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Abstract

Steel-concrete composite construction has many advantages for the construction of multi-
storey buildings. The use of composite beams acting compositely with the floor slab achieves
longer spans and reduces the weight of the beams. The weight reduction can be further
improved by replacing the solid concrete slab with a steel-concrete composite slab using
steel decking.

However, using composite slabs reduces the shear forces that are transferred between the
slab and the beam. This is because the number of studs in the span is limited by the deck
geometry. In addition, the load-bearing behaviour of studs in the ribs of composite slabs is
different to studs in solid slabs and shows typically a reduced resistance per stud.

Currently, [DIN EN 1994-1-1, 2010] applies an empirical reduction factor to the resistance
of studs in solid slabs to analyse the resistance of studs in the ribs of composite slabs. A
comparison to push-out test results shows that this formulae results in an unsatisfactory
correlation. Furthermore, the reduction factor is unsafe in many cases with modern decking.
The latest empirical reduction factors in [Konrad, 2011] are currently discussed as alternative
to the rules of [DIN EN 1994-1-1, 2010]. They show a significantly improved correlation to
test results and an increased field of application. A significantly higher correlation to test
results is obtained with the mechanical model by [Lungershausen, 1988]. Because of the
restrictive field of application and missing parameters, like the concrete strength, it is not
discussed as replacement for the reduction factors.

A newly conducted series of push-out tests with modern deep steel decking shows the insuffi-
ciency of the presented analysis methods of the stud shear resistance, as the predictions
were in general non-conservative. Furthermore, depending on the geometry of the shear
connection, a new failure mode was observed: Rib pry-out failure. Investigation on concentric
and eccentric transverse loading of push-out specimens, to consider the loading conditions
of a real slab, show in general beneficial influences on the load-slip behaviour.

Based on the behaviour of the studs in push-out tests, equations for the shear connector
resistance based on the failure modes are developed. A combined bending failure of the
shear stud and the concrete rib is assumed. The observed failure modes in the tests are
considered by different yield-lines of the shear stud. The shear resistance of the pure stud
gives the upper bound for the shear connector resistance. The new equations show a good
correlation to test results and are safe for modern types of steel decking. In comparison
to [DIN EN 1994-1-1, 2010], the field of application is extended by the stud position, as in
[Konrad, 2011], and deeper decking, as in [Lungershausen, 1988].

The analysis of the bending resistance of two accompanying beam tests confirms the accuracy
of the new shear stud resistance. The beam tests have very low degrees of shear connection.
The end-slip at ultimate load exceeds the limiting slip of 6mm, but at 95% of ultimate load the
limiting slip is satisfied.

A numerical model for composite beams is verified against the test results. The model
considers the shear studs as non-linear springs. A simplified load-displacement curve is
presented and verified against real load-slip curves.

Keywords: Shear stud, deep decking, failure modes, mechanical model, transverse loading
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1 Introduction

Composite construction has many advantages in the construction of modern high rise and
multi storey buildings. Considering especially the buildings slabs, it combines the advantages
of skeletal steel structures with areal concrete structures.

Concrete has high strengths in compression, but it is weak in tension and so it must be
reinforced. Concrete construction can be utilized in frameworks as well as flor slabs. The use
of pre-cast elements allows a certain degree of prefabrication, but generally in-situ concrete is
used. Because of this, concrete hardening has to be considered and temporary supports may
be necessary. In addition, concrete members have larger cross sections than the equivalent
steel members.

Steel is a very heavy but strong material. For the load bearing structure of a building, steel is
typically used as a framework. Because of steels high strength, filigree members and light
weight structures are possible. One of the biggest advantages of steel construction is the high
degree of prefabrication. The mostly bolted connections between steel members allow a fast
assembly. In addition, the bolted connections allow easy dismounting of the structure ones
the buildings life span is exceeded. The dismounted steel members can be either reused in
new constructions or recycled to make new products.

Typically, the slabs in a steel building are concrete slabs. In a pure concrete structure, a
monolithic connection is achieved between the beam and the slab. This turns the beam into
a tee-section and the slab contributes to the load-bearing capacity of the beam. To utilize
this effect in an equivalent steel-concrete composite structure, it is necessary to establish a
strong and stiff shear connection between steel beam and concrete slab.

Typically, the shear connection is achieved by welding headed stud shear connectors, cold
formed steel bars with a pre-fabricated circular head, on top of the beam. The studs are then
embedded in the concrete slab. This type of beam is called a composite beam. The concrete
slab acts as the compression element and the steel section acts in tension. This is the ideal
utilisation of each materials mechanical properties. In addition, the resulting tee-section
requires a smaller steel profile than a beam without shear connection.

The beneficial potential of composite structures for the construction progress cannot be fully
achieved when the slab consists of in-situ concrete, because temporary supports are still
required. This creates dependencies between construction processes, which may slow down
the overall progress.

In some cases, temporary supports of the slab can be avoided by using a composite slab,
because the steel decking is used as a permanent formwork. In this case, a trapezoidal steel
decking is placed on top of the beam and the concrete is cast on top of the steel sheet. The
steel decking replaces the formwork during construction stages. If the type of decking and the
spacing of the beams are chosen properly, the steel deck can support the concrete weight
and working loads without any temporary supports. This makes construction progress less
dependent on concrete hardening and may significantly speed up the overall progress. In
addition, the decking replaces some or all of the bottom reinforcement in the slab, if it is not
required for fire design. In addition, concrete consumption and structural weight are reduced,
because of the trapezoidal shape of the steel decking.
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However, the use of composite decks leads to an interrupted shear interface and the studs
can only be welded in the deck ribs. In addition, the deck shape prevents the direct transfer
of the shear force from the bottom of the stud into the compressed part of the concrete
slab. This leads to a reduced shear resistance compared to shear connectors in solid slabs.
In [DIN EN 1994-1-1, 2010] the reduction of the shear force is considered by the empirical
reduction factor k;. It considers the geometry of the stud and the steel decking. Because
the factor k; is an empirical approach, there are important restrictions for its application.
These restrictions are necessary, because the set of samples used for the development
and calibration of the reduction factor covered only a certain range of parameters. The
geometry of modern composite decks differs strongly from the ones used in the calibration
of [DIN EN 1994-1-1, 2010, Roik et al., 1989] and is not sufficiently covered by the factor k;.
This is shown as the comparison with 261 tests reported in literature shows non-conservative
results.

The reduced shar resistance of the studs in combination with the limited number of studs
makes it in some cases impossible to satisfy the rules for the minimum degree of shear
connection. The minimum degree of shear connection restricts the slip in the compos-
ite beam to a limiting value of 6 mm, which was used in the shear connection rules in
[DIN EN 1994-1-1, 2010]. In combination with the required displacement capacity of the
shear studs, the minimum degree of shear connection prevents a zip-like failure of the shear
interface. However, the assumed limiting slip originally was obtained for solid slabs in propped
construction. The current rules are too restrictive for un-propped construction or composite
slabs, because the shear connectors typically reach a significantly larger slip.

To improve the rules of [DIN EN 1994-1-1, 2010], it is necessary to predict the shear con-
nectors resistance more accurately than the factor k; does. A series of push-out tests was
conducted to investigate the load-slip behaviour and failure modes of headed stud shear
connectors. Because the standard push-out test according to [DIN EN 1994-1-1, 2010] is
conservative compared to the load-slip behaviour of studs in beam tests, an improved test
set-up is investigated. The improvement focuses on the consideration of transverse loading
applied to the shear interface.

The results of the push-out tests are the base for a newly developed formulae of the shear
connector resistance. The formulae is based on the observed failure modes and simple
structural analysis. This leads to a significantly increased field of application and accuracy of
the new formulae.

The predicted stud resistances represent the first maximum or failure load observed in a
push-out test. In a real beam, there is a certain variability of the force per stud, because of
the distributed slip along the span. The influence of the distributed slip on the shear force
was assessed by composite beam tests and numerical analysis. Two composite beam tests
with low degrees of shear connection were conducted. The tests showed that the plastic
bending resistance could be reached without significantly exceeding the limiting slip of 6 mm.

The test results were also used to verify the FE-Model used in SOFiSTiK. With this model
a parametric study was conducted to investigate the influence of the distribution of slip. It
was found that the concrete compression force was about 15% smaller than the calculated
value, which was the product of the stud shear resistance and number of studs. Comparing
the results of beam tests with point loading and analytical results with distributed loading, it
was concluded that the reduction is dependent on friction due to the loading of the beam as
well as on the sensitivity of the shear connectors for transverse loading. Furthermore, it is
shown that simplified load-slip curves could be used for parametric studies and the design of
composite beams.
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2.1 General

To achieve composite action between steel beam and concrete slab, a reliable form of
shear connection is needed. Typically, the shear connection is established by welding
headed studs on top of the beam. The studs are then encased in the concrete. The
common model describing the load-bearing behaviour of headed shear studs was given in
[Lungershausen, 1988] and is presented in this section.

2.1.1 Load-bearing behaviour of studs in solid slabs

Figure 2.1: Load-bearing behaviour of headed shear studs in solid slabs according to
[Lungershausen, 1988].

The load-bearing behaviour of studs in solid slabs (see Figure 2.1) can be described as
follows:

A Initially the shear force, P, is applied to the concrete girder by a compression strut, A,
acting on the weld collar at a shallow angle, 5.

B With increasing load, the concrete at the base of the stud crushes. As a consequence,
the shear force relocates to the lower stud shank, B. This results in plastic bending
and shear deformations.

C The fixed support conditions of the head of the stud cause a tension force in the studs
shank, C. The tension force is in equilibrium with compression forces in the concrete
cone below the head of the stud.

D With increasing slip, the tension force in the studs shank increases disproportionately
and the load component carried by bending effects decreases. Because the compres-
sion forces in the concrete cone increase, friction forces, D, between beam and slab
are activated. Finally, failure occurs in the stud shank above the weld collar due to
tension and shear.
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Following parameters influence the resistance of the shear connector:
» The resistance of the stud for tension and shear.
» The concrete compressive strength has influence on the studs support conditions.
» Tension force in the stud shank because of geometric non-linearity.
» Geometry of the weld collar and quality of the weld.
« Friction between steel beam and concrete.

2.1.2 Load-bearing behaviour of studs in the ribs of composite slabs

P2

5T

P

Figure 2.2: Load-bearing behaviour of headed shear studs in the ribs of composite slabs
according to [Lungershausen, 1988].

The model describing the load-bearing behaviour of studs in the ribs of composite decks is
shown in Figure 2.2. If the shear connector is placed in the rib of a composite slab, the ribs
geometry has influence on the transfer of the shear force. In general, two loading stages can
be defined:

B When the first peak load, Py, is reached, the concrete in front of the stud fails and two
yield hinges develop in the stud shank. The distance a between the hinges is of major
influence on the shear force that the stud can resist.

C At large slip, the vertical support conditions of the head of the stud lead to a back-
anchorage effect. Thereby, the head of the stud introduces compression forces into
the still intact concrete section and tension forces in the stud shank develop. This
geometric non-linearity leads to the second peak load, P». Finally failure either occurs
as concrete pull-out or stud rupture.

The following parameters have influence on the shear connectors resistance:

+ Resistance of the stud for tension and shear.

» The concrete strength and the geometry of the rib influence the distance a between the
yield hinges.

» Tension force in the stud shank because of geometric non-linearity.

» Reinforcement pattern of the concrete girder.

« Embedment depth of the stud.

It can be concluded, that studs in solid slabs and studs in the ribs of composite slabs have
different failure mechanisms:
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In the case of a solid slab, stud failure occurs due to a combination of tension and shear in
the stud shank.

In the case of composite slabs, the first peak load, P, is reached because of the behaviour
of the stud in bending, whereat two yield hinges are develop. Further slip leads to back-
anchorage effects of the head of the stud and because of the geometric non-linearity a
second peak load, P, is reached.

2.1.3 Test set-ups to investigate the load-slip behaviour

The load-bearing behaviour of headed shear studs can be experimentally investigated by the
conduction of push-out tests or full scale composite beam tests. The common approach is
the conduction of push-out tests.

There are several reasons, why the push-out test is the preferred method to investigate the
load-slip behaviour. The economic benefit of push-out specimen in comparison to a full
scale beam is obvious. More important is the easy evaluation of the test results. The sum of
the longitudinal shear forces and the slip are directly measured in a push-out specimen. In
composite beam tests the shear forces must be back calculated from the applied bending
moments or strain measurements. This means, that extensive strain and slip measurements
are required, to consider the distributions along the span of the beam. Furthermore, simplified
assumptions to consider the material properties and distributions of stresses, strains and slip
are necessary to evaluate the load-slip behaviour of studs in composite beam tests.

The push-out test specimen for solid slabs, as proposed in [DIN EN 1994-1-1, 2010], Annex
B2, is shown in Figure 2.3. The distribution of the shear forces in a push-out specimen, as
assumed in [Roik and Hanswille, 1987], is suitable to reflect the behaviour in real beams with
solid concrete slabs.
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Figure 2.3: Dimensions of the push-out specimen according to [DIN EN 1994-1-1, 2010],
Annex B, and force distribution according to [Roik and Hanswille, 1987].

According to [Hicks and Smith, 2014], the obtained load-slip behaviour from push-out tests
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can result in up to 30% lower stud shear resistances and lower displacement capacities than
in a composite beam test. The load-displacement behaviour of a push-out test is strongly
dependent on the boundary conditions. Specimens with sliding bearings may underestimate
the real resistance, whereas for example tension ties or any rigid horizontal restraints may lead
to an overestimation of the resistance [Déinghaus, 2001, Ernst, 2006, Nellinger et al., 2014].

The differences in the behaviour of the shear connection between push-out test and beam
test lead to the development of alternative test set-ups over recent years, like the single push-
out test [Ddinghaus, 2001] (see Figure 2.4) and the horizontal push-off test [Ernst, 2006,
Lam, 1998] (see Figure 2.5).

0.172P

Figure 2.4: Single push-out test by [Déinghaus, 2001].
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Figure 2.5: Horizontal push-off test by [Lam et al., 2011].

The single push-out test was developed for solid slabs and does not appear to be suitable
to investigate cases with composite slabs. The horizontal push-off test represents a slight
step towards the consideration of transverse loads, because the slabs self weight is taken
into account. [Hicks and Smith, 2014] and [Rambo-Roddenberry, 2002] explicitly applied
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transverse loads to typical push-out specimens (see Fig. 2.6). Thereby, concentric loading
positions were used. Currently it is under discussion what amount of transverse load has to be
applied. According to [Hicks and Smith, 2014], where values of 4 to 16% were investigated ,
a value of 12% of the longitudinal shear force is suitable to represent the behaviour of the
shear studs in accompanying composite beam tests.
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Figure 2.6: Transverse loaded push-out test by [Hicks and Smith, 2014].

2.2 Prediction of shear stud resistance

Considerable research has been carried out to investigate the load-bearing behaviour of
shear connectors. The investigated parameters were mostly the geometry of the decking and
stud as well as the stud position and number of studs per rib.

Many different methods exist to calculate the shear resistance of headed studs. Some of
them are based on mechanical models, while others are based on statistical evaluation.
Likewise, they focus on different aspects. Some are giving general reduction factors while
others give predictions for several failure modes or pay special attention to the shear studs
position in the ribs.

In the following sections, some methods to calculate the stud shear resistance are presented.
Besides the prediction according to [DIN EN 1994-1-1, 2010, Roik et al., 1989], which is a



2 State of the art

statistical approach, the model by [Lungershausen, 1988] was chosen as example for a sim-
ple mechanical procedure. The methods by [Rambo-Roddenberry, 2002] and [Konrad, 2011]
paid special attention to the stud position. [Rambo-Roddenberry, 2002] represents a purely
statistically based method while [Konrad, 2011] is an example for an statistical approach
based on the correlation with tests and finite element analysis.

2.2.1 Resistance of shear studs according to EN 1994-1-1

[DIN EN 1994-1-1, 2010] suggests to calculate the resistance of shear studs in the ribs
of composite slabs by reducing the resistance obtained for a solid slab. According to
[Roik et al., 1989]. the mean shear resistance of shear studs in solid slabs is calculated by
equations (2.1) and (2.2) in which equation (2.1) is the resistance of the stud shank for the
combined tension-shear failure and equation (2.2) is the resistance for concrete crushing at
the weld collar.

Prms = 1.0 fum -7 -d*/4 (2.1)
PRm,c =0.374 - «a- d2 "V fcm - Eem (22)

where: Pg,, s Resistance for steel failure (mean value)
Prm . Resistance for concrete failure (mean value)
Sfum Tensile strength of the stud (mean value)
Jem Concrete compressive strength (mean value)
E.., Young’s-Modulus of concrete
d Stud diameter
o for hse/d > 4:a =1

for3 < hye/d <4: 0.2 (% + 1)

hse Stud height

The statistically obtained factors 1.00 in equation (2.1) and 0.374 in equation (2.2) where
verified by [Roik et al., 1989], [Konrad, 2011]. The evaluation against test results reported in
literature (see Appendix A) confirmed the accuracy of the pre-factors, as shown in Figure
2.7. In many cases, the Young’s-Modulus of the concrete was not reported. Therefore, it
was calculated according to equation (2.3) [DIN 1045-1, 2008]. The resistance for concrete
failure then is a function of the stud diameter and concrete strength.

B = ;- 9500 - f1/3 (2.3)

m

where: «a; = (0.8 +0.2f.,/88) <1

In addition to the verification of the pre-factors, the evaluation showed that equation (2.2) is
also valid for concrete strengths higher than currently allowed in [DIN EN 1994-1-1, 2010].
This is shown by the comparison to the results of tests with high strength concrete reported
in [Déinghaus, 2001] and [Feldmann et al., 2007].

The characteristic resistance of studs in solid slabs is obtained by equations (2.4) and
(2.5). in [DIN EN 1994-1-1, 2010], the partial safety factor for design is 1.25. However, the
german national annex requires a safety factor of 1.50 for concrete failure in equation (2.5).
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Figure 2.7: Comparison of the shear resistance according to [DIN EN 1994-1-1, 2010,
Roik et al., 1989], Pr,,, with push-out test results for the case of solid slab speci-
mens, P..

Furthermore, [DIN 18800-5, 1999] used the factor 0.25 instead of 0.29 in equation (2.5).
This corresponded to a reduction of the resistance by the factor a.. = 0.85 to consider the
long-term resistance of concrete, which is not considered in Eurocode 4.

Pris = 0.80 - fup, -7 - d*/4 (2.4)
Prie=0.29-a-d* \/fa - Eem (2.5)

where: Pgi s Characteristic resistance for steel failure
Pri. . Characteristic resistance for concrete failure
Sfuk Characteristic tensile strength of stud
Jek Characteristic concrete compressive strength

In the case of a composite slab with the ribs of the decking placed transversely to the beam,
[DIN EN 1994-1-1, 2010] suggests to reduce the shear resistance calculated for solid slabs
by the factor k;. The reduction factor considers the geometry of the decking and the stud, as
shown in equation (2.6). Thereby, k; is limited by the factor ki ;4. Qiven in Table 2.1.

0.7 bm | hse
ky = =1 <k7max 2.6
! \/m hp ( hp > = ( )
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where: k; Reduction factor
ktmaz  Upper limit for k;
Ty Number of studs per rib
bm Effective width of the deck rib
hy Height of the deck rib

Rse Height of the stud

Table 2.1: Maximum reduction factors ki 4, according to [DIN EN 1994-1-1, 2010]
Ny t Through deck welded Welded through punched holes

[mm] d <20 mm 19 mm <d <22mm
1 < 1.00 0.85 0.75

> 1.00 1.00 0.75
9 < 1.00 0.70 0.60

> 1.00 0.80 0.60

t: Thickness of the steel decking

— .
e aElwlw

(a) Open deck shapes (b) Re-entrant deck shapes
Figure 2.8: Geometric parameters of the k;-factor according to [DIN EN 1994-1-1, 2010].

In addition, the following restraints for the geometry of the decking, the stud and the stud
position have to be considered:

* 19mm < d<22mm

* h, <85 mm

* by > hy

* bmin = 50 mm

* hge —hp>2-d

* hse/d >4

«n,p <2

+ studs in mid or staggert position
Fur < 450 N/mm?

The comparison with 288 push-out tests with composite slabs (see Appendix B) is shown
in Figure 2.9. No attention was paid to the mentioned limitations for the application of the
reduction factor k;. The comparison shows that with an average of the ratio P./Pg,, of
© = 0.97 the reduction factor k; is slightly non-conservative, but the coefficient of variation of
V = 0.38 is quit large. The coefficient of correlation of only R = 0.59 shows that the formulae
is not sufficiently covering all possible test parameters.

10



2.2 Prediction of shear stud resistance

Comparing the push-out test results to the characteristic resistance, characteristic mate-
rial properties are required. They were determined from the reported material properties
according to equations (2.7) and (2.8).

fck = fcm -8 (27)
fuk = fum - (1 = koo - V) < 450 N/mm? o8

where: ko = 1.64 Fractile factor, see [DIN EN 1990, 2002]
Vi = 0.05  Variation of tensile strength, see [Roik et al., 1989]

180 I
n=288
150 H wn=0.970
6=0.371 00 XRambo
120 || V=0.383 - 9 OErmst
o) = = (@]
E R=0.593 - o o %nm -scl
2
> 90 ?5 % I-E ARoik
= ﬁxf = Sl ARoik /_\
o’ 60 % > B—x% X X -
A O g ¢ % 2 ¢ Konrad
ég Q*g_ x © e X #Konrad /_\
30 X & -
OEggert
0 BEggert/_\
0 30 60 90 120 150 180
Prm [kN/stud]
(a) Experimental resistance, P., vs. average resistance, Prpm,
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(b) Experimental resistance, P., vs. characteristic resistance, Pry,

Figure 2.9: Comparison of the shear resistance according to [DIN EN 1994-1-1, 2010,
Roik et al., 1989] with push-out test results when steel decking was used.

The average of the ratios P./Pgy, of 1 = 1.45 is conservative. However, the coefficient of
correlation, R, does not show a satisfactory correlation between the test results and the
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calculated characteristic resistances. In addition, 55 out of 288 tests — i.e. 19% — have
ratios P,/ Pgy. of less than 1.0. This means that the calculated characteristic resistances do
not satisfy the 5%-fractile as required in [DIN EN 1990, 2002], clause 4.2(1). Because the
comparisons for solid slab specimens were satisfactory, the reduction factor k; must be too
undifferentiated to consider the behaviour with composite slabs.
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150 | p=0.861
6=0.206 )
V=0.239 OErnst
=120 H .~
E R=0.558 o " 5 ~Roik
@ °c B ) :
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- <O Konra
2 5o ol I r
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Pgrm [KN/stud]
(a) Experimental resistance, P. vs. average resistance, Pry,
180
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& 60 L
O ®Konrad /_\
30 OEggert
BEggert/ \
0
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Pr« [KN/stud]

(b) Experimental resistance, P., vs. characteristic resistance, Prx

Figure 2.10: Comparison of the shear resistance according to [DIN EN 1994-1-1, 2010,
Roik et al., 1989] with push-out test results of composite slab specimens, con-
sidering the restrictions.

Figure 2.10 shows the results of the evaluation, if the restrictions for the use of k; are
considered. In this case, the predicted resistances were even more non-conservative. The
experimental resistance, P, is in average 86% of the predicted resistance, Pg,,. The
coefficient of variation strongly improved to V' = 0.24, but the coefficient of correlation was
slightly reduced to R = 0.56.

Comparing the test results to the characteristic resistance the ratio P,/ Pgy is in average u =

12



2.2 Prediction of shear stud resistance

1.25. However, 20 out of 91 tests have smaller resistances than the predicted characteristic
resistance, Pry. This are about 22% of the evaluated tests, so the formulae does not result
in a 5%-fractile. Because of the limitations, the coefficient of variation did improve, but is still
larger than for the comparison with average resistances Pg,,. The coefficient of correlation
decreases compared to the evaluation with all 288 tests.

Considering the comparisons shown in Figure 2.10, especially the shear resistance of tests
reported in [Odenbreit et al., 2015] are over-estimated. Many of these tests used a decking
with very narrow ribs. The geometry satisfied all requirements of [DIN EN 1994-1-1, 2010],
but because of the narrow ribs the studs were in an unfavourable position according to
[Rambo-Roddenberry, 2002, Konrad, 2011]. According to the results of the comparison,
this position is not covered by the current k;-formulae. This means, that in addition to the
current restrictions a minimum distance between the stud and the edge of the rib needs
to be introduced to avoid studs in an unfavourable position. In this case, the results of
the comparison would improve significantly, as shown in Figure 2.11 for the characteristic
resistance, Pgj.

180
n=72
150 H n=1.193
0=0.216 (e} N
Vv=0.181
=120 H '~ o
S R=0.790 coOO A OErnst
()
2 % o lO [ Le) -=Roik
X
. =0 ARoik / \
60 <©Konrad
30 - BMEggert/_\
0
0 30 60 90 120 150 180

Pry [kN/stud]

Figure 2.11: Comparison of the characteristic shear resistance, Ppr; according to
[DIN EN 1994-1-1, 2010, Roik et al., 1989] with push-out test results without
studs in an unfavourable position.

A summary of the comparisons is given in Table 2.2. The comparisons showed that when
the current restrictions of [DIN EN 1994-1-1, 2010] are used, the reduction factor k; results
in non-conservative resistances, Pg,,, for studs in the ribs of composite slabs. Likewise,
the comparison with characteristic values, Pr, showed that the formulae did not result in a
5%-fractile, which is the characteristic resistance defined in [DIN EN 1990, 2002].

Within the current restrictions of the formulae, the low coefficient of correlation of 0.53 to 0.56
showed that reducing the studs resistance in a solid slab with the factor k; treats the test
parameters too undifferentiated. In addition, the formulae given in [DIN EN 1994-1-1, 2010]
is already very restrictive concerning the geometry of the deck and stud as well as the stud
position. If all current restriction are considered only one third of the tests in the database can
be evaluated. Nevertheless, these restrictions are necessary, because the accuracy of the
predicted resistances significantly worsened when they were not considered. Furthermore,
additional restrictions need to be introduced to avoid an unfavourable position of the stud
when the deck rib is very narrow. This would improve the accuracy significantly, but also

13
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Table 2.2: Results of comparisons between experimental resistances, P., and theoretical
resistance according to [DIN EN 1994-1-1, 2010, Roik et al., 1989].
Evaluation of the full test database Evaluation for tests in the field of application

P, vs. PRm P, vs. PRk: P, vs. PRm P, vs. PRk
n 288 288 91 91
I 0.970 1.447 0.861 1.245
o 0.371 0.591 0.206 0.322
V 0.383 0.408 0.239 0.259
R 0.593 0.579 0.558 0.537
n: Number of tests u: Average of ratios P./Pgm and P./Pry
o: Standard deviation V. Coefficient of Variation

R: Coefficient of correlation

result in an even stronger limitation of the field of application. This shows that there is a
necessity to improve the prediction method as less strict restrictions are desirable.

2.2.2 Resistance of shear studs according to Lungershausen

[Lungershausen, 1988] suggested a formulae to calculate the mean shear resistance, Pgr;y,,
for studs in the ribs of composite slabs according to equation (2.9). This is a semi-empirical
approach based on the plastic bending resistance of the shear stud assuming two yield hinges,
as shown in Figure 2.2. The spacing of the yield hinges, s - d, was empirically determined
from test results. The statistical evaluation according to [DIN EN 1990, 2002] lead to the
characteristic resistance, Pgy, according to equation (2.10). According to [Roik et al., 1989]
the required partial safety factor is 1.30.

B 2-Mpy
Pry, = 1.006 - . 2.9
Rm /Ty M d ( )
B 2-My
Pri =0.80- . 2.10
Rk e d (2.10)
where: Prm Shear resistance of stud (mean value)
Pri Characteristic shear resistance
Ty <3 Number of studs per rib
5 _J 1.0 for open deck shapes
"~ |1.1 for re-entrant deck shapes
M, = foa - d®/6 Plastic bending resistance of stud
feal = 500 N/mm? Calculative stress of stud
2
P =0.8- b—p + 0.6 Relative distance of plastic hinges
o
bo Width of deck rib at top

The following geometric limitations apply to the formula by [Lungershausen, 1988]:

* hp < 140 mm
o hge/d >4

14
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bo

hsc
hp

[ G

Figure 2.12: Geometric parameters for the calculation of the shear stud resistance in the ribs
of composite slabs according to [Lungershausen, 1988].

* hse —hp>2-d-\/n,
*n,. <3

In addition, no load-bearing component for the concrete is considered. The tests considered
by [Lungershausen, 1988] had concrete strengths between 19.6 and 41.9 N/mm? with an
average value of 31.5 N/mm?. One could argue that the model is not accurate for a concrete
strength significantly different to 30 N/mm?. Likewise, the position of the stud in the rib is not
considered. It can be assumed that the predictions are calibrated for studs welded at the
centre line of the rib.

In comparison with the database of push-out test results the formula by [Lungershausen, 1988]
is conservative because the tests reach about 9% higher resistances than predicted. In
comparison to [DIN EN 1994-1-1, 2010], the coefficient of variation of V = 0.28 and the
coefficient of correlation of R = 0.67 significantly improved.

Comparing against the predicted characteristic resistance, Pgry, using the characteristic
tensile strength of the studs and considering its limitation to 500 N/mm?, the ratios P,/ Pry,
are even more conservative. The coefficients of variation and correlation do not show a
significant change. However, about 10% of the evaluated tests have a resistance of less than
Considering the geometric restraints, the average resistance, Pr,,, is conservative by about
11%. The coefficient of variation improves to 0.20. The coefficient of correlation of 0.84 is a
significant improvement compared to the formulae of [DIN EN 1994-1-1, 2010], where it was
only 0.54.

The predicted characteristic resistances, Pgy, is slightly more conservative. The coefficients
of variation and correlation do not change. None of the tests shows a shear resistance that is
smaller than Pgy.

However, only 95 tests satisfy the geometric limitations so they are as restrictive as the ones
in [DIN EN 1994-1-1, 2010].

A summary of the comparisons is given in Table 2.3. In general, this simple semi-emperical
approach correlates better with the experimental resistances, as shown by the improved
coefficients of variation, V, and correlation, R, than the formulae of [DIN EN 1994-1-1, 2010],
even though important influence as concrete strength and stud position are not covered. The
back draw is that the predictions are quite conservative.
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Figure 2.13: Comparison of the shear resistance according to [Lungershausen, 1988] with
push-out test results.

Table 2.3: Results of comparisons between experimental resistances, P., and theoretical
resistance according to [Lungershausen, 1988].

Evaluation of the full test database Evaluation for tests in the field of application

P, vs. PRm P, vs. PRlc P, vs. PRm P, vs. PRk
n 288 288 95 95
7 1.088 1.495 1.108 1.410
o 0.302 0.412 0.224 0.306
V 0.277 0.276 0.202 0.202
R 0.666 0.669 0.841 0.841
n: Number of tests w: Average of ratios P./Pgm and P./Pry
o: Standard deviation V': Coefficient of Variation

R: Coefficient of correlation
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Figure 2.14: Comparison of shear resistances according to [Lungershausen, 1988] with push-

out test results under consideration of geometric limitations.
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2.2.3 Resistance of shear studs according to Rambo-Roddenberry

[Rambo-Roddenberry, 2002] conducted an extensive programme of push-out tests. To de-
velop an approach for the calculation of the stud shear resistance, the test results were
compared against the most important test parameters. This lead to correlation curves defin-
ing the studs resistance as a function of its tensile strength. The studs resistance is then
calculated according to equations (2.11) to (2.14).

Each equation is only valid for certain deck heights and ratios of stud diameter, d, to flange
thickness, tr. Assuming typical dimensions of the steel section and the shear stud diameter it
follows that equation (2.11) is the most relevant one in practice, because the other equations
are for too low deck heights or lead to untypical ratios d/tr. In addition, all equations were
developed for through deck welded studs in open trapezoidal shaped decking.

Studs in 2 in. (51 mm) and 3 in. (76 mm) deck with d/tp < 2.7:

Prm =Ry, Ry Ry fu-m-d*/4 (2.11)

Studs in 1 in. (25.4 mm) and 1.5 in. (38.1 mm) with d/tp < 2.7:

Pgm = Ry, - 3.08 - 0048 fumd?/4 (2.12)

Studs in 2 in. (50.8 mm) and 3 in. (76.2 mm) deck with d/tp > 2.7:

d
PRm:Rp-Rn-Rd-fu-ﬂ-d2/4—1.5-(t—2.7> (2.13)
F

Studs in 1 in. (25.4 mm) and 1.5 in. (38.1 mm) with d/tp < 2.7:

d
Ppm = Ry, - 3.08 - 008 fumd?/4 _ 1 5. (t - 2.7) (2.14)
F
where: Prm Average resistance of shear connector

0.68 for favourable position: e,,;q_pt = 2.2”7 = 55.9 mm
R, = 4 0.48 for unfavourable position: e,,;q—nrt < 2.2”7 = 55.9 mm
0.52 for staggered position
R, B {1.00 for single studs per rib or staggered position
0.85 for pairs of studs per rib
1.00 studs in favourable position
0.88 studs in unfavourable position in 22 gauge deck
Ry = ¢ 1.00 studs in unfavourable position in 20 gauge deck
1.05 studs in unfavourable position in 18 gauge deck

1.11 studs in unfavourable position in 16 gauge deck
tr Thickness of steel flange
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2.2 Prediction of shear stud resistance

Table 2.4: Deck thickness according to gauge deck definition

Gauge No. Deck thickness in
[inch] [mm]
16 0.0625 1.59
18 0.0500 1.27
20 0.0375 0.95
22 0.0310 0.79
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Figure 2.15: Comparison of shear resistances according to [Rambo-Roddenberry, 2002],
Prm, with the full database of push-out test results, P..
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Figure 2.16: Comparison of shear resistances according to [Rambo-Roddenberry, 2002],
Prm, with push-out test results under consideration of a limited field of applica-

tion, P,.

Using equation (2.11), the stud strength is calculated as a reduced tensile strength. Constant
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reduction factors which depend on the stud position, the number of studs per rib and the
thickness of the steel sheet are applied.

It is noted, that important influences as the geometry of the decking, the geometry of the stud
and the concrete strength are not unconsidered, while the influence of the deck thickness is
considered. For typical dimensions, this influence is relatively small [Konrad, 2011] and the
decking only contributes to the resistance when the studs are through deck welded.

The comparison of the resistance according to equation (2.11) with the test database shows
that the predictions results in good ratios P./Pg,, because the model was statistical derived.
However, because of the many unconsidered parameters the coefficient of correlation is very
small with only R = 0.43.

To consider the limited field of application for equation (2.11), tests with a deck height of more
than 85 mm and re-entrant deck shapes are removed from the evaluation. In addition, the
number of studs is limited to no more than two studs per rib, only through deck welded studs
are considered and test by Ernst [Ernst, 2006] with mixed stud positions are omitted. The
resulting comparison is shown in Figure 2.16.

The comparison with the reduced database improves the coefficients of correlation and
variation strongly. However, they are still not satisfactory and a large amount of tests with
common parameters in practice was omitted. In addition, the results for the remaining tests
tend to be non-conservative. Hence, the method developed by [Rambo-Roddenberry, 2002]
appears to be too restrictive and undifferentiated to calculate the shear stud resistance.

2.2.4 Resistance of shear studs according to Konrad

Similar to [DIN EN 1994-1-1, 2010], [Konrad, 2011] suggests to calculate the resistance of
studs in the ribs of composite slabs by reducing the resistance of studs in solid slabs. The
new equations by [Konrad, 2011] are currently discussed as an alternative to the rules of
[DIN EN 1994-1-1, 2010]. According to [Konrad, 2011] the average resistance of a shear
stud in a solid slab is calculated according to equations (2.15) and (2.16). The characteristic
resistance is obtained by equations (2.17) and (2.18):

PRm,c =39.53 - AWulst,eff : fc2n/13 +3.72 - d? - 0174? : 57/3 (2.15)

Prm.s = 38.30 - Awuisters - f22 4+ 0.57 - fum - d? (2.16)
2/3 1/3 1/2

Pric = 326 - Awuist.er s - ("Qg) 1+9220-d%- ("?io’"’) . (ggg) (2.17)
2/3

Pri,s = 313 - Awuist,eff - (%) + 240 - <§88) - d? (2.18)

where:  Awyisterr = 0.5 hywuist - dwwise  Effective area of the weld collar
hw uist Height of the weld collar
AW ulst Diameter of the weld collar

The prediction of the stud shear resistance in solid slabs is calibrated for the following
restrictions:
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Table 2.5: Effective area of the weld collar according to [Konrad, 2011]

d  hwust dwust Awuistefs

[mm]  [mm] [mm] [mm?]
10 2.5 13.0 16.3
13 3.0 17.0 25.5
16 4.5 21.0 47.3
19 6.0 23.0 63.0
22 6.0 29.0 87.0

25 7.0 40.0 140.0

e 16 mm < d <25 mm

o hge/d >4

« 20 N/mm? < f.. < 100 N/mm?
* fur < 740 N/mm?

Because the accuracy of the predicted resistance of the stud in a solid slab is important to
assess the accuracy of the reduction factors, equations (2.15) and (2.16) are verified against
the test database (see Appendix A). The results of the verification are shown in Figure 2.17. It
can be seen that the predictions correlate well with the test results. In addition, the accuracy
is improved significantly in comparison to [Roik et al., 1989].
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Figure 2.17: Verification of the shear stud resistance in solid slabs according to
[Konrad, 2011].

[Konrad, 2011] developed his reduction factors from numerical analysis. The influence of
parameter as the ratios b,,/hy, hs./h, and the stud position were investigated, see Figure
2.18. Regression curves for these parameters were found and the resulting reduction factors
were verified against 107 push-out test results. This procedure led to reduction factors for
through deck welded studs in dependency of the stud position. For studs in the ribs of
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composite slabs the stud position according to [Konrad, 2011] is defined as follows:
+ unfavourable position: e < 55 mm
» mid-position: 55 mm < e < 100 mm
« favourable position: e > 100 mm

—
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«— -«

Figure 2.18: Geometric parameters of the shear connection used in [Konrad, 2011].

The obtained reduction factors for through deck welded shear connectors in open shaped
composite decking are shown in equations (2.19) to (2.27).

For through deck welded shear connectors in mid-position, the reduction factors are:

For hge/h, < 1.56:

2
bm bm hSC
Emig1 = kn - |6.79-1074 [ 2 ) +0.170 [ -2 ) 40.250 [ =< || < 1.0 (2.19)
7 h‘P hp hP

For hge/hy, > 1.56:

2
bm bm — hsc
Emido = kn - {5.34 1074 <h> +0.042 <h> +6.83-107% <h> +0,663] <1.0

P P p
(2.20)
Equation (2.20) can be simplified to give:
bm
kmias = kn - l0.042 (h) + 0.663] <1,0 (2.21)
p

For through deck welded shear connectors in favourable position, the reduction factors are:

For hse/hy, < 1.56:

2
bm bm h‘SC
Kfav1 = kn- [0.030 [ 2] 40.145 [ - | +0.240 [ == || < 1.0 (2.22)
7 hp h‘P hp
For hgse/hy, > 1.56:
2
bm bm hSC
ktavo =kn- 10003 -—] +0.103| — | +0,318 | — || < 1.0 (2.23)
’ hp hp hp

22



2.2 Prediction of shear stud resistance

Equation (2.23) can be simplified to give:

<1.0 (2.24)

b
kfavs = kn - [0.084 () +0.663
hp

For through deck welded shear connectors in unfavourable position, the reduction factors
are:

For hgs./hy, < 1.56:

2

bm bm h’SC

Kunfav1 = kn - [0.036 [ 2] +0.004 [ =2 ) +0.305 [ =) —0,095| <0.8 (2.25)
7 hp hp h‘P

For hg./hy, > 1.56:

2
bm bm h’SC
Feunfave = kn - [0.020 [ ) +0.266 [ - | +0.026 [ -] | < 0.8 (2.26)
7 hp hp h‘P

Equation (2.26) can be simplified to give:

b
Kunfavs = kn - [0.317 <hm> +0.06| < 0.8 (2.27)
P
Where: kn Factor to consider the number of shear connectors per rib

1.00 for single studs
0.80 for pairs of studs

Further modifications of the reduction factors to consider pre-punched and re-entrant decking
then led to the reduction factors shown in equations (2.28) and (2.29). Thereby, shear studs
in unfavourable position were excluded. A minimum embedment depth of the head of the
stud is required by the ratio h,./h, of at least 1.56.

For shear connectors with h,./h, > 1.56 welded directly to the flange of the beam in mid-
and favourable position the reduction factor is:

bm
ki =ky- lke -0.038 (h) +0.597| <€1.0 (2.28)
P
Where: ke Factor to consider the position of shear connectors

1 for55 mm < e <100 mm
2 fore > 100 mm
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For through deck welded shear connectors with h./h, > 1.56 in mid- and favourable position
the reduction factor is:

b
ki =k, kp, [k -0.042 (hm> +0.663| < 1.0 (2.29)
P
Where: kry Factor to consider the deck shape

_ ) 1.25 for re-entrant deck shapes
~ |1.00 for open deck shapes

For shear connectors in composite slabs following additional restrictions are given:

20 mm for studs welded through the decking
c16mm<d<
22 mm for studs welded through punched holes

*ny <2

A comparison of the predictions according to equations (2.28) and (2.29) to the test database
is shown in Figure 2.19. The ratios P./Pg,, are more unconservative than in the comparison
to [DIN EN 1994-1-1, 2010]. Compared to [DIN EN 1994-1-1, 2010], the coefficient of vari-
ation strongly improves from V' = 0.371 to V' = 0.288, but the coefficient of correlation of
R = 0.56 is still not satisfactory. While the comparison is unconservative for the mean shear
resistance Pr,,, the characteristic resistance has a ratio P./Pgy of in average . = 1.23.
These results are more accurate than for [DIN EN 1994-1-1, 2010], but the coefficient of
correlation remains unsatisfactory. In addition, 28% of the tests did not reach the predicted
characteristic resistance.

Considering that the reduction factors according to equations (2.28) and (2.29) are only valid
for studs with a ratio hs./h,, of at least 1.56 and only mid and favourable position are allowed,
the results of the comparison improve significantly, as shown in Figure 2.20. Concerning the
characteristic resistance, 15 out of 143 tests are over-estimated. It is noted, that especially
the tests reported by [Rambo-Roddenberry, 2002] are over-predicted, although they should
be covered because the studs were welded in favourable position. It is questionable if these
results indicate some yet insufficiently considered influence.

In general, the reduction factors according to equations (2.28) and (2.29) show a better
correlation with test results than [DIN EN 1994-1-1, 2010]. In addition, the number of tests
that can be considered within the limitations is larger than for [DIN EN 1994-1-1, 2010]. A
summary of the comparisons is given in Table 2.6.
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Figure 2.19: Comparison of shear resistances according to [Konrad, 2011] with push-out test
results.

Table 2.6: Results of comparisons between experimental resistances, P., and theoretical
resistance according to [Konrad, 2011].

Evaluation of the full test database

Evaluation for tests in the field of application

P, vs. PRm P, vs. PRk P, vs. PRm P, vs. PRk
n 288 288 143 143
" 0.897 1.229 0.958 1.327
o 0.258 0.360 0.200 0.294
|4 0.288 0.293 0.209 0.222
R 0.554 0.546 0.777 0.747

n: Number of tests

o: Standard deviation

R: Coefficient of correlation

w: Average of ratios P./Pgrm and P./Pry

V': Coefficient of Variation
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Figure 2.20: Comparison of shear resistances according to [Konrad, 2011] with push-out test
results under consideration of geometric restraints.

26



2.2 Prediction of shear stud resistance

2.2.5 Summary of the comparisons

Table 2.7 summarises the results of the previous evaluations. It can be concluded that none
of the presented methods shows satisfactory results for the prediction of the shear resistance
of studs in the ribs of composite slabs or they have strong limitations..

Table 2.7: Comparison of the evaluation of the shear resistance between the presented
methods.
Mean shear resistance, Pg,,, for the full database
EUROCODE 4 LUNGERSHAUSEN RODDENBERRY KONRAD

n 288 288 288 288

I 0.970 1.088 1.115 0.897

o 0.371 0.302 0.385 0.258

v 0.383 0.277 0.345 0.288

R 0.593 0.666 0.431 0.554
Mean shear resistance, Pr.,, in the respective field of application
EUROCODE 4 LUNGERSHAUSEN RODDENBERRY KONRAD

n 91 95 127 143

I 0.861 1.108 0.938 0.958

o 0.206 0.224 0.260 0.200

v 0.239 0.202 0.277 0.209

R 0.558 0.841 0.715 0.777

Characteristic shear resistance, Pgy, for the full database

EUROCODE 4 LUNGERSHAUSEN RODDENBERRY KONRAD

n 288 288 n.a. 288

1 1.447 1.495 n.a. 1.229

o 0.591 0.412 n.a. 0.360

v 0.408 0.276 n.a. 0.293

R 0.579 0.669 n.a. 0.546

Characteristic shear resistance, Pgy, in the respective field of application
EUROCODE 4 LUNGERSHAUSEN RODDENBERRY KONRAD

n 91 95 n.a. 143
7 1.245 1.410 n.a. 1.327
o 0.322 0.306 n.a. 0.294
v 0.259 0.202 n.a. 0.222
R 0.537 0.841 n.a. 0.747

The method in [DIN EN 1994-1-1, 2010] gave satisfactory results for studs in solid slabs.
However, the k;-formulae showed non-conservative results for studs in the ribs of composite
slabs. In addition, the limitations are very restrictive. The consideration of these restrictions
improved the results, but the coefficients of variation and correlation were not satisfactory.
This was because the position of the shear stud is currently not considered sufficiently.
Considering the restrictions of each method, the formulae of [DIN EN 1994-1-1, 2010] shows
the smallest correlation to the experimental results.

The very simple mechanical model in [Lungershausen, 1988] gave very conservative results.
The given limitations are almost as restrictive as for [DIN EN 1994-1-1, 2010]. Nevertheless,
this model showed the smallest variation and the largest correlation to experimental resis-
tances in all conducted comparisons, even though important parameters as concrete strength
or stud position are not explicitly considered.
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The method in [Rambo-Roddenberry, 2002] did not show a satisfactory correlation with the
test results. Too many important parameters are not considered. Therefore, the predictions
can only be given for a very limited range of deck heights and do not consider the deck shape
or concrete strength. Furthermore, the formulae was not calibrated to the safety concept
defined in [DIN EN 1990, 2002].

The method of [Konrad, 2011] gave improved results for studs in solid slabs compared
to [DIN EN 1994-1-1, 2010]. For studs in the ribs of composite slabs, the suggested k;-
factors showed a significantly improved coefficient of variation and correlation in com-
parison to the rules of [DIN EN 1994-1-1, 2010]. Nevertheless, the simpler method of
[Lungershausen, 1988] showed better statistical values. A large benefit of the reduction
factors by [Konrad, 2011] is their wide range of application. The given restrictions allowed the
evaluation of about half of the tests in the database, while according to [DIN EN 1994-1-1, 2010]
and [Lungershausen, 1988] only one third could be evaluated.

It is concluded that the presented methods are either too restrictive or too inaccurate to predict
the shear stud resistance in the ribs of composite slabs. A formulae with less restrictions and
a better correlation to the test results is desirable.

2.3 Load-displacement behaviour of composite beams

2.3.1 Additional requirements on the shear connection

Plastic design gives the most efficient structural design in terms of a large resistance and a
simple analysis. Thereby, the assumption of plasticity is not limited to the stress distribution
in the cross section, but also plastic behaviour of the shear interface, using equally spaced
studs, may be assumed at ultimate limit state.

To apply this procedure, the cross section must be of class 1 or 2 in the critical section. In
addition, the plastic bending resistance of the composite section must be no more than 2.5
times the plastic resistance of the pure steel section in the critical section, else additional cuts
must be investigated. Furthermore, [DIN EN 1994-1-1, 2010] puts additional requirements
on the shear connectors and the degree of shear connection to allow the assumption of a
plastic behaviour of the shear interface.

The shear connectors are required to be 'ductile’ with a sufficient deformation capacity so that
the shear forces can be redistributed between the studs. [DIN EN 1994-1-1, 2010] classifies
shear studs as ‘ductile’ if their characteristic displacement capacity, d, is larger than 6mm.
As shown in Figure 2.21, the displacement capacity of a shear connector, §,,, is defined as
the slip where the load-slip curve decreases the first time to its characteristic resistance, Pgi.
[DIN EN 1994-1-1, 2010] ensures 'ductile’ shear connectors by geometric requirements for
the studs themselves, as shown in section 2.2.1.

Especially in solid slab cases, shear studs may reach their displacement capacity when shear
failure of the stud occurs. For this brittle failure behaviour, the resulting weakening of the
shear interface and redistribution of the shear force to the next stud could lead to a 'zip-like’
failure. To avoid this, it must be ensured that the slip does not exceed the displacement
capacity of the studs. To do so, [DIN EN 1994-1-1, 2010] requires a minimum degree of
shear connection, minn. Thereby, it is differentiated between asymmetric steel sections,
as shown in equation 2.30, and symmetric steel sections, as shown in equation (2.31). An
additional and slightly lower minimum degree of shear connection is required when composite

28



2.3 Load-displacement behaviour of composite beams
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Figure 2.21: Displacement capacity, ¢,,, according to [DIN EN 1994-1-1, 2010].

slabs are used, as shown in equation 2.32.

355

. 1-—-(0.30-0.015-L,) > 0.4 for L, <20
minnmn = Yy .
n [ (2.30)
1 for Lo > 20
355
. 1——-(0.75-0.03-L.) > 04 for L. <25
minnmn = Yy .
n J (2.31)
1 for L, > 25
_ 1—@.(1.0—0.04~Le) > 0.4 forL,<25
minmn = y .
" f (2.32)
1 for L, > 25

where: minn Minimum degree of shear connection
fy Yield strength of the steel section
Le Length of positive moment area

However, equation (2.32) can only be applied when the following conditions are satisfied:

* The studs diameter is 19mm.

The hight of the stud after welding must not be smaller than 76mm.

The steel section is of double symmetry.

The steel decking is placed transversely to the beam.

The steel decking is continuous above the beam.
* Only one stud is welded in each deck rib.

The height of the deck rib, h,, must not be larger than 60mm.
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2 State of the art

+ The width of the deck rib, b,,, must be at least two times the height of the deck rib, h,.

» The bending resistance of the beam is determined by interpolation of the resistance,
as shown in Figure 2.24.

This is rarely the case, and the other conditions for the minimum degree of shear connection
must be used.

2.3.2 Analysis of the plastic bending resistance

If the requirements given in section 2.3.1 are satisfied, the bending resistance of a composite
beam in positive bending can be determined using plastic design. The plastic bending
resistance depends on the degree of shear connection. Full shear connection is achieved
when the increase of the number of studs does not further increase the bending resistance.
This is the case when the shear forces transferred by the studs exceed either the smaller
of the compressive resistance of the concrete slab or the tensile resistance of the steel
section. The bending resistance is then calculated from the plastic stress distribution. A
typical example is shown in Figure 2.22.
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Figure 2.22: Examples of plastic stress distributions in a composite beam for full shear
connection, from [DIN EN 1994-1-1, 2010].

If composite slabs are used, typically partial shear connection is achieved because of the
limited number of studs along the span and the reduced shear resistance of the studs. In
this case, the compression force in the concrete is determined by the shear resistance of
the studs. The corresponding plastic stress distribution in the steel section is obtained from
the equilibrium of axial forces. An example of a plastic stress distribution for partial shear
connection is shown in Figure 2.23.

The analysis of the bending resistance using the plastic stress distribution leads to a function
for the bending resistance in dependency of the degree of shear connection, as shown
in Figure 2.24. Alternatively, [DIN EN 1994-1-1, 2010] allows the simplified analyse of the
bending resistance by linear interpolation between the plastic bending resistance of the steel
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Figure 2.23: Example of a plastic stress distribution in a composite beam for partial shear
connection, from [DIN EN 1994-1-1, 2010].

section and the plastic bending resistance of the composite section for full shear connection.
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Figure 2.24: Plastic bending resistance of composite beams in dependency of the degree of
shear connection, from [DIN EN 1994-1-1, 2010].

It can be concluded that the accurate prediction of the shear forces is very important for the
analysis of the plastic bending resistance of composite beams.

If deep steel decking is used, and hence the shear resistance of the studs is small, it may be
not possible to satisfy the required degree of shear connection, especially when long spans
are required and higher steel grades are used. In such a case, [DIN EN 1994-1-1, 2010]
does not allow to use plastic design. Instead the beam must be designed either by elastic
analysis or non-linear analysis. Both makes the design of composite beams more complex
and in some cases uneconomic or even impossible, as in elastic design it may not be possible
to proof a sufficient bearing capacity of the studs. To conduct non-linear analysis, a sufficient
knowledge of the behaviour of the materials and the shear connectors is required. This
means that it may be necessary to conduct push-out tests in advance to obtain the load-slip
behaviour of the shear connectors.
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2.3.3 Analysis of the elastic behaviour

To analyse the behaviour of composite beam at serviceability limit state, typically the moment
of inertia of the composite section transformed into steel, I;, is used. In addition, the influence
of shrinkage, creep and cracking of the concrete are to be considered. With respect to the
evaluation of later tests and numerical analysis, only the stiffness for short time loading is
discussed in this section.

Ii,O =1+ As- (Za - Zs,i)2 + =4+ —- (zc - Zs,i)z (2.33)
no no
where: I Moment of inertia of composite section
1, Moment of inertia of steel section
1. Moment of inertia of concrete section
A, Area of steel section
A, Area of concrete section
Za Axis of steel section
Zc Axis of concrete section
Zsi Neutral axis of composite section
n, = %& Transformation factor (into steel)
E, Young’s-Modulus of steel
E, Young’s-Modulus of concrete
/EAc, Elc
— ————— Zc
6 R e e e e e e e e ———— e e e e e e e e e e e Zs,l
O SO Za

[ EAa, Ela

Figure 2.25: Composite section for the calculation of the bending stiffness.

According to [Yam, 1983], the bending stiffness of the composite beam can be also expressed
using the composite stiffness parameter, a;, as shown in equation (2.34).

Elig=(14)  (El,+ El) (2.34)
2
where: «; = Elaji EL . EEzia+E;iXCc Composite stiffness parameter
e Axial spacing between steel section and
concrete section
EA, Axial stiffness of steel section
EA, Axial stiffness of concrete section
El, Bending stiffness of steel section
El. Bending stiffness of concrete section

The bending stiffness assumes a rigid shear connection where no end-slip occurs. However,
shear connectors in composite construction are not rigid and the shear interface has a certain
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flexibility. According to [Leskela et al., 2015] the flexibility of the shear connection can be
considered by the flexibility parameter, rs:

o; - (EI, + EI,) {z 0
ry = 53 (2.35)

;- (Ely+ EIL) + pim - Kseq- L2 €7 - (o +1) | <1

Where: rs Flexibility parameter
L. Effective span between points of zero moment
Kyeq=ksef/sc Connection modulus
kser Stiffness of shear connectors
Se Longitudinal spacing of shear connectors
L, Coefficient depending on the bending moment diagram

wm =~ 0.1 for most common load distributions

With the flexibility parameter, rs, the composite action parameter can be reduced to consider
the flexibility of the shear interface to give the effective composite action parameter, a; . :

1—1rs

eff = ———— -y 2.36

Vieff = 1y e (2.36)

With the effective value of the composite stiffness factor, «; . f ¢, the effective bending stiffness
of the composite beam, E1; .r7, can be determined, as follows:

Elicrr =1+ aiesyp) - (Ely + EI) (2.37)

The flexibility parameter, 75, is defined as the ratio between the end-slip with flexible shear
connection, s., and the maximum end-slip without shear connection, s¢ ;mqz. The end-slip
with flexible shear connection then can be analysed according to equation (2.38).

Se = T6§ * Se;max (2.38)
Where Am - € Maximum end-slip without shear connection
I8 == -
e,max EIa I EIC p
A, Area under the bending moment diagram

between maximum moment and the point of zero moment

The presented equations will be compared to the results of composite beam tests.
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3 Methodology and objectives

The previous sections showed, that the predicted shear resistance of headed studs in the ribs
of composite slabs according to [DIN EN 1994-1-1, 2010] is not satisfactory for modern deep
deck shapes. The presented alternative methods were not satisfactory, too. Because of this,
the development of a new prediction formulae of the stud shear resistance is the objective of
this work.

To reach this objective, the load-slip behaviour of shear connectors must be investigated.
Because of the easy evaluation of the shear forces and slip, the push-out test is chosen for
these investigations. Because [Hicks and Smith, 2014] reported that push-out tests may be
conservative in comparison to beam tests , transverse loading is used in most of the push-out
tests. The investigated parameters of the test programme are:

The type of steel decking: 58mm or 80mm deep decking.

The influence of different degrees of concentric transverse loading.

The influence of eccentric transverse loading.

» The concrete strength: C20/25 or C30/37.

» The number of studs per rib: Single studs or pairs of studs per rib.
» The number of reinforcement layers: One or two layers.

The welding procedure: Directly to the flanges of the beam or through deck welding.

The observed influences of the transverse loads on the load-slip behaviour are used to draw
conclusions on an improved push-out test set-up to be used for cases with composite slaps.

To evaluate the suggested degree of transverse loading in push-out tests, two composite
beam tests are conducted for comparison. The beam tests use the same decking, studs and
concrete as the corresponding push-out tests. In addition, a low degree of shear connection
is chosen to investigate the slip at which the plastic bending capacity is reached. Furthermore,
the test results are used for the verification of numerical models.

The load-slip behaviour of the push-out tests and the observed failure modes are the basics
for the development of a new prediction formulae for the shear stud resistance. The target
is to describe the observed behaviour and failure modes based on simple and well known
mechanical models. Statistical analysis according to [DIN EN 1990, 2002] is used to define
the characteristic resistance and the design resistance for the newly developed equations.

Typically, the prediction of the shear stud resistance references only to the first maximum
of the load-slip curve. The distribution of slip in a composite beams leads to an additional
variability of the stud forces along the span that cannot be covered in the calibration of the
stud shear resistance against push-out test results according to [DIN EN 1990, 2002]. To
investigate this issue, a parametric study on composite beams is conducted using Finite
Element Analysis. This analysis uses non-linear springs with the real load-slip curves from
push-out tests to model the shear connection between steel beam and concrete slab.

In addition, the application of simplified load-slip curves is investigated. The target is to simplify
the shear stud behaviour for the analysis of composite beams in engineering design offices.
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The simplified load-slip curve is derived from the elastic stiffness of push-out specimens and
assumes yielding of the spring until the displacement capacity is reached. The yield-force of
the springs is derived from analysis using tested load-slip curves by averaging the forces of
all studs showing plastic behaviour. This leads to a reduction factor to the first peak of the
testes load-slip curve to determine the yield-force of the simplified load-slip curve.
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Push-out tests are the common approach to investigate the behaviour of shear connectors.
In section 2.1.3, different set-ups for push-out tests were shown.

Typically, the effectiveness of shear connectors in push-out tests is lower than in composite
beam tests. It is explained, that this is because of the slabs vertical forces and bending mo-
ments as well as local effects that originate from the displacement or loading conditions. Even
though previous research [Hicks and Smith, 2014, Rambo-Roddenberry, 2002] included con-
centric transverse loading, the influence of the slabs internal forces and moments is not well
investigated.

A series of 33 push-out tests was conducted to investigate these influences. Furthermore, the
influence of tension ties, the shape of the decking, the number of studs per rib, the number of
reinforcement layers, the welding method and the concrete strength were investigated.

4.1 Consideration of transverse loading in push-out tests

[Hicks and Smith, 2014] investigated the transverse loading to find a value that results in a
load-slip behaviour of the studs in push-out tests, which compared well with composite beam
tests. The results of [Hicks and Smith, 2014] and [Rambo-Roddenberry, 2002] showed an
improvement of the shear stud resistance, when concentric transverse loads were applied.
However, the mechanism of how the transverse load influences the load-bearing behaviour,
shown in Figures 2.1 to 2.2, was not answered. In addition, the influence of the negative
bending moment of the slab was not considered. To do so, transverse loads are applied with
an eccentricity to the push-out specimen, as shown in Figure 4.1.

[Hicks and Smith, 2014] proposed a transverse load of 12% of the longitudinal shear force,
which was determined to calibrate the push-out test against the results of accompanying
beam tests. A parametric study to investigate the ratio of the transverse load to the shear
force at ultimate limit state is presented bellow. The study showed that a transverse load of
12% is not applicable for all deck shapes.

In this study, a single span composite beam as the inner support of a two span composite slab
was considered, see Figure 4.2. A uniform imposed load of ¢;, = 3.50 kN/m? was assumed.
The nominal material properties of steel grade S 355 and concrete grade C 30/37 were
assumed. Two different deck shapes with a deck height of 58 and 80 mm were chosen. The
bending resistance of the composite beam was determined for partial shear connection using
the stud resistances according to the rules of [DIN EN 1994-1-1, 2010]. All configurations
were designed to achieve the necessary resistance with the lowest possible number of studs.

The results of this study are shown in Figure 4.3. The ratio of the transverse load to the
shear force is mostly dependent on the type of decking used. Deeper decks led to higher
degrees of transverse loading because the shear force per stud is more reduced. Also
longer beam spans led to lower degrees of transverse loading as the bending moment — and
hence the required shear force — increased. For typical spans of the slab, the 58 mm deep
decking resulted in degrees of transverse loading between 6.6% and 12.2%. The 80 mm
deep decking resulted in values between 13.0% and 20.8%. Thus, the transverse load of
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Figure 4.1: Internal forces and moments at the line of the shear studs in a composite beam
and their reflection in a push-out test.
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Figure 4.2: Static system used for parametric studies on the degree of transverse loading.

12% proposed by [Hicks and Smith, 2014] could not be guaranteed in all cases considering
the loading conditions of the composite beam.

The transverse loads in the presented push-out test programme are chosen to reflect degrees
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4.2 Test set-up for transverse loading

24

Degree of transverse loading [%0]

4 -==0---58mm, L=3.00m ---%--- 80mm, L=4.50m
- - - 58mm, L=3.50m - =% - 80mm, L=5.00m
—2— 58mm, L=4.00m —+—80mm, L=5.50m
0
8 9 10 11 12 13 14 15 16

Span of composite beam [m]

Figure 4.3: Degree of transverse loading versus span of the composite beam for different
deck heights and spans of the slab, L.

of transverse loading of 8% and 16% of shear force. These are typical values for the two
considered deck shapes. In the push-out tests concentric and eccentric transverse loads are
included to investigate the influence on the load-bearing behaviour.

4.2 Test set-up for transverse loading

The test set-up, which was used for the application of the transverse loads, is shown in
Figures 4.4 and 4.5. The clamping device consists of the three main parts HP1, HP2 and
HP5. The two parts HP1 and HP2 are loaded by a horizontal hydraulic jack. The inner
part HP2 pushes on the left slab and the part HP1 is pushed outwards. Because HP1 is
connected to HP5 on the other side of the specimen, HP5 is pulled against the right slab to
apply the transverse load.

The parts HP3 and HP4 were used to apply concentric transverse loading. The clamping
device can be utilized to apply eccentric transverse loads by removing the parts HP3 and
HP4.

The beams HP6 were used to compensate the differences of the height between specimens
with 58 mm and 80 mm deep decking, so that the specimens were vertically centred within
the device.

To ensure that only the influence the transverse loading was investigated and the bending of
the slabs was not restrained, the friction at the supports of the specimen was minimized with
pads of PTFE.

Some tests were conducted without transverse loading. In these tests, the slabs were placed
in mortar beds to achieve a non-sliding. Tension ties, as shown in Figure 2.3, were not
used. Further tests were conducted to investigate the influence of tension ties. Thereby, two
different types of fixation were applied to the bars.
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4 Conducted push-out tests

HP5

Figure 4.4: Schematic view of the clamping device for the application of transverse loads.
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4.2 Test set-up for transverse loading

(a) Parts HP1, HP2 and HP3. (b) Parts HP4 and HP5.

(c) Hydraulic Jack used for the load application

Figure 4.5: Test set-up for the application of transverse loading assembled for concentric
loading.
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4 Conducted push-out tests

4.3 Test programme and material properties

The push-out tests used three types of composite decking, as shown in Figure 4.6 and
Table 4.1. The 80 mm deep RD80 decking was only used in early pilot testing and then was
changed to CF80 decking, which has a more common shape. An overview of the conducted
push-out tests is shown in Table 4.2.

l 600 Cover Width ‘

TaWa

(a) RD80 decking

180 300 120
la
[(e}
[6)) ©
S '
) | L
f f
5.8 35_! 50 135 172
90 180 120
Cover width 600mm
f Setting out point (s.0.p.)
(b) CF80 decking
A 58

‘ | 207 ‘ | 101

(c) CP60 decking

Figure 4.6: Composite decking used in push-out tests.

Table 4.1: Composite decking used in push-out tests.

Decking ID hy, by, bo a t
[(mm] [mm] [mm] [mm] [mm]

Ribdeck 80 RD80 80 135 185 300 1.20

ComFlor 80 CF80 80 120 137.5 300 0.90

Cofraplus 60 CP60 58 62 101 207 0.885

hp: Height of the rib b.: Width of the rib at the bottom

bo: Width of the rib at the top a: Spacing of the ribs

t: Thickness of the decking

The two tests of series PV were conducted to investigate if the clamping device, shown in
section 4.2, is suitable for the application of transverse loading. The specimens had eccentric
transverse loads of 10% of the vertical test load applied to each slab. RD80 decking with
single shear studs of 19 mm diameter and 150 mm height were used in these tests. The
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4.3 Test programme and material properties

Table 4.2: Material properties, stud configuration and transverse loading of push-out tests

Series Test Decking Studs Concrete Reinforcement Transverse load
Type Ny top bottom Pr e

[mm] [mm] [mm] [kN/side]  [mm]

PV 1,2 RD80  19x150 C30/37 @10/150 ©10/150 20%° 380
1-04 1 CP60" 22x125 C20/25 Q335A Q188A 8.2%° 0
2,3 CP60' 22x125 C20/25 Q335A Q188A 12.5 0
1-05 1 CP60" 22x125 C20/25 Q335A Q188A 16.4%° 0
2,3 CP60'" 22x125 C20/25 Q335A Q188A 25.0 0

—_ A A Al ala A a

1-06 1 CP60" 22x125 C20/25 Q335A Q188A 8.2%° 380
2 CP60' 22x125 C20/25 Q335A Q188A 12.5 380
3 CP60" 22x125 C30/37 QB335A Q188A 12.5 380
1-07 1 CP60' 22x125 C30/37 QB335A Q188A 16.4%° 380
2,3 CP60" 22x125 C30/37 Q335A Q188A 30.0 380
1-08 1,2 CF80 19x125 22 C30/37 - Q188A  weaktie 250
3 CF80 19x125 22 C30/37 - Q188A  strongtie 250
1-09 1 CF80 19x125 22 C30/37 - Q188A 8.8 0
2,3 CF80 19x125 22 C30/37 - Q188A 17.5 0
1-10 1 CF80 19x125 22 C30/37 - Q188A 17.5 0
2 CF80 19x125 22 C30/37 - Q188A 13.2 0
3 CF80 19x125 22 C30/37 - Q188A 0 0
1-11 1 CF80 19x125 22 C30/37 - Q188A 7.6%° 380
2,3 CF80 19x125 22 C30/37 - Q188A 17.5 380
3-01 1,2 CF80 19x125 22 C30/37 Q335A Q188A  strongtie 250
3 CF80 19x125 22 C30/37 Q335A Q188A 0 0
3-02 1 CF80" 19x125 22 C30/37 - Q188A 0 0
NR1 1 CF80 19x125 1 C30/37 - Q188A 0 0
2 CF80 19x125 1 C30/37 - Q188A 8.8 0
3 CF80 19x125 1 C30/37 - Q188A 17.5 0

' Decking was pre-punched
2 Transverse spacing of studs was 100 mm
3 Continuously measured and adjusted to the given percentage of the shear force per slab

studs were welded through the decking in favourable position. The specimens had no recess
applied to the slabs. Apart from the deck shape and stud position, the dimensions of the
specimens were the same as for specimens with CF80 decking, shown in Figure 4.8.

In test series 1-04 to 1-07, CP60 decking with single studs per rib of 22 mm diameter
and 125 mm height were used. The studs were welded directly to the flange of the beam
and the decking was pre-punched. All specimens had the optional recess according to
[DIN EN 1994-1-1, 2010] Annex B applied to the slabs. Two layers of reinforcement were
used. A typical specimen is shown in Figure 4.7.

Series 1-04 and 1-05 investigated the influence of the degree of concentric transverse loading.
Series 1-06 introduced the influence of the eccentricity on the load-slip behaviour, as well as
the influence of a higher concrete strength. Series 1-07 investigated the influence of larger
degrees of eccentric transverse loading.

Series 1-08 to 1-11 used CF80 decking. Pairs of studs with a transverse spacing of 100 mm
were welded through the decking. Headed shear studs with 19 mm diameter and 125 mm
height were used. Only one layer of reinforcement was placed 30 mm above the deck rib.
The reinforcement was chosen according to [DIN EN 1994-1-1, 2010] clause 9.8.1.(2). The
optional recess was not used. A typical specimen is shown in Figure 4.8.

The influence of a second layer of reinforcement was investigated in series 3-01. In series
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Figure 4.7: Dimensions of push-out specimens with CP60 decking.
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Figure 4.8: Dimensions of specimens with CF80 decking.

3-02, the influence of pre-punching the decking was investigated. Series NR1 introduces the
influence of the number of studs per rib. The influence of the degree of concentric transverse
loading was investigated in series 1-09, 1-10 and NR1. The influence of the eccentricity
was investigated in series 1-11. Furthermore, the influence of the boundary conditions was
investigated in series 1-08 and 3-01. Two types of transverse restraints were used: Tension
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4.4 Test results

ties with weak fixations, as shown in Figure 4.9, and tension ties with strong fixations, as
shown in Figure 4.10. The tension ties were placed close to the corners of the slabs with an
horizontal eccentricity to the beam of 250 mm.

Figure 4.9: Tension ties with weak fixation. Figure 4.10: Tension ties with strong fixation.

4.4 Test results

4.4.1 General

The following sections present the conducted push-out tests. The focus lies on the presen-
tation of the observed failure modes and load-slip curves. A detailed evaluation of the test
results concerning the characteristic resistance, Pry, slip capacity, ., and the influence of
important testing parameters like transverse loading is given in chapter 5.

4.4.2 Series PV

The specimens in series PV used RD80 decking. Single shear connectors of 19 mm diameter
and 150 mm height were welded through the decking. A single layer of reinforcement, made
of 10 mm diameter bars at a spacing of 150 mm, was placed 30 mm above the decking. No
recess was applied to the slabs.

The tests had an eccentric transverse load, Pr, of 10% of the vertical tests load, P., applied
to each slab. This is a degree of transverse loading of 20% for each shear interface. As
shown in Figure 4.3, this ratio would be valid for a span of the composite slab of 5.50 m and
a span of the composite beam of up to 11.00 m.

The load-slip curves obtained from the tests are shown in Figure 4.11. The measured material
properties, stud dimensions, test loads and failure modes are summarised in Table 4.3.

As shown in Figure 4.11, both specimens had a load-slip behaviour without a second load
peak. Specimen PV-1 reached its maximum test load of 465.6 kN at a slip of about 2.5 mm.
The maximum load of PV-2 was 426.6 kN and was reached at a slip of about 1.5 mm. The
influence of relaxation was about 7% for both tests.

45



4 Conducted push-out tests

During the conduction of the tests, the only damage to the concrete that was observed, were
diagonal cracks in the ribs, as shown in Figure 4.12. The cracks were first observed at about
50% to 60% of ultimate load. In combination with the minor plastic deformations before
ultimate load was reached, it is concluded that the failure of the ribs (RF) was the decisive
failure mechanism.

Further displacement then lead to stud failure (SF) in both tests, as shown in Figure 4.13. As
can be seen in Figure 4.13a, the studs punched through the decking even though they were
through deck welded. Furthermore, porosity was observed in the welding area, as shown in

Figure 4.13b.
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Figure 4.11: Load-slip curves for series PV.

Table 4.3: Test results for series PV.

1 2 PV
feom [Nmm?] 4580 45.80 45.80
Eem [N'mm?]  34000" 34000'" 34000’
fu [N'mm?] 551 551 551
Ny [] 1 1 1
d [mm] 19.1 19.1 19.1
e [mm]  143.75 143.00 143.38
P [KN]  465.64 426.64 446.14
¢ [kN/stud] 116.41 106.66 111.54
P [kN]  433.64 396.44 415.04
estalic  IkN/stud] 108.41 99.11 103.76
Pr [kN] 10% 10% 10%
e [mm] 380 380 380
Failure RF,SF RF,SF

' Calculated according to [DIN 1045-1, 2008]
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4.4 Test results

(a) Failure surface on the slab. (b) Failure surface on the beam.

Figure 4.13: Stud failure in RD80 decking.
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4 Conducted push-out tests

To identify the displacement capacity of these tests according to [DIN EN 1994-1-1, 2010],
the characteristic resistance is assumed as the 90% of the minimum resistance, which results
in a test load of 384 kN. The load-slip curves drop to this load at a slip of about 8mm for
specimen PV1 and about 5mm for specimen PV2. Assuming the characteristic displacement
capacity as 90% of the minimum slip capacity this results in about 4.5mm, which is not ductile
according to [DIN EN 1994-1-1, 2010], where a displacment capacity of 6mm is required.

However, the measured slip in this series is the relative displacement between the steel
beam and the steel decking. As can be seen in Figure 4.13a, the stud punched through
the decking, which means that they showed a larger displacement than measured. After
testing, the difference was about 10mm, as can be seen in Figure 4.13a. To identify the total
displacement of the shear studs, the following tests measured also the relative displacement
between the steel beam and the support of the specimen.

4.4.3 Series 1-04

The specimens in series 1-04 used CP60 decking. The decking was pre-punched and single
shear studs per rib with 22 mm diameter and 125 mm height were welded directly to the
flange of the beam. Two layers of reinforcement were used. The bottom layer was a Q188A
wire fabric and the top layer a Q335A wire fabric. The concrete cover was 15 mm. All
specimens had a recess according to [DIN EN 1994-1-1, 2010], Annex B.

Specimen 1-04-1 had a concentric transverse load of 4.1% of the test load applied to each
slab. Based on the results of this test, a constant transverse load of 12.5 kN was applied
in the two remaining tests. The transverse load of 4.1% results in a degree of transverse
loading of 8.2% per shear interface. As shown in Figure 4.3, this value is applicable in most
cases for CP60 decking.

The load-slip curves obtained from the tests are shown in Figure 4.14. Table 4.4 summarises
the test results and measured material properties and stud dimensions.

Table 4.4: Test results for series 1-04.

1 2 3 1-04
Fom [Nmm?] 30.62 30.89 30.91 30.62
Eem [N'mm2] 20900 21500 21500 21300
. [N'mm?2] 551 551 551 551
n, [ 1 1 1 1

d [mm] 2216 2224 2220 22.20
R [mm]  124.33 124.02 123.97 124.11

[KN]  295.76 294.44 274.64 288.28
[kN/stud] 73.94 7361 6866 72.07
b [kKN]  281.76 27852 260.12 273.47
estatic kN/stud] 70.44  69.63 65.03 51.28

Pe

Pr [KN] 41% 125 12,5

e [mm] 0 0 0
SF SF

Failure CPO CPO CPO

RPT RPT RPT

All specimens showed a load-slip behaviour with two load peaks, as shown in Figure 4.14. The
load bearing behaviour matches the model according to [Lungershausen, 1988], described
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Figure 4.14: Load-slip curves for series 1-04.

in section 2.1.2. When the first peak load was reached, no damage was visible on the
specimens. For further displacement, first a bulge in the decking in front of the studs
occurred. Finally the studs punched through the decking, as shown in Figures 4.15 and
4.16. This is called rib punch-through failure (RPT). According to [Lungershausen, 1988], the
first load peak must be characterised by the development of S-shaped stud deformation, as
shown in Figure 4.18.

Further displacement lead to an increase of the test load until a second load peak was
reached. This increase is because of the tension forces developing in the stud shank
[Lungershausen, 1988]. The final failure modes for these tests were stud shearing (SF),
shown in Figure 4.17, or concrete pull-out (CPO), shown in Figure 4.19. Failure of the shear
studs was observed directly above the weld collar. Because failure occurred at large slip, it
was a combined failure in tension and shear. Failed shear studs did not show any porosity in
the stud shank, as shown in Figure 4.17.

As can be seen in Figure 4.14, the test loads slowly decrease after the second load peak.
Especially specimen 1-04-2, which did not show stud failure, showed a very slow decrease
of the test load. It is concluded that concrete pull-out is a slowly progressing failure. The
damage on ribs, that did not fully fail, showed that the development of cracks started at the
top corner of the rib on the tensioned side and the must have increases slowly.

The different application methods for the transverse loading did not show a significant
influence on the load-slip behaviour.
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Figure 4.15: Rib punch-through failure. Figure 4.16: Damaged decking because
of rib punch-through failure.

Figure 4.17: Failure surface of the shear Figure 4.18: Stud deformation after testing.
studs.
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4.4 Test results

Figure 4.19: Concrete pull-out failure.
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4.4.4 Series 1-05

Series 1-05 used pre-punched CP60 decking. Single studs per rib with 22 mm diameter and
125 mm height were welded directly to the flange of the beam. Two layers of reinforcement
were used. The slabs had the recess according to [DIN EN 1994-1-1, 2010] Annex B applied.

The degree of concentric transverse loading was doubled to a transverse load of 8.2% of the
tests load in specimen 1-05-1. For constant transverse loading, the value was also doubled
to 25 kN in specimens 1-05-2 and 1-05-3.

The obtained load-slip curves are shown in Figure 4.20. Table 4.5 summarises the measured
material properties, stud dimensions and test results.
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Figure 4.20: Load-slip curves for series 1-05.

In principle, the tests showed the same behaviour as series 1-04. All specimen had a load
slip behaviour with two load peaks, as shown in Figure 4.20. When the first load peak was
reached, rib punch-trough failure was observed. After the second load peak was reached,
the specimens finally failed by stud failure or concrete pull-out.

Considering the first peak load, the observed influence of the degree of transverse loading
was marginal in comparison to series 1-04. The average resistance increased by only 2.4
kN per stud. This is an increase of 3.4%. The second load peak was more pronounced and
reached at a smaller slip. The test load at the second peak was about 50 kN larger than in
series 1-04. The deformation capacity decreased. The maximum displacement at failure
that was observed was about 60.4 mm in specimen 1-05-1. In series 1-04, the maximum
displacement at failure was 68.3 mm in specimen 1-04-3.

Considering the influence of variable or constant transverse loading, specimen 1-05-1 with
variable loading showed the lowest resistance in series 1-05. In series 1-04, specimen 1-04-1
with variable loading showed the highest resistance. Hence, the differences in the behaviour
of tests with variable or constant are the natural variability of the shear connection.

52



4.4 Test results

Table 4.5: Test results for series 1-05.

1 2 3 1-05
fem [NNmm?] 30.71 30.71 3255 31.99
Eem [N'mm?] 22100 22100 22800 22333
fu [N'mm?] 551 551 551 551
Ny [] 1 1 1 1

d [mm] 2216 2217 2220 22.18
hse [mm]  124.03 123.80 123.93 123.92

[KN]  279.80 316.60 297.72 298.04
[kN/stud] 69.95 79.15 74.43 7451
b [KN] 26559 27852 283.43 275.85
estatic— TKN] 66.40 69.63 70.86 68.96

Pr [kN] 8.2% 25.0 25.0

e [mm] 0 0 0
SF SF SF

Failure CPO CPO CPO

RPT RPT RPT

4.4.5 Series 1-06

In series 1-06, pre-punched CP60 decking was used. Shear studs with 22 mm diameter and
125 mm height were welded directly onto the beam. The slabs had two layers of reinforcement
and the recess according to [DIN EN 1994-1-1, 2010] Annex B.

For specimens 1-06-1 and 1-06-2, the concrete strength was about 30 N/mm?, which was
similar to series 1-04 and 1-05. Specimen 1-06-3 had a higher concrete strength of about 44
N/mm?.

In specimen 1-06-1, a variable transverse load of 4.1% of the test load was applied eccentri-
cally. For specimen 1-06-2, a constant transverse load of 12.5 kN was applied eccentrically.
To compare the influence of the higher concrete strength in specimen 1-06-3 with these tests,
the constant eccentric transverse load of 12.5 kN was maintained.

The measured material properties, stud dimensions, transverse loads and test results are
summarised in Table 4.6. The obtained load-slip curves are shown in Figure 4.21.

Considering the load-slip curves of specimens 1-06-1 and 1-06-2, it was observed that the
first load peak was reached at approximately the same load as in series 1-04. Rib punch
through failure was observed. The second peak load was less pronounced than in series
1-04. Finally, the specimens failed by concrete pull-out. The smaller second load peak gives
evidence that the tension force in the stud shank was less than in series 1-04. Because of the
absence of stud failure, it is assumed that tension in the stud shank is the dominant influence
on stud failure.

The concrete of specimen 1-06-3 was cast on a different date than the first two specimens
and had an about 44% higher concrete strength. The first peak load increased by about 26%
to 90.3 kN per stud. It was reached at an about 2 mm smaller slip.The shape of the first peak
load was more pronounced. For further loading, rib punch-through failure was observed, too.
The test load increased to a second peak load, which was reached at an approximately 50%
lower slip than in series 1-04. Finally, specimen 1-06-3 failed by stud failure.

Comparing the results of specimens 1-06-1 and 1-06-2 to series 1-04, eccentric transverse
loading decreased the second peak load. The first peak load was almost unaffected.
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Figure 4.21: Load-slip curves for series 1-06 with two concrete strengths.

Table 4.6: Test results for series 1-06.

1 2 3 1-06!
fem [IN'mm?]  29.94 31.06 43.96 30.50'
Eem [N'mm2] 21200 21400 25900 21300
fu [N/mm?] 551 551 551 551
Ny [] 1 1 1 1
d [mm] 2218 2216 2212 2217
e [mm] 12356 124.11 123.75 123.84!
P [kN] 292.44 28052 361.24 286.48'
¢ [kN/side]  73.11 70.13  90.31  71.62"
P [kN] 27556 262.76 333.76 269.16'
eststic— [kN] 68.89 6569 83.44 67.29
Pr [kN]  41%var. 125 12,5
e [mm] 380 380 380
SF
Failure CPO CPO CPO

RPT RPT RPT

! Average of tests 1 and 2

The increase of concrete strength in specimen 1-06-3 increased the test load, but the
displacement at failure decreased. A similar but less strong effect was observed for the
increase of the degree of transverse loading in series 1-05.
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4.4.6 Series 1-07

Pre-punched CP60 decking was used in series 1-07. The shear studs of 22 mm di-
ameter and 125 mm height were welded directly to the beam. A recess according to
[DIN EN 1994-1-1, 2010] was used. The slabs were reinforced with two layers of wire fabrics.
The concrete strength in series 1-07 was the same as for specimen 1-06-3.

An eccentric transverse load of 8.2% of the test load was applied in specimen 1-07-1. Based
on the results of this test, a constant transverse load of 30 kN was applied to the other
specimens.

The test parameters and results are summarised in Table 4.7. The obtained load-slip curves
are shown in Figure 4.22.
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Figure 4.22: Load-slip curves for series 1-07.

All specimens showed a load-slip behaviour with two load peaks. While the specimens 1-07-1
and 1-07-2 showed a resistance similar to specimen 1-06-3, but specimen 1-07-3 had a
significantly lower resistance. As the principal behaviour and failure modes of this specimen
were the same as for other tests with CP60 decking, this result is assumed to be an outlier.
Specimens 1-07-1 and 1-07-2 reached their first peak load at in average 85.2 kN per stud
and about 2.5 mm to 4 mm slip. These values correlate well with specimen 1-06-3. Specimen
1-07-3 reached only 70.6 kN per stud at about 2.5 mm slip. Further loading lead to rib punch
through failure. After the second peak load was reached, the specimens failed either by stud
failure or concrete pull-out. The displacement at failure increased by more than 15mm in
comparison to specimen 1-06-3. Like specimen 1-06-3, the tests in series 1-07 showed a
more pronounced first load peak than tests with lower concrete strengths.
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Table 4.7: Test results for series 1-07.

1 2 3 1-07
Fom [NNmm?Z]  45.09  40.87 4259 42.85
Eem [N'mm2] 26000 27500 28000 27166
fu [N/mm?] 551 551 551 551
ny [-] 1 1 1 1
d [mm] 2212 2214 2214 2213
hse [mm] 123.24 124.63 124.26 124.04
P [KN] 357.00 371.08 299.08 342.39
¢ [KN] 89.25 9277 7477 85.60
p [KN] 33524 346.08 280.84 320.72
estatic N/stud]  83.81 86.52 70.21  80.18
Pr [kN]  82%var. 30 30
e [mm] 380 380 380

SF SF
Failure CPO CPO  CPO

RPT RPT  RPT

4.4.7 Series 1-08

In series 1-08, CF80 decking was used. Pairs of shear studs per rib with 19 mm diameter and
125 mm hight were welded through the decking. The slabs had a single layer of reinforcement.
A recess was not used in these tests. All specimens had tension ties applied. The specimens
1-08-1 and 1-08-2 had loose tension ties with low tension forces, shown in Figure 4.9.
Because of the observed slip of the tension ties, a stronger preload was used in specimen
1-08-3, as shown in Figure 4.10.

The test results are summarised in Table 4.8 and Figure 4.23 shows the obtained load-slip

curves.

Table 4.8: Test results for series 1-08.

1 2 3 1-08'
fem [N/mm?] 4222 4222 4243 42221
Eem [N'mm?] 26500 26500 26400 26466'
fu [N'mm2] 551 551 551 551
N [] 2 2 2 21
d [mm] 19.06 19.07 19.07 19.07'
e [mm]  117.37 117.50 117.91 117.44
P [kN] 364.16 368.72 386.08 366.44'
€ [kN/stud] 45.52  46.09 48.26  45.81'
P [kN] 342.40 346.64 367.36 344.52!
estalic IkN/stud] 42.80 43.33 4592  43.07'
Restraint weak weak  strong
e [mm] 250 250 250
Failure RPO RPO RPO

! Average of tests 1 and 2

The specimens 1-08-1 and 1-08-3 showed a similar linear stiffness even though the tension

force in the tension ties was different (see Figure 4.23).
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Figure 4.23: Load-slip curves for series 1-08.

Specimen 1-08-2 had an initially higher stiffness. At a load of about 270 kN, a horizontal crack
in the concrete topping was observed above the bottom rib, as shown in Figure 4.24. This
was a secondary failure due to the rotation of the bottom rib. For further loading, specimen
1-08-2 had a decreased stiffness and converged towards specimens 1-08-1 and 1-08-3.

With the exception of the rotational failure in specimen 1-08-2, all three specimen showed a
linear behaviour until a test load of about 360 to 390 kN was reached (see Figure 4.23). At
this point, all three specimens showed a sudden loss of stiffness and in case of specimens
1-08-1 and 1-08-2, a decrease of the test load was observed. Diagonal cracks at the sides of
the ribs were observed, as can be seen at the upper ribs in Figure 4.25.

Figure 4.24: Rotation of supporting. Figure 4.25: Specimen 1-08-2 after testing.
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4 Conducted push-out tests

Figure 4.26: Typical crack pattern on the Figure 4.27: Failure cone of the ribs in speci-
slabs. men 1-08-2.

Figure 4.28: Failure cones shown on the slab. Figure 4.29: Typical shear stud deformation.

Further displacement led to an increase of the test load in specimen 1-08-3 to about 520
kN. For specimens 1-08-1 and 1-08-2, the load-slip curves scattered around 370 kN. For
all specimens, it was observed that the slabs bulged outwards at mid height of the slabs,
as shown in Figure 4.25. This bending deformation lead to the development of a horizontal
crack at mid-height of the slabs (see Figure 4.26). In addition, the low tension in the tension
ties in specimens 1-08-1 and 1-08-2 led to a slip of the bars into the holes. This slip was
prevented by the stronger tension in the ties in specimen 1-08-3.

The observed differences in the load-slip behaviour were due to the loading of the tension
ties. The stronger fixations in specimen 1-08-3 increased the tension forces in the bars, which
strongly improved the load-displacement behaviour. This showed, that specimens with CF80
decking were very sensitive for the boundary conditions and transverse loading.

When the specimens were demounted, it was observed that a concrete cone, as shown in
Figures 4.27 and 4.28, had developed at failure. Furthermore, the shear studs showed only
one plastic hinge above the weld collar, as shown in Figure 4.29.

It is assumed that the concrete cones failed, when the cracks at the side of the ribs were
observed. This was the case at a load of 360 kN to 390 kN and about 1 mm to 2 mm slip.
Because of the small slip, it is assumed that the tension force in the stud was too small to
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4.4 Test results

cause concrete pull-out failure. The deformation of the studs indicated that the failure of the
concrete cone was rather a rotational failure than a tensile failure. This failure mode is further
referred to as rib pry-out failure (RPQO). The test load that was reached when rib pry-out failure
was observed is assumed as the resistance of the shear connection.

The failure mode explains the drop-off in the loads of specimens 1-08-1 and 1-08-2, because
the load-bearing mechanism changed and the forces must be redistributed. After rib pry-out
failure, friction and aggregate interlock at the failure surface bear the load. This explains the
improved load-slip behaviour of specimen 1-08-3, because the frictional resistance increased
with the force in the tension ties.

4.4.8 Series 1-09

CF80 decking was used in series 1-09. Pairs of shear connectors with 19 mm diameter
and 125 mm height were welded through the decking. The slabs had a single layer of
reinforcement and were cast without a recess.
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Figure 4.30: Load-slip curves for series 1-09.

Specimen 1-09-1 was loaded with a constant concentric transverse load of 8.8 kN. Rib pry-out
failure occurred at a test load of 338.2 kN. The obtained load slip-curve, see Figure 4.30, was
similar to specimens 1-08-1 and 1-08-2. Due to the controlled transverse loading, the load
after failure was less fluctuant and remained at a value of about 300 kN until a slip of 18 mm.
For further displacement, the load increased slightly and finally dropped when debonding of
the stiffeners on top of the decking was observed.

Specimen 1-09-2 was scheduled to be loaded with a constant concentric transverse load of
17.5 kN. Initially, the specimen performed similar to specimen 1-09-1 and cracks in the ribs,
indicating the occurrence of rib pry-out failure, were observed at a load of 402.6 kN. However,
the test load further increased to about 590 kN. It was observed that the displacement
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Table 4.9: Test results for series 1-09.

1 2 3 1-09'
fem [Nmm?] 4259 4259 4259 4259
Eem [N/mm?] 28000 28000 28000 28000
fu [N'mm?] 551 551 551 5511
Ny [-] 2 2 2 21
d [mm] 19.09 19.12  19.09  19.10'
e [mm]  118.84 117.80 118.82 118.49'

[kN] 338.24 402.56 385.52 394.04'
[kN/stud] 42.28 50.32 48.19  49.26'
P [kN] 312.88 371.20 367.36 369.28'
estatic  iN/stud]  39.11  46.40 4592  46.16'

Pe

Pr [kN] 8.8 1752 17.5°
e [mm] 0 0 0
Failure RPO RPO RPO

! Average of tests 2 and 3
2 Unwanted clamping increased Pr

capacity provided in the clamping device was not sufficient. The frame restrained the bulging
of the slabs. Because of this clamping, the tension ties may have taken significantly higher
loads than the 17.5 kN applied to the frame by the hydraulic jack. At a displacement of about
22 mm, the specimen was unloaded and the force of the horizontal jack was removed. The
specimen was then reloaded and reached again a resistance of about 600 kN. This proved
that the clamping of the test frame introduced a transverse load significantly higher than 17.5
kN.

Specimen 1-09-3 was conducted to reproduce the results of specimen 1-09-2. A constant
concentric transverse load of 17.5 kN was applied and the displacement capacity of the
clamping device was adjusted as for test 1-09-2. Until rib pry-out failure occurred at a load
of 385.5 kN, the specimen showed the same behaviour as the previous tests. As for test
1-09-2, the displacement capacity of the frame was insufficient and the test load increased
up to about 590 kN because of the clamping of the frame. At a slip of about 6 mm, the
specimen was unloaded and then reloaded with half of the transverse load. The test load
increased again to about 590 kN. The procedure was repeated without applying a force by the
horizontal jack, which still did not remove the clamping of the frame. Then the specimen was
unloaded and the tension ties were loosened to allow a horizontal displacement of about 15
mm. Specimen 1-09-3 could then be reloaded to about 400 kN. The test load then dropped
to about 280 kN because the clamping was removed. At a slip of about 15 mm, specimen
1-09-3 was again unloaded and reloaded with the full transverse load of 17.5 kN. The test
load could then be increased to about 490 kN.

The observations during testing and when the specimens were dismounted confirmed the
occurrence of rib pry-out failure for all tests.

The results of this series showed:

» The specimens with CF 80 decking are very sensible for transverse loading.

+ Too high transverse loads could increase the resistance of a specimen to an unrealistic
behaviour.
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4.4 Test results

4.4.9 Series 1-10

Series 1-10 used CF80 decking with through deck welded pairs of studs. The studs had a
diameter of 19 mm and a height of 125 mm. A single layer of reinforcement was used. A
recess was not used.

Based on the significant influence of the transverse load in series 1-08 and 1-09, the degree
of transverse loading was varied within series 1-10 to further investigate this influence.
Specimen 1-10-1 was a repetition of tests 1-09-2 and 1-09-3. This means that a constant
transverse load of 17.5 kN was applied to the specimen. In specimen 1-10-1 a displacement
capacity of 30 mm was chosen for the clamping device. Therefore, the slabs could bulge
without increasing the transverse load until a horizontal displacement of 15 mm would be
reached by each slab. In specimen 1-10-2, the transverse load was reduced to 13.2 kN.
Finally, test 1-10-3 was conducted without transverse loading or tension ties at all. The
already presented specimen 1-09-1 completed this investigation with a transverse load of 8.8
kN.

The results of this series are summarised in Table 4.10. The obtained load-slip curves are
shown in Figure 4.31 and show that there was a significant influence of the transverse loading
on the shear connections behaviour.
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Figure 4.31: Load-slip curves for series 1-10.

All specimen exhibited rib pry-out failure at a slip of about 1.5 to 2.5 mm.

Specimen 1-10-3, without transverse loading, failed at a load of 283.7 kN. Specimen 1-10-2
with 13.2 kN transverse load reached 371.5 kN, which is an increase of about 31%. For
specimen 1-10-1 with 17.5 kN transverse load, the failure load increased by about 29% to
365.1 kN. To complete this, specimen 1-09-1 with 8.8 kN transverse load reached an about
10% higher resistance of 312.9 kN compared to specimen 1-10-3.

The beneficial influence of the transverse load on the failure load, P., appeared to be limited
for higher transverse loads. When tests 1-10-1 and 1-10-2 are compared, they showed
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Table 4.10: Test results for series 1-10.

1 2 3
fem [Nmm?] 4259 4259 4259
Eem [N/mm?] 28000 28000 28000
fu [N'mm?] 551 551 551
Ny [] 2 2 2

d [mm] 19.11  19.09 19.10
hse [mm]  118.64 118.11 118.24

[kN]  365.12 371.52 283.68
[kN/stud] 45.64 46.44 35.46
p [kKN]  326.00 314.32 249.76
estatic IkN/stud] 40.75 39.29  31.22

Pr [kN] 17.5 13.2 0
e [mm] 0 0 0
Failure RPO RPO RPO

only a minor difference of the failure load. However, the static resistance, P, siqtic, Which
was determined immediately after the observation of rib pry-out failure, kept increasing with
transverse load.

In addition, higher transverse loads significantly improved the behaviour after rib pry-out
failure in all cases. It was assumed that the shear forces were carried by frictional resistances
and aggregate interlock after the occurrence of rib pry-out. Thus, the additional compression
at the failure surface because of the transverse load improved the post-failure behaviour. A
more in depth discussion on the influence of transverse loading will be given in section 5.3.

4.4.10 Series 1-11

Series 1-11 used CF80 decking with through deck welded pairs of studs of 19 mm diameter
and 125 mm height. The slabs had a single layer of reinforcement and were fabricated
without a recess.

In this series, the influence of an eccentricity of 380 mm of the transverse load was investi-
gated. Eccentric transverse loading was chosen to consider the negative bending moments
of the slab and reproduce more realistic stress conditions in the concrete.

For specimen 1-11-1, a variable transverse load of 3.8% of the test load was applied to each
slab. This is a degree of transverse loading of 7.6% per shear interface. The specimens
1-11-2 and 1-11-3 had a constant transverse load of 17.5 kN applied to each slab.

The obtained load-slip curves are shown in Figure 4.32. Table 4.11 summarises the test
results.

For all three specimens, rib pry-out failure was observed at a test load of 394.6 to 437.1 kN
and a slip of 2.5 to 4.4 mm. These results correspond well with the failure of the concentric
loaded specimen 1-10-1 at 365.1 kN. Likewise, the post-failure behaviour was significantly
improved, as the test load could be increased up to 470 kN. Similar observations were made
for specimen 1-10-1. There was no significant influence of eccentric transverse loading
compared to concentric transverse loading in specimen 1-10-1. An in depth comparison of
concentric and eccentric transverse loading will be given in section 5.4.

Considering the influence of applying variable or constant transverse loads, no significant
difference of the behaviour was observed.
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Figure 4.32: Load-slip curves for series 1-11.

Table 4.11: Test results for series 1-11.

1 2 3 1-11
Fom INNmm?] 4259 4259 4259 4259
Eem [N'mm?] 28000 28000 28000 28000
fu [N/mm?] 551 551 551 551
ny [] 2 2 2 2
d [mm] 19.08  19.08 19.08 19.08
hse [mm] 119.40 118.74 11857 118.90
P [KN] 43712  421.44 394.64 417.73
¢ [kN/stud]  54.64  52.68 49.33 5217
p [KN] 41128 368.32 365.68 381.76
estatic iN/stud]  51.41 46.04 4571  47.72
Pr [kN]  3.8%var. 175 175
e [mm] 380 380 380 380
Failure RPO RPO  RPO
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Because of the strong beneficial influence of the transverse loading on the post-failure
behaviour of tests with CF80 decking, the reasonability of the internal forces and moments
must be considered. Assuming a typical span of about 4.50 m for composite slabs with CF80
decking , the transverse load of 17.5 kN corresponds to a load of 4.42 kN/m? in a building:

9B POT = " " T 7 0.9-4.50

where:

Pr 1 175

= 4.42 KN/m?

H Height of the slab in the push-out test
L Assumed span of the real composite slab
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This is close to the characteristic load for quasi-permanent loading, assuming 1.0 kN/m?
surcharge, 2.0 kN/m? live load and 1.2 kN/m? for partition walls:

Gk + P - g = (0.106 - 25 + 0.16 + 1.0) + 0.3 - (2.0 + 1.2) = 4.77 kN/m?

Therefore, the concentric transverse load of 17.5 kN is a reasonable realistic value.

For eccentric transverse loading, the bending moment of the slab has to be considered in
addition. The eccentricity of 380 mm was chosen to limit the size of the specimens and leads
to a negative bending moment of 1.1 kN per rib in the push-out test:

P 17. .
MEJ:OT:7T~e~%:775-0.380~%:1.1kNm

where: e Eccentricity of the transverse load
a Spacing of the ribs

Assuming the same load in a building, a bending moment of 3.4 kNm per rib is obtained for a
slab with two spans:

L2 4.502

MEg siab = qE,POT - 5 a= 4.42 . -0.30 = 3.4 kNm

This is significantly more than the bending moment applied in the push-out specimens. This
is relativised by the moment-redistribution, as the specimens were designed to reflect the
common practice of designing the composite slab as single span systems. For design, it
is assumed that the negative (hogging) moment is completely redistributed to the positive
(sagging) moment. The reinforcement layer only serves to distribute the cracks. A more
realistic assumption is that the hogging moment is equal to the bending resistance of the
composite slab, Mp;, of about 3.3 kNm per rib, as follows:

Z=a,-f, a=188% 50 0.300 = 28.2 kN
Z 98.2

P by 4.26-12

Mp; =7 - (hp—l-Cv—i-ds—l—ds/Q—xpL/Q)

=0.552 cm

>> Mg por

Mp; =282 (84 3+ 0.6+ 0.6/2 — 0.552/2) - 102 = 3.3 kNm {
< ME,slab

where: Z Tensile resistance of reinforcement
as Cross-section area of reinforcement
fy Yield strength of reinforcement
xzpr, Height of rib in compression
by, Width of the rib at the bottom
cy Concrete cover for reinforcement
ds Diameter of reinforcement bars

In a real building, the negative moment would be larger than the slabs bending resistance.
Therefore, this moment would be redistributed and result in significant cracking of the slab as
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well as in a large rotation of the slab along the composite beam. Eventually, the rotation could
cause the cracks at the rib pry-out cone to partially open. In this case, the shear connection
could not benefit from additional friction at the failure surface for the post-failure behaviour.
On the other side, it could be possible that the high rotation even increases the interlock
between the failure surfaces. Because the composite slabs were able to resist the too small
hogging moment applied in the push-out tests the rotation of the slabs was smaller than
for a real slab. Therefore, it is arguable if the load-slip behaviour, as shown in Figure 4.32,
develops. Further investigation considering a realistic displacement of the composite slab
would be necessary.

4.4.11 Series 3-01

The specimens in this series used CF80 decking with pairs of studs welded through the
decking. The studs were of 19 mm diameter and 125 mm hight. The slabs had two layers of
reinforcement. The bottom layer was placed directly on the decking, which is 15 mm above
the rib because of the stiffener on top of the profile. The bottom layer was placed 15 mm
lower than in tests with a single layer of reinforcement. A recess was not used.

Specimens 3-01-1 and 3-01-2 were conducted with tension ties using the strong type of
fixation to further investigate the influence of these restraints. Therefore, the forces in the
tension ties were measured. Specimen 3-01-3 the was conducted without tension ties.

The obtained load-slip curves are shown in Figure 4.33 and Table 4.12 summarises the test
results.
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Figure 4.33: Load-slip curves for series 3-01.

For all three specimens, rib pry-out failure was observed at a load of about 380 to 440 kN.
The slip was between 1.5 and 2.2 mm. After rib pry-out failure was observed, the load-slip
behaviour strongly differed between the tests with tension ties and the test without tension
ties.
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Table 4.12: Test results for series 3-01.

1 2 3 3-01'
fem [Nmm?] 46.00 46.00 40.43 46.00'
Eem [N'mm?] 26900 26800 26800 26833’
fu [N'mm?] 551 551 551 551"
Ny [-] 2 2 2 2
d [mm] 19.07 19.06 19.07 19.07'
e [mm]  118.49 117.38 118.33 117.94!

[kN] 37851 439.36 42224 408.94
[kN/stud] 47.31 54.92 52.78 51.12!
p [kN]  310.88 413.28 378.56 362.08
estatic kN/stud] 38.86 51.66 47.32  45.26'

Pe

Restraint strong  strong n.a.
e [mm] 250 250 n.a.
Failure RPO RPO RPO

' Average of tests 1 and 2

Without tension ties, the test load fell below 300 kN. Then a second peak of about 360 kN
developed before the load dropped to an almost constant value between 264 to 297 kN. As
the test load decreased by about one fourth of the observed maximum load before 6 mm slip
were reached, the load-slip behaviour is not ductile according to [DIN EN 1994-1-1, 2010].

In the tests with tension ties, the load further increased to about 590 kN after rib pry-out
failure was observed. After ultimate load was reached, the test load decreased continuously.

The measured forces in the tension ties are shown in Figures 4.34 and 4.35. It can be seen
that the forces in the two tension ties at the bottom of the slabs were two to three times the
force of the bars at the top.
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Figure 4.34: Measured forces in the tension ties for specimen 3-01-1.

For specimen 3-01-3, the sum of the tension forces was 35.1 kN when rib pry-out was
observed. This was about 19% of the shear force per side. As shown in the study presented
in section 4.1, this was still a reasonable value for the transverse load. For the post-failure
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Figure 4.35: Measured forces in the tension ties for specimen 3-01-2.

behaviour the sum of the tension forces increased to about 240 kN, which is even higher than
the shear force per slab. Due to this high transverse compression, the very high test loads
during post-failure behaviour are not realistic. Similar observations were made for specimen
3-01-2. There the sum of the tension forces was abut 22% of the shear force per side when
rib pry-out failure was observed.

The results of these tests showed that the application of tension ties strongly influenced the
load-slip behaviour. The very high forces in the two bars at the bottom of the slab show that
the application of a tension tie is reasonable to prevent the secondary failure of horizontal
sliding of the slab at the support. Tension ties could lead to unrealistic high compression
at the shear interface. It would be reasonable to include a damping element to ensure
realistic forces in the bars. The use of disc springs could provide a sufficient non-linear
load-displacement curve to restrain the tension forces to reasonable values even at high
displacements.

4.4.12 Series 3-02

Specimen 3-02 used pre-punched CF 80 decking. Pairs of shear studs per rib were welded
directly to the flange of the beam. The stud diameter was 19 mm and the nominal height was
125 mm. The height of the stud after welding of about 123 to 124 mm was approximately 5
mm larger than for through deck welded studs. The slabs had a single layer of reinforcement
and a recess was not applied. The test was conducted without tension ties or transverse
loading.

The test results are shown in Figure 4.36 and Table 4.13.

Specimen 3-02 failed by rib pry-out failure at a load of 296 kN and 1.2 mm slip. The test load
then fel to about 250 kN and retained this load until about 18 mm slip were reached. For
further loading, the test load continuously decreased and the test was aborted when the load
had decreased to 100 kN.

As the decrease of the test load after rib pry-out failure is about 15% of the ultimate load,
specimen 3-02 was not ductile according to [DIN EN 1994-1-1, 2010].
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Figure 4.36: Load-slip curves for series 3-02.

Table 4.13: Test results for series 3-02.

3-02
fem [N'mm?]  42.62
Eem [N'mm?3] 28000
fu [N'mm?] 551
Ny [-] 2
d [mm] 19.08
hse [mm] 123.44
P [kN] 296.00
¢ [kN/stud]  37.00
P [kN] 279.20
estatic IKN/stud]  34.90
Failure RPO

4.4.13 Series NR1

In series NR1 , CF80 decking was used. Single stud of 19 mm diameter and 125 mm height
were welded through the decking. The slabs had a single layer of reinforcement. The optional
recess was not used.

This series investigated not only he number of shear studs per rib and the degree of concentric
transverse loading. Test NR1-1 was conducted without tension ties or transverse loading.
In specimen NR1-2, a constant concentric transverse load of 8.8 kN was applied. This was
increased to 17.5 kN for specimen NR1-3.

The test results are shown in Figure 4.37 and Table 4.14.

All three specimens exhibited rib pry-out failure at about 280 to 316 kN. The observation of
this failure mode was not surprising, because it was typical for all previous tests with CF80
decking. The resistance of the specimens was in average 80 kN smaller than for pairs of
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4.4 Test results
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Figure 4.37: Load-slip curves for series NR1.
Table 4.14: Test results for series NR1.
1 2 3
feom IN'mm?]  44.11 45.70 44.70
E., [N/mm?] 25600 25600 25600
fu [N/mm?] 551 551 551
Ny [] 1 1 1
d [mm] 19.09 19.09 19.10
hse [mm] 121.31 121.18 120.99
p [kN] 316.29 299.97 281.85
¢ [kN/stud]  79.07 74.99 70.46
p ' [kN] 287.37 271.70 259.47
estatic—KN] 71.84 67.93 64.87
Pr [kN] 0 8.8 17.5
e [mm] 0 0 0
Failure RPO, SF RPO,SF RPO, SF

studs per rib. This was assumable as the size of the failure cone was reduced.

For all specimens, stud failure was observed at about 15 to 20 mm slip. The studs failed
inside the weld collar and showed high porosity in the welding area, as shown in Figure 4.38.

Specimen NR1-1 without transverse loading and specimen NR1-2 with 8.8 kN transverse
loading showed only minor differences in their load-slip behaviour. Specimen NR1-3 with
17.5 kN transverse load showed a significantly smaller test load. The test load was about 25

to 50 kN smaller than for specimen NR1-1.
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4 Conducted push-out tests

(a) Failure surface on the beam. (b) Failure surface on the slab and damaged decking.

Figure 4.38: Failed studs in series NR1 with high weld porosity.

4.5 Concluding remarks

The conducted push-out tests used two different deck heights: 58 mm and 80 mm. For each
height, typical failure modes were observed.

The shear connectors in 58 mm deep CP60 decking typically developed a load-slip behaviour
with two load peaks. The first peak load was defined by the development of two yield hinges
in the stud shank, as described by [Lungershausen, 1988]. Further loading lead to a second
peak load, after which either concrete pull-out or stud failure were observed.

The general behaviour of shear studs with this failure mode did not change when transverse
loading was applied. The first peak load did not change significantly for higher degrees of
transverse loading or eccentric transverse loading. For the second load peak, higher loads
were obtained and the slip at failure decreased when the degree of transverse loading was
increased. Eccentric transverse loading decreased the second peak load significantly. The
strongest influence on the load-slip behaviour and resistance of the shear connection in
CP60 decking was observed by the increase of the concrete strength. This lead to higher
resistances and significantly smaller slip at failure. In all cases, the behaviour of studs in
CP60 decking can be assumed as ductile.

For shear connectors in 80 mm deep CF80 decking, typically a load-slip behaviour with one
load peak developed. The typical failure mode was rib pry-out failure. This is the failure
of a concrete cone at a small slip. The load-slip behaviour after rib pry-out failure strongly
depends on contact forces, friction and aggregate interlock at the failure surface. Therefore,
a significant influence of transverse loading on the load-slip behaviour was observed. The
results of series 1-09 and 3-01 showed, that transverse loading as well as tension ties must
be applied with conciousness. For series 1-09, an insufficient displacement capacity of
the test frame lead to unwanted clamping and increased the transverse compression. The
force measurements at the tension ties in series 3-01 showed, that clamping could lead to
transverse compression forces of up to 240 kN per shear interface. This lead to unrealistic
high test loads. Typically, rib pry-out failure lead to a significant decrease of the test load,
as the load bearing mechanism changed. As soon as the ’frictional’ mode was established,
all tests with CF80 decking showed a ductile behaviour. However, it is assumable that the
studs will be classified as non-ductile in some cases, because of the load drop when the load
bearing mechanism changes.
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5 Discussion of push-out test results

5.1 Evaluation according to EN 1994-1-1 Annex B2

Instead of performing a statistical analysis, [DIN EN 1994-1-1, 2010] Annex B2 allows a
simplified method to determine the characteristic resistance, Pgy, and slip capacity, d,, out
of push-out test results.

To do this, a series of at least three tests with identical nominal properties is required. The
resistance of each test must not deviate from the mean value of all tests by more than 10%.
Then the characteristic resistance, Pgy, of the test series is the minimum resistance reduced
by 10%. For each specimen, the displacement capacity, J,,, is determined as the maximum
slip when the test load drops below Pgy, as shown in Figure 2.21. The characteristic value,
Ouk, is then the minimum value reduced by 10%.

The conducted push-out test programme does not test 3 similar tests for each investigated
parameter, as follows:

» The influence of using pre-punched decking instead of through deck welded studs was
investigated with only one test.

» Specimen 1-06-3 had a higher concrete strength than the other two tests of series 1-06.

« In tests with CF80 decking, the transverse loading had a strong influence on the
load-slip behaviour and was varied within series 1-09, 1-10 and NR1.

» The boundary conditions and application of tension ties had a large influence on the
behaviour of tests with CF80 decking and were varied in series 1-08 and 3-01.

 For series 1-07, the criterion of a 10% deviation is not satisfied, because the resistance
of test 1-07-3 is 12% smaller than the average resistance (although this is a small
exceedance of the required 10%).

Consequently, the procedure according to [DIN EN 1994-1-1, 2010] Annex B2 is formally
only applicable to series 1-04 and 1-05. For information and comparison, the procedure is
also applied to the other test series.

Series 1-06 is divided into two series to consider the higher concrete strength of test 1-06-3.
For the variation of transverse loading, no statement is given in [DIN EN 1994-1-1, 2010]
Annex B2, because transverse loads were not considered in the development of these rules.
Because transverse loading had a significant influence especially on specimen with CF80
decking, series 1-09, 1-10 and NR1 are additionally divided according to the different degree
of transverse loading. Likewise, the variation of the boundary conditions in series 1-08 and
3-01 is considered by dividing these into separate series per boundary condition.

The evaluation of the characteristic resistances and displacement capacity of the conducted
push-out tests is summarised in Tables 5.1 and 5.2.

71



5 Discussion of push-out test results

Table 5.1: Characteristic resistances, Pgry and Pry static, Of the conducted push-out tests
according to [DIN EN 1994-1-1, 2010] Annex B2.

Test results EN 1994-1-1, B2
Series [ Deck d Ny fcm Pe Pe,static PRk PRk,static
[mm] [] [N/mm?] [kN/stud] [kN/stud] [kN/stud] [kN/stud]
1 RD80 19 1 45.80 116.41 108.41
PV 2 RD80 19 1 45.80 106.66 99.11 95.99 89.20
1 CP60 22 1 30.62 73.94 70.44
1-04 2 CP60 22 1 30.89 73.61 65.63 61.79 58.53
3 CP60 22 1 30.91 68.66 65.03
1 CP60 22 1 30.71 69.95 66.40
1-05 2 CP60 22 1 30.71 79.15 69.63 62.96 59.76
3 CP60 22 1 32.55 74.43 70.86
1 CP60 22 1 29.94 73.11 68.89
1-06 2 CP60 22 1 31.06 70.13 65.69 63.12 59.12
1-06 3 CP60 22 1 43.96 90.31 83.44 81.28 75.10
1 CP60 22 1 45.09 89.25 83.81
1-07 2 CP60 22 1 40.87 92.77 86.52 67.29 63.19
3 CP60 22 1 42.85 74.77 70.21
1 CF80 19 2 42.22 45.52 42.80
1-08 2 CF80 19 2 42.22 46.09 43.33 40.97 38.52
1-08 3 CF80 19 2 42.43 48.26 45.92 43.43 41.33
1-09 1 CF80 19 2 42.59 42.28 39.11 38.05 35.20
2 CF80 19 2 42.59 50.32 46.40
109 3 cre0 19 2 4259 48.19 45.92 43.37 41.33
1-10 1 CF80 19 2 42.59 45.64 40.75 41.09 36.68
1-10 2 CF80 19 2 42.59 46.44 39.29 41.98 35.36
1-10 3 CF80 19 2 42.59 35.46 31.22 31.91 28.10
1 CF80 19 2 42.59 54.64 51.41
1-11 2 CF80 19 2 42.59 52.68 46.04 44.40 41.14
3 CF80 19 2 42.59 49.33 45.71
1 CF80 19 2 46.00 47.31 38.86
3-01 2 CF80 19 2 46.00 54.92 51.66 42.58 34.97
3-01 3 CF80 19 2 40.43 52.78 47.32 47.50 42.59
3-02 1 CF80 19 2 42.62 37.00 34.90 33.30 31.41
NR1 1 CF80 19 1 44 11 79.07 71.84 71.16 64.66
NR1 2 CF80 19 1 45.70 74.99 67.93 67.49 61.14
NR1 3 CF80 19 1 44.70 70.46 64.87 63.41 58.38
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5.1 Evaluation according to EN 1994-1-1 Annex B2

Table 5.2: Characteristic displacement capacity according to [DIN EN 1994-1-1, 2010] Annex

B2, .k, and second intersection, .9, of the conducted push-out tests .

Series i Deck d Ny fcm PRk 6u 5uk 5u2 5u2k
[mm] [] [N/mm?] [kN/stud] [mm] [mm] [mm] [mm]
1 RD80 19 1  45.80 7.86 -
PV 2 RD80 19 1 4580 999 5o 457 - i
1 CP60 22 1 30.62 67.62 -
1-04 2 CP60 22 1  30.89 61.79 61.48 55.33 - -
3 CP60 22 1  30.91 68.65 -
1 CP60 22 1  30.71 62.08 -
1-05 2 CP60 22 1  30.71 62.96 61.64 51.62 - -
3 CP60 22 1 3255 57.35 -
1 CP60 22 1 29.94 71.07 -
106 5 Gpeo 22 1 31.06 6312 4597 9997 | i
1-06 3 CP60 22 1  43.96 81.28 41.37 37.23 - -
1 CP60 22 1  45.09 58.73 -
1-07 2 CP60 22 1  40.87 67.29 68.03 52.86 - -
3 CP60 22 1 4285 67.42 -
1 CF80 19 2 4222 3.26 23.21
108 5 Grgo 19 2 4222 4097 501 271 545 OO4
1-08 3 CF80 19 2 4243 4343 2527 22.74 - -
1-09 1 CF80 19 2 4259 38.05 759 6.83 - -
2 CF80 19 2 4259 - -
109 5 Grso 19 2 4259 43.37 - ) - i
110 1 CF80 19 2 4259 41.09 2574 23.17 - -
110 2 CF80 19 2 4259 4198 511 460 9.05 8.15
1-10 3 CF80 19 2 4259 31.91 5.04 454 897 8.07
1 CF80 19 2 4259 16.86 -
111 2 CF80 19 2 4259 4440 2052 15.17 - -
3 CF80 19 2 4259 22.32 -
1 CF80 19 2  46.00 32.88 -
30T 5 Grs0 19 2 46.00 4298 gp 3y 2599 - i
3001 3 CF80 19 2  40.43 4750 239 2.15 - -
3-02 1 CF80 19 2 4262 3330 1.80 1.62 - -
NR1 1 CF80 19 1  44.11 7116 368 3.31 822 7.40
NRT 2 CF80 19 1 4570 6749 500 450 1353 12.18
NR1 3 CF80 19 1 4470 63.41 327 294 - -
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5 Discussion of push-out test results

The characteristic resistance, Pg;, is determined as the minimum value of P, in a series
reduced by 10%. The static value of the characteristic resistance, Pry stqtic, iS the minimum
value of P, st reduced by 10%. The evaluation shows that for CP60 decking and a concrete
strength of about 30 N/mm? the characteristic resistance is 61.8 to 63.1 kN. This shows
that there was no significant influence of the investigated degree of transverse loading and
eccentricity on the resistance of these tests. The higher concrete strength in test 1-06-3
results in a characteristic resistance of 81.3 kN. This is 18.2 kN more than for the two tests
with the lower concrete strength in series 1-06. These two tests had an average concrete
strength of 30.5 N/mm?. The concrete strength in test 1-06-3 was 44% higher, which lead to
an increase of Pry of 29%. [DIN EN 1994-1-1, 2010] considers the influence of the concrete
strength by v/ fex - Ecm. For the measured values an increase of 32% is predicted, as follows:

143.96 -
3.96 - 25900 139
30.50 - 21300
This is reasonable close to the observed change of the characteristic resistance.

For series 1-07, a characteristic resistance, Pry, of only 67.3 kN is obtained, because of the
low resistance of specimen 1-07-3. If only the first two tests are considered, a value for Pry,
of 80.3 kN would be obtained, which is close to the characteristic resistance of specimen
1-06-3 of 81.3 kN. This was expectable, because of the marginal influence of transverse
loading.

For the tests in series 1-08 to 3-02, which used CF80 decking and pairs of studs per rib, the
characteristic resistance, Pry, is between 31.0 and 47.5 kN per stud. It can be observed
that the presence of transverse loads, which were either directly applied or developed by
tension forces, had a significant influence on the resistance. Without transverse loads and
tension ties, the characteristic resistance, Pgy, is 31.0 to 33.3 kN (see tests 1-10-3 and 3-02
in Table 5.1). This increased to between 38.0 and 44.4 kN when transverse loads or tension
ties were applied. Specimen 3-01-3 with two layers of reinforcement and no tension ties had
a characteristic resistance of 47.5 kN. The other two tests in series 3-01 had tension ties and
reached a characteristic resistance, Pry, of 42.6 kN per stud. Comparing the resistance P,
in series 3-01, it appears that the small value of Pg; in the first two tests is because of the
small resistance identified for specimen 3-01-1.

For tests in series NR1 with single studs in the ribs of CF80 decking and concentric transverse
compression, the characteristic resistance, Pry, was between 63.4 and 71.2 kN. A decrease
of the resistance was observed for higher degrees of transverse loading.

Based on the characteristic resistance, Prg, the displacement capacity, §,,, for each specimen
is determined according to Figure 2.21. The definition of §,, was originally developed for
solid slabs and may lead to a too small value for the displacement capacity when deep
steel decking is used. This is especially true for the tests with CF80 decking. The change
of the load bearing mechanism after the observation of rib pry-out failure typically was
accompanied by a very localised drop of the test load. This drop lead to very small values
of the displacement capacity, §,, in some cases. In most cases, the test load increased
again to a load that was larger than Pr; and a second intersection, d,2, could be found at a
significantly larger slip. The load-slip curve of specimen NR1-1, shown in Figure 5.1, is an
example for one of this cases.

Some of the tests, for example specimen 3-01-3, did not show a second intersection of
the load-slip curve with Prr. Nevertheless, these test showed a ductile behaviour as the
load-slip curves did not show a significant decrease of the resistance. Diagrams showing
the readings of the displacement capacities for all tests are presented in Appendix C. The
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5.1 Evaluation according to EN 1994-1-1 Annex B2

obtained displacement capacities J,, and §,2 are summarised in Table 5.2. The characteristic
values d, and d,op, are obtained by reducing the minimum values of §,, and .2 by 10%.

The evaluation of the displacement capacity for specimens with CP60 decking shows a very
ductile behaviour for all tests. Comparing specimen 1-06-3 to the other specimens in series
1-06 and to series 1-07, the concrete strength and the slab hogging moment can be identified
as the major influences on the displacement capacity. Within series 1-06, it was observed
that the higher concrete strength leads to a 37% smaller characteristic displacement capacity,
duk- The increase of the eccentric transverse load in series 1-07 increased the displacement
capacity by 42% in comparison to specimen 1-06-3.

Specimens with 80 mm deep steel decking show lower displacement capacities. Series PV
with RD 80 decking and 150 mm long shear studs reached only a characteristic displacement
capacity, d,, of only 4.6 mm. Specimens with pairs of 125 mm long studs in CF80 decking
reached characteristic slip capacities, d,, of 15.2 to 25.6 mm when high transverse loads
were applied. This was the case for specimens 1-08-3, 1-10-1, 3-01-1, 3-01-2 and series
1-11. Without transverse loads the characteristic slip capacity, d,x, is less than 6 mm, but
considering the second intersection of the load-slip curve with Pgy led to satisfactory slip
capacities d,,2 in most cases.

It can be concluded that the consideration of concentric and eccentric transverse loading has
a significant influence on the displacement capacity of the shear studs. Especially for deep
decking, transverse loading improves the ductility of the shear connectors. For 80 mm deep
decking this influence is not negligible because of the small displacement capacity without
transverse loading. Therefore, the application of transverse loading is required to obtain a
more realistic displacement capacity.
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Figure 5.1: Displacement capacities d,, and d,,5 for specimen NR1-1.
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5 Discussion of push-out test results

5.2 Influence of the decking and embedment depth of the stud

The type of steel decking used in the push-out tests and the resulting geometry of the shear
connection was the decisive influence on the load-slip behaviour. Other influences, such as
concrete strength or transverse loading, act as modifiers on the behaviour, but the geometry
determines the failure modes.

Figure 5.2 shows a comparison of load-slip curves for specimens with 58 mm deep decking
and 80 mm deep decking. Initially both specimens showed an identical behaviour, but when
a load of about 80 kN per stud was reached, the load-slip behaviour changed completely.
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Figure 5.2: Comparison of load-slip curves for 58 mm deep decking and 80 mm deep decking.

IR NN

Figure 5.3: Load-bearing behaviour of studs in the ribs of composite slabs for a small embed-
ment depth.

For the 58 mm deep decking, a load-slip behaviour with double curvature of the shear stud
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5.2 Influence of the decking and embedment depth of the stud

developed, as was described by [Lungershausen, 1988] (see Section 2.1.2 and Figure 2.2).

In case of the 80 mm deep decking, concrete failure of the rib occurred. The load bearing-
behaviour can be described according to Figure 5.3. The shear force, P, is divided into the
components P, and Ps.. The force P, is introduced into the concrete at the weld collar and
the force P,. remains in the stud shank and causes bending of the stud. Because of the
force P., the concrete rib is subjected to a bending effect. The rib fails at point 'a’, when
the concrete tensile strength is reached. The failure progresses along the line a-b-c until the
concrete cone has separated from the topping. This leads to a drop-off in the test load. For
further loading, the shear force P is introduced into the slab by the forces N and T along
the line b-c. The force N is in equilibrium with compression forces F that are supported by
the stud shank. The rib and the stud rotate around point d. This leads to the development
of a yield hinge in the stud. The restraint rotation of the concrete cone causes compression
forces D and contributes to the forces FF and N. At large slip, the forces F may lead to a
yield-hinge at point e. This behaviour is very sensitive to transverse loading. The load ¢
increases the contact force IV and the shear force 1" until the resistance of the forces D or £
in compression is reached. The increase of T and N develops larger shear forces P.

In [Lungershausen, 1988], this type of load-bearing behaviour was explained because of
an insufficient embedment depth of the head of stud into the concrete above the rib. To
ensure the occurrence of a failure mode according to section 2.1.2, an embedment depth
of 2d,/n, was required. For single shear studs per rib, this conforms to the requirements
of [DIN EN 1994-1-1, 2010]. The results of the conducted push-out tests show, that an
embedment depth of 2d is not sufficient to prevent the occurrence of rib pry-out failure,
because the embedment depth of the studs in tests with 80 mm deep decking was about
2.0d to 2.3d.

The reduction factors proposed by [Konrad, 2011] require an embedment depth of hs. >
1.56h,, which was not satisfied by the stud height in tests with 80 mm deep decking. In
addition, the numerical investigations in [Konrad, 2011] show a change of the correlation
functions for the reduction factor, £, for hs. = 1.56h, (see Figure 5.4). Considering the
results of the conducted push-out tests, the change of the correlation functions can be
explained by the change of the load-slip behaviour.
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Figure 5.4: Influence of the ratio h,./h, on the reduction factor & (from [Konrad, 2011]).

77



5 Discussion of push-out test results

5.3 Influence of concentric transverse loading

The push-out tests showed two different types load-displacement behaviour:

» Tests with 58 mm deep decking showed load-slip curves with two load peaks. The
failure modes were rib punch-through, concrete pull-out and stud failure.

+ Tests with 80 mm deep decking showed load-slip curves with only one load peak. The
failure mode was rib pry-out. Some tests with single studs per rib also showed stud
failure.

Because of the different load bearing behaviour, the influence of transverse loading varied.
Therefore, the influence of transverse loading will be discussed separately for each type of
load-slip curve.

5.3.1 Influence for load-slip curves with double curvature of the stud

This type of load-slip curve was observed for specimens with 58 mm deep decking. The
influence of concentric transverse loading was investigated in series 1-04 and 1-05. The
concrete strength of these specimens was between 30.6 and 32.6 N/mm?2. In Table 5.3, the
results of the tests in series 1-04 and 1-05 are summarised.
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Figure 5.5: Comparison of load-slip behaviour for different degrees of concentric transverse
loading.

The influence of the degree of concentric transverse loading on the first peak load is not
significant, as shown in Figure 5.6 and Figure 5.5. At a degree of transverse loading of about
8% the average resistance, P.,,, is 72.1 kN per stud. Doubling the degree of transverse
loading to about 16% increased the average resistance, F.,,, by only 3.4% to 74.2 kN per
stud. For the characteristic resistance, Pgy, the increase was only 1.9% from 61.8 to 63.0 kN
per stud (see Table 5.3).

Because of the different failure modes concrete pull-out and stud failure, which were observed
in tests with CP60 decking, the displacement capacities, d,,, of the tests varies by up to 7 mm
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5.3 Influence of concentric transverse loading

Table 5.3: Test results for specimens with CP60 decking and different degrees of concentric
transverse loading.

Series i Pr P, P, Pri Ou Oum Ouk
[kN/stud]  [kN/stud] [kN/stud] [kN/stud] [mm] [mm] [mm]
1 8.2% 73.94 67.62
1-04 2 6.25=8.5% 73.61 72.07 61.79 61.48 65.92 55.33
3 6.25=9.1% 68.66 68.65
1 16.4% 69.95 62.08
1-05 2 125=15.8% 79.15 74.15 62.96 61.64 60.36 51.62
3 12.5=16.8% 74.43 57.35
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Figure 5.6: Resistance P, for different de-
grees of concentric transverse
loading with CP60 decking.
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Figure 5.7: Displacement capacity 9, for
different degrees of concentric
transverse loading with CP60

decking.

within a series. The displacement capacity, d,, in series 1-04 and 1-05 was between 57.4
mm and 68.7 mm. The increase of the degree of transverse loading from 8% to 16% lead
to about a 8.4% smaller displacement capacity in series 1-05, as shown in Figure 5.7. For
the characteristic displacement capacity, d,, the decrease was 6.7%. Considering that the
displacement capacities of the tests in series 1-04 and 1-05 was very large, the influence of
the degree of transverse loading was not relevant with regards to the 6 mm ductility criterion
of [DIN EN 1994-1-1, 2010].

It can be concluded that for a load-slip behaviour with two load peaks the influence of the
degree of transverse loading on the resistance, P., and the displacement capacity, §,,, was
not relevant for design.

5.3.2 Influence for load-slip curves with single curvature of the stud

This type of load-slip behaviour was observed in tests with CF80 decking. The behaviour is
characterised by the occurrence of rib pry-out failure at a small slip. After the rib failed, the
shear force is transferred by friction and aggregate interlock at the failure surface. Therefore,
this load bearing behaviour was very sensitive to transverse loading, as can be seen in
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5 Discussion of push-out test results

Figures 5.8 and 5.9. The influence of concentric transverse loading for this type of load-slip
behaviour was investigated in series 1-09, 1-10 and NR1. Table 5.4 gives an overview of the
test results.

Table 5.4: Test results for specimens with CF80 decking and different degrees of concentric
transverse loading.
Series i n, fem Py P, Psrm Ou Ou2
[[] [N/mm?] [kN/rib] [kN/rib]  [kN/rib]  [mm]  [mm]

1-09 1 2 42.59 4.4=5.2% 84.56 83.07 7.59 -
1 2 42.59 8.8=10.8% 81.50 106.11 25.74 -
1-10 2 2 42.59 6.6=8.4% 78.58 82.95 5.11 9.05
3 2 42.59 0 70.92 68.96 5.04 8.97
1 1 44 11 0 71.84 77.16 3.31 8.22
NR1 2 1 45.70 4.4=6.4% 67.93 68.33 450 13.53
3 1 44.70 8.8=13.6% 64.87 60.56 2.94 -
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Figure 5.8: Load-slip curves at different degrees of transverse loading for CF80 decking and
pairs of studs per rib.

As can be seen in Figure 5.8, the influence of transverse loading was beneficial for test with
pairs of studs per through. Considering the failure load of the ribs, the shear resistance
increased by about 11% to 19% when transverse loads were applied, as shown in Figure 5.10.
The essential influence on the failure load appears to be the presence of transverse loading,
because the failure load did not vary significantly for higher degrees of transverse loading.
After the failure of the ribs was observed, the frictional load bearing mechanism establishes.
Figure 5.8 shows, that the test load was significantly increased at larger slips. At 6 mm slip,
the test load for specimens with transverse loading increased by up to 54% compared to
a specimen without transverse loading (see Figure 5.11). The displacement capacities d,,
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5.3 Influence of concentric transverse loading
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Figure 5.9: Load-slip curves at different degrees of transverse loading for CF80 decking and
single studs per reb.

120
—O0—n=1 - -n=2
110
5}
£ 100
<
s 90 ”
c 80 e R £ Kol ==
S N ==
(7]
(O]
4

60 95%

50

70 90%
—0
1

o
N

4 6 8 10 12
Concentric Transverse Load P+ [%]

4

Figure 5.10: Resistance P, for different degrees of concentric transverse loading with CF80
decking.

and d,,0 were also increased by transverse loading because of the larger frictional resistance
(see Figure 5.12). This increase was not significant for smaller degrees of transverse loading
because of the fluctuation in the load-slip curves (see Figure 5.8).

In case of single studs per rib, the beneficial influence of transverse loading could not be
confirmed in the tests of series NR1 (see Figure 5.9). The values for the failure load and
the load at 6 mm slip showed an adverse effect of transverse loading, because the test load
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Figure 5.11: Test load at 6 mm slip for different degrees of concentric transverse loading with
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Figure 5.12: Displacement capacity d,, for different degrees of concentric transverse loading
with CF80 decking.

decreased for higher transverse loads (see Figures 5.10 and 5.11). With regards to the
displacement capacity, the specimens NR1-1 and NR1-2 confirm the beneficial influence of
transverse loading, because d,9 increased by about 65%, as shown in Figure 5.12. But for
specimen NR1-3 no second intersection of Pg;, with the load-slip curve was found, which lead
to a displacement capacity §,, that was 64% less than without transverse loading. Considering
the load-slip curves shown in Figure 5.9, the general behaviour did not change significantly
because of transverse loading. The specimen without transverse loading and with 6.4%
transverse load showed an almost identical behaviour. For 13.6% transverse loading, the
behaviour was also almost identical until rib pry-out failure was observed.

Because the load-slip behaviour is very dependent on the failure behaviour of concrete
and frictional resistances at the failure surface, there may be a large variability of the shear
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5.4 Influence of eccentric transverse loading

resistance. Because of the large variability and small number of tests, it cannot be certainly
assumed that the influence of transverse loading was adverse for single studs. More probable
is, that the beneficial influence of transverse loading for specimens with single studs is not
as prominent as for pairs of studs and was not observed because of the assumable large
variability of the load-slip behaviour.

Because of the small number of tests in this investigation, it is not possible to give a final
conclusion for the influence of the degree of transverse loading on the resistance and
displacement capacity of the shear connection. However, it can be concluded that transverse
loading tends to improve the load bearing behaviour. This is because of for the following
points:

» Transverse loading increases the frictional resistance at the interface between steel
beam and slab.

* Rib pry-out failure is governed by the behaviour of the concrete. The additional
compression delays the concrete tensile failure. As a consequence, the failure load
increases.

 After concrete failure, the transverse compression increases the frictional forces that
can be resisted at the failure surface.

In addition, a significant influence of transverse loading was observed already at small slip
and therefore transverse loading is relevant in practice. This leads to the following conclusions
on the consideration of transverse loading:

1. Transverse loading must be considered in push-out tests to obtain a more realistic
behaviour of the shear connection when the resistance and displacement capacity are
investigated. This results in additional testing effort.

2. Alternatively, it must be ensured that rib pry-out failure does not occur and a load-slip
behaviour with two load peaks develops. This allows the conduction of push-out tests
without transverse loading, because the observed influence on the resistance was not
relevant. On the other side, more restrictive rules e.g. for a larger embedment depth of
the head of the stud would be necessary.

5.4 Influence of eccentric transverse loading

5.4.1 Influence for load-slip curves with double curvature of the stud

In series 1-06 and 1-07, push-out tests with eccentric transverse loading were conducted.
The concrete strength for specimen 1-06-3 and series 1-07 was increased. Therefore, the
concrete grade must be also considered in the evaluation of the influence of the eccentricity.

Figure 5.13 shows representative load-slip curves of a concentric compressed specimen
(1-04-1) and an eccentric compressed specimen (1-06-1) with concrete grade C20/25. For
both specimens, the degree of transverse loading was 8.2% of the shear force. It can be
seen, that there was no influence on the resistance, P,;. In this comparison, the second load
peak decreased by about 18% in the test with eccentric transverse loading. The displacement
capacity, ., increased by 5% in this example.

A comparison for different degrees of eccentric transverse loading at concrete grade C30/37
is shown in Figure 5.14. It can be seen, that a higher degree of eccentric transverse loading
did not affect the resistance, P.1, significantly. In this example, the second load peak, Pks,
increased by about 7% and the displacement capacity, §,,, increased by about 42%.
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Figure 5.13: Influence of eccentric transverse loading for C20/25 and CP60 decking.
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Figure 5.14: Influence of the degree of eccentric transverse loading for C30/37 and CP60
decking.

Table 5.5 shows an overview of the obtained test results for series 1-04, 1-06 and 1-07.

Considering the resistance, P.1, there was no significant influence of eccentric transverse
loading within each concrete grade, as shown in Figure 5.15. The lower resistance of
specimen 1-07-3 was by tendency an outlier in comparison to other tests with C30/37.
Therefore, the resistance, P.1, was about 70 kN per stud for C20/25 and about 90 kN/stud
for C30/37. The increase of P.; was 26% for a 41% higher concrete strength. Accord-
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5.4 Influence of eccentric transverse loading

Table 5.5: Overview of test results with concentric and eccentric transverse loading for CP60

decking.
Series i fcm PT Pel Pelm PeZ Pe?m 5u (Sum
[NNmm?]  [kN/stud]  [kN/stud] [KN/stud] [kN/stud] [kN/stud] [mm]  [mm]
1 30.62 8.2%* 70.44 109.75 67.62
1-04 2 30.89 6.25=8.9%? 69.63 72.07 98.91 100.78 61.48 65.92
3 30.91 6.25=9.6%% 65.03 93.67 68.65
1 29.94 8.2% 68.89 90.33 71.07
1-06 2 31.06 6.25=9.5% 65.69 .62 90.67 90.50 65.97 68.52
1-06 3 43.96 6.25=6.9% 90.31 90.31 114.96 11496  41.37 41.37
1 45.09 16.4% 89.25 123.27 58.73
1-07 2 40.87 15=16.2% 92.77 85.60 110.28 115.86 68.03 64.73
3 42.85 15=20% 74.77 114.03 67.42

8 Concentric transverse load

ing to [DIN EN 1994-1-1, 2010], the influence of the concrete strength can be considered
according to / fer Fem. If this expression is evaluated with the measured material proper-
ties, [DIN EN 1994-1-1, 2010] predicts an increase of the resistance by 33%. This is an
over-estimation of the measured influence of the concrete grade.
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Figure 5.15: Influence of eccentric transverse loading and concrete strength on the resistance.

Figure 5.16 shows the influence of eccentric transverse loading and concrete strength on the
second load peak. For concrete grade C20/25, the test results show a variation of about 20
kN per stud for the second load peak. For C30/37 concrete, the variation is about 14 kN per
stud. Within each concrete grade, the scatter of the load appears to be rather because of the
variation of the final failure mode between concrete pull-out and stud failure than because
of the eccentric transverse load. The increase of the second load peak, P.2, because of
the higher concrete strength was 14% to 28%. Therefore, [DIN EN 1994-1-1, 2010] over-
estimates the influence of the concrete strength also for P,s.

Considering the displacement capacity, d,,, a significant influence of the concrete strength
and the degree of eccentric transverse loading could be identified, as shown in Figure
5.17. For C20/25 concrete displacement capacities of 62 to 71 mm were obtained. At this
already high displacement capacity, the influence of eccentric transverse loading was not
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Figure 5.16: Influence of eccentric transverse loading and concrete strength on the second

load peak.
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Figure 5.17: Influence of eccentric transverse loading and concrete strength on the displace-
ment capacity.

that significant. The displacement capacity increased by only 4% comparing concentric and
eccentric transverse loading. The small difference of the displacement capacities is because
the plastic deformation of the stud shank is also limiting the displacement at such a large slip.
The increase of the concrete strength lead to a decrease of §,, of about 40% for a low degree
of eccentric transverse loading. With C30/37 concrete, the displacement capacity increased
by about 56% when the degree of eccentric transverse loading was raised from 7% to about
16%. The displacement capacity then was similar to the results for C20/25 concrete.

It can be concluded that for load bearing mechanisms with two load peaks the eccentric
transverse load affects in general only the displacement capacity, d,,. The effect of eccentric
loading on ¢, is beneficial and is stronger for higher concrete strengths. It is assumable that
the obtained values for §,, might become relevant in comparison to the 6 mm criterion for
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5.4 Influence of eccentric transverse loading

high strength concrete, because the displacement capacity decreases for higher concrete
strengths without eccentric transverse loading. Then the application of eccentric transverse
loading is a necessity to obtain realistic displacement capacities.

5.4.2 Influence for load-slip curves with single curvature of the stud

This type of load-slip behaviour is characterised by rib pry-out failure. Figure 5.18 shows
a comparison of load-slip curves for specimens without transverse loading, concentric and
eccentric transverse loading. It can be seen that concentric and eccentric transverse loading
strongly improve the resistance and displacement capacity compared to a specimen without
transverse load. A significant difference of the load-slip behaviour between eccentric and
concentric transverse loading could not be identified.

125

—_
o
o

YV

-~
0k

I\V+ V('\
ARG

)
b=
X, ~—
[
% 75 ff \/\
@ V [\ \P ¥
g '\\/'{ \\
8 50 \ k\
o
L
B / / / +122% +29%
o 1
&5 25
0 | -
0 6 12 18 24 30 36 42
Slip s [mm]
—1-10-3, PT=0kN ——1-10-1, PT=17.5kN, e=Omm ——1-11-2, PT=17.5kN, e=380mm

Figure 5.18: Comparison of load-slip curves for specimens without transverse load, concen-
tric transverse load and eccentric transverse load for CF80 decking.

A comparison for the failure load P, per rib is shown in Figure 5.19. The improvement of the
failure load because of the transverse load is obvious. For the eccentrically transverse loaded
specimens, in average 14% higher failure loads than for the concentrically loaded specimen
were identified. The failure load was identified by the observation of cracks in the ribs during
the tests. However, all load slip curves (see Figure 5.18) for eccentrically and concentrically
transverse loaded specimens show a significant change of the stiffness at about 80 to 90 kN
per rib. This gives evidence that eccentric transverse loading does not significantly influence
the failure load, P.. The larger load identified in the eccentrically loaded tests was because
of the improved post-failure behaviour and delayed observation of cracks.

The displacement capacity, d,,, of the specimens are compared in Figure 5.20. Determining
the displacement capacity according to [DIN EN 1994-1-1, 2010] Annex B2 leads to about
23% smaller values than for concentric transverse loading. This was because of the larger
failure loads identified for the eccentrically loaded specimens. However, the load-slip curves
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5 Discussion of push-out test results

for both types of transverse loading were very similar, as shown in Figure 5.18, and show no
evidence to assume a significant difference of the displacement capacity.
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Figure 5.19: Influence of eccentric transverse loading on the failure load of the ribs.
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Figure 5.20: Influence of eccentric transverse loading on the displacement capacity.

5.5 Influence of the concrete strength

A significant change of the concrete grade was only investigated in tests using CP60 decking.
For the observed rib punch-through failure in these tests, a higher concrete grade lead to
an increase of the resistance and a decrease of the displacement capacity (see also Figure
4.21).

These effects were already shown in section 5.4.1. For an increase of the measured concrete
strength of 41% the resistance increased by about 26%, as shown in Figure 5.15. The
displacement capacity decreased by about 40%, as shown in Figure 5.17.
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5.6 Influence of the welding method

In section 5.4.1, it was shown that the term /f.. E.,, predicted an increase of the resistance
of about 33% when measured material properties were used. The over-estimation of the
influence of the concrete strength is the result of considering a pure concrete failure criterion.

In fact the resistance is a combination of a load-bearing component of the shear stud due
to bending and a load-bearing component of the concrete. Therefore, the relative increase
of the resistance is always smaller than the relative increase of the concrete strength. The
consideration of the concrete strength with a correlation function as v/ f.x E., is not sufficient
to consider this influence, because of the superposition of the two load-bearing components.

5.6 Influence of the welding method

The influence of using pre-punched decking or welding the shear stud through the decking
was only investigated for specimens with CF80 decking. A comparison of the load-slip
behaviour is given in Figure 5.21.

350
300 A\/ /n‘f\
250 |- m WV{ y
£ 20 ] I~ \\\
= — I 7 -
g 58 “B0KN (195 1™~~~ 7 M ~~~~~~~~
% 150 } 28 N natSN B —
kS S

|
]
1)

—
0
0 6 12 18 24 30 36 42 48 54
Slip [mm]
——1-10-3: Through deck welded ——3-02: Pre-punched holes

Figure 5.21: Influence of the welding procedure with CF80 decking.

The failure load of the concrete cone was not affected by the welding method. For the
post-failure behaviour, studs welded through the decking showed an approximately 10%
larger resistance than in the test with pre-punched decking. The additional resistance is the
result of activating the decking as a tension tie. For the frictional post-failure mechanism, this
effect can probably only be obtained when decking is anchored into the continuous part of
the slab by a stiffener.
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5 Discussion of push-out test results

5.7 Influence of the number of reinforcement layers

Investigations on the influence of the number of reinforcement layers were conducted with
CF80 decking. A comparison of the obtained load-slip behaviour is given in Figure 5.22.

Only the failure load for rib pry-out failure was significantly improved when two layers of
reinforcement were used. This was because the bottom reinforcement layer overlapped the
failure cone and therefore had a certain anchorage effect. After rib pry-out failure, the friction
based post-failure behaviour was unaffected.

500

— +47%
a00 |-NR

<Z 300 T

% L‘DQW\\

©

o

E 200 y \

100 / / ""'\\
0
0 6 12 18 24 30 36
Slip [mm]

—1-10-3: 1 Layer ——3-01-3: 2 Layers

Figure 5.22: Influence of the number of reinforcement layers with CF80 decking.

5.8 Influence of the number of studs per rib

The influence of the number of shear studs per rib was investigated in specimens with CF80
decking. Figure 5.23 shows a comparison of the load-slip behaviour for single stud per rib
and pairs of studs per rib.

An about 10% smaller failure load was identified when pairs of studs were used. This is a
significantly smaller influence than the term 1/, /n, used in [DIN EN 1994-1-1, 2010] predicts.
In fact, for pairs of studs a marginal increase of the resistance is assumable, because the
behaviour is governed by concrete failure. The size and shape of the failure cone did not vary
significantly. Hence, the resistance of the cone differs only marginally. In addition, studs with
only one yield hinge have only a small contribution to the overall resistance.
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Figure 5.23: Influence of the number of studs per rib with CF80 decking.

5.9 Comparison with existing analytical approaches

5.9.1 Comparison with the resistance according to EN 1994-1-1

In this section the push-out test results are compared to their predicted average resistance,
Pry,, according to [Roik et al., 1989, DIN EN 1994-1-1, 2010]. The mean shear resistance
of the stud in a solid slab according to [Roik et al., 1989] is used (see equations (2.1) and
(2.2)). The resistance of the stud in a solid slab is then multiplied with the minimum of the
factors k; and k; ;mqz (see equation (2.6) and Table 2.1). The results of this comparison are
shown in Figure 5.24 and Table 5.6. In addition, Table 5.6 shows the reduction factor, £ ;c¢,
which is determined as the experimental resistance divided by the theoretical resistance for
solid slabs.

The comparison shows that the tests reach in average only about two thirds of their predicted
resistance. This is very unconservative, but the coefficients of variation and correlation both
are very good for this comparison, as shown in Figure 5.24.

Series PV is over-estimated even though the studs were welded in favourable position. The
k-formulae is formally restricted to studs welded in the centre of the rib or in staggert position.
Thus, the k;-factor may not be calibrated for studs in other positions.

Tests in series 1-04 to 1-07 also do not reach their predicted resistance, even though
all requirements for the application of the k;-formulae are formally satisfied. Because
of the narrow ribs of the decking, the studs are in un-favourable position according to
[Rambo-Roddenberry, 2002] and [Konrad, 2011].

The tests in series 1-08 to NR1 have an embedment depth of the stud which is very close
and in some cases slightly below the required minimum value of 2d. Because of this, rib
pry-out failure occurred, which strongly differs from the behaviour of studs with a sufficient
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5 Discussion of push-out test results

Table 5.6: Comparison of push-out test results with the predicted resistance according to
[Roik et al., 1989] and [DIN EN 1994-1-1, 2010].
Test P PRm,solid Kt Prpn Pe/PRm kt,test
[kN] [kN] [l [kN] -] [-]
PV1 116.41 157.87 1.00 157.87 0.737 0.74
PV2 106.66 157.87 1.00 157.87 0.676 0.68
1-04-1 73.94 175.20 0.75 13140 0.563 0.42
1-04-2 73.61 177.03 0.75 132.77 0.554 0.42
1-04-3 68.66 176.95 0.75 132.71 0.517 0.39
1-05-1  69.95 175,55 0.75 131.66 0.531 0.40
1-05-2 79.15 175.71  0.75 131.78 0.601 0.45
1-05-3 74.43 183.15 0.75 137.36  0.542 0.41
1-06-1  73.11 17291 0.75 129.68 0.564 0.43
1-06-2 70.13 176.88 0.75 132.66 0.529 0.40
1-06-3  90.31 211.74 0.75 158.81 0.569 0.43
1-07-1  89.25 211.74 0.75 158.81 0.562 0.42
1-07-1  92.77 212.01 0.75 159.01 0.583 0.44
1-07-3  74.77 21213 0.75 159.10 0.470 0.35
1-08-1 45.52 157.21  0.40 62.48 0.729 0.29
1-08-2 46.09 157.38 0.40 62.76 0.734 0.29
1-08-3 48.26 157.38 0.40 63.45 0.761 0.31
1-09-1 42.28 157.71  0.41 65.14 0.649 0.27
1-09-2 50.32 1568.20 0.40 63.59 0.791 0.32
1-09-3 48.19 157.54 0.41 65.04 0.741 0.31
1-10-1  45.64 158.04 0.41 64.94 0.703 0.29
1-10-2 46.44 157.71  0.41 63.91 0.727 0.29
1-10-3 35.46 157.87 0.41 64.20 0.552 0.23
1-11-1  54.64 157.54 0.42 66.01 0.828 0.35
1-11-2  52.68 157.54 0.41 64.90 0.812 0.33
1-11-3  49.33 157.54 0.41 64.62 0.763 0.31
3-01-1  47.31 157.38 0.41 64.37 0.735 0.30
3-01-2 54.92 157.21  0.40 62.49 0.879 0.35
3-01-3 52.78 156.16 0.41 63.65 0.829 0.34
3-02 37.00 157.54 0.46 72.78 0.508 0.24
NR1-1  79.07 157.71  0.62 97.98 0.807 0.50
NR1-2  74.99 157.71  0.62 97.67 0.768 0.48
NR1-3  70.46 157.87 0.62 97.32 0.724 0.45

embedment depth. This may be the reason why the tests do not reach the predicted
resistance.

Considering the results of the comparisons in section 2.2.1, it is concluded that the reduction
factor formulae according to [DIN EN 1994-1-1, 2010] gives unconservative results for the
mean shear resistance, Pr,,. Especially the results obtained in section 2.2.1 show that there
is no satisfactory correlation between experimental and analytical resistance, because the
coefficients of correlation were between 0.55 and 0.60.
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Figure 5.24: Comparison of push-out test results with the predicted resistance according to
[Roik et al., 1989] and [DIN EN 1994-1-1, 2010].

5.9.2 Comparison with the resistance according to Lungershausen

In the following section, the push-out test results are compared to the predicted resistance
according to [Lungershausen, 1988] in which the mean shear resistance according to equa-
tion (2.9) is assumed. To consider the measured strength of the studs, the plastic bending
resistance, M,,, is calculated with the measured tensile strength, f,,. However, assuming
that the stress distribution cannot reach full plasticity a reduction of the bending resistance is
considered. The reduction factor was determined by non-linear analysis of a yield-mechanism
with two hinges, using the stress-strain curve described in [Lungershausen, 1988] for the
shear stud. A comparison of ultimate load between non-linear analysis and calculated
resistances of the yield mechanism showed, that 0.95M,; should be used.

In addition to the comparison of the resistances, the empirical obtained distances of the yield
hinges, s - d, are compared with the values back calculated from the tests (see equation
(5.1)), using:

2.3 (0.95M,,)
N2

Comparing the experimental resistance, P., to the predicted resistance, Pr,,, it can be seen
that the tests reached in average only 86% of the predicted value (see Table 5.7 and Figure
5.25).

The only exceptions are the tests PV1 and PV2, which reach about 25 to 36% higher
resistances than calculated. These two tests had the shear studs welded in favourable
position. In addition, the concrete strength of about 46 N/mm? was significantly higher than
the average strength in the tests used for the calibration of the model. The stud position as

(5.1)

Qeql =
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5 Discussion of push-out test results

Table 5.7: Comparison of push-out test results with the predicted resistance according to
[Lungershausen, 1988].
Test P, My x-d  Prm  P./Prm Geaqt  Gcal/(3¢-d)
[(kN] ~ [kNmm] [mm]  [kN] [] [mm] []
PV1 116.41 607.89 14.32 8543 1.363 9.92 0.693
PV2 106.66 607.89 14.32 85.43 1.249 10.83 0.756
1-04-1 73.94 949.37 19.14 99.79 0.741 24.40 1.274
1-04-2 73.61 955.81 19.19 100.24 0.734 24.67 1.286
1-04-3 68.66 95452 19.18 100.15 0.686 26.41 1.377
1-05-1 69.95 949.37 19.14 99.79 0.701 25.79 1.347
1-05-2 79.15 950.65 19.15 99.88 0.792  22.82 1.192
1-05-3 7443 95452 19.18 100.15 0.743 24.37 1.271
1-06-1  73.11 95194 19.16 99.97 0.731 24.74 1.291
1-06-2 70.13 949.37 19.14 99.79 0.703 25.72 1.344
1-06-3 90.31 94423 19.11 9943 0.908 19.87 1.040
1-07-1 89.25 94426 19.11 99.43 0.898  20.10 1.052
1-07-1  92.77 946.80 19.12 99.61 0.931 19.39 1.014
1-07-3 7477 946.80 19.12 99.61 0.751 24.06 1.258
1-08-1 4552 604.08 1550 55.45 0.821 17.83 1.150
1-08-2 46.09 605.03 1551 55.51 0.830 17.64 1.137
1-08-3 48.26 605.03 1551 55.51 0.869 16.84 1.086
1-09-1 4228 606.93 1552 55.63 0.760 19.29 1.242
1-09-2 50.32 606.80 1555 55.80 0.902 16.28 1.047
1-09-3 48.19 60598 1551 55.57 0.867 16.89 1.089
1-10-1 4564 60884 1554 55.75 0.819 17.92 1.153
1-10-2 46.44 606.93 1552 55.63 0.835 17.56 1.131
1-10-3 35.46 607.89 1553 55.69 0.637  23.03 1.483
1-11-1 5464 60598 1551 55.57 0.983 14.90 0.960
1-11-2 52.68 60598 1551 55.57 0.948 15.45 0.996
1-11-3  49.33 60598 1551 55.57 0.888 16.50 1.064
3-01-1  47.31 605.08 15.51 55.51 0.852 17.18 1.108
3-01-2 54.92 604.08 1550 55.45 0.990 14.78 0.954
3-01-3 52.78 605.08 15.51 55.51 0.951 15.40 0.993
3-02 37.00 60598 1551 55.57 0.666  22.00 1.417
NR1-1  79.07 606.93 1552 78.67 1.005 14.58 0.940
NR1-2 7499 606.93 1552 78.67 0.953 15.38 0.991
NR1-3 70.46 607.89 1553 78.75 0.895 16.39 1.055

well as the concrete strength might be responsible for the under-estimation of the resistance.

The tests 1-04-1 to 1-07-3, which used the CP60 decking, reach in average about 78%
of their predicted resistance. This is remarkable, because all of these tests developed a
load-slip curve with two load peaks and S-shaped stud deformation, as assumed in the model
by [Lungershausen, 1988]. As discussed in section 2.2.2, this model does not contain the
concrete strength as a parameter and was calibrated for a database of tests with an average
concrete strength of 31.5 N/mm?. The model predicts a resistance of about 100 kN for all tests
with CP60 decking. However, the test results showed a dependency on the concrete strength,
as the resistance is about 75 kN for a concrete strength of about 30 N/mm? and about 90 kN
for a concrete strength of about 42 N/mm?2. The model assumes a distance of the yield hinges,
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Figure 5.25: Comparison of push-out test results with the predicted resistance according to
[Lungershausen, 1988].

» - d, of about 19 mm. The distance back calculated from the test results is about 25 mm.
The deformation of the shear studs (see Figure 5.26) shows that the spacing of the plastic
hinges is about 45 to 57 mm and decreased for higher concrete strengths. This correlates to
the observed higher resistance at a higher concrete strength. However, the consideration
of the measured spacings would lead to a significant under-estimation of the resistance. In
addition, because of the narrow ribs of CP60 decking, the shear studs are classified to be in
unfavourable position according to [Rambo-Roddenberry, 2002] and [Konrad, 2011]. This is
another not considered influence which could cause the over-estimation of the resistance.

The test 1-08-1 to 3-02 used CF80 decking and pairs of studs. They reached in average 85%
of their predicted resistance. These tests did not satisfy the required embedment depth of
2d+/n,. The load-slip curves showed that rib pry-out failure occurs at low slips, while the
specimen still has a linear load-slip behaviour. As the load-slip behaviour and failure mode
of these tests strongly differed from the assumptions of this model, it is likely that the shear
resistance is not accurately predicted.

The tests in series NR1 also used CF80 decking but with single shear studs per rib. This
series reached in average about 95% of the predicted resistance. However, the observed
failure was rib pry-out failure which does not match the assumptions of this model.

It can be concluded that the model by [Lungershausen, 1988] is not calibrated to predict
the presented push-out tests. It requires a specific mode of failure, which did not occur in
all tests. In addition, important parameters like stud position and concrete strength are not
considered as parameters of the model. The test results showed a significant influence of
both parameters on the resistance. However, the previous comparisons (see also section
2.2.2) showed that this simple model correlates more with the tests than the formulae of
[DIN EN 1994-1-1, 2010].
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Figure 5.26: Shear stud deformation in tests 1-04-1 and 1-06-3.

5.9.3 Comparison with the resistance according to Konrad

In this section, the push-out test results are compared to their predicted resistances according
to [Konrad, 2011]. Because the shear studs in series 1-04 to 1-07 are in unfavourable position
according to this method, the reduction factor k., 14,2 according to equation (2.26) is applied
to this tests. The reduction factor was developed and calibrated for through deck welded
studs. If there is an influence of the welding procedure, ky,fq,2 may over-estimate the
resistance for the present case of a pre-punched decking. All other tests are predicted with
the reduction factors according to equations (2.28) and (2.29). These factors require a ratio
of he/h, > 1.56. For the 80 mm deep decks RD80 and CF80, this ratio results in @ minimum
stud height of 125 mm. This is not satisfied by the measured stud heights in tests with CF80.
However, it is assumable that in practice the nominal stud height of 125 mm is considered
and the reduction factors are used.

The results of the comparison are shown in Figure 5.27 and Table 5.8. In average, the tests
reached about 72% of their predicted resistance. In comparison to [DIN EN 1994-1-1, 2010]
and [Lungershausen, 1988], this method shows the largest coefficient of variation and the
smallest coefficient of correlation. However, the accuracy of the predictions strongly differs
depending on the type of decking and the stud position.

The tests in series PV, which had through deck welded studs in favourable position in the
ribs of 80 mm deep decking, reached about 92% of their predicted shear resistance. As the
reduction factors were developed from numerical simulation — and hence perfect welding
conditions — this result may be because of imperfections of the welding or the natural variability
of the tests.

The predictions for series 1-04 to 1-07, where the reduction factor &, rq.,2 Was used, showed
ratios P./Pry, with an average of 90%. This is the most accurate prediction for these tests
considering the presented methods. Konrad assumed a reduction of the resistance due to
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Table 5.8: Comparison of push-out test results with the predicted resistance according to
[Konrad, 2011] using equations (2.26), (2.28) and (2.29).
Test P PRm,solid k¢ Prpn Pe/PRm kt,test
[kN] [kN] [] [kN] -] [-]
PVA 116.41 14780 0.82 121.59 0.957 0.79
PV2 106.66 14780 0.82 121.59 0.877 0.72
1-04-1 73.94 167.81 0.49 81.69 0.905 0.44
1-04-2 73.61 169.01 0.49 82.25 0.895 0.44
1-04-3 68.66 168.93 0.49 82.20 0.835 0.41
1-05-1  69.95 168.01 0.49 71.76 0.856 0.42
1-05-2 79.15 168.13 0.49 81.80 0.968 0.47
1-05-3 74.43 172.47 0.49 83.92 0.887 0.43
1-06-1  73.11 166.55 0.49 81.02 0.902 0.44
1-06-2 70.13 168.77 0.49 82.14 0.854 0.42
1-06-3 90.31 193.63 0.49 94.20 0.959 0.47
1-07-1  89.25 195.07 0.49 94.86 0.941 0.46
1-07-1  92.77 188.24 0.49 91.66 1.012 0.49
1-07-3  74.77 191.42 049 93.17 0.802 0.39
1-08-1 45.52 143.53 0.58 83.57 0.545 0.32
1-08-2 46.09 143.65 0.58 83.57 0.551 0.32
1-08-3 48.26 143.94 0.58 83.57 0.576 0.34
1-09-1 42.28 144.40 0.58 84.08 0.503 0.29
1-09-2 50.32 144.75 0.58 84.28 0.597 0.35
1-09-3 48.19 14428 0.58 84.01 0.574 0.33
1-10-1  45.64 144.63 0.58 84.21 0.542 0.32
1-10-2 46.44 144.40 0.58 84.08 0.552 0.32
1-10-3 35.46 14451 0.58 84.15 0.421 0.25
1-11-1  54.64 14428 0.58 84.01 0.650 0.38
1-11-2  52.68 144.28 0.58 84.01 0.627 0.37
1-11-3  49.33 14428 0.58 84.01 0.587 0.34
3-01-1  47.31 147.54 0.58 85.91 0.551 0.32
3-01-2 54.92 147.42 0.58 85.84 0.640 0.37
3-01-3 52.78 14112 0.58 82.17 0.642 0.37
3-02 37.00 14432 0.52 75.70 0.489 0.26
NR1-1  79.07 146.49 0.73 106.62 0.742 0.54
NR1-2  74.99 147.63 0.73 10745 0.698 0.51
NR1-3  70.46 14725 0.73 107.18 0.657 0.48

pre-punching of the decking of about 10% in the development of equation (2.28). This value
appears to be verified by the tests with CP60.

The tests with CF80 decking are strongly over-estimated and reached about 60% of the
predicted resistance. The measured stud height did not satisfy the required ratio of hs./h, >
1.56. The correlation curves of the reduction factor found for the influence of h./h,, see
Figure 5.4, showed that the value 1.56 is a sharp change point, changing between two
correlation functions [Konrad, 2011]. Thereby, a linear correlation for hs./h, < 1.56 was
shown, while for h,./h, > 1.56 a constant reduction was found. Because the ratio h,./h,
apparently has a large influence on the resistance, the tests with CF80 were re-evaluated with
the reduction factor k,,;41 according to equation (2.19). This factor is valid for through deck
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Figure 5.27: Comparison of push-out test results with the predicted resistance according to
[Konrad, 2011] using equations (2.26), (2.28) and (2.29).
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Figure 5.28: Comparison of push-out test results with CF80 with the predicted resistance
using the reduction factors k| (2.28), (2.29) and k;;q4,1 (2.19) according to
[Konrad, 2011].
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welded studs in mid-position with ratios hs./h, < 1.56 and therefore should result in more
realistic predictions. Figure 5.28 shows the comparison of the experimental resistance with
the predictions according to equations (2.28), (2.29) and (2.19). Obviously the application
of the proposed reduction factor, k4,1, only slightly improves the prediction of the shear
resistance. It can be concluded that having ratios h./h), of less than 1.56 is not the reason
for the over-estimation of the resistance. It seams more reasonable, that the model is not
able to reflect the observed rib pry-out failure.

The above comparisons showed how important the consideration of the stud position is,
because using ky, rq0,2 for the tests with CP60 gives the most accurate predictions for these
tests. On the other side, it was also shown that this kind of statistical model is very sensitive
for the observed failure mode. If the failure mode did not occur in the tests and investigations
used to calibrate the model, unrealistic predictions of the resistance are obtained even though
the geometry does satisfy all limitations of the model.

5.9.4 Concluding remarks

The previous comparisons showed that all three presented prediction methods show non-
conservative results for the conducted push-out tests.

Obviously all methods had problems predicting accurately the resistance for rib pry-out failure,
observed in tests with CF80 decking. The method according to [Lungershausen, 1988]
showed the best accordance between experimental and predicted resistance for these cases,
even though a different failure mode than in the model occurred. The predictions according
to [Konrad, 2011] were the most inaccurate ones for rib pry-out failure, even though the
factor k,,;4,1 was valid for the geometry of the respective specimens. The application of the
reduction factor k., r4.,2 according to [Konrad, 2011] for the tests with CP60 decking showed
the importance of considering the stud position.

However, all presented prediction methods showed non-conservative results and unsat-
isfactory coefficients of correlation. Thereby, the simple mechanical model according to
[Lungershausen, 1988] showed the best correlation with the test results. The mechanical
approach appears to be less sensitive for the change of the failure mode and stud position
than the statistical approaches according to [DIN EN 1994-1-1, 2010] and [Konrad, 2011].

Therefore, it is more reasonable to develop a mechanical based approach to predict the
resistance of the studs than developing new statistically derived reduction factors. In com-
parison to the model by [Lungershausen, 1988], the new model will include the influence of
the concrete strength and stud position. In addition, it will be based on the observed failure
modes of the push-out tests.
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6 Components of the shear connector
resistance

6.1 General

In the calibration of a design model according to [DIN EN 1990, 2002], characteristic and
design resistances are obtained by scaling the predicted results. To achieve realistic and
economic design values, the focus for the development of a new design formulae must be:

1. To increase the coefficient of correlation to a value closer to 1.00.
2. To decrease the coefficient of variation to a value closer to 0.00.

Especially for the coefficient of correlation, methods which obtain the resistance of studs in
the ribs of composite slabs by a reduction of the resistance for studs in solid slabs, show
unsatisfactory results.

—]
EC4
Solid slab * Failure of stud in shear
. « Failure of concrete: Deformation capacity
C )
Failure Region
—]
EC4
Steel decking *  Reduction factor k,
\ ’,—"" ~
=

Failure Region

Change of
¢ Failure location away from the base of

the stud
« Failure criterion to ,concrete cone pry-
out' + ,stud bending’

Deep steel decking

Failure Region

Figure 6.1: Predicted failure modes according to [DIN EN 1994-1-1, 2010] and observed
failure modes in push-out tests using deep steel decking.

Figure 6.1 illustrates why no satisfactory correlation is obtained between the test results
and [DIN EN 1994-1-1, 2010]. In a solid slab, either a failure of the stud shank above the
weld collar or crushing of the concrete at the base of the studs are the predicted failure
modes. When steel decking is used, [DIN EN 1994-1-1, 2010] reduces this resistance with a
reduction factor, k;, and assumes the occurrence of the same failure modes as in a solid slab.
This is only reasonable for shallow decking. If deep steel decking is used, the mechanical
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behaviour changes.

Failure of the stud shank typically occurs at large slip, long after the tests reached their
resistance. The crushing of the concrete at the base of the studs is rather a secondary failure.
It results from the plastic bending deformation of the shear stud. In addition, the failure of a
concrete cone for rib pry-out and concrete pull-out occurs.

Therefore, the reduction of the resistance of a stud in a solid slab does not lead to the analysis
of the correct failure modes. Unsatisfactory coefficients of correlation are the consequence.

Based on the observed failure modes and load-slip behaviour in the conducted push-out
tests, the behaviour of studs in the ribs of deep steel decking can be described with the load
bearing components shown in Figure 6.2.

|: Failure of concrete in tension Il Resistance of stud in bending

/ —r

Il: Failure of stud in shear

Figure 6.2: Components describing the mechanical behaviour of shear connections.

I. The first component describes the failure of the concrete cone. The forces and
moments acting on the cone depend on the failure mode: Tension for concrete pull-out
and bending for rib pry-out. Both failure modes have in common, that before the first
load peak is reached the concrete cone starts to fail with a crack beginning at the top
corner of the rib. This initial crack can be assumed as the lower bound for predicting
the contribution of the concrete.

Il. The second component describes the contribution of the shear stud itself. The con-
ducted tests showed that the studs are subjected to plastic bending deformation. The
type of curvature of the stud (single or double curvature) depends on the embedment
depth of the head of the stud. The model by Lungershausen [Lungershausen, 1988]
already showed, that calculating the plastic resistance of the stud in bending to predict
the shear resistance results in higher coefficients of correlation.

lll. The last component is the upper bound for the shear resistance: The plastic shear
force ,that the stud shank can resist, is assumed to limit the force obtained from the
first two components.

In the following sections, each component is described using simple mechanical considera-
tions.

6.2 Contribution of the concrete to the shear connectors
resistance

The concrete component represents a lower bound for the resulting shear force, which is
valid for rib pry-out failure as well as for concrete pull-out failure.
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6.2 Contribution of the concrete to the shear connectors resistance

In case of rib pry-out failure, predicting the elastic bending resistance of the concrete cone
can be assumed as a conservative analysis of this failure mode. During the post-failure
behaviour, it is assumed that the predicted load can be maintained by frictional resistance
and aggregate interlock, because the failure cone is clamped between the slab and the steel
flange.

For concrete pull-out, the crack initiation because of the bending of the rib can be assumed
to occur at a small slip. For further loading, rib punch-through progresses in addition to the
development of the crack. Therefore, the point of force application relocates to the upper
yield hinge of the stud. The concrete cantilever shortens and the bending moment acting on
the rib is reduced. Therefore, the load at crack initiation can be maintained for further loading.

Based on this considerations, the contribution of the concrete to the shear connector resis-
tance may be calculated from the elastic bending resistance of the rib.

6.2.1 Elastic bending resistance of the concrete rib

To calculate the bending resistance of the rib, it is idealised as a cantilever that is fixed to
concrete slab. Figure 6.3 shows the assumed forces and stresses acting on the failure cone
and the static system derived for the analysis.
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Figure 6.3: Static system, loading and stresses for the determination of the concrete bending
resistance.

The concrete rib is considered as a cantilever loaded in bending an compression. The
restraint of the rotation is assumed as a spring. When slip is applied to the system, the
bending moment M 4 increases until the first crack develops at a moment equal to M. This
moment can be maintained, because the developing failure cone is clamped between the
slab and the steel section. These assumptions lead to a simplified bi-linear moment-slip
relation for the concrete bending resistance. The deformation of the shear stud itself depends
strongly on the embedment depth of the head of the stud into the concrete above the rib, as
explained in sections 6.3.1 and 6.3.2.

Considering the loading of the cantilever, it is assumed that a part of the shear force, P, is
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6 Components of the shear connector resistance

transferred into the rib at the weld collar. This force, P,, then leads to a bending moment in
the rib. In addition to the force, P, the loading of the composite slab causes a compression
of the concrete rib. This compression is considered by an axial force, IV,. Because of the
embedment conditions of the head of the stud, tension forces develop in the stud shank, N..
This tension forces are transferred into the concrete by compression stresses D. They are
considered by the axial force, Ny, acting on the cantilever at an eccentricity, ey, according to
the welding position. This leads to an additional bending moment and influences the bending
resistance of the concrete cone. Based on the static system and forces, shown in Figure 6.3,
the internal forces and stresses at point A can be calculated.

The internal forces at point A are:

VA:7PC
Ny = —Ny — N
MA:Pc’hp_Nsc'eL

The shear stress at point A is:

Va- S,
I, -t

T = = 0 because S, =0

The axial stress at point A is:

:& %~Z:_Nq+NSC+Pc.hP7NSC'eL‘b70

AT, A I, 2

Ox

The failure criterion is then given by the axial stress, o, reaching the tensile strength of the
concrete. Considering the inclination of the failure surface, the component of the concrete
tensile strength in the direction of o, is:

_ Jam o e <a<90° (6.1)
COS v

fctm,x

The inclination of the failure surface is derived from the geometry:

hcone - hp
— 2
bo/2 —er, (6.2)

o = arctan

The failure criterion is then given by equation (6.3):

Nq+Nsc+Pc'hp_Nsc'eL'%< fctm

_ 6.3
A I, 2 T cosa (6-3)
When equation (6.3) is solved for the force P, this results in equation (6.4):
N, + N, 2-1 1
P.< [(fctm M\ ) Y 4 Nye-ep| - — (6.4)
CoSs «v A bo hyp
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6.2 Contribution of the concrete to the shear connectors resistance

To obtain the resistance per shear stud, equation (6.4) must be divided by the number of
studs per rib, as follows:

fctm Nq+Nsc) 2'Iy 1 1
P. = . N... L
¢ Kcosa + A bo + N €L hp n,

with: P, Contribution of concrete to the shear connector resistance
fetm  Tensile strength of the concrete
Inclination of the failure surface
Compression of the rib because of the slabs load
. Compression of the rib because of tension in the stud shank
Area of the failure surface
Moment of Inertia of the failure surface
Width of the rib at the top
Eccentricity of the stud because of the welding position
er, > 0 for studs on the favourable side
er, < 0 for studs on the unfavourable side
hy Height of the rib
Ny Number of studs per rib

S &S =zze

Considering the tensile strength, f.;, of the concrete, it is in general not reported for push-out
tests, because the formulae of [DIN EN 1994-1-1, 2010] refers to the compression strength.
According to [DIN EN 1992-1-1, 2005], the tensile strength can be calculated from the com-
pression strength, as shown in equation (6.6). In addition, the German National Annex
considers a multiplication of the tensile strength with the factor a.; = 0.85 to take the reduced
load bearing capacity for static loading into account.

Jetm = et - 0.3 - fc2k/3 (6.6)

The compression force, Ng., develops because of the restraint displacement of the head
of the stud. N, is conservatively assumed according to equation (6.7). This limitation is
derived from tensile force, for which the bending capacity of the stud can be calculated
without considering the interaction of internal forces and moments [DIN 18800-1, 1990].

Nge=0.1-f,-7-d*/4 (6.7)

The cross section properties, A and I, are derived for the failure cones, which were observed
in push-out tests.

6.2.2 Failure cone and cross-section properties

The conducted push-out tests showed that failure cones of a particular shape occurred for
rib pry-out failure in specimens with CF80 decking and for concrete pull-out failure in CP60
decking. The geometry of the concrete cone can be assumed to be as shown in Figure 6.4.
Figure 6.5 illustrates that this is an appropriate assumption by comparing the theoretical
failure cone to the cone observed in a push-out test. The cross section properties of this
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6 Components of the shear connector resistance

surface are calculated according to equations (6.8) to (6.10). The division into faces and the
solutions of these equations are given in Appendix D and Appendix E.

A=3 4, (6.8)
i=1
L=>"L+Y (4-2) (6.9)
1=1 1=1
(6.10)

hcone

hcone N

<

€s
hp/tan® |, h,)tan®

Figure 6.4: Assumed failure surface of the rib for trapezoidal decking

Figure 6.5: Observed failure cone in the concrete rib and idealised failure surface.
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6.3 Contribution of the shear stud to the shear connector resistance

6.3 Contribution of the shear stud to the shear connector
resistance

In many cases only the tensile strength, f,, is reported for the shear connectors. Assuming
the tensile strength to be reached in the determination of the shear stud resistance requires
the development of plasticity in the stud. The push-out test results showed that all shear
studs were exposed to plastic bending deformation.

The contribution of the shear stud to the shear resistance of the connection will be calculated
from the studs plastic bending resistance. Assuming f, is the material ultimate tensile
strength, the plastic bending resistance, M, is obtained according to equation (6.11).

d3
Mpl:fu'g (6.11)

The plastic bending resistance considers the stress distribution shown in Figure 6.7. A
typical stress-strain curve for shear stud connectors is shown in Figure 6.6. The material
behaviour immediately changes from elastic to strain-hardening and does not show a yield
zone. Assuming this behaviour for the stress-distribution in the stud shank, the stresses
according to Figure 6.8 are obtained.

Figure 6.7: Assumed plastic stress distribu-
tion in the stud.

€ osfy

Figure 6.6: Typical stress-strain curve for Figure 6.8: Realistic stress distribution in the
cold formed steel. stud.

The tensile strength, f,,, can only occur at the peaks of the stress-distribution. This means that
the plastic bending resistance of the stud is smaller than the value obtained by equation (6.11).
This can be considered by the application of a reduction factor to the bending resistance.
The determination of a reduction is negligible, because the calibration of the model according
to [DIN EN 1990, 2002] will determine scaling factors for each design criterion.

6.3.1 Plastic bending resistance for cases with single curvature of the stud

Figure 6.9 shows the static system assumed for this case. Single curvature of the shear stud
develops for studs with a too small embedment depth of the head of the stud. The smaller the
embedment depth is, the larger is the horizontal support reaction of the head of the stud, A,
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6 Components of the shear connector resistance

that is required to develop the upper yield hinge. Therefore, the concrete reaches its bending
resistance, M.r, before the upper yield hinge develops in the stud shank. Because of the
failure and rotation of the concrete rib, the support reaction, A, cannot be introduced into
the slab. This is considered by assuming the horizontal support of the head of the stud as
a spring that fails when the concrete resistance, M.p, is reached. In this case, the head of
the stud can move horizontally and only the bottom yield hinge develops. The loading of the
pure stud is derived from the load-bearing model described in section 5.2. This results in the
leaver arm as shown in Figure 6.9.

Static system
T T T P e T e iy i i vl for the shear stud

A

T N sc i
W M.
Lz el

Mg
!
| — B
"A=0 = =
n
(=)
P,

sc

— K 0

Yield hinge g

d/2

Figure 6.9: Static system and loading for shear studs with single curvature.

Using the plastic design theory, the shear force in the stud is:

(6.12)

The dimension a results from the position of the yield hinge, z1, and the position where the
forces F act on the shear stud, z2. According to the observations in the push-out tests, the
yield hinge develops between 0.5 diameters and 1.5 diameters above the flange of the beam.
It is conservatively assumed, that the yield hinge develops 0.5 diameters above the flange
of the beam. The position where the force £ acts on the stud, 22, can be estimated from
the observation of a yield hinge in the upper part of the stud in push-out tests 3-01-1 and
3-01-2 (see Figure 6.10). The two tests had very large transverse loads, because of the used
tension ties and a very large slip of about 70 mm and 90 mm was applied. Because of the
restraint rotation of the concrete cone, the constraining forces increased D and E sufficiently
to develop the second yield hinge. The yield hinge was observed approximately 60 to 70 mm
above the flange of the beam.

According to equation (6.10), the centre of mass of the failure surface is about 65 mm above
the flange of the beam for pairs of studs and CF80 decking. This matches well with the
observed position of the yield hinge. The position 29, where the forces E act on the stud, is
therefore taken as the coordinate h; of the failure surfaces centre of mass. The dimension
a in equation (6.12) is then obtained as the difference between 23 and z;. The shear force
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6.3 Contribution of the shear stud to the shear connector resistance

Figure 6.10: Two yield hinges of a stud in the rib of CF80 decking observed in specimen
3-01-1.

component in the stud is then:

My
P =P 6.13
" hy—0.5d (6.13)
were: P, Shear force in the stud
d3
My = fu- 5 Plastic bending resistance of the stud
h Coordinate of the centre of mass of the concrete failure surface
above the flange of the beam according to equation (6.10)
0.5d Position of the bottom yield hinge above the flange of the beam

6.3.2 Plastic bending resistance for cases with double curvature of the stud

Double curvature of the shear stud can only develop when the embedment depth of the head
of the stud is sufficient to develop the support reaction, A, before failure of the rib occurs. The
static system that is used to calculated the contribution of the stud to the shear resistance is
shown in Figure 6.11.

In contrary to failure modes with single curvature of the stud, the concrete cone does not
fail in bending. This is because of the large embedment depth of the head of the stud that
increases the size and bending resistance of the concrete cone as well as decreases the
support reaction, A, that is necessary to develop the yield mechanism. In addition, the force
P,, that is introduced into the concrete at the weld collar, decreases at high slip because
of concrete crushing in front of the stud. Because the concrete cone does not fully fail in
bending, the head of the stud can introduce the support reaction, A, into the concrete topping.
The upper yield hinge develops where the stud is supported by the force . The position of
the force E depends on the geometry of the shear connection. According to the observations
in push-out tests with CP60 decking, the yield hinge develops approximately at the centre
of mass of the concrete failure surface. The position of the centre of mass, h, is given by
equation (6.10). The bottom hinge was observed approximately half a diameter above the
flange of the beam.
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6 Components of the shear connector resistance

Static system
O T T i i i i a for the shear stud

A
e 11,
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Figure 6.11: Static system and loading for studs with double curvature.

The yield mechanism shown in Figure 6.11 developed at a slip of about 2 to 4 mm. Therefore,
it is assumed that the concrete contributes to the shear resistance with the force P. that leads
to the first crack at point a because of bending (see equation (6.5)). The contribution of the
stud itself, Ps., is obtained from the bending resistance of the stud using in plastic design:

2. M,
p.o— 27l 6.14
¢ hy —0.5d (6.14)

6.4 Limitation for stud shear failure

As upper bound of the shear resistance, the resistance for stud shearing is assumed. Failure
of the stud in pure shear occurs, when the plastic shear force, V,,, that the stud shank
can resist is reached. The resistance of the stud in shear is obtained by multiplying the
cross-section area with the shear stress, 7.

For a combination of axial stresses, o, and shear stresses, 7, the failure criterion is given as
follows:

fu=Vo2+3-12 (6.15)

In pure shear, the shear stress, 7, that the stud can resist is then:

Ju
= 2% 6.16
e 619
The resistance for stud shearing is then:
V=T m a2 (6.17)
V3
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6.5 Differentiation of the type of stud curvature

6.5 Differentiation of the type of stud curvature

Based on the previous considerations, the resistance of the shear connector, P, is obtained
as follows:

P =P.+ Psc <V (6.18)

For studs with single curvature, this leads to the shear resistance as follows:

Jetm Nq+Nsc) 2-1, ] 1 1 1 My
P= : Ny -ep| -+ —+—L=<Vy; (6.19
Kcosa T b, el T —0sa = 619

For studs with double curvature, the shear resistance is:

Jetm Nq—l—Nsc) 2-1, ] 11 2 My
P= : Ne-ep| - — —+-——L_ <V, (6.20
KcosozjL A bo + L hy, n, hs—0.5d wo | )
L +  Ila | sHI | 1 + ILb |<HI

" TN
4 M, 2% A

A iy

2 E
© = \ Yield hinge

| P » L CL |
- T P
; I T

Figure 6.12: Static systems to describe the stud shear resistance for failure modes with single
or double curvature of the stud.

The deformation of the stud differs only because the horizontal support of the head of the
stud is either failed or not. This leads to the development of either one or two yield hinges in
the stud shank. Accordingly, equations (6.19) and (6.20) only differ from each other in the
factors 1 and 2 in front of the studs plastic bending resistance, M. This factor is the number
of yield hinges. If the numbers 1 and 2 are replaced with the factor n,, a single equation for
both types of curvature is obtained:

fctm Nq+Nsc> 2'Iy 1 1 ny-Mpl
P= : Nec-ep| -7 —+——2=<V,; (6.21
Kcosa+ A b, T erer T —0sa =V 021

where: n, Number of yield hinges in the stud shank
To differentiate between single or double curvature, equation (6.21) is solved for n,,. Then the
number of yield hinges is back-calculated from push-out test results and compared against

geometric parameters of the shear connection. The database of results is reduced to 191
cases in this investigation. The following cases were not considered in this model:

111



6 Components of the shear connector resistance

Re-entrant deck profiles

Through deck welded studs with 22 mm diameter
Studs without a head
Studs welded with an eccentricity to the centre line of the rib

+ Test series, where the maximum or minimum resistance deviates by more than 20% of
the mean resistance of the series

* tests where V), is decisive

The observations in push-out tests indicate that the embedment depth of the head of the stud
into the concrete above the rib is the primary criterion to differentiate between single or double
curvature. [DIN EN 1994-1-1, 2010] requires an embedment depth of 2 stud diameters.
Figure 6.13 shows the obtained number of yield hinges versus the embedment depth related
to the stud diameter. Because of the simplified assumptions leading to equation (6.21), the
results for n, show a large scatter. This makes it difficult to identify a criterion to differentiate
the number of yield hinges. However, Figure 6.13 shows that it is not possible to differentiate
the number of yield hinges by an embedment depth of 2 diameters.
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Figure 6.13: Number of yield hinges versus embedment depth related to the stud diameter.

The reduction factors in [Konrad, 2011] are differentiated for a ratio h,./h, = 1.56. The
numerical work in [Konrad, 2011] indicated a potential change of the failure. The comparison
of the number of yield hinges against the ratio h,./h, is shown in Figure 6.14. For tests
with hg./h, < 1.56, the results for n, show a too large scatter to use the ratio hs./h, as a
decision criterion.

In [Lungershausen, 1988] a minimum embedment depth of the stud of 2d,/n,. is required,
where n, is the number of studs per deck rib. Figure 6.15 shows the number of yield hinges
plotted against the embedment depth relative to d./n,. Based on the observation of 2 yield
hinges in tests with CP60 decking, the required embedment depth of 2d,/n, is sufficient for
the development of 2 yield hinges. Based on the results of tests with CF80 decking and
pairs of studs, only one yield hinge can be assumed for an embedment depth smaller than
1.5dy/n;. Considering the results shown in Figure 6.15, a linear transition between single
and double curvature can be assumed. This implies a gradual transition between the failure
modes, where the upper yield hinge is only partially developed. The factor n, is then given
by equation (6.22).
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Figure 6.14: Number of yield hinges versus the ratio of stud height to deck height.

6
A
5 g
A
o A 2
4 X Rambo
A N
— é A O Ernst
=3 O xaia sh A A
=2 A A ﬁ A Roik
A o % m3 o0 E
2 O ggert
[} p% % |}
8§ < oo ¢ Nellinger
1 & o X m]
pi3 1S X O ny
@ (]
0 9
1.0 1.5 2.0 2.5 3.0 35 4.0
(he-hp)/(dVn)) [-]

Figure 6.15: Number of yield hinges versus embedment depth related to stud diameter and
number of studs per rib.

ny =2-

— >
hse =Ty {”y =1 (6.22)

d- AVALZS ny S 2
Considering n, according to equation (6.22), the shear resistance according to equation

(6.21) is evaluated against push-out test results. The used database is reduced by the
following cases:

« through deck welded studs with 22 mm diameter
 studs with the head cut-off
* test series’, where the results deviate more than 30% from the mean value

The remaining database contains 291 push-out tests and considers different deck shapes,
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6 Components of the shear connector resistance

welding methods, positions and number of studs per rib. The results of the comparison
are shown in Figure 6.16 and Table 6.1. The comparisons show that the predicted shear
resistances correlates well with the test results. In comparison to the analysis methods
according to [DIN EN 1994-1-1, 2010], [Lungershausen, 1988] and [Konrad, 2011], the pre-
dictions are relative conservative. However, the coefficients of variation, V', and correlation,
R, are significantly improved.
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Figure 6.16: Comparison of experimental shear resistance, P, to the shear resistance ac-
cording to equation (6.21), Pryy,.

Table 6.1: Comparison of analytical average shear resistance to test results for different
analysis methods.

Analysis method P./Pgrp, o \% R

Equation (6.21) 1.146 0.266 0.233 0.779
[Roik et al., 1989, DIN EN 1994-1-1,2010] 0.858 0.259 0.301 0.623
[Lungershausen, 1988] 1.085 0.292 0.269 0.721
[Konrad, 2011] 0.893 0.255 0.285 0.616

6.6 Simplification and verification of the model

Even though equation (6.21) shows a significantly improved accordance with the test results,
it is only of limited suitability in practice, because the cone properties A, I,, and h, require a
relatively large effort in calculation. In the following section, simplified equations for these
properties are introduced.

The idea is to replace the three-dimensional failure cone, shown in Figure 6.4, with an
equivalent rectangle. The width of the rectangle, b.;, is taken as the horizontal width of
the failure surface, and is given by the ’as-welded’ height of the studs, h,., and the spacing
between the studs, eg, as follows:

beff = 2'hsc'C0t@+(nr - 1) cEg = 2.4-h53+(nr — 1) - € (6.23)
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6.6 Simplification and verification of the model

The height of the rectangle, b4, is taken as the maximum width of the concrete rib, as
follows:

by,
bmar = Max {b (6.24)
Do=Dbmax bu=bmax
— I
el Bhiwlw
< o <
A A O | A |
(a) Open deck shapes (b) Re-entrant deck shapes

Figure 6.17: Maximum width of the rib, b,

This simplifies the area of the failure surface as follows:

A= beff . bm(w = (2.4 . hsc + (nr - 1) . 65) . bmax (6.25)

The moment of inertia is simplified as follows:

bess - b3 1
I, = W 12 (24 - hge+ (np —1) - eg) - b?na:c (6.26)

The position of the upper yield hinge, hs, cannot be expressed by the simplified surface.
Figure 6.18 shows the position of the hinge according to equation (6.10) in dependency of
the stud height, when single studs per rib and different types of steel decking are used. It is
shown, that for trapezoidal decking, such as CF80, RD80 and CP60, the position of the yield
hinge is calculated at 0.45 times the stud height. For re-entrant decking, such as CS56 or
Holorib, a value of 0.41 times the stud height is obtained.

For single studs per rib, the position of the upper yield hinge is:

hs,l =f hse (6.27)
0.45 for trapezoidal deck profiles
where: (= i
0.41 for re-entrant deck profiles

When pairs of studs per rib are used, two additional rectangles occur between the studs in
the failure surface. The area of these rectangles is given by e, and b,,4,.. There centre of
mass is located at 0.5(hs. — hy,) above the top of the rib. Considering the position of the yield
hinge found for single studs, h 1, and the simplifications on the area of the failure surface, A,
this leads to a yield hinge position for multiple studs as follows:

Aq - hs71 + AA- hs,g
SA
2.4 - hse - baz - B+ hse + bmaz - (nr — 1) - €5 - (hp + 0.5 (hse — hp))
24 - hge - bnaz + (nr - 1) “€s * bmax

hs =
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Figure 6.18: Position of the upper yield hinge, hg, versus stud height, h., for single studs
and different steel decks.

This results in the position of the upper yield hinge for single studs per rib or multiple studs
per rib as follows:

hy = sk (6.28)

Because of the simplifications on the cone properties A and I,,, the consideration of the
failure surfaces inclination, «, is no longer necessary. Therefore, equation (6.21) can be
simplified to:

Ny + N, 2-1 1 1 - M,
P:[(fctm+ CIA sc)‘ Y4 Nyo-ep|-—- +M§%l (6.29)

bo hy ny  hs—0.5d
The evaluation of equation (6.29) with the simplifications on A, I, and h, is shown in Figure
6.19. The simplifications did not only reduce the calculation effort, but even improved the
accuracy of the predicted shear resistances in comparison to the results of equation (6.21),
shown in Figure 6.16.
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180
pu=1.132
150 | ©=0.247 X Rambo
Vv=0.218 8 o A OErnst
E; n=291 @ e, ;
o i ARoik
Z 90 e _
X s ARoik/\
o 5
0 60 <o Konrad
e Konrad /_\
30 OEggert
0 WEggert/_\
0 30 60 90 120 150 180  ©Nellinger

Pr [kN/stud]

Figure 6.19: Comparison of push-out test results to simplified analytical shear resistances,
Pr,, according to equation (6.29).

6.7 Calibration according to EN 1990

In the following section the equation for the shear connection resistance (see equation
(6.29)) is calibrated statistically against the test results. The standardised evaluation method
according to [DIN EN 1990, 2002] Appendices D.8.2 and D.8.3 is used. This method derives
scaling factors to identify the characteristic value and design value for equation (6.29). This
linear scaling of the resistance is the reason why previously special attention was paid
on improving the coefficient of correlation rather than the ratio P./P;. The characteristic
resistance is derived for a 5%-fractile (see Table D.1 in [DIN EN 1990, 2002]) and the design
value for a probability of failure of 0.1% (see Table D.2 in [DIN EN 1990, 2002]).

For details on the evaluation method refer to the standard. Here, only additional considera-
tions on the evaluation of equation (6.29) and the assumed input parameters are discussed.

[DIN EN 1990, 2002] requires a comparison between experimental resistance and theoretical
resistance calculated with measured properties to verify the accuracy of the design model.
This was already shown in Figure 6.19.

The final equations contain the characteristic material properties. [DIN EN 1990, 2002]
assumes the use of measured properties in the calibration. Therefore, [Roik et al., 1989]
and [Konrad, 2011] multiplied the finally calibrated equations with further conversion factors.
Because the present design model is a complex function, such a conversion factor cannot
be used and the characteristic material properties are used. The characteristic material
properties are obtained according to equations (6.30) and (6.31).

Jek = fem — 8 (6.30)
fuk: = fum : (1 - koo : Vfu) (6-31)

The theoretical resistance, r, of the shear connection is then the minimum of equations
(6.32) and (6.33).
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6 Components of the shear connector resistance

Ny + N8c> 2.1, 1 Ny - My
= . N - . 6.32
Tt,1 [(fetm + A b, + Ngc - er, hp "y + he — 0.5d ( )
Te2 = f\/ug ST d2/4 (6.33)
Where:  fom = O.3actf3k{3 Concrete tensile strength with

fer < 50 N/mm?

Nye = 0.1n, fmd? /4  Compression applied below the head
of the stud

My, = furd®/6 Plastic bending resistance of the stud

For the reduced test database, equation (6.32) becomes decisive for 182 tests and equation
(6.33) is decisive for 111 tests. For both equations, further investigations are conducted for
through deck welded studs and tests with pre-punched deck profiles, as shown in Table 6.2.
Because for some of these cases the number of samples is small, all cases are evaluated as-
suming a finite number of samples. The fractile-factors k,, according to [DIN EN 1990, 2002]
Table D.1 and kg, according to Table D.2 are chosen for the number of samples in each
case to consider the statistical uncertainty of a small number of samples.

Table 6.2: Case differentiations for the calibration of the theoretical resistance r;

ID Description No. of tests
Bending  Stud shearing
Eq. (6.32) Eq. (6.33)

A  All tests with headed studs and 182 111
a variation of the results < 30%
B  As A, but only tests with studs in 143 41

mid-, staggert- or favourable position

20mm when through-welded
and 16mm < d <
22mm with pre-punched decking

C As B, but only through deck welded studs 72 21

D As B, but only with pre-punched decking 71 20

For a finite number of samples, the coefficient of variation, V,,, of the theoretical resistance
function is given by equation (6.34). Because the theoretical resistance according to equation
(6.32) is not a product, the partial derivatives cannot be expressed as a factor of g,.. Therefore,
grt cannot be cancelled and V;; is dependent on the average values of the variables X ,,.
For this reason, equation (6.34) is evaluated for each test and the mean value of V,; is used
in the further progress.

J

2 1 (agrt A>2
Vi=—5—— ) Xy ox. <O (6.34)

i=1 v

The partial derivatives, g%f, are given in Appendix F. The used coefficients of variation, V;,
for each variable are summarised in Table 6.3. According to [Roik et al., 1989], a variability of
15% of the concrete compressive strength, f., 5% of the studs tensile strength, f,, and 3%
of the stud diameter, d, are assumed. Measurements of the welded height of the stud, h,
(see Appendix C) led to the assumption of a variation of 1%. For the dimension of the steel
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decking, hy, b,, by, a variability of 5% is assumed, considering the limiting sizes according
to [DIN 18807-1, 1987]. This assumption is relatively conservative, but more realistic than
assuming a variation of at least 10%, which [DIN EN 1990, 2002] requires for unknown
coefficients of variation. Furthermore, it was observed that the steel decking, which was
received for the push-out and beam tests, was strongly deformed after transport, in some
cases. In those cases, the assumed variation of 5% can be assumed reasonable, at least
for the width of the rib at the top, b,. For the welding position of the stud, e; and ey, no
coefficients of variation are known. According to [DIN EN 1990, 2002], a minimum variability
of 10% is assumed. This can be assumed as a relatively conservative estimation of the
variability, because an inaccuracy of up to about 3 mm is considered for the eccentricity, e,
and up to 10 mm for the transverse spacing of the studs, ey. The variation of the number
of yield hinges, n,, is assumed to be considered within the coefficient of variation, V;, of
the average correction factor, b. A variation for the number of studs is not needed. The
variation of the transverse load, V,, is assumed to be considered in the loading assumptions
according to [DIN EN 1991-1-1, 2010].

Table 6.3: Coefficients of variation V,; for the variables X;.
Jek Juk d se hp by bo €s €L Ty TNy Nq
15% 5% 3% 1% 5% 5% 5% 10% 10% - - -

The calibration is conducted separately for each equation. The results for the shear resistance
due to bending, 7,1 according to equation (6.32), are summarised in Table 6.4. Considering
all 182 test results, a safety factor of v;; = 1.34 is obtained. This improves to vy; = 1.31
when the position of the stud in the rib is restricted and the limitations for the stud diameter
according to [DIN EN 1994-1-1, 2010] are considered (case B). In addition, the restricted
field of application leads to about 4% higher characteristic and design resistances. A further
improvement of the resistances and safety factor is obtained for cases with pre-punched
deck profile, but the results significantly worsen for through deck welded studs. However,
the database of tests with pre-punched decking consists to 69% of single studs per deck
rib, while the database for through deck welded studs consists only to 36% of single studs.
Hence, from this comparison it cannot be finally concluded if the larger variation is because
of the welding method or the number of studs per deck rib.

For the stud shear resistance, r; » according to equation (6.33), a safety factor of vy, = 1.42
is required for all 111 tests results, as shown in Table 6.5. The high safety factor results from
the small resistance for studs with small diameters or studs in unfavourable position used
in [Rambo-Roddenberry, 2002]. This is proven, as the safety factor improves to vy = 1.25
when the field of application is restricted (Case B). For the shear resistance due to bending,
the safety factor further improves when the deck profile is pre-punched. A significantly higher
safety factor is obtained for through deck welded shear studs. All tests with pre-punched
decking used single studs per deck rib. For tests with through deck welded studs, 85%
of the tests also used single studs per deck rib. This leads to the conclusion that through
deck welded studs require higher safety factors than studs where the deck profile is pre-
punched. When the stud is welded through the decking, a certain amount of zinc evaporation
is enclosed in the welding area. This weakens the cross-section of the shear studs and
causes a larger variation of the stud shear resistance. This variation is so large that through
deck welded studs may not benefit from the contribution of the decking for their design
resistance.

A further differentiation of the cases C, through-welded studs, and D, pre-punched deck
profiles, according to the number of studs per deck rib is shown in Table 6.6. Comparing the
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6 Components of the shear connector resistance

average correction factor b for single studs per deck rib, a higher resistance can be confirmed
for through deck welded studs (C-1 vs. D1), but it appears that the resistance decreases
for pairs of studs when through deck welding is used (C-2+ vs. D-2+). A comparison with
respect to the characteristic resistance, design resistance and safety factor is not possible
between these cases, because the number of samples is too different. This means, that
for a smaller number of samples a larger statistical uncertainty is considered (see k, and
kq n in Table 6.6). This makes it impossible to identify if the different values result from the
number of studs, the welding method or the number of samples. Therefore, the influence of
the number of studs per deck rib and the welding method should be further assessed.

Based on these results, the design resistance of the shear connection is proposed without
any further considerations on the welding method or number of studs per deck rib. Only
the limitations on the shear stud diameter according to [DIN EN 1994-1-1, 2010] and on the
stud position are considered. The obtained design resistances are then shown as case B in
Tables 6.4, 6.5 and 6.6. Figures 6.20 and 6.21 visualise these results.

For the combined bending failure of the concrete rib and the shear stud, r; 1 according
to equation (6.32), a safety factor of v3; = 1.31 is obtained. If the characteristic resis-
tance r 1 is further reduced, the safety factor vy, = 1.25 can be used to be in line with
[DIN EN 1994-1-1, 2010], according to:

r 1.25 0.882 0.84
/r‘ = —— . . e . .
k,1 1.306 Tt1 1
For stud shearing, r; o according to equation (6.33), the required safety factor is very close
to vas = 1.25 and further conversions are not necessary. The design resistances are then
shown in equations (6.35) and (6.36).
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6.7 Calibration according to EN 1990

Table 6.4: Calibration of the shear resistance due to bending, 71, according to
[DIN EN 1990, 2002].
Case A B C D
n 182 143 72 71
b= (rery)/ S r? 1.208 1.228 | 1.255 1.206
6 = rei/ (bri;) - - - -
AZ' =In 51 - - - -
A= 1/nd> 0 A 0.008 0.008 | -0.001 0.013
s§ =1/(n—1)3" (A — A)Q 0.043 0.036 | 0.045 0.026
VE =exp(s?) — 1 0.044 0.037 | 0.046 0.027
. 2
V2 =1/¢%(X,,) x 30, (ggg x ai) 0.000 0.001 | 0.001 0.001
VE=VZ+ V3 0.044 0.037 | 0.047 0.027
Qre = /In(V2 4+ 1) 0.022 0.023 | 0.023 0.024
Qs = /In(VZ + 1) 0.207 0.189 | 0.213 0.163
Q=+In(V2+1) 0.208 0.191 | 0.214 0.164
art = Qre/Q 0.105 0.122 | 0.106 0.145
as = Qs5/Q 0.995 0.993 | 0.995 0.990
kn, 1.64 164 | 1.672 1.673
koo 1.64 1.64 1.64 1.64
/7t = bexp(—kooriQri — knasQs — 0.5Q?) 0.840 0.882 | 0.858 0.904
kan 3.04 3.04 | 3.200 3.206
kd 0o 3.04 3.04 3.04 3.04
ra/Tt = bexp(—kgoo0rtQrt — kanasQs — 0.5Q%) | 0.628 0.675 | 0.619 0.703
YV = TR/Td 1.338 1.306 | 1.387 1.286
180 N, + N, I 1 M
q sc Ny Mp;
n=|la +————)——=+ Nge +
150 H ‘ [( ctfctm A >b0/2 > l] thT hS — d/2 x Rambo
n=143 ,/\7:5“ OErnst
= 120 w=1.31 = S Xk -scl
-g M - 40'%
o ] qg./ﬁ/ ¥ aRoik
> 90 an _
X, A (70 ARoik /_\
2L 60 0 o Konrad
¢ Konrad /_\
30 OEggert
mEggert/_\
0 < Nellinger
0 30 60 90 120 150 180

r, [kN/stud]

Figure 6.20: Results of the calibration according to [DIN EN 1990, 2002] for the shear resis-

tance due to bending with the restricted field of application.
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6 Components of the shear connector resistance

Table 6.5: Calibration of the shear resistance due to stud shearing, r;2, according

[DIN EN 1990, 2002].

Case A B C D

n 111 41 20 21

b= (rere)) o132 1.313 1.257 | 1.294 1.236

6i = 7ei/ (bri;) - - - -

A; = 1nd; - - - -

A=1/nY" A -0.033 0.003 | 0.000 -0.004

s2=1/(n—1)X" (A; — A)? 0.048 0.009 | 0.013 0.004

VE=exp(s?) — 1 0.050 0.009 | 0.013 0.004

V2 =1/¢%(X,,) x S, (% x ai)2 0.013 0.013 | 0.012 0.014

VE=VZ+ V3 0.063 0.022 | 0.026 0.018

Qrt = /In(V3 +1) 0.114 0.114 | 0.111 0.117

Qs = /In(VZ + 1) 0.220 0.095 | 0.114 0.067

Q=+/In(V2+1) 0.247 0.148 | 0.159 0.134

g = Qrt/Q 0.464 0.770 | 0.699 0.870

as = Qs5/Q 0.892 0.642 | 0.720 0.496

kn 1.64 1.707 | 1.760 1.756

Koo 164 164 | 1.64 164

/7t = bexp(—kooriQri — knasQs — 0.5Q?) 0.846 0.970 | 0.974 0.979

kd.n 3.04 3.377 | 3.640 3.620

Ed. oo 3.04 3.04 | 3.04 3.04

ra/Tt = bexp(—kg oortQrt — kanasQs — 0.5Q%) | 0.597 0.775 | 0.748 0.798

Yar = 11/74 1.418 1.252 | 1.301 1.226

180 1 o~
_th plzﬁ'fuk'”'dz/Ll' /)9’
150 - R
n=41 ,/Q9

_ 120 yv=1.25 A N XRambo

% 09 m OErr.lst

E 90 & ARoik

= ARoik /_\

ol 60 /g/ <>Konra:j I\

30 OEggert /_\
< Nellinger
0
0 30 60 90 120 150 180

r, [kN/stud]

Figure 6.21: Results of the calibration according to [DIN EN 1990, 2002] for the stud shear
resistance with the restricted field of application.
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6.7 Calibration according to EN 1990

Table 6.6: Comparison of the statistical evaluation for different welding methods and single

or pairs of studs per deck rib.

B C C-1 C-2+ D D-1 D-2+
n 143 72 26 46 71 49 22
b 1.228 1256 1.345 1.181 1.206 1.166 1.298
kny, 1.64 1672 1.736 1.702 1.673 1.698 1.754
re1 kan 3.04 3.200 3.520 3.349 3.206 3.331 3.600
rp/r¢ 0.882 0.858 0.975 0.788 0.904 0.906 0.915
rq/rr 0.675 0.619 0.713 0.545 0.703 0.719 0.645
YM 1.306 1.387 1.368 1.445 1.286 1.261 1.418
n 41 20 17 3 21 21 0
b 1.257 1294 1285 1.382 1.236 1.236 -
kny, 1.707 1760 1.780 n.a. 1.756 1.756 -
r¢o  kqn 3377 3.640 3.901 na. 3.620 3.620 -
ri/r¢ 0.970 0.974 0.961 n.a. 0.979 0.979 -
rq/re 0.775 0.748 0.721 n.a. 0.798 0.798 -
YM 1.252 1301 1.333 na. 1226 1.226 -

C-1: Single studs, through-welded

D-1: Single studs, pre-punched deck

C-2+: Two or three studs, through-welded
D-2+: Two or three studs, pre-punched deck

123



6 Components of the shear connector resistance

6.8 Design resistance of shear connectors

Where:

N, + N
(fctm+llj4>'W+Nsc'eL n 'Ml 1

Pra = 0.84- — = 6.35

fidd hy - 1y T he—d2| (6.39)
2 1

Prgo =056 fup-m- — — (6.36)
4 v

v = 1.25 Safety factor

Jetm = 0-3actfc2k/3

Qe

fure < 500 N/mm?

Nq

Nge = 0.1n, fupmd? /4

A= (2.4hse + (ny — 1)e5)bmax

W = (24I’LSC + (n'r - 1)es>b$’nax/(6 ’

(ny — 1) (hp + hsc)es

Phac + 4.8hs.

hs =
- (ny — 1es
, h2.4h$C
1<n, =25 "2 _9<2
="y d/n,

Mpl = fukd3/6
hy < 155mm
bo
bma:t
n, <3
€s

{> 0 for favourable position
€

= 0 for mid- and staggert position

16mm < d < 22mm pre-punched deck
20mm through-welded

hsc = hsc,nom -5

hsc,nom

hsc — hp >d

5= 0.45 for trapezoidal decking
] 0.41 for re-entrant decking

bo=bmax bo
tey teL
5 hL

S\

= 4]

Jirmy ) Tl
o 1” “\
1% d .
- T T

Concrete tensile strength with

fere < 50 N/mm?

Factor for static loading: a.; = 0.85
Stud tensile strength

Transverse load per deck rib
Compression applied below the
head of the stud

Area of the concrete failure surface
Section modulus of the concrete
failure surface

Position of upper yield hinge

Number of yield hinges

Bending resistance of the stud
Height of the deck rib

Width of the deck rib at the top
Maximum width of the deck rib
Number of studs per rib
Transverse spacing between studs

Eccentricity of the stud

Diameter of the shear stud

As-welded stud height
Nominal stud height
Minimum embedment depth

Shape factor for the decking

12he , € . e | 12hse |

|
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6.9 Discussion of the new shear resistances in comparison to EN 1994-1-1

6.9 Discussion of the new shear resistances in comparison to
EN 1994-1-1

6.9.1 Discussion on the limitations onto geometry and material properties

During the development of the new design formulae for the stud shear resistance, the
improvement of the coefficients of correlation and variation was already highlighted. Af-
ter the calibration according to [DIN EN 1990, 2002], it is now discussed how the field of
application and shear resistance change in comparison to [DIN EN 1994-1-1, 2010]. A com-
parison of the limitations on the analytical resistances according to the new model and
[DIN EN 1994-1-1, 2010] is shown in Table 6.7.

Table 6.7: Comparison of the limitations on the analytical stud shear resistance in
[DIN EN 1994-1-1, 2010] and the new model.

Restriction [DIN EN 1994-1-1, 2010] New model Relative to EC4
Embedment depth hse —hp > 2d hse —hy > d -50%
Stud diameter 16mm < d < {22mm pre-punched unchanged
20mm through welded
Rib height h, < 85mm h, < 155mm +82%
Rib width b 2 Ty No restrictions N.A.
min b > 50mm
Number of studs n, <2 n, <3 +50%
Stud position Mid, Staggered, (Favourable) Mid, Staggered, Favourable N.A.
Concrete strength fere < 60N/mm? fere < 50N/mm? -17%
Tensile strength fure < 450N/mm? Fure < 500N/mm? +11%
No. of tests in 115 184 +60%
limitations

The required embedment depth of the stud into the concrete topping is reduced by 50%
from two diameters to one diameter. This reduction is possible, because the new model was
developed and calibrated considering tests with a small embedment depth, as for example
tests with CF80 decking or tests in [Hicks and Smith, 2014]. It is not considered that this new
limitation will lead to smaller studs in practice, because of the standardised dimensions of
shear connectors, but it will clarify limit cases, as in [Hicks and Smith, 2014] or the presented
CF80 tests. However, it is strongly recommended to not minimize the stud height, because of
the rather brittle concrete failure that occurs and the high sensitivity to transverse loading for
studs with a small embedment depth.

Considering the shear connector diameter, the same rules as in [DIN EN 1994-1-1, 2010]
apply to the new model.

The biggest changes come with the more relaxed limitations on the deck geometry. The
maximum deck height is increased by 82% to 155 mm. Steel decking with such a depth is
used for slim floor applications rather than being placed on top of the steel beam. However,
many manufacturers already provide decking with a height of 80mm. It is considered that
deeper decking will be developed if the reduced self weight of the slab is of sufficient
economical and ecological benefit. This development is further supported as no limitations
on the width of the deck rib are required, which allows the use of deck profiles with very
slender ribs.

The number of studs per deck rib that can be taken into account is increased from two to
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6 Components of the shear connector resistance

three. However, tests with CF80 decking showed that an increase of the number of studs
does not necessarily increase the total resistance of the shear connection. The more studs
are welded per deck rib, the larger the embedment depth becomes that is necessary to avoid
local concrete failure. If the embedment depth is too small, rib pry-out failure occurs. Then
the shear studs contribute only with one yield hinge.

In [DIN EN 1994-1-1, 2010], the shear stud position is limited to mid- or staggered position
according to clause 6.6.5.8 (3). Studs in favourable or unfavourable positions are formally
not allowed and no benefit of an increased resistance for studs in a favourable position is
made. For further comparisons, studs in favourable position are considered to be within
the limitations of [DIN EN 1994-1-1, 2010], because they can be assumed as conservatively
predicted. The new model allows studs in mid-, staggered- and favourable positions. Thereby,
an increase of the resistance for studs in favourable position is considered by the term Ng.ey.
This term may also consider a reduced resistance for studs in unfavourable position, but it
is strongly recommended not to use studs in unfavourable position. The new model is not
well calibrated for this stud position, because of the small number of available test results.
Should the resistance of studs in unfavourable position be required, the calibration according
to [DIN EN 1990, 2002] led to the following reduced resistances:

+ For the bending resistance, Pr4 1 according to equation (6.35), a reduction of 75% ,
based on 11 results.

* For the shear failure of the stud, Pr42 according to equation (6.36), a reduction by
47%,based on the evaluation of 6 tests.

The concrete compressive strength is limited to 50 N/mm? in the new model. This is smaller
than in [DIN EN 1994-1-1, 2010]. However, the current limitation results from the definition
of the concrete tensile strength in [DIN EN 1992-1-1, 2005] and the available test data. For
a compressive strength larger than 50 N/mm?, the used equation for f..,, is not valid and
the test database, see Appendix C, does not contain tests with high strength concrete to
verify the use of the respective equation for f.;,, in [DIN EN 1992-1-1, 2005]. Considering
the mechanical behaviour and its reflection in the component model, there is no need to
restrain the concrete strength, but the model should be evaluated by tests with high strength
concrete.

In [DIN EN 1994-1-1, 2010] the tensile strength of the stud is limited to 450 N/mm?, when the
studs are placed in the ribs of steel decking, whereas in solid slabs 500 N/mm? are permitted.
Especially for the case of pre-punched deck profiles, a reduction of the tensile strength is
not reasonable. The limitation must be the result of the available test data for the calibration.
Based on the available data, the tensile strength is limited to 500 N/mm? in the new model.
This gives a uniform definition for studs in solid slabs and studs in the ribs of steel decking.
There is no mechanical reason to prohibit higher tensile strengths, but the validity of the new
model must then be proven by further tests.

In all, the number of available tests fitting the given limitations of the new increased by 60%
compared to [DIN EN 1994-1-1, 2010]. Thereby, the new model gives deck manufacturers a
larger range for future developments.

6.9.2 Comparison of the design resistances

Finally, the design resistances according to [DIN EN 1994-1-1, 2010] and equations (6.35)
and (6.36) are compared to experimental results. Considered are only tests that satisfied the
limitations of each model. The results of this comparison are shown in Figure 6.22.

The most important finding of this comparison is that the design resistances according to
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6.9 Discussion of the new shear resistances in comparison to EN 1994-1-1

[DIN EN 1994-1-1, 2010] are not safe for all tests. This is the case for tests with CF80 and
CP60 decking reported in this thesis and [Odenbreit et al., 2015]. In case of the tests with
CF80 decking, the embedment depth of the head of the stud was too small in many cases.
This lead to the failure of a concrete cone around the shear studs. This type of failure must
be avoided according to [DIN EN 1994-1-1, 2010]. Therefore, these tests are not covered
by the rules of [DIN EN 1994-1-1, 2010]. However, without knowledge of the measured stud
height after welding, the studs might not be identified as too short in practice. In case of tests
with CP60 decking, the narrow ribs led to an unfavourable position of the studs according to
[Konrad, 2011]. This position cannot be considered as covered by [DIN EN 1994-1-1, 2010],
but the current limitations do not exclude these tests.

The new design resistances according to equations (6.35) and (6.36) are safe for all tests. In
addition, the new model shows significantly improved coefficients of variation and correlation.

150
A
120 A‘ X Rambo
(? 9.’ g OErnst
k=3 .
% 90 " X m % ARoik
> ARoik /_\
% 60 < xBPe e I° oKonrad
— B onra
a® x X JD O (] n=1.248
%@ 6=0.430 ®Konrad /_\
a V=0.344
< ’ 1 OE t
30 R=0.514 gger
n=115 mEggert/_\
0 - < Nellinger
0 30 60 90 120 150
PRra eca [KN/stud]
(a) Design resistance according to [DIN EN 1994-1-1, 2010].
150
A X Rambo
120 -
- * *© OErnst
= oL w0 -scCl
S 90 i o
2 ARoik
z
X 4 3 ARoik / \
» 60 _ ||
o n=1.834 ©Konrad
&&% 5=0.326 i
20 I NP v=0.178 ||  ¢Konrad/_
X R=0.873 OEggert
n=184 mEggert / \
0 . .
0 30 60 90 120 150 O Nellinger

PRrd.new [KN/stud]

(b) Design resistance according to equations (6.35) and (6.36).

Figure 6.22: Comparison of experimental resistance, P,, to design resistance, Prg .

The downside of introducing the safe resistances according to equations (6.35) and (6.36)
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Figure 6.23: Comparison of the design resistance according to equations (6.35) and (6.36)
to [DIN EN 1994-1-1, 2010] in the common field of application.

is that lower resistances are obtained. Figure 6.23 shows a comparison of the new de-
sign resistances, Prg new, to the design resistances of [DIN EN 1994-1-1, 2010], Pry pc4,
for the common field of application. It is shown, that for the majority of tests a smaller
resistance is obtained with the new model. In average the new resistances are about 30%
smaller than in [DIN EN 1994-1-1, 2010]. However, this is a consequence of the fact that
[DIN EN 1994-1-1, 2010] is unsafe for some tests, while they are safely predicted with the
new model.

6.9.3 Concluding remarks

It can be concluded that the newly developed model shows an improved correlation with push-
out test results compared to [DIN EN 1994-1-1, 2010], but the result of a ’safe’ prediction of
the shear resistance is a lower resistance.

The new resistances according to equations (6.35) and (6.36) may appear more complex
than the k;-formulae of [DIN EN 1994-1-1, 2010], but they are based on simple mechanical
considerations of the shear connector behaviour. This is beneficial for future extensions and
improvements of the model, because the mechanical assumptions can be modified according
to new applications. Examples where the model can be extended are the consideration of the
welding procedure or reinforced concrete ribs. The complexity of equation (6.35) is further
increased by the additional consideration of beneficial influences, like welding studs in the
favourable position and transverse loading. In addition, the model has a significantly wider
field of application that allows a much larger range of shapes for the steel decking.

Furthermore, the new model allows a certain classification of the expected load-slip behaviour.
For cases where equation (6.35) is decisive with n,, = 2, double curvature of the stud and a
load bearing behaviour as observed in tests with CP60 decking may be assumed. Cases with
n, = 1 lead to a behaviour with single curvature of the stud as observed in tests with CF80
decking. The shear resistance according to equation (6.36) results in a load-slip behaviour as
observed in tests with RD80 decking, which was similar to CF80, but allowed the development
of plasticity in the stud before the peak load was reached. This information is helpful for
identifying the need of applying transverse loads to push-out tests.
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7 Conducted composite beam tests

7.1 Test set-up, test programme and material properties

Two composite beam tests were conducted using CF80 decking and configurations of the
shear connection system known from the push-out tests. The objectives of the beam tests

were:

» To compare the load-slip behaviour of the shear connectors in push-out tests and beam

tests

» To investigate the load-displacement behaviour of beams with low degrees of shear

connection

» To gather the information for the verification of later FE-Models

I Actuator
Load cell
— Calotte
|
2 UPE 300
Spreader beam, IPE 360
o | ‘ Plate, t=10mm
© Neopren, t=10mm
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Figure 7.1: Test set-up of 6m span composite beam tests.
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Figure 7.2: Specimen 2-10 at the beginning of the test.
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7 Conducted composite beam tests

Both tests were conducted as 4-point bending tests, as shown in Figures 7.1and 7.2. The
span of the beams was 6m and the steel section was an IPE 360. The composite slab
had a width of 1.50m and a thickness of 150mm. As in the push-out specimens, a Q188 A
reinforcement mesh was placed 30 mm above the top of the deck rib. The same concrete
as for the push-out tests was used. Both beam tests used headed studs of 19 mm diameter
and 125 mm nominal length that were welded through the decking. The tests differed only
in the number of shear studs per deck rib. Specimen 2-09 used single studs per deck rib,
as the push-tests in series NR1, and specimen 2-10 used pairs of studs per deck rib, as for
example the push-tests in series 1-10.

Table 7.1: Parameters of composite beam tests.

Steel profile Composite slab Shear connectors
Test  Section fy Decking he b fe 1%/ hse.nom fu n,
[N/mm?2] [mm] [m] [N/mm2?] [mm] [mm] [N/mm?]
2-09 IPE 360 382 CF80 150 1.50 48.62 19 125 550 1
2-10 IPE 360 382 CF80 150 1.50 49.02 19 125 550 2

In addition to the force applied by the actuator, the support reactions were measured, as
shown in Figure 7.1. Furthermore, extensive displacement and strain measurements were
taken, as shown in Figures 7.3 and 7.4. The deflection of the beam was measured at the
positions D-D-1 to D-D-7. The concrete strain was measured at two cross sections with
displacement sensors, E-W-10 to E-W-24, to obtain information on the distribution of stresses
across the width of the slab. The longitudinal strain in the flanges of the steel section was
measured at seven sections, S-SD-10 to S-SD-71. This extensive strain measurement allows
the evaluation of the internal forces and moments of the steel section.

From those results, various conclusions on the introduced shear forces can be drawn. This
allows to compare the shear resistance per stud at ultimate load to the push-out test results.
Additionally, the strains in the web were measured at 0° (longitudinal) , 45° and 90° (vertical)
with strain gauges, R-L-10 to R-L-72. The purpose was to evaluate the direction of principle
strains close to the supports and loading points. The slip was measured at 13 positions,
D-S-1 to D-S-13. However, the measurements D-S-2 to D-S-12 were taken between the
decking and the flange of the beam and did not show accurate results because of the through
deck welded studs. Therefore, only the measured end-slips are assumed to be accurate.

(a) Measurement of concrete strains. (b) Deflection and slip measurements.

Figure 7.3: Measurement of slip, deflection and concrete strain.
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7 Conducted composite beam tests

7.2 Prediction of bending resistance and stiffness

In the following section, the plastic load bearing capacity of the test specimens is predicted.
Besides the specimen dimensions and material properties, the shear connector resistance is
of major influence. To verify the new equations for the shear stud resistance, the bending
resistance of the beams is predicted assuming the average shear resistance of the studs
according to [DIN EN 1994-1-1, 2010] and the newly developed formulae. The stud resis-
tances are calculated assuming measured material properties. Thereby, the correction factor
b is not considered in the evaluation of equation (6.32), as it can be seen in Figure 6.20 that
the equation was satisfactory for the push-out tests presented in chapter 4.

[DIN EN 1994-1-1, 2010] allows two methods to calculate the plastic bending resistance of a
composite beam with partial shear connection:

1. A plastic stress distribution is assumed, based on the shear force that the studs can
transfer. This is the accurate method.

2. The bending resistance is linearly interpolated between the plastic resistance of the
steel section, n = 0, and the plastic bending resistance of the composite beam for full
shear connection, n = 1. This is a conservative approximation.

Thus, the bending resistance of the beams is predicted for four cases, as summarised in
Table 7.2.

Table 7.2: Predicted bending resistance using measured material properties and average
stud resistances according to [DIN EN 1994-1-1, 2010] and the new model.

[DIN EN 1994-1-1, 2010] New model
Test Interpolation Plastic Interpolation  Plastic
0<n<1 stresses 0<n<1 stresses
Prm, [kN/stud] 88.9 88.9 67.5 67.5
n [-] 7 7 7 7
N, [kN] 622.3 622.3 472.5 472.5
2-09 Ny [kN] 27771 27771 27771 2777.1
n [-] 0.224 0.224 0.170 0.170
minn [-] 0.47 0.47 0.47 0.47
My R [KNm] 493.5 560.2 468.4 525.5
Prm [kN/stud] 62.8 62.8 42.7 42.7
n [-] 14 14 14 14
N, [kN] 879.2 879.2 597.8 597.8
2-10 Ny [kN] 27771 27771 27771 2777.1
n [-] 0.317 0.317 0.215 0.215
min n [-] 0.47 0.47 0.47 0.47
My R [KNmM] 536.5 610.3 489.4 554.8

For test specimen 2-09 with single studs per deck rib, [DIN EN 1994-1-1, 2010] predicts an
average shear resistance of 89kN per stud. This leads to a degree of shear connection
of 22%, which is smaller than the required minimum degree of shear connection of 47%.
The bending resistance obtained from the plastic stress distribution is 561kNm and for the
simplified interpolation of the resistance, it is 496kNm.

The new formulae for the stud resistance results in a shear resistance of 68kN per stud.
This is 79% of the prediction according to [DIN EN 1994-1-1, 2010]. For the degree of
shear connection of only 17%, a bending resistance of 526kNm is obtained from the plastic
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7.2 Prediction of bending resistance and stiffness

stress distribution, which is 94% of the case with the stud resistance assumed according to
[DIN EN 1994-1-1, 2010]. For the interpolated resistance, 95% of the prediction according to
[DIN EN 1994-1-1, 2010] is reached with 470kNm.

For specimen 2-10, an average shear stud resistance of 63kN per stud is predicted according
to [DIN EN 1994-1-1, 2010]. This leads to a degree of shear connection of 32%, which is
42% higher than for specimen 2-09. The bending resistance according to the plastic stress
distributions is 611kNm. The bending resistance obtained by interpolation is 540kNm. Thus,
[DIN EN 1994-1-1, 2010] predicts a 9% higher bending resistance of the composite beam
when pairs of studs per deck rib are used.

The new model for the stud shear resistance leads to an average resistance per shear stud of
43kN, which is 68% of the stud resistance according to [DIN EN 1994-1-1, 2010]. The bend-
ing resistance calculated from the plastic stress distribution is 555kNm and using interpolation
it is 492kNm. These are about 91% of the prediction according to [DIN EN 1994-1-1, 2010].
With the stud resistance according to the new formulae, the increase of the bending resistance
for pairs of studs compared to single studs per deck rib is only 4% to 6%.

The elastic bending stiffness and slip are predicted according to [Leskela et al., 2015]. The
Young’s Modulus of the steel section is taken as 210 GPa and for the concrete it is calculated
according to [DIN EN 1992-1-1, 2005]. For the determination of the stiffness, the stiffeners on
top of the steel decking are ignored, because it can be assumed that they do not significantly
reduce the stiffness. The stiffness of the shear connectors is determined from push-out tests.
Because the self weight of the slab is relatively small, the results of tests without transverse
loading are considered. Accordingly, specimen 1-10-3 is considered for pairs of studs and
specimen NR1-1 for single studs per deck rib. To determine the stiffness of the shear
connectors, the secant-modulus through the points at 10% and 80% of the shear resistance
are considered, as shown in Figure 7.5, which corresponds to the normal application range.
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(a) Stiffness for single studs per deck rib from push-out (b) Stiffness for pairs of studs per deck rib from push-out
specimen NR1-1. specimen 1-10-3.

Figure 7.5: Assumed stiffness of shear connectors to predict the elastic behaviour of com-
posite beam specimens.

It can be seen that the use of pairs of studs increases the stiffness of the shear connection only
by about 45%. The predictions of the composite beams bending stiffness are summarised in
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7 Conducted composite beam tests

Table 7.3. The consideration of a flexible shear connection reduces the bending stiffness
by about 39% to 45% compared to the stiffness for a rigid shear connection. The bending
stiffness of the composite beam with pairs of studs benefits only by 12% from the higher
shear connector stiffness.

Table 7.3: Predicted stiffness and deformation according to [Leskela et al., 2015] at 70% of
the assumed ultimate load.
Beam o; ELi®  Kgq Ts  Qieff Eligerf®
[] [MNm?] [MN/m’  [] [-] [MNm?]
2-09 2.63 126.65 1711 0.24 1.00 69.78
2-10 2.63 126.65 248.1 0.31 1.24 78.13

& Assuming rigid shear connection
® Assuming flexible shear connection

7.3 Test results

For both specimens, the record of measurement data started after the assembly of the test
set-up. This means that the self weight is not covered by the measured data. The self weight
of the composite beams is about 4.9 kN/m. Accordingly, the bending moment at the loading
points because of self weight is 20.6 kNm. The loading rig had a self-weigth of 4 kN in
total. Accordingly, a point load of 2kN contributes to the tests bending moment. Figure 7.6
illustrates the assumed distribution of the bending moments for each load case.

P P
0=4.9kN/m l l
[T T
X A A R
2.25 | 150 | 225 2.25 | 150 | 225
6.00 6.00
gl gl E
2l 2 2
Q& & K
M=2.25P
(a) Moment distribution due to self weight. (b) Moment distribution due to point loads.

Figure 7.6: Assumed distribution of bending moments because of self weight and point loads.

7.3.1 Specimen 2-09

Figure 7.7 shows the applied load plotted versus the deflection at mid span. The specimen
reached its ultimate load at 212.5kN at a deflection of 54.8mm. Accordingly, the bending
resistance of the specimen was 503.3kNm.

6.00 2.252
Mrpest = (2125 + 2+ 4.9 - T) +2.25—-4.9-

= 503.3 KNm
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7.3 Test results

Independently of how the shear stud resistance was determined, the test did not reach
the bending resistance predicted from the plastic stress distribution. The calculation of
the deflection using the bending stiffness according to [Leskela et al., 2015] gives accurate
results up to about 70% of ultimate load.
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Figure 7.7: Applied point load, P, versus mid span deflection for specimen 2-09 (self-weight
not included).
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Figure 7.8: Dependencies of applied point load, P and deflection to end-slip.

Figure 7.8 shows the measured end-slips in comparison to the applied load and the mid-span
deflection. It can be seen that the predicted end-slip according to [Leskela et al., 2015]
corresponds well with the measurements up to about 70% of ultimate load. The end-slip

135



7 Conducted composite beam tests

was symmetrical up to a deflection of about 283mm. This corresponds to the point of the
load deflection curve, shown in Figure 7.7, where the first significant non-linear displacement
occurred. After that, the end-slip almost completely was shifted to one side of the beam.
This indicates that at about 23 mm deflection an asymmetric failure must have occurred
in the shear interface. The end-slips at ultimate load are 3.0mm and 7.1mm. For higher
loading stages, the asymmetric behaviour can be also found in the measured deflection of
the specimen, shown in Figure 7.9.
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Figure 7.9: Deflection of specimen 2-09 for selected load stages.

The evaluation of measured strains confirms the asymmetric failure of the shear interface.
The strains were evaluated using the assumptions shown in Figure 7.10. Between the
measured strains in top and bottom flange of the steel section, a linear strain distribution was
assumed. Considering a typical simplified stress-strain relation the stress distribution was
obtained. The integration of stresses then lead to the axial force and bending moment of the
steel section. The axial force is equal to the introduced shear force.

f,=382MPa 5

E=210GPa

v
m

£,=1.8%0

Figure 7.10: Assumptions for the evaluation of strain measurements.

Figure 7.11 shows the obtained shear forces in the measuring points for selected loading
stages. It can be seen that up to about 70% of the test load the shear forces were distributed
symmetrical. This corresponds to the elastic part of the load-displacement plot.
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7.3 Test results

Furthermore, it is shown that at about 90% of ultimate load, the shear connectors between
x = 4.80m and x = 5.70m must have failed. During testing, lifting of the rib at x = 4.95m
was observed at a deflection of around 25 to 30mm. When the concrete was removed, a
poor quality of the welding was identified for this stud, see Figure 7.12. The same failure was
identified for the stud at x = 5.55m. For the stud at the end of the beam and below or directly
besides the loading points, double curvature of the stud was observed. At the loading points,
the large local transverse compression allowed the development of two yield hinges in the
stud. This leads to the conclusion that also the stud at the end of the beam must have been
subjected to transverse compression forces. The wavelike displacement of the concrete slab,
see Figure 7.13, supports this assumption. For the remaining studs between loading point
and end of the beam, rib pry-out failure with single curvature of the studs was identified.
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Figure 7.11: Introduced shear forces along the span of the beam for selected load stages.

Evaluating the shear forces between each section, where strain measurements were taken,
the average force per stud in each interval was obtained. Figure 7.14 shows these forces
plotted against the end-slips of the beam. It can be observed that the studs at the end of
the beam, P; 19 and P 7o, reached a shear force of about 105kN to 120kN at end-slips of
about 1.5mm. The shear connectors in front of the loading points, P 3020 and Ps 50—¢0, also
reached about 120kN at end-slips of 2.5mm to 3mm. Between the loading points, Ps 40—30
and FP; 40-50, smaller shear forces were transferred because of the small slip at mid-span.
However, on the weak side of the shear interface up to 115kN were reached at an end-slip of
about 4.3mm. All these studs had a significantly larger shear resistance than observed in the
corresponding push-out specimen NR1-1. Considering the deformation of the concrete slab,
as shown in Figure 7.13, these studs are assumed to be subjected to significant transverse
compression. The remaining studs, which were 0.45m to 1.05m away from the supports,
reached a shear force of about 80kN. This corresponds well with the accompanying push-out
test. As shown in Figure 7.13, a lift of the concrete slab in this region of the beam occurred.
Accordingly, the studs welded there did not benefit from transverse compression. They may
even have suffered from transverse tension, which could have caused the weld failure of two
studs. Considering the studs on the weak side of the beam, F; 6070, it can be seen that the
first stud must have failed at an end-slip of about 2.1mm. The second stud must have failed
at an end-slip of about 3.2mm.
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7 Conducted composite beam tests

(a) Concrete failure and deformed stud.

Figure 7.12: Weld failure of stud at z = 4.95m.

— ————— [ ca.38mm

5.25
3.75

x=4.95

X
X

(a) Wavelike deformation of the concrete slab. (b) Local rotation in slab.

Figure 7.13: Local deformation of concrete slab.

The re-assessment of the beams bending resistance shows a significantly improved accor-
dance to the test, when two studs are assumed to have failed at ultimate load, as shown in
Table 7.4. Shown are the results that were obtained from the analysis of the plastic stress dis-
tribution. Using the stud resistance according to [Roik et al., 1989, DIN EN 1994-1-1, 2010],
which was 89kN, the static resistance of the beam is still over-estimated by 3%. If the shear
stud resistance according to Chapter 6, which was 67.5kN, is applied, then the bending
resistance of the beam is predicted by 2.5% on the safe side.

The results of this beam test showed, that the behaviour of composite beams at serviceability
limit sate corresponds well with the equations by [Leskela et al., 2015]. The asymmetric
failure of the shear interface made it difficult to draw conclusions on the resistance of the
shear connectors. In addition, the deformation of the concrete slab itself lead to effects
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7.3 Test results
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Figure 7.14: Shear forces per stud versus end-slip in beam test 2-09.

Table 7.4: Comparison of test resistance to theoretical resistance calculated from plastic
stress distributions, assuming n = 7 or n = 5 studs in the shear length.

Studs according to n=7 n=25
n -] 0.224 0.160
Mpi,rm [kNm] 560.2 518.6
[DIN EN 1994-1-1, 2010] ) " KNm] 5033 503
Mrest/Mprrm [ 0.898 0.970
n ] 0.170 0.121
Mpi.rm [kNm] 5255 490.8
New model Moy [kNm] 503.3 503.3
Mrest/Mpr g [-] 0.958 1.025

of transverse loading that locally influence the shear connector resistance. However, the
analysis of the bending resistance of the beam showed good accordance to the test result
using the stud resistance according to Chapter 6.

The ultimate load was reached at a deflection of around span/100 with end-slips of 3mm and
7mm. It can be assumed that for a symmetric behaviour of the shear interface, the end-slip
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7 Conducted composite beam tests

would have been between these two values. This leads to the conclusion, that the specimen
could have develop its plastic bending capacity without exceeding a limiting slip of 6mm, even
though the degree of shear connection was very small. Considering the preliminary failure of
the studs, the degree of shear connection was only 12% assuming the stud shear resistance
according to equation (6.29) and 16% according to [DIN EN 1994-1-1, 2010].

7.3.2 Specimen 2-10

Specimen 2-10 did show a symmetrical behaviour up to a deflection of about 130mm. The
beam reached its static ultimate load of 233.4kN at a deflection of 68.8mm, as shown in
Figure 7.15. The corresponding test moment was 550.3 kNm.

6.00 2.252
Mrest = (233.44+2+4.9- T) .2.25—4.9- o

= 550.3kNm

The analysis of the plastic bending resistance for the stud shear resistance according
to equation (6.29) predicted a plastic bending resistance of 554.8kNm. This is an over-
estimation of only 0.8%. Assuming the stud resistance according to [DIN EN 1994-1-1, 2010]
over-predicts the bending resistance by 9.8%. The elastic part of the load deflection curve,
shown in Figure 7.15, can be accurately analysed by application of the bending stiffness
according to [Leskela et al., 2015].

Table 7.5: Comparison of test resistance to theoretical resistance calculated from plastic
stress distributions.

Studs according to n=14
n [ 0.317
Mpi,rm [kNm] 610.3

DIN EN 1994-1-1, 201 )

[ 99411, 2010] Mrest [kNm] 550.3
Mresi/Mpyrm  [-] 0.902
n [ 0.215
Mp) pm [kNm] 554.8

New model Mrest [kNm]  550.3
Mrest/Mpi g [] 0.992

At a point load of about 205 kN was applied, the elastic behaviour abruptly ended and the
deflection increased by about 10mm. At the same time the end-slips increased by about
1.3mm, as shown in Figure 7.16. It was assumed that rib pry-out failure had occurred, which
was confirmed during the later removal of the concrete slab. Rib pry-out must have shown a
significant drop in the shear resistance, as observed in push-out test 3-01-3. The predicted
end-slip according to [Leskela et al., 2015] was quite conservative up to this point. At ultimate
load the end-slips were 6.4mm and 6.6mm.

The deflection of the beam, shown in Figure 7.17, and introduced shear force, shown in
Figure 7.18, were almost symmetrical. From the shear forces, it can bee seen that the shear
interface weakened between the supports and loading points at higher loading stages. This
shows that the shear resistance of the studs must have decreased at some point, because of
rib pry-out failure of the shear connectors.

As can be seen in Figure 7.19, the concrete slab itself showed a wavelike deformation.
Accordingly, it can be assumed that the shear connectors at the end of the beam and close
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Figure 7.15: Applied point load, P, versus mid span deflection for specimen 2-10 (self-weight
not included).
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Figure 7.16: Dependencies of applied load and deflection to end-slip.

to the loading points were influenced by transverse compression forces, which resulted from
the deformation of the beam. Therefore, the load-slip behaviour of the studs was evaluated
in the regions of the beam, where a lift of the slab was observed, as highlighted in Figure
7.19. In these regions, the deformation of the concrete slab is similar to push-out tests. The
shear forces per stud are plotted against the end-slip in Figure 7.20.

It can be seen that rib pry-out failure occurred at a shear force of about 75kN per stud. This
value is exceptionally high and was previously not observed in push-out test. Afterwards the

141



7 Conducted composite beam tests
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Figure 7.17: Deflection of specimen 2-10 for selected load stages.
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Figure 7.18: Introduced shear forces along the span of the beam for selected load stages.

shear force dropped to about 40kN to 50 kN per stud. This is larger than the shear resistance
of push-out specimen 1-10-3 without transverse loading. However, the behaviour of push-out
specimen 1-10-2 with about 8% transverse load matches well the post-failure resistance of
the studs in beam 2-10. In addition, equation (6.29) gives a good estimation of the shear
forces in the considered part of the shear interface.

It can be concluded that the equations for the shear stud resistance developed in Chapter 6
accurately predicted the resistance of the studs in beam test 2-10. Accordingly, the analysis
of the plastic bending resistance matches well the test result. The bending resistance was
reached at an end slip of only 6.6mm, even though the degree of shear connection was only
22%. The elastic behaviour of the beam can be accurately analysed using the equations in
[Leskela et al., 2015].
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Figure 7.19: Deformation of specimen 2-10 after testing.
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Figure 7.20: Shear forces per stud versus end-slip in beam test 2-10.

7.4 Concluding remarks

Table 7.6 summarises the results of the conducted beam tests. The two tests showed that
the shear stud resistance according to Chapter 6 results in reasonable accurate predictions
of the shear force in the beam. The analytical bending resistance obtained with these shear
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7 Conducted composite beam tests

forces matched the test results with an accuracy of +3%.

The test specimens reached their ultimate load at a deflection of about L/87 to L/109 . In
practice, this means that the beams may be designed for serviceability limit state, rather
than for ultimate limit state. The beams remained elastic up to 83% to 88% of their ultimate
load. The corresponding defection was about L/230 to L/240. The behaviour of the beams at
serviceability limit state can be accurately analysed according to [Leskela et al., 2015].

Both specimens had very low degrees of shear connection. For specimen 2-09, it was only
12% for a shear connector resistance of 67.5kN determined according to Chapter 6. For
specimen 2-10, the degree of shear connection was 22%, assuming a resistance of 42.7kN
per shear connector, determined according to 6. The end-slips at ultimate load were 7.1mm
and 6.6mm. This means that the limiting slip of 6mm was exceeded by less than 20%,
even though the required minimum degree of shear connection was much higher at 47%.
Assuming that the plastic stress distribution in the cross-section cannot be reached with
finite strains, the end-slip may be assessed at a smaller load stage. At 95% of the plastic
bending resistance, the end-slips were only 4.2mm and 4.7mm. This satisfies the limiting slip
of [DIN EN 1994-1-1, 2010].

Table 7.6: Test results at ultimate load and at 95% of the calculated plastic bending resistance.

Test 17 M M/My  Ljwpn  se €m /€y
[-] [kNm] [] []  [mm] [-]

503.3=Mrest 1.025 109 71 1.6

209 012 466.3=0.95M 0.95 158 4.7 1.3
550.3=Mrest 0.992 87 6.6 1.8

210 022 527.1=0.95M; 0.95 130 4.2 1.7

P: Static test load M Applied test moment (static value)

My Plastic bending resistance L: Span of beam L = 6.00m

wm: Mid-span deflection Se: Maximum end-slip

€m: Strain in axis of bottom flange at mid span €y=1.82%o: Yield strain
n: Degree of shear connection with shear resistance according to equation (6.29)

Based on the results of two composite beam tests, where one showed a strongly asymmetric
behaviour at ultimate load, the degree of shear connection of both tests was less then
half of the required degree of shear connection and the exceedance of the limiting slip at
ultimate load was relatively small. Considering the slip at a smaller percentage of the bending
resistance to account for finite strains, the limiting slip was satisfied. This is reasonable
evidence that the required minimum degree of shear connection could be reduced for short
span composite beams. The test with single shear connectors reached 102% of its plastic
bending resistance using the mean shear resistance according to Chapter 6, and the test
with pairs with pairs of shear connectors reached 99% of its plastic bending resistance. Both
results confirm that the plastic bending resistance may be reached for 12% and 22% degree
of shear connection.
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8 Numerical investigations on composite
beams

Push-out tests are suitable to investigate the influence of parameters, as for example material
strength or welding position on the shear connector behaviour. However, push-out tests can
only give an idea of what happens in the shear interface of a composite beam. Because a
push-out specimen represents only a small part of the shear interface, it can not show the
influence of the transferred shear force on:

» The variability of slip along the shear interface.

» Transverse forces that, independently from the loading of the system, originate from
the local deformation of the concrete slab itself.

The results of full scale beam tests include such effects, but they can hardly be quantified in
the back-analysis of the tests. This is because of limited measurements and the variability of
important input parameters. Furthermore, beam tests are typically conducted with point loads.
The conditions of real beams with distributed loading cannot easily be reproduced in testing.

Therefore, finite element analysis is necessary to investigate the behaviour of the full shear
interface. All numerical investigations in this work were conducted with the finite element
software SOFiSTiK.

8.1 Finite Element Model of composite beams

The level of complexity of the used finite element model always depends on the problem it
has to solve. In the following investigations, a simple model is defined that is able to:

 Predict the ultimate load of the composite beam.
 Predict the deformation behaviour at the serviceability limit state.

* Investigate the influence of varying slip along the shear interface on the shear force for
a known load-slip behaviour of the studs.

Because all these questions are rather global considerations of the composite beams be-
haviour, it is not necessary to conduct detailed modelling of the shear interface. Instead, the
shear connectors can be defined by springs that reflect the non-linear behaviour of the studs.
The simplest assumable model would utilise BEAM elements to model the steel section and
concrete slab and connect those with the springs. Furthermore, symmetry conditions may be
used to reduce the size of the system and safe on calculation time.

To consider the imperfect stud welding and asymmetric failure of beam test 2-09, a more
complex model must be chosen because of the software limitations. To model the preliminary
failure of the studs in beam test 2-09, it is necessary to remove the springs for the failed
studs from the model at the respective load stage. SOFiSTiK allows to explicitly enable or
disable the stiffness of grouped elements for each calculation of a load-case. The additional
use of a so called primary load cases allows to consider a redistribution of internal forces
and moments that result from the modification of the system. This procedure is illustrated
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8 Numerical investigations on composite beams

in example 5.6 in [ASE, 2013]. However, it is currently not possible to consider non-linear
material properties with this method, when BEAM elements are used. For this reason, the
model utilised QUAD elements to model the steel section and concrete slab. Consequently,
the full span of the beams is modelled to reproduce the asymmetry of specimen 2-09. Figure
8.1 illustrates the details of the model.

Concrete topping Rigid connection of nodes Non-linear spring

- ,,,,, /

2 : 2 : : : :

T0|j:) flange

Stiffener plates Bottom flange Web

Figure 8.1: Schematic representation of the used Finite Element Model.

Modelling the beam with QUAD elements requires a three-dimensional structure. The steel
beam consists of the flanges and the web. They are modelled from QUAD elements centred
to the axis of the respective plate. In addition, stiffeners must be placed at the supports. For
the concrete slab, only the continuous part is modelled.

Rigid connections between nodes are used to connect the top flange to the shear interface.
Likewise, the concrete slab is rigidly connected to nodes at the shear interface. This gives a
pair of nodes that is connected with non-linear springs, which mimic the load-slip behaviour
of the shear connectors. The stiffness of these springs in directions transversely to the beam
has to be quasi-rigid. In addition, a rigid connection of the rotation around the axis of the
beam is used.

To each QUAD element, non-linear material properties for steel or concrete are assigned. The
reinforcement is modelled as a parameter of the QUAD elements. This parameter assigns
the amount of surface reinforcement. The reinforcement also considers non-linear material
properties. All material properties are defined using uni-axial stress-strain curves.

Considering the application of loads, it is necessary to prevent bending moments in the
concrete slab transversely to the beam. Because the ribs of the slab are not modelled, it has
not the realistic bending stiffness in this direction. Loading situations that lead to bending
moments in the slab transversely to the beam would therefore cause an unwanted concrete
failure. For this reason, the self-weight of the concrete is set to zero and applied as line load
at the axis of the slab.

The model described above can also be used with BEAM elements. This simplifies the model
into a two-dimensional structure. The elements of the concrete slab and steel section are
centred to the respective axis. Each axis is rigidly connected to the shear interface, where the
springs mimic the behaviour of the studs. Furthermore, no problems with the load application
occur, because there is no transverse bending of the concrete slab.
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8.2 Verification against conducted beam tests

8.2 Verification against conducted beam tests

To verify the described finite element model, its results are compared to the conducted
beam tests. The geometry of the test specimen is modelled, including the extension of the
beam at the supports. The web of the steel section is divided into 10 elements. This is
equal to the number of layers over the thickness of the QUAD elements of the slab. The
support conditions are chosen to be symmetric. Thus, the composite beam is only vertically
supported and the horizontal fixations are placed at the axis of symmetry and where the
hydraulic jack was attached to the loading structure. The load introduction is modelled with
beam elements for the longitudinal load distribution beam. The transverse load distribution
beams are modelled by fixing the vertical displacement of the longitudinal load distribution
beam to the slab. Figure 8.2 shows the used model.

I

I

T

|

—_—

Figure 8.2: Finite Element Model used to recalculate the beam test results.

To take account of softening at high strains, the stress-strain curve for concrete in compression
is modelled according to [DIN EN 1992-1-2, 2006], see equation (8.1). The stress-strain
curve is derived for 20°C. Then the concrete strength f. o is equal to the measured concrete
strength, which is multiplied with the factor a.. = 0.85 to consider static loading. The peak of
the stress-strain curve occurs at a strain e.1,g of 2.5%o.

3€fc,®

2+ ()]

The tensile strength of the concrete was not measured. According to the measured com-
pressive strength, the concrete grade was between C30/37 and C35/45. Conservatively, the
tensile strength of C30/37 according to [DIN EN 1992-1-1, 2005] is assigned.

The material properties of the reinforcement were not measured. Therefore, it is defined
according to [DIN EN 1992-1-1, 2005], as shown in Figure 8.4.

The properties of the steel beam are modelled according to the results of tensile tests that
were conducted on samples which were cut from the flanges and web of the beams. The
used stress-strain curves for the steel section are shown in Figure 8.5

Oc =

(8.1)

€c1,0
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Figure 8.5: Stress-strain curves for the steel section.

The properties of the shear connectors were different for the two beams. They are shown
together with the analysis of the respective beam.
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8.2.1 Specimen 2-10

At first the finite element model is compared to the results of specimen 2-10, because there
was no significantly asymmetric failure of the shear interface observed. Specimen 2-10 used
through deck welded pairs of shear connectors in CF80 decking. To avoid the influence of
local transverse compression when determining the spring properties, the 2nd, 3rd and 4th
rib are considered. These were the ribs, where a lift of the slab was observed. The respective
average shear force per stud is shown in Figure 8.6a. For the finite element analysis, a rather
conservative static load slip curve for both sides of the beam is determined. According to
the measured values a failure load of about 68 kN per stud is obtained. In comparison to
push-out test results this value appears exceptionally large. After rib pry-out, the load drops
to between 40 and 35 kN per stud, which corresponds well with push-out test results. In the
finite element model, the pair of studs is combined in a single spring. Thus the loads in the
spring properties, shown in Figure 8.6b, are doubled. When the slip is larger than 10mm,
linear softening up to 40mm is assumed.

Using the above shear connector and material properties, the finite element model results in
the load-displacement plot shown in Figure 8.7. In comparison to the test results, the model
matches very well the elastic behaviour of the beam up to an applied load of about 200kN.
Alos the static resistance of the test is matched very well for deflections larger than 45mm.
Only for the transition between elastic and plastic behaviour, at deflections between about
22mm and 45mm, the model strongly differs from the test result. This can be because of the
very high load assumed for rib pry-out failure.

A comparison to the test results for slip versus deflection is shown in Figure 8.8. As long
as the beam behaviour was elastic, the slip is well predicted. When the first non-linear
displacements occurred, test results and finite element model strongly differ. However, the
model predicts a sudden increase of slip when rib pry-out occurs, as it was observed in the
test, just that this increase happens at an about 20mm larger deflection. After rib pry-out
the curves from the test and from the model are parallel. Therefore, it can be assumed that
the post-failure behaviour of the studs was modelled accurately. Accordingly, the spring
properties need to be modified for a smaller rib pry-out resistance.

To modify the resistance for rib pry-out of the spring properties, all studs between support
and loading point are averaged. This leads to the load-slip curves shown in Figure 8.9

Because the elastic behaviour and post-failure behaviour were assumed as well predicted,
only the peak for rib pry-out failure is modified. The load peak is decreased from 68kN to
60kN per stud. This is a reduction of the stud shear resistance of about 12%. Repeating the
analysis with the modified spring properties lead to the results shown in Figures 8.10 and
8.11. The accordance with the test results improved, but the transition between elastic and
plastic behaviour is too smooth. Considering the development of the slip, it can be assumed
that the drop-off in the load is considered too soft in the spring properties.

As the next modification of the spring properties, the drop-off in the load after rib pry-out
failure is sharpened by reducing the slip by 50%. The model then gives the results shown in
Figures 8.13 and 8.14. The accordance between numerical results and measured results
is very well for the elastic and plastic behaviour. Also the characteristics of the transition
between elastic and plastic behaviour are now predicted more accurate. It can be concluded
that with sufficient knowledge of the shear connectors load-slip behaviour the finite element
model accurately predicts the behaviour of the composite beam test.
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8.2.2 Specimen 2-09

For the analysis of specimen 2-09, the concretes stress-strain curve in compression is modi-
fied by applying the measured concrete strength to equation (8.1). The material properties
for steel and reinforcement are maintained as for specimen 2-10. For the shear connectors,
the load-displacement behaviour is determined from the average shear force of the 4 studs
closest to the supports. This has shown to be a good estimation of the behaviour of the shear
interface in the analysis of specimen 2-10. The load-slip behaviour for the first 5mm of slip is
determined from the measurements during the test, as shown in Figure 8.15a. After 5Smm
slip, linear softening is assumed until 40mm slip. This leads to the spring properties shown in
Figure 8.15b.
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(b) Load-displacement curve applied to the springs.

Figure 8.15: Assumption for the load-slip behaviour of shear connectors.

The support reactions are still modelled considering symmetry. However, to allow an asym-
metric distribution of slip between steel beam and concrete slab, the horizontal fixations of the
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slab at mid-span are removed. The other boundary conditions are modelled as for specimen
2-10.

To consider the preliminary failure of studs because of imperfect welding, some springs are
removed from the system at a given load case. During testing, failure of the 4th stud, counted
from the support, was observed by an up-lift of the rib at about 25mm deflection. Failure of
the 2nd stud was confirmed after the concrete was removed. To model this behaviour, the
corresponding two springs are removed for load cases with applied displacements of more
than 25mm.

This analysis lead to the load-displacement plot shown in Figure 8.16 and the slip-displacement
plot shown in Figure 8.17. The asymmetric development of slip is well analysed and the
load-displacement plot is also accurate up to a deflection of about 100mm. The analysis
reached ultimate load of 214.0kN at a deflection of 64.3mm. In the test ultimate load was
212.5kN at 54.8mm deflection. At this deflection a load of about 211kN was analysed. The
continuous decrease of the applied load results from the assumed softening of the springs.
On one side, this shows that unloading properties of shear connectors can be analysed if the
structure is loaded with displacements. On the other sides, the load-displacement behaviour
of the test specimen indicates, that the studs did not show a significant unloading and must
have maintained a shear force of about 60kN per stud. Figure 8.18 shows the displacement
and forces of the springs at ultimate load of the analysis.
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Figure 8.16: Comparison of load-displacement plot from FEA to the test result.

It can be concluded that the behaviour of specimen 2-09 could be accurately analysed using
measured material and spring properties from the test. Also the asymmetric behaviour of the
specimen could be modelled by removing the failed studs from the system at higher loading
stages. The asymmetry in slip was very well analysed, even though instantly removing the
springs can be assumed as a quite rough approximation of the real local failure of the studs.
These results confirm that the presented finite element model can be used to analyse the
load-displacement behaviour of composite beams.
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Figure 8.18: Displacement, in [mm], and forces, in [kN], of springs at ultimate load of analysis.

8.3 Parametric studies

After the verification of the finite element model against the conducted composite beam tests,
the model is now utilised for parametric studies. The studies aim on answering following

questions:
» What is the influence of the variation of slip along the span of the beam on the shear
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force?

» How can the load-slip behaviour be simplified for structural analysis in engineering
offices or parametric studies?

To investigate these questions, the behaviour of composite beams with spans from 6.00m
to 12.00m was analysed. For each span, the steel section was chosen to satisfy a typical
span-depth ratio of 22, as shown in Figure 8.19.

To consider different types of load-slip curves, the beams were modelled once assuming
CF80 decking and once assuming CP60 decking. For both types of decking, a total thickness
of the concrete slab of 150mm is assumed. This was also the case in the push-out and beam
tests. The load-slip curve for the case of CF80 decking is taken from push-out specimen
NR1-1. The results of specimen 1-03-3, reported in [Odenbreit et al., 2015], are used for
CP60 decking, because there was a similar concrete strength and no transverse loading was
used.

The whole steel section is modelled in S355 steel grade with the stress-strain curve accord-
ing to [DIN EN 1993-1-1, 2005]. The stress-strain curve of the reinforcement is modelled
according to [DIN EN 1992-1-1, 2005]. For concrete in compression, the stress-strain curve
according to [DIN EN 1992-1-2, 2006] is assumed for a compressive strength of 44.1N/mm?2,

In these studies, the more common type of uniform loaded beams is investigated. Therefore,
the concrete slab is loaded with a distributed load at its centreline, as shown in Figure 8.21,
to avoid transverse bending. SOFiSTiK is utilized to iterate the ultimate load of the beams by
increasing the applied line load. The iteration is stopped when no equilibrium can be found
for larger load factors.

L=6.00m L=9.00m L=12.00m
ber=1.50m be=2.25m be=3.00m
IPE 270 ———

Figure 8.19: Analysed cross-sections for composite beams between 6.00m and 12.00m span.

8.3.1 Influence of the slip distribution on the shear force

The first investigation considers the determination of the shear force, N., in composite beams.
Typically, the shear force is determined by multiplication of the stud shear resistance with the
number of studs between support and the considered cross-section. Thereby, the stud shear
resistance is obtained either by calculation or by push-out tests. This means, that in general
the first load-peak of the studs load-slip curve is used.

The reason for the following investigations is that in a composite beam every stud has an
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Figure 8.20: Spring properties for the parametric study.

Figure 8.21: Structure and applied loading for parametric studies.

individual slip. Hence, every stud has an individual load according to the studs load-slip
curve. This means that studs close to mid-span have a small slip and hence transfer a small
shear force, but they are assumed as fully charged. Studs close to the end of the beam have
a large slip, but when the load-slip curve decreases they also transfer smaller forces than
assumed. In consequence, the sum of the shear forces of each stud must be smaller than

the assumed shear force, N.. Accordingly, the bending resistance of the composite beam is
overestimated.

To investigate this effect, the bending resistance, Mg ;;, of the beams is calculated from a
plastic stress distribution. Thereby, the shear force, N, is calculated from the load peaks
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of the used load-slip curves, shown in Figure 8.20. This leads to the forces and moments
shown in Table 8.1. The shear force and bending resistance are than compared to the results
of the finite element analysis.

Table 8.1: Comparison of shear force, IV, and bending resistance, Mp ,;, to results of finite
element analysis.

CF80 cases CP60 cases
Calculated L [m] 6.00 9.00 12.00 6.00 9.00 12.00
n [-] 10 14 19 14 21 28
P [kN] 79.07 79.07 79.07 97.13 9713 97.13
n- P [kN] 790.7 1107 1502.3 1359.8 2039.7 2719.6
n [-] 049 0.37 0.36 0.83 0.68 0.66
Mpg [kKNm] 330.2 7453 1217.6 4096 881.3 1402.6
FEA:L/50 Mg [kKNm] 299.7 686.7 11189 358.9 794.1 1256.7
M [-] 0.91 0.92 0.92 0.88 0.90 0.90
Mg
TP [kN] 677.6 968.2 12974 1116.7 1786.7 2414.8
n [] 042 0.32 0.32 0.69 0.60 0.59
L?:l b [-] 0.86 0.87 0.86 0.82 0.88 0.89
n- P

Figure 8.22 shows the obtained ratio of the applied bending moment, Mg, to the calculated
bending resistance, Mg ;,, plotted against the relative displacement. It is shown, that none of
the beams reached the predicted bending resistance. In average, only 90% of the predicted
resistance were reached.Furthermore, it can be seen that the load-displacement behaviour is
elastic up to a deflection of span/200.

The reason for the over-estimation of the bending resistance is that the assumed shear force,
N, was not reached. The sum of the spring forces was in average only 86% of the predicted
shear force, as shown in Figure 8.23. As shown in Figure 8.24 for the case of 9m span and
CF80 decking, the shear forces in the studs are significantly smaller than the peak value of
the load-slip curve.

According to these results, the shear force, N., should be reduced by about 15%. A
recalculation of the bending resistance, assuming a reduction factor of 0.85 on the shear
force, leads to the results shown in Table 8.2. Even though the shear force is now assumed
more conservative, only about 95% of the predicted bending resistance can be achieved.
This is because infinite strains would be required to develop the assumed plastic stress
distribution in the composite cross-section. For the finite displacements of a real beam, or
non-linear analysis of beams, the cross- section cannot develop full plasticity.

On the other side, the conducted composite beam tests, presented in Chapter 7, could be
analysed using the shear stud resistance developed in Chapter 6 without further reduction
of the concrete compression force, N.. It was found, that the behaviour of the studs could
strongly vary along the span of the beam, as can be seen in Figure 7.14. It was concluded
that the shear connectors were affected by transverse loads, which originated from the
observed displacement of the concrete slabs. The results from the analysis of the beam tests
show the occurrence of transverse forces acting on the studs, even though the beams were
point loaded, see Figure 8.25. Likewise, transverse loads occur for the beams with distributed
loading, as shown in Figure 8.26. These forces are mostly larger than the theoretical value
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Figure 8.22: Utilization of bending resistance versus relative deflection.
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Figure 8.23: Utilization of shear force versus relative deflection.

obtained from the vertical loading of the system. This means that the transverse force,
Ny, used in the calculation of the stud resistance according to equation (6.35) can be
conservatively obtained from the vertical loading of the beam.

The conducted push-out tests with CF80 decking showed that the shear resistance of the
studs strongly benefited from transverse loads. This explains why the conducted beam tests
could be accurately predicted without a reduction of the concrete compression force, V..

In consequence, the shear resistance of a push-out tests is only an approximation of the real
shear interface. The introduced concrete compression force, NN, is also dependent on

« the transverse forces at the shear interface, which depend on the load case.
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Figure 8.24: Slip and forces of springs at ultimate load for the case CF80-9m.

Table 8.2: Recalculated bending resistance, Mg, ,,;, for a reduced shear force, N ;cq, cOM-
pared to results of finite element analysis.

CF80 cases CP60 cases
Calculated L [m] 6.00 9.00 12.00 6.00 9.00 12.00
n [-] 10 14 19 14 21 28
Py [kN] 79.07 79.07 79.07 97.13 9713 97.13
0.85-n-PFP,; [kN] 6721 9409 1277.0 11558 1733.8 2311.7
Mg [kNm] 312.6 716.7 1173.0 382.1 838.6 1344.6
FEA:L/50 Mg [kNm] 299.7 686.7 1118.9 358.9 7941 1256.7
M [-] 0.96 0.96 0.95 0.94 0.95 0.93
Mg p
Y B [kN] 677.6 968.2 12974 1116.7 1786.7 2414.8
n P
m [-] 1.01 1.03 1.02 0.97 1.03 1.04

+ the sensitivity of the shear connection for transverse loading.
« the individual force per stud resulting from the distribution of the slip.

Therefore, only for the type of load-slip behaviour used in CP60 cases, see Figure 8.20,
which has only a marginal sensibility for transverse loading, a reduction of the compression
force by 15% can be assumed. For CF80 cases, no conclusion can be drawn because of the
sensibility of the shear connectors for transverse loading.

In addition, the aim is to determine the design value of the composite beams plastic bending re-
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Figure 8.25: Transverse forces acting on shear connectors at ultimate load in conducted
beam tests with point loading, obtained from non-linear analysis.
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Figure 8.26: Transverse forces acting on shear connectors at ultimate load for the case
CF80-9m with uniform distributed loading.

sistance. At ultimate limit state, all materials and the shear connectors are considered by there
design resistances to calculate the bending resistance. According to [DIN EN 1990, 2002],
each of this components contributing to the beams bending resistance has a probability of
failure of less than 0.1%. This automatically leads to a certain level of safety for the bending
resistance of the beam. It should be further investigated if the probability of failure of the
bending resistance is satisfactory small so that the additional influences described above can
be neglected.
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8 Numerical investigations on composite beams

8.3.2 Application of simplified springs to model the shear stud behaviour

In section 8.2 it was shown that the presented finite element model is suitable to analyse the
behaviour of composite beams. However, the relatively complex load-displacement behaviour
of the shear connection, see for example Figure 8.20, that was used so far is not suitable for
parametric studies or the use in engineering offices. Therefore, the use of a simplified shear
connector behaviour, as shown in Figure 8.27, is investigated in this section.
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Figure 8.27: Simplified load-displacement behaviur for shear connectors.

The shown load-displacement curve is characterised by the elastic stiffness, ¢, and the shear
resistance, P. Currently, [DIN EN 1994-1-1, 2010] requires a slip capacity of 6mm. It is
assumed that the stud can maintain its shear resistance until this slip is exceeded. Then an
unloading of the studs is assumed until 42mm slip are reached. This unloading characteristic
has shown good results for the analysis of the beam tests in section 8.2. This type of curve is
most suitable for failure modes of the stud with only one yield hinge. For failure modes with 2
yield hinges it may be conservative when 6mm slip are exceeded.

The resistance, P, of this curve can be determined using equations (6.35) and (6.36). To
determine the elastic stiffness, ¢, the results of the push-out tests are investigated. For each
test, the secant modulus between 10% and 70% of the resistance is determined. This way, it
is ensured that the stiffness is not under-estimated because of plastic deformation at high
loads or slip in the test frame at small loads. An overview of the results is shown in Table 8.3.

Because the elastic part of the load-slip behaviour was not significantly affected by transverse
loading, the tests can be grouped according to the deck shape, number of studs per rib
and concrete strength. Table 8.4 shows the mean values of the elastic stiffness, c,,, for
each group. It can be seen, that for single shear connectors the stiffness is approximately
the same for both types of decking. Therefore it is assumed that the elastic stiffness is not
significantly dependent on the deck shape and stud diameter. Pairs of studs per deck rib,result
in approximately the same stiffness per shear connector as single studs. Thus, doubling the
number of studs, should double the stiffness of the shear connection. A significant influence
on the stiffness is observed for the concrete strength. The stiffness, c¢,,,, varies approximately

as the term /fen Eem:

57.45

[43.1 - 34107
= 1244~ ———— =1.241
46.18 30.9 - 30868

Referencing to a concrete strength of 30N/mm?, a reference value for the stiffness, Cref, Of
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Table 8.3: Elastic stiffness of shear connectors in push-out tests.

Test fom  nr 01P s(0.1P) 0.7P s(0.7P) AP As c
INmm2] [] [kN] [mm] [kN] [mm]  [kN] [mm] [kN/(mm-stud)]

1-041 306 1 781 029 5292 1.21 4511 093 48.77
1-04-2 309 1 724 024 5172 1.2 4448 0.97 46.09
1-04-3 309 1 6.01 038 4786 141 41.85 1.03 40.75
1-05-1 307 1 7.66 022 4893 121 4127 0.99 41.60
1-052 307 1 8 022 5567 1.14 4767 0.92 52.04
1-05-3 326 1 761 018 5176 0.89 44.16 0.71 62.63
1-06-1 299 1 754 027 5207 148 4454 1.21 36.72
1-062 311 1 722 023 488 125 4158 1.02 40.84
1-06-3 440 1 934 027 6338 139 5405 1.12 48.38
1-071 451 1 9.03 02 6249 114 5346 0.94 56.75
1-072 409 1 919 021 6487 1.03 5568 0.82 67.57
1-07-3 426 1 739 02 53.08 1 4569 0.8 57.11
1-08-1 422 2 464 046 3175 097 2711 052 52.54
1-08-2 422 2 402 0.01 3229 0.31 2827 0.3 94.22
1-08-3 424 2 515 026 3379 072 2864 047 61.46
1-09-1 426 2 427 043 294 106 2514 0.63 39.90
1-092 426 2 509 039 3505 096 2996 0.57 52.55
1-09-3 426 2 48 028 3059 0.89 2579 0.61 42.63
1-10-1 426 2 461 028 319 091 2729 0.63 43.67
1102 426 2 477 026 326 099 27.83 0.73 38.12
1-10-3 426 2 361 03 2481 082 212 052 40.77
1111 426 2 555 018 3614 095 3059 0.77 39.62
1-112 426 2 517 018 358 077 30.63 0.58 52.46
1-11-3 426 2 506 021 3448 092 2942 0.71 41.49
3-01-1 460 2 485 01 3308 059 2823 0.49 57.73
3-01-2 460 2 535 007 3775 059 3241 052 62.08
3-01-3 404 2 561 005 3656 024 3095 0.19 162.89
3-02 426 2 37 023 259 065 2219 042 53.47
NR1-1 441 1 797 031 5509 11 4712 0.79 59.80
NR1-3 447 1 717 03 4939 1.04 4222 0.74 56.90
NR1-2 457 1 746 028 5161 1.08 4415 0.8 55.46

Table 8.4: Mean values of the elastic stiffness of shear connectors.

Decking n, fem Ecm Cm
[[1 [N'mm?] [N/mm?] [kN/(mm - stud)]
CP60 1 30.9 30868 46.18
1 43.1 34107 57.45
CF80 2 42.8 34036 58.48
1 44.8 34507 57.39

45.3kN/mm is obtained:

30 - 30539
er = 4618 | 2% 45 3 IkNY
Cref 30.9 - 30868 [kN/mm]
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8 Numerical investigations on composite beams

The stiffness of each shear connection can then be assumed according to equation (8.2).

c =y Cref - \/ femEem - 1072 (8.2)
Where: ¢ Elastic stiffness of shear connection in [kN/mm]
Ny Number of studs per deck rib
cref = 45.3 KN/mm  Reference stiffness
fem Concrete strength in [N/mm?]
Eem Young’s modulus in [N/mm?]

The simplified load-displacement curve, shown in Figure 8.27, is then fully described by the
resistance, P, according to equations (6.35) and (6.36) and the stiffness, ¢, according to
equation (8.2). Therefore, it is suitable for the use in engineering offices and for parametric
studies. In the following, it is investigated how accurate the analysis with the simplified
behaviour is in comparison to more realistic load-slip curves.

Performing the analysis with the simplified spring law utilising the full resistance of the
push-out result, P.1, would over-estimate the shear resistance in the comparison study. The
resistance for the simplified law is slightly reduced to smooth the peak value. Considering the
analysis using the push-out behaviour, it was found that all studs exceeding the elastic slip
bear in average about 92% of the peak load, P, as shown in Table 8.5.

Table 8.5: Average shear forces of studs in the plastic part of the load-slip curve using realistic
stud behaviour.

T
—S" P/P, L=600m L=900m L=12.00m
n

CF80 0.94 0.88 0.89
CP60 0.93 0.93 0.94

Figure 8.28 shows the comparison of the results for the analysis with realistic and simplified
spring properties for CF80 cases. In these cases, the simplified spring is a conservative
estimation of the push test result, but the general characteristics of the two load-slip curves
are similar. The results of the analysis show, that the load-displacement behaviour is well
approximated with the parametric load-slip curve and is slightly conservative. The slip is
accurate until about 5 mm end-slip are reached. This is sufficient to analyse the behaviour
of the beam at serviceability limit state. For larger slip at ultimate limit state, the simplified
spring leads to slightly conservative values of the end-slip. The concrete compression forces
are also slightly conservative for ultimate limit state.

Figure 8.29 shows the comparison of the analysis with simplified and realistic load-slip
curves of the studs for CP60 cases. In this case, the simplified spring properties are a very
conservative approximation of the push test result and do not benefit from the second load
peak. However, the simplified shear connector behaviour is accurate enough to analyse the
slip and displacement at serviceability limit state as well as ultimate load of the beams. Only
the end slip is very conservative for long span beams.

It can be concluded that the proposed load-slip curve is suitable for the analysis of composite
beams in engineering offices. The deflection at serviceability limit state and ultimate load
of the composite beam can be analysed. The elastic stiffness of the springs is determined
according to equation (8.2). For serviceability limit state, the characteristic shear resistance
has to be used and at ultimate limit state the design resistance has to be used. The shear
resistance of the stud is given by equations (6.35) and (6.36).
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9 Conclusions

First qualitative descriptions of the load-bearing behaviour and load-bearing components of
shear connectors were developed in the late 1980s. Up to date, they are used to describe
the mechanical behaviour of headed shear studs. These simple models already showed, that
the load-displacement behaviour strongly differs between studs embedded in solid slabs or
in the ribs of composite slabs.

For shear connectors in solid slabs, the load-bearing capacity is well predicted by the
rules of [DIN EN 1994-1-1, 2010] or [Konrad, 2011]. When the studs are placed in the ribs
of composite slabs, the shear resistance is reduced by an empirical reduction factor. In
comparison to experimental results, the analysed resistances are unsafe in many cases.
In addition, the coefficients of correlation are unsatisfactory. This is the case, because the
really occurring failure modes are not analysed. The mechanical approach on the shear
stud resistance according to [Lungershausen, 1988] shows significantly improved results.
However, this model is quite restrictive and does not consider important influences like
concrete strength or stud position.

The predicted resistances for the newly conducted push-out tests were in general non-
conservative. The empirical reduction factors of [DIN EN 1994-1-1, 2010] and [Konrad, 2011]
are not well calibrated for the used types of modern steel decking and the mechanical model of
[Lungershausen, 1988] is missing important test parameters. Developments in modern steel
decking show the tendency to use narrower ribs or deeper decking. The use of very narrow
deck ribs leads to the classification of the shear studs as welded in unfavourable position.
[Konrad, 2011] investigated the influence of the stud position, but finally proposed reduction
factors, where the unfavourable position is not allowed. This puts additional limitations on the
geometry of the decking. The rules of [DIN EN 1994-1-1, 2010] and [Lungershausen, 1988]
do not consider the stud position at all. The use of deeper decking increases the bending
moments acting on the concrete ribs. For shear studs with a small embedment depth of the
head of the stud, this resulted in the newly identified failure mode of the shear connection:
Rib pry-out failure. All discussed design equations are unsafe for this failure mode.

One major outcome of the conducted push-out tests was that the load-slip behaviour and fail-
ure modes depend on the geometry of the shear connection. Furthermore, the investigations
on concentric and eccentric transverse loading showed that the observed influence depends
on the failure modes. For shear connectors with a 'classic’ load-slip behaviour, as described in
[Lungershausen, 1988], it was observed that transverse loading has no significant influence
on the design resistance. The application of concentric transverse loads decreased the
displacement capacity while the more realistic case of eccentric transverse loading strongly
increased the displacement capacity of the shear connectors. This effect is especially benefi-
cial when high strength concrete is used. When the new failure mode rib pry-out occurred,
the load-displacement behaviour was generally improved. For larger degrees of transverse
loading, the shear forces could be increased even after the observation of rib pry-out failure.
This is because the post failure behaviour largely relies on friction and aggregate interlock at
the concrete failure surface. Because of the increased shear resistance, no influence on the
displacement capacity, as defined in [DIN EN 1994-1-1, 2010], was observed. A difference
between concentric and eccentric transverse loading was not observed.

Because the shear resistances according to [DIN EN 1994-1-1, 2010], [Konrad, 2011] and
[Lungershausen, 1988] were unsafe for the conducted push-out tests, new equations for the
shear resistance were developed. Based on the failure modes and shear stud deformation in
the push-out tests, mechanical equations were derived. They consider the shear resistance
either as a combined bending failure of the concrete rib and stud or as a pure shear failure
of the stud. The new equations show improved coefficients of correlation and variation
and a significantly increased field of application in comparison to the other methods. The
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new equations consider the material properties of the concrete and the shear stud as
well as the stud position, but the unfavourable position. Further work on the shear stud
resistance could extend the model for the unfavourable position, higher concrete grades
or enhanced shear connections, like reinforced ribs. Also, parametric studies on a more
accurate differentiation of the yield-chain mechanism may be worth further investigations.
The developed equations were calibrated according to [DIN EN 1990, 2002] to analyse the
design resistance of the shear connectors. The obtained safety factors of 1.25 and 1.31
are significantly smaller than the safety factor 1.76 that [Roik et al., 1989] determined for the
rules of [DIN EN 1994-1-1, 2010]. According to [Roik et al., 1989], the required safety factor
for the model in [Lungershausen, 1988] was 1.30, which is similar to the new equations, but
with a significantly smaller field of application. The formulae by [Konrad, 2011] required a
safety factor of 1.21, but it is more restrictive for the embedment depth of the stud and the
width of the deck rib, because of the required welding positions.

The application of the new stud resistances to calculate the plastic bending resistance of the
conducted beam tests showed an accuracy of about 2%. The use of the elastic stiffness of
the shear connectors obtained in push-out tests led to an accurate analysis of the elastic
behaviour of the tests when the flexibility of the shear connection was considered according
to [Leskela et al., 2015]. The degrees of shear connection of 0.12 and 0.22 in these tests
were much smaller than the minimum degree of shear connection of 0.47. However, the
maximum measured end-slip at ultimate load was only 7.1mm. The limiting slip of 6mm was
exceeded by only 18%. At 95% of the theoretical bending resistance, the limiting slip was
satisfied. Therefore, it is assumable that the minimum degree of shear connection could be
reduced.

Future work on the development of new rules for the minimum degree of shear connection
will require extensive numerical investigations. This work presented a simple finite element
model, that can be utilised for this. The model considers the non-linear behaviour of the
materials and shear connection. Therefore, the shear connection is modelled by non-linear
springs and a simplified load-displacement curve for the studs was introduced.

Numerical investigations of composite beams using load-slip curves of push-out tests showed
that the concrete compression force is over-predicted by about 15%, when it is calculated
from the ultimate load of the shear studs. The reason is that every stud has an individual
slip. For each slip, a shear force is assigned according to the load-slip curve. This leads
to an average value of the shear forces, that is smaller than the studs ultimate load. The
consequence of reduced shear forces is a smaller bending resistance. This was not observed
in the conducted beam tests. However, the shear connectors used in the tests were very
sensitive for transverse loading and may have strongly benefited from local compression
close to the supports and loading points. The determination of the concrete compression
force therefore needs further investigation. The reduction of the compression force may be
influenced by the sensitivity of the studs for transverse loading, the loading conditions of the
beam and the slip distribution at the shear interface. In addition, it has to be considered that
the concept of partial safety factors already reduces the resistance of the shear connectors.
The calibration of the new stud resistances according to [DIN EN 1990, 2002] led to design
values which are 38% to 45% smaller than the average resistance. Future work needs to
verify if this already leads to a satisfactory safety of the bending resistance of composite
beams, or if the shear forces must be further reduced to account for the influence of slip.
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A Push-Out test results with solid slabs

Table A.1: Database of push-out tests with solid slabs

Studs Concrete Results
Nr. Lit. ID d hse fu fem Ecom Ecm P.
[mm] [mm] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [kN/stud]
1 [Oligaard and Slutter, 1967] SA1 16 76 493 28.2 289162 25200 88.5
2 [Oligaard and Slutter, 1967] SA2 16 76 493 28.2 289162 25200 94.4
3 [Ollgaard and Slutter, 1967] SA3 16 76 493 28.2 289162 25200 90.3
4 [Oligaard and Slutter, 1967] SB1 16 76 493 28.3 289502 22300 82.6
5 [Ollgaard and Slutter, 1967] SB2 16 76 493 28.3 289502 22300 76.7
6 [Oligaard and Slutter, 1967] SB3 16 76 493 28.3 289502 22300 85.3
7 [Ollgaard and Slutter, 1967] A1l 19 76 499 35.7 312812 26300 132.9
8 [Oligaard and Slutter, 1967] A2 19 76 499 35.7 312812 26300 147.4
9 [Oligaard and Slutter, 1967] A3 19 76 499 35.7 312812 26300 138.8
10 [Oligaard and Slutter, 1967] LA1 19 76 499 25.6 279992 24700 1111
11 [Oligaard and Slutter, 1967] LA2 19 76 499 25.6 279992 24700 120.2
12 [Oligaard and Slutter, 1967] LA3 19 76 499 25.6 279992 24700 112.0
13 [Oligaard and Slutter, 1967] B1 19 76 499 33.6 306552 22400 124.3
14 [Ollgaard and Slutter, 1967] B2 19 76 499 33.6 306552 22400 115.2
15 [Ollgaard and Slutter, 1967] B3 19 76 499 33.6 306552 22400 115.2
16 [Ollgaard and Slutter, 1967] LB1 19 76 499 18.8 252612 15400 83.0
17 [Ollgaard and Slutter, 1967] LB2 19 76 499 18.8 252612 15400 82.1
18 [Oligaard and Slutter, 1967] LB3 19 76 499 18.8 252612 15400 78.5
19 [Ollgaard and Slutter, 1967] 2B1 19 76 499 33.6 306552 22400 118.4
20 [Oligaard and Slutter, 1967] 2B2 19 76 499 33.6 306552 22400 115.7
21 [Ollgaard and Slutter, 1967] 2B3 19 76 499 33.6 306552 22400 113.4
22 [Mainstone and Menzies, 1967] S3 19 100 600 29.0 291872 252732 96.2
23 [Mainstone and Menzies, 1967] S4 19 100 600 28.3 289502 250222 100.1
24 [Mainstone and Menzies, 1967] S5 19 100 600 27.7 287442 248052 106.7
25 [Mainstone and Menzies, 1967] S6 19 100 600 29.1 292212 253092 126.2
26 [Mainstone and Menzies, 1967] S8 19 100 600 30.7 297472 258732 121.4
27 [Mainstone and Menzies, 1967] S11 19 100 600 29.6 293872 254862 112.7
28 [Mainstone and Menzies, 1967] S16 19 100 600 31.3 299392 260812 115.0
29 [Mainstone and Menzies, 1967] S19 19 100 600 32.0 301612 263222 115.0
30 [Mainstone and Menzies, 1967] S22 19 100 600 34.7 309862 272332 106.9
31 [Mainstone and Menzies, 1967] S26 19 100 600 24.9 277412 237632 99.1
32 [Mainstone and Menzies, 1967] S29 19 100 600 271 285352 245862 104.1
33 [Menzies, 1971] P1 19 100 600 16.6 242342 203022 97.5
34 [Menzies, 1971] P2 19 100 600 16.6 242342 203022 96.5
35 [Menzies, 1971] P3 19 100 600 16.6 242342 203022 97.0
36 [Menzies, 1971] P4 19 100 600 40.8 327052 291962 127.0
37 [Menzies, 1971] P5 19 100 600 40.8 327052 291962 127.0
38 [Menzies, 1971] P6 19 100 600 40.8 327052 291962 127.0
39 [Roik and Hanswille, 1983] TN 19 100 460 36.7 315702 278902 144.5
40 [Roik and Hanswille, 1983] T1/2 19 100 460 36.7 315702 278902 147.8
41 [Roik and Hanswille, 1983] T1/3 19 100 460 36.7 315702 278902 135.5
42 [Roik and Hanswille, 1983] T1/4 19 100 460 38.3 320232 284052 148.9
43 [Roik and Hanswille, 1983] T1/5 19 100 460 38.3 320232 284052 137.8
44 [Roik and Hanswille, 1983] T3 19 100 460 447 337152 303972 140.1
45 [Roik and Hanswille, 1983] T3/2 19 100 460 44.7 337152 303972 154.1
46 [Roik and Hanswille, 1983] T4 19 100 460 447 337152 303972 137.3
47 [Roik and Hanswille, 1983] T4/2 19 100 460 44.7 337152 303972 133.7
48 [Roik and Hanswille, 1983] T4/3 19 100 460 447 337152 303972 137.7
49 [Roik and Hanswille, 1983] T2/ 22 100 471 36.3 314552 277592 170.1
50 [Roik and Hanswille, 1983] T2/2 22 100 471 36.3 314552 277592 168.1
51 [Roik and Hanswille, 1983] T2/3 22 100 471 36.3 314552 277592 165.9
52 [Roik and Hanswille, 1983] T2/4 22 100 471 36.3 314552 277592 170.6
53 [Roik and Hanswille, 1983] T2/5 22 100 471 36.3 314552 277592 168.8
54 [Roik and Hanswille, 1983] T51 22 100 471 59.0 369832 345462 176.3
55 [Roik and Hanswille, 1983] T5/2 22 100 471 59.0 369832 345462 177.5
@ According to [DIN 1045-1, 2008] Continued on next page
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Studs Concrete Results
Nr. Lit. ID d hsc fu fcm EcOm Ecm Pe
[mm] [mm] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [kN/stud]

56 [Roik and Hanswille, 1983] T6/1 22 100 471 57.3 366252 340692 166.1
57 [Roik and Hanswille, 1983] T6/2 22 100 471 57.3 366252 340692 159.9
58 [Roik and Hanswille, 1983] T6/3 22 100 471 57.3 366252 340692 177.9
59 [Yamato and Nakamura, 1962] D1/ 16 100 580 30.2 295842 256982 99.0
60 [Yamato and Nakamura, 1962] D1/2 16 100 580 30.2 295842 256982 94.0
61 [Yamato and Nakamura, 1962] D2/1 19 100 500 30.2 295842 256982 123.0
62 [Yamato and Nakamura, 1962] D2/2 19 100 500 30.2 295842 256982 128.8
63 [Yamato and Nakamura, 1962] D2/3 19 100 500 30.2 295842 256982 126.5
64 [Yamato and Nakamura, 1962] D31 22 120 548 30.2 295842 256982 148.5
65 [Yamato and Nakamura, 1962] D3/2 22 120 548 30.2 295842 256982 148.0
66 [Yamato and Nakamura, 1962] D3/3 22 120 548 30.2 295842 256982 146.8
67 [Hiragi et al., 1981] 2A 19 70 485 40.3 325712 290402 141.0
68 [Hiragi et al., 1981] 3A 19 100 485 39.1 322442 286612 166.0
69 [Hiragi et al., 1981] 4A 19 100 485 471 343082 311192 160.0
70 [Hiragi et al., 1981] 5A 19 100 485 57.5 366672 341262 172.0
71 [Feldmann et al., 2007] K-22.1 22 98.2 546 109.5 454492 39800 253.4
72 [Feldmann et al., 2007] K-22.2 22 97.9 546 110.0 455182 40800 243.3
73 [Feldmann et al., 2007] K-22.3 22 97.9 546 110.0 455182 40800 249.4
74 [Feldmann et al., 2007] RK-22.1 22 98.3 546 107.6 451852 46500 239.8
75 [Feldmann et al., 2007] A0-22.1 22 97.9 546 101.1 442562 38500 269.9
76 [Feldmann et al., 2007] A0-22.2 22 97.4 546 104.6 447612 38900 247.8
77 [Feldmann et al., 2007] A0-22.3 22 98.6 546 104.6 447612 38900 252.5
78 [Feldmann et al., 2007] A3-25.1 25 99.6 554 103.3 445752 42600 318.9
79 [Feldmann et al., 2007] A3-25.2 25 99.7 554 103.3 445752 42600 312.8
80 [Feldmann et al., 2007] A3-25.3 25 99.7 554 102.7 444882 444882 310.2
81 [Feldmann et al., 2007] S-19.1 19 76.6 537 106.8 450732 40150 133.8
82 [Feldmann et al., 2007] S-19.2 19 76.6 537 106.8 450732 40150 138.3
83 [Feldmann et al., 2007] S-19.3 19 75.3 537 106.8 450732 40150 143.3
84 [Feldmann et al., 2007] S-22.1 22 98.6 546 106.8 450732 40150 201.3
85 [Feldmann et al., 2007] S-22.2 22 99.4 546 106.8 450732 40150 188.5
86 [Feldmann et al., 2007] S-22.3 22 98.3 546 106.8 450732 40150 207.0
87 [Feldmann et al., 2007] A2-19-W.1 19 77.5 537 101.6 443292 39800 211.2
88 [Feldmann et al., 2007] A2-19-W.2 19 77.2 537 107.0 451012 41700 208.7
89 [Feldmann et al., 2007] A2-19-W.3 19 77.3 537 107.0 451012 41700 200.8
90 [Feldmann et al., 2007] S-19-W.1 19 76.6 537 106.8 450732 40150 160.3
91 [Feldmann et al., 2007] S-19-W.2 19 76.6 537 106.8 450732 40150 149.1
92 [Feldmann et al., 2007] S-19-W.3 19 75.3 537 106.8 450732 40150 150.8
93 [Feldmann et al., 2007] S-22-0W.1 22 98.3 546 94.9 433322 40150 185.7
94 [Feldmann et al., 2007] S-22-0W.2 22 98.3 546 94.9 433322 40150 178.5
95 [Feldmann et al., 2007] S-22-0W.3 22 98.3 546 94.9 433322 40150 184.1
96 [Feldmann et al., 2007] U-22.1 22 98.5 546 100.7 441982 38800 256.6
97 [Feldmann et al., 2007] uU-22.2 22 98.9 546 96.2 435292 38500 252.4
98 [Feldmann et al., 2007] U-22.3 22 97.7 546 101.1 442562 38500 264.4
99 [Feldmann et al., 2007] A460 22 96 764 108.4 452972 42800 272.2
100 [Feldmann et al., 2007] A690.1 22 96 823 119.4 467802 43200 250.7
101 [Feldmann et al., 2007] A690.2 22 96.1 823 119.4 467802 43200 287.0
102 [Feldmann et al., 2007] A690.3 22 96 823 119.4 467802 43200 290.1
103 [Feldmann et al., 2007] DDS-22.1 22 97.8 546 107.6 451852 45600 236.4
104 [Feldmann et al., 2007] DDS-22.2 22 98.1 546 118.4 466492 42500 230.9
105 [Feldmann et al., 2007] DDS-22.3 22 98.4 546 118.4 466492 42500 222.3
106 [Feldmann et al., 2007] DDF-22.1 22 98 546 107.6 451852 45600 192.2
107 [Feldmann et al., 2007] DDF-22.2 22 97.6 546 107.9 452272 45600 196.7
108 [Feldmann et al., 2007] DDF-22.3 22 98.3 546 118.4 466492 42500 208.4
109 [Rambo-Roddenberry, 2002] 1.1 19 101.6 447.5 23.7 272882 233002 114.6
110 [Rambo-Roddenberry, 2002] 1.2 19 101.6 447.5 23.7 272882 233002 128.2
111 [Rambo-Roddenberry, 2002] 1.3 19 101.6 447.5 23.7 272882 233002 113.7
112 [Rambo-Roddenberry, 2002] 2.4 19 101.6 447.5 23.7 272882 233002 126.4
113 [Rambo-Roddenberry, 2002] 25 19 101.6 447.5 23.7 272882 233002 1121
114 [Rambo-Roddenberry, 2002] 2.6 19 101.6 447.5 23.7 272882 233002 115.0
115 [Rambo-Roddenberry, 2002] 3.7 19 101.6 447.5 23.7 272882 233002 101.8
116 [Rambo-Roddenberry, 2002] 3.8 19 101.6 4475 23.7 272882 233002 118.6
117 [Rambo-Roddenberry, 2002] 3.9 19 101.6 447.5 23.7 272882 233002 114.4
118 [Rambo-Roddenberry, 2002] 4.10 19 101.6 447.5 23.7 272882 233002 115.8
119 [Rambo-Roddenberry, 2002] 4.1 19 101.6 447.5 23.7 272882 233002 113.0
120 [Rambo-Roddenberry, 2002] 412 19 101.6 447.5 23.7 272882 233002 108.5
121 [Rambo-Roddenberry, 2002] 5.13 19 101.6 447.5 32.2 302232 263902 106.9
122 [Rambo-Roddenberry, 2002] 5.14 19 101.6 447.5 32.2 302232 263902 109.4
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123 [Rambo-Roddenberry, 2002] 5.15 19 101.6 447.5 32.2 302232 263902 101.2
124 [Rambo-Roddenberry, 2002] 6.16 19 101.6 447.5 32.2 302232 263902 109.4
125 [Rambo-Roddenberry, 2002] 6.17 19 101.6 447.5 32.2 302232 263902 106.9
126 [Rambo-Roddenberry, 2002] 6.18 19 101.6 447.5 32.2 302232 263902 114.6
127 [Rambo-Roddenberry, 2002] 7.19 19 101.6 447.5 33.6 306552 268652 132.2
128 [Rambo-Roddenberry, 2002] 7.20 19 101.6 447.5 33.6 306552 268652 127.4
129 [Rambo-Roddenberry, 2002] 7.21 19 101.6 447.5 33.6 306552 268652 132.2
130 [Rambo-Roddenberry, 2002] 8.22 19 101.6 447.5 33.6 306552 268652 104.9
131 [Rambo-Roddenberry, 2002] 8.23 19 101.6 447.5 33.6 306552 268652 118.6
132 [Rambo-Roddenberry, 2002] 8.24 19 101.6 447.5 33.6 306552 268652 119.2
133 [Doéinghaus, 2001] 11 19 80 550 93.6 431342 431342 140.4
134 [Doéinghaus, 2001] 1/2 19 80 550 93.6 431342 431342 139.8
135 [Doéinghaus, 2001] 1/3 19 80 550 93.6 431342 431342 146.9
136 [Doéinghaus, 2001] 2/1 22 100 530 95.7 434542 434542 197.2
137 [Doéinghaus, 2001] 2/2 22 100 530 95.7 434542 434542 190.9
138 [Doéinghaus, 2001] 2/3 22 100 530 95.7 434542 434542 200.7
139 [Doéinghaus, 2001] 3/1 25 120 450 96.7 436052 436052 226.0
140 [Doéinghaus, 2001] 3/2 25 120 450 96.7 436052 436052 237.3
141 [Déinghaus, 2001] 3/3 25 120 450 96.7 436052 436052 226.9
142 [Doéinghaus, 2001] 9N 19 80 557 98.1 438142 438142 183.9
143 [Doéinghaus, 2001] 9/2 19 80 557 98.1 438142 438142 168.2
144 [Doéinghaus, 2001] 10/1 22 100 531 98.4 438592 438592 246.6
145 [Doéinghaus, 2001] 10/2 22 100 531 98.4 438592 438592 244.0
146 [Doéinghaus, 2001] 10/3 22 100 531 98.4 438592 438592 235.5
147 [Doéinghaus, 2001] 111 19 80 557 68.6 388892 371752 171.2
148 [Doéinghaus, 2001] 11/2 19 80 557 68.6 388892 371752 162.5
149 [Doéinghaus, 2001] 11/3 19 80 557 68.6 388892 371752 155.2
150 [Doéinghaus, 2001] 12/1 22 100 531 68.6 388892 371752 216.1
151 [Doéinghaus, 2001] 12/2 22 100 531 68.6 388892 371752 211.0
152 [Doéinghaus, 2001] 12/3 22 100 531 68.6 388892 371752 218.2
153 [Doéinghaus, 2001] 131 25 120 452 731 397222 383772 210.9
154 [Doéinghaus, 2001] 13/2 25 120 452 731 397222 383772 225.1
155 [Doéinghaus, 2001] 13/4 25 120 452 731 397222 383772 254.4
156 [Doéinghaus, 2001] 14/1 19 80 557 731 397222 383772 147.0
157 [Doéinghaus, 2001] 14/2 19 80 557 73.1 397222 383772 156.6
158 [Doéinghaus, 2001] 14/3 19 80 557 731 397222 383772 161.7
159 [Doéinghaus, 2001] 271 19 80 557 75.7 401872 390642 157.0
160 [Doéinghaus, 2001] 27/2 19 80 557 75.7 401872 390642 159.8
161 [Doéinghaus, 2001] 27/3 19 80 557 75.7 401872 390642 138.5
162 [Doéinghaus, 2001] 251 22 100 554 91.0 427302 427302 240.5
163 [Doéinghaus, 2001] 25/2 22 100 554 91.0 427302 427302 235.0
164 [Déinghaus, 2001] 25/3 22 100 554 91.0 427302 427302 216.3
165 [Doéinghaus, 2001] 34/1 19 80 721 75.9 402232 391172 180.6
166 [Doéinghaus, 2001] 34/2 19 80 721 75.9 402232 391172 176.8
167 [Doéinghaus, 2001] 34/3 19 80 721 75.9 402232 391172 179.8
168 [Doéinghaus, 2001] 35/1 19 80 721 80.7 410532 403722 191.6
169 [Doéinghaus, 2001] 35/2 19 80 721 80.7 410532 403722 201.0
170 [Doéinghaus, 2001] 35/3 19 80 721 80.7 410532 403722 195.0
171 [Oehlers, 1981] RSs1 19 100 620 27.0 285002 245492 135.0
172 [Oehlers, 1981] RSs2 19 100 620 27.0 285002 245492 133.0
173 [Oehlers, 1981] RSs3 19 100 620 21.8 265382 225462 122.0
174 [Oehlers, 1981] RSs4 19 100 620 21.8 265382 225462 131.0
175 [Oehlers, 1981] RSs5 19 100 620 255 279622 239902 133.0
176 [Oehlers, 1981] RSs6 19 100 620 25.5 279622 239902 142.0
177 [Hanswille et al., 1998] 11 25 125 468.2 23.7 272882 29445 179.5
178 [Hanswