipment. The phenomena which are essential for the analysis of
the shear connection, based on the hypothesis as discussed in chapter 3, can
be recorded and observed in a simple, inexpensive, flexible and fast way, as
discussed in § 5.2.

In general it is stated that a small-scale experiment should focus on the cross-
sectional behaviour rather than on the behaviour of a small slab. The size of
existing small-scale specimen seems to be a result of a minimum specimen size
required to apply the forces and (control) boundary conditions. The test
arrangement discussed in § 5.2 shows that with a similar specimen size, the
cross-sectional behaviour can be obtained from small-scale experiments.

8.5 Product development

Longitudinal shear resistance is only one criteria during the development of
profiles for composite slabs. Depending on the field of application, the production
(material efficiency, transport, ..... ), the construction stage (properties of
sheeting, required maximum unpropped span, fixing, .....) and the normal stage
(efficiency material, efficiency of shear studs, fixing of ceilings, services and
installations, .....) lead to practical, technical and commercial criteria.

As illustrated in chapter 7, the developed tools are very useful for product
development. The influence of variations of parameters on the shear resistance
can be investigated without considering the overall behaviour of the connection.
For instance, the optimum location or geometry of indentations can be
investigated without considering the complete connection or slab.

During product development, the longitudinal shear connection is approached
differently from the approach used during design. During design, the
characteristics of the connection are known. The design procedure is a tool to
determine the load capacity of a slab. During the development of profiles, the
required capacity of the shear connection should be known. In order to illustrate
the various requirements for different types of sheeting, the three different fields
of application, presented in Table 1.1, are considered. In Table 8.1, the required
level of shear resistance for full interaction is calculated.
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Table 8.1: Required level of shear resistance for full interaction

Span Short Regular Long

Height sheeting H, [mm] 16-35 40-80 200-225
Siab depth H, {mm] 40-100 100-200 280-340
Span range L [m] 0.6-1.5 2.0-6.0 4.0-9.0
Considered shear span Ls [mm] 250 900 1.800

Effective area of steel Ag  [mm?3m] =600 =1.000 =1.000

Required shear resistance

for full interaction tue INMMY| =072 = 0.33 = 0.16

For profiles used for short and long spans, longitudinal shear resistance is less
critical than for profiles for regular spans. For short spans, the available types of
sheeting do not reach the level of shear resistance as given in Table 8.1.
However, the obtained level is sufficient to prevent longitudinal shear failure for
common applications. For long spans, for example for sheeting referred to as
deep decking, the required level of shear resistance is low due to the longer
shear spans. Additional bottom reinforcement is always required which makes
longitudinal shear resistance less critical. For profiles used for regular spans, -
additional bottom reinforcement should be minimized to meet the required
simplicity and speed in construction.

Currently the most important design criteria for new profiles in Europe are
material efficiency of both steel and concrete and achieving long unpropped
spans during construction. Both steel and concrete are most efficiently used with
trapezoidal profiles which do not have steep webs. For these profiles,
longitudinal shear resistance is very important. Limited internal resistance to
vertical separation is provided, which implies that the distinction between pure
and improved shear resistance is more pronounced. During the development of
new trapezoidal profiles, the main challenge is to obtain sufficient resistance to
both longitudinal shear and vertical separation. An understanding of the cross-
sectional behaviour and the shear stress development over the shear span
becomes more and more important.
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8.6

Conclusions for Chapter 8

A general full-scale model and a general cross-sectional model for
composite slabs is presented. The models take vertical separation and
non-uniform distributed lateral and longitudinal shear stresses over the
shear span into account. (§8.1-2)

Similar to existing models, the general full-scale model distinguishes a
contribution of mechanical interlock and a contribution of friction. Both
effects are non-uniformly distributed over the shear span. (§ 8.1)

The non-uniform distribution of longitudinal shear stresses over the shear
span is a result of both cross-sectional and full-scale phenomena. Vertical
separation and lateral stresses lead to different shear characteristics for
different cross-sections in the shear span. The ductility of each cross-
section determines whether the ultimate shear stress is reached in all
cross-sections, referred to as the development of shear stresses over the
shear span. (§8.1)

For trapezoidal profiles with limited internal resistance to vertical
separation and limited ductility of the shear connection, the difference
between the general full-scale model and existing full-scale models is
considerable. For re-entrant profiles, the difference is limited. (§ 8.3)

The capacity of a full-scale slab can not be determined by using only the
cross-sectional properties of the shear connection. (§8.2)

Different values for the average longitudinal shear stress found for
different spans in full-scale experiments prove that the longitudinal shear
stress distribution is not uniformly distributed over the shear span. Using
the average stress as a basis for design introduces conservatism for
shorter spans. (§ 8.3

In order to apply results of cross-sectional analysis and small-scale
experiments in full-scale analysis, understanding of the development of
longitudinal shear stresses over the shear span for different types of
profiles is required. (§8.4)
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Requirements for small-scale test arrangements which provide relevant
data for the general cross-sectional and full-scale models are based on
unrestrained and restrained separation in shear connections. (§ 8.4)

Cross-sectional analysis and small-scale experiments can be very useful
for product development. (§ 8.5)

The considered non-uniform distribution of stresses in the general full-
scale model are most important for trapezoidal profiles used for regular
spans (2.0-6.0 m). Since these profiles combine material efficiency for
both steel and concrete these profiles are currently very important in
Europe. (§8.5
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9. CONCLUSIONS AND RECOMMENDATIONS

Greater Understanding

The aim of this thesis was to obtain insight into the behaviour of connections in
composite slabs. In this thesis, the physical behaviour of shear connections in
composite slabs is investigated by analysing the mechanisms which determine
the behaviour of the connection. A hypothesis concerning the behaviour of
connections is presented which is based on ACTION, the over-riding of
indentations by the concrete after longitudinal slip has occurred, and
REACTION, the response of the sheeting to the over-riding of indentations. It is
stated that the response of the sheeting is a combination of deformation and
displacement and that the ratio between the deformation and displacement,
determines the characteristics of the shear connection.

Based on the distinction between Action and Reaction, a method for analysing
shear connections is developed. Based on the strict distinction between ACTION
and REACTION, three different parts of the analysis are distinguished. These
parts are analysed separately, using the most suitable tool for the specific
configuration. The determination of the behaviour of the connection consists of
combining the results of the separate parts. The strength of the method is
illustrated by the Visual Solution Method, which supplies the ultimate level of
transparency in both the method itself and the behaviour of simple shear
connections.

Models

It is stated that due to the diversity of existing and possible new profiles a
general model is not feasible nor desirable. A general model does not provide
the required level of flexibility to approach new types of connections. In order to
obtain greater understanding and establish flexible tools, a procedure for
analysing rather than a general model is developed.

S(implified)F(rame)-models are developed to apply the procedure of the Visual
Solution method for more complicated connections. SF-models are also based
on the strict distinction between the separate parts of the analysis. Similar to the
Visual Solution Method transparency is an important feature for obtaining greater
understanding.
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All nonlinear phenomena of shear connections can be implemented in F(inite)-
E(lement)-models. Although not always obvious, the principles of the hypothesis
are also present in the FE-models.

With both the SF- and FE-models cross-sectional analysis are performed.
Results of cross-sectional analysis cannot be used directly for comparison with
small- or full-scale analysis. Based on understanding of the cross-sectional and
the behaviour of composite slabs both small- and full-scale analysis can be
performed.

The considered examples and parametric studies prove that the combination of
SF- and FE-models supplies a powerful tool for investigating shear connections.
FE-models can be used to determine the actual behaviour of shear connections.
SF-models can be used to investigate specific elements of the connection
qualitatively. Results of SF-models can be validated by simplified FE-models.
Although constant developments of FE-analysis allow for sophisticated
parametric investigation, simple and transparent models like SF-models are
important for obtaining greater understanding.

Observations from experiments and analysis

Important observations conceming the behaviour of shear connections in
composite slabs are the difference between restrained and unrestrained vertical
separation, the difference between re-entrant and trapezoidal profiles and the
influence of the concrete properties to the ductility of the connection.

Between the supports, no external lateral stresses are present in the connection.
Internal resistance to vertical separation between the sheeting and the concrete
is required for the development of shear resistance. This referred to as
unrestrained vertical separation and pure shear resistance. A greater
understanding of the pure shear resistance of connections is very important. A
limited level of pure shear resistance leads to brittle behaviour of slabs, due to
end anchorage failure at the supports, and leads to a non-uniform stress
distribution in the connection, which makes application of the Partial Shear
Connection method less accurate.

At the supports, a lateral force is present in the connection. Apart from a
contribution of friction, the lateral force reduces the level of separation, which
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improves the behaviour of the connection at the supports. This is referred to as
restrained separation and improved shear resistance. Restrained separation
affects the strength, stiffness and ductility of the connection. If, for different levels
of slip, the shape of the stress-slip diagrams for restrained separation is similar
to the shape found for unrestrained separation the improvement of the behaviour
can be modelled as a concentrated force at the supports similar to the approach
used for friction at the supports. However, usually the shape is different and the
non-uniform shear stress distribution over the shear span needs to be
considered to determine the behaviour of a composite slab.

Based on the geometry of the profiled sheeting, distinction can be made between
re-entrant and trapezoidal profiles. Re-entrant profiles usually supply internal
resistance to vertical separation, which reduces the difference between
restrained and unrestrained separation. Re-entrant profiles usually provide high
shear resistance and ductile behaviour, since the ratio between deformation and
displacement is large and the level of deformation of concrete is large due to the
high level of interaction forces.

The internal resistance to vertical separation in trapezoidal profiles is supplied
by the indentations. The indentations provide resistance to both longitudinal
shear and vertical separation, which implies that the geometry of the sheeting
and the geometry and location of the indentations is more important than for re-
entrant profiles. Trapezoidal profiles with steep webs (<10°) lead to similar
behaviour as found for re-entrant profiles. Regular trapezoidal profiles exhibit
more brittle behaviour than re-entrant profiles due to the larger level of vertical
separation and smaller level of deformation of concrete. Due to the more brittle
cross-sectional behaviour the ultimate cross-sectional shear stress is usually not
fully developed over the shear span of a composite slab. Trapezoidal profiles
return non-uniform distributed shear stresses over the shear span, due to the
difference between restrained and unrestrained separation and the development
of shear stresses over the shear span.

The parametric studies and the experimental results show that the concrete
properties are very important if ductility of the connection is considered. With
respect to the concrete the properties of the cement paste between the sheeting
and the concrete are important. Properties of the paste differ from the properties
of concrete. When interaction forces between the sheeting and the paste remain
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small, the properties of the paste are dominant over the concrete properties.
Without deformation of the paste/concrete the indentations are pushed out of the
concrete. Similar to elastic behaviour, the shear strength reduces significantly
and brittle behaviour is obtained. If larger interaction forces occur, the
indentations “dig” channels in the paste/concrete. That way the indentations are
never pushed out completely, and a certain level of resistance is available for
all levels of slip. Therefore ductile behaviour is obtained.

Full-scale slab analysis

In order to determine the behaviour of full-scale composite slabs implementation
of the cross-sectional analysis is required. For re-entrant profiles the shear
stress distribution over the shear span is almost uniformly distributed due to the
ductile cross-sectional behaviour and limited difference between restrained and
unrestrained behaviour. This implies that results of cross-sectional analysis can
be used for full-scale analysis, and that the PSC method is accurate.

For trapezoidal profiles, the shear stress distribution over the shear span is not
uniformly distributed. Cross-sectional analysis can be performed. Translation of
cross-sectional analysis to full-scale analysis is required, since, due to the more
brittle behaviour, the ultimate cross-sectional resistance will not be reached over
the full shear span.

In order to investigate the non-uniform distribution of shear stresses, it is
recommended to perform a series of full-scale experiments containing at least
3 representative types of sheeting. For each type of sheeting, only the shear
span should be varied. In order to investigate the development of shear stresses
over the shear span it is recommended to test 5 different shear spans. As a
minimum, the deflections and endslip should be measured. All information about
the vertical separation and the longitudinal slip over the span is useful. After the
experiments, the local deformation of concrete and possible deformation of
indentations should be recorded accurately.

Application

Similar to cross-sectional analysis, smali-scale experiments can be used for the
determination of the behaviour of shear connections. It is important that small-
scale experiments take into account the issues of unrestrained and restrained
separation. Simple test arrangements can be used which supply all required

-94-




Conclusions and Recommendations

information. Application of results of small-scale experiments in full-scale
analysis requires understanding of the distribution of shear stresses over the
shear span, which points out the importance of the recommended series of
experiments.

Application of the hypothesis, the Visual Solution method and the SF- and FE-
models during product development already proved to be very effective. All
information obtained from the available cross-sectional analysis can be applied
to optimize the geometry of the sheeting and indentations before a roll-former is
made.

Although longitudinal shear is only one criteria during product development, it
becomes more important, since the demand for trapezoidal profiles increases,
due to their overall efficiency in material use. Obtaining the required level of
internal resistance to vertical separation in order to obtain the required ievel of
shear resistance is an important technical challenge during the development of
new types of profiled sheeting.
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NOTATIONS
Upper case

b [m]

f [N/m?]
h [m]
m [Nm/m]
P [N/m?]
q [N/m]
t [m]
z [m]
A [m?]
D [m]
E [N/m?]
F [N]
G [N}
H [m]

| [m“]
L [m]
M [Nm]
N {N]
P [N]
Q [N]
R [N]
S [m¥]
T [N]
\"
w

Greek notations

(N]

m?

Y

S a8 g X o O™

!
[m]
[l
[1/m]
[
[N/m?]
[N/m?]
[rad]

width

stress

overall slab depth - height - height indentation
bending moment

lateral stress

applied distributed load

thickness

lever arm

area

diameter indentation

Young's modulus

applied concentrated force (see P)
self weight

height indentation

second moment of area

span - length

internal/external bending moment
normal force - normal direction
applied concentrated load (see F)
internal shear force (ch. 2)

support reaction - radius indentation
elastic modulus

total shear force

support reaction - internal shear force
section modulus

safety factor

displacement - deflection and slip

degree of interaction

curvature

(coefficient of ) friction

normal stress

shear stress

angle relating the normal direction in a point of contact to the normal
direction of the contact area - rotation
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Lower case
a steel/reinforcement
c concrete
d distance centroid steel area to top of slab
e elastic
ext external
fi full interaction
fl flange
fp fictitious penetration
ind indentation
k stiffness
ni no interaction
p plastic
s sheeting
u ultimate
VS vertical separation
y yield
yid yield
Rd design resistance
Sd design strength
i parallel
1 perpendicular

Steel-concrete composite slab notations

[N] . interaction force between concrete and sheeting/indentation

[N] normal force in point of contact

[N} (longitudinal) shear force

[N] force perpendicular to area of contact or composite siab

[N] frictional force in point of contact

[m] overhang

[m] shear span

[m] required shear span for flexural failure

[m] vertical separation

[m] (longitudinal) slip

[m] displacement perpendicular to area of contact or composite slab
[N/m?] (longitudinal) shear stress
[N/m?] (longitudinal) shear stress in shear connection (ch. 2)
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TERMINOLOGY

Chemical bond

Composite action

Composite slab

Embossments
Flexural failure

Frictional interlock

Full interaction

Indentations
Improved shear resistance

Lateral force

(Longitudinal) slip
(Longitudinal) shear connection
Longitudinal shear failure
(Longitudinal) shear resistance
Mechanical interlock

No interaction

Shear connection between concrete and steel
arising during hardening of concrete
Phenomenon that properties of a composite cross-
section benefit from the connection between the
separate elements (see also no- and full
interaction)

Steel-concrete composite slab consisting of
concrete and profiled sheeting

see indentations

Failure with ultimate capacity in critical cross-
section

Shear resistance provided by contact forces
between concrete and sheeting (see also
mechanical interlock)

Infinite strength and stiffness of shear connection
between separate elements in composite cross-
section

Deformations in profiled sheeting in order to
achieve shear resistance by mechanical interlock
Improvement of the pure shear resistance due to
restrained separation at the supports

Force acting perpendicular to a slab pushing the
sheeting towards the concrete, f.i. support
reactions

Relative displacement between concrete and
sheeting in connection

Connection between concrete and sheeting
providing (longitudinal) shear stresses

Failure of the shear connection prior to flexural
failure

Ability of a shear connection to develop
(longitudinal) shear stresses in a connection
Shear resistance provided by indentations or
friction

No strength and stiffness of shear connection
between separate elements in composite cross-
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Partial interaction diagram

Profiled sheeting
Props
Pure bond
Pure shear resistance

Re-entrant profiles
Restrained separation
Roll-former
Shear connection
Shear span
Shear tension failure
Trapezoidal profiles

Unrestrained separation

Vertical shear failure

section - properties equals summation of
properties of separate elements

Diagram relating the bending resistance of a slab
to the applied bending moments

Sheeting produced by a cold roll-forming process
Temporary supports during casting of concrete
see chemical bond

Shear resistance of a connection without external
lateral forces (see unrestrained separation)
Sheeting with ‘closed’ wedge shaped ribs
External restraints to the vertical separation in a
cross-section - separation smaller than free
separation (see also unrestraint separation)
Machine transferring flat to profiled sheeting
Physical connection between concrete and
sheeting

Length shear connection between support and
critical cross-section

see vertical shear failure

Sheeting with open ribs

No external restraints to the vertical separation in
a cross-section - free separation

Failure of a cross-section in shear
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SAMENVATTING

In dit proefschrift wordt de schuifverbinding tussen de staalplaat en het beton in
staalplaat-betonvloeren beschouwd, waarbij de schuifweerstand wordt verzorgd
door in de staaiplaat aangebrachte indeukingen. Het doel van het onderzoek
was het verkrijgen van inzicht in het fysisch gedrag van de schuifverbinding.
Bestaande ontwerpmethoden voor staalplaat-betonvioeren zijn empirisch,
waardoor toepassing van bestaande staalplaten en de ontwikkeling van nieuwe
staalplaten wordt belemmerd. Beide aspecten zijn belangrijk in de huidige
Europese markt.

Door de mechanismen te beschrijven die de schuifweerstand verzorgen is inzicht
verkregen in het fysisch gedrag van de schuifverbinding. Onderscheid wordt
hierbij gemaakt tussen het vervormen en verplaatsen van de staalplaat. De
verplaatsing bestaat uit verticale separatie tussen de staalplaat en het beton.
Verticale separatie reduceert de vervorming van de staalplaat, en daarmee de
schuifweerstand van de verbinding.

Een methode voor de analyse van schuifverbindingen is ontwikkeld. De aanpak
is ook toepasbaar voor andere schuifverbindingen, zolang de mechanismen die
de schuifweerstand verzorgen beschreven kunnen worden. Voor eenvoudige
verbindingen is een Visuele Oplossingsmethode ontwikkeld, waarmee een
optimaal inzicht in verschillende aspecten en parameters van verbindingen kan
worden verkregen. Voor meer complexe verbindingen zijn Vereenvoudigde
Raamwerkmodellen (SF- = Simplified Frame models) ontwikkeld. Met behulp van
Eindige Elementen modellen (FE- = Finite Element models) zijn alle niet-lineaire
eigenschappen van de verbinding beschouwd. Omdat de FE-modellen minder
transparant zijn is het herkennen van mechanismen moeilijker. De combinatie
van de eenvoudige, transparante modellen en de nauwkeurigere, maar
complexere modellen levert een stuk gereedschap voor het uitvoeren van
parameterstudies en een hulpmiddel tijldens produktontwikkeling.

Gebaseerd op de uitgevoerde experimenten en het verkregen inzicht zijn
randvoorwaarden gegeven voor het uitvoeren van detailproeven. Het blijkt dat
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de bestaande detailproeven vereenvoudigd kunnen worden, ondanks het feit dat
voor een goede beschrijving van het gedrag meer meetgegevens nodig zijn.

Verticale separatie is het belangrijkst voor trapeziumvormige staalplaten. De
vorm van zwaluwstaartvormige staalplaten biedt weerstand tegen verticale
separatie aanwezig. In Europa is optimaal materiaalgebruik van zowel staal als
beton noodzakelijk voor de ontwikkeling van een concurrerend vioersysteem.
Hierdoor worden en zijn trapeziumvorige staalplaten ontwikkeld, die een
beperkte weerstand tegen verticaal separatie hebben. Voor deze profielen is de
schuifverbinding tussen de staalplaat en het beton, inzicht in het fysisch gedrag
van de verbinding en de invloed van het gedrag van de verbinding op het gedrag
van de vloer erg belangrijk.
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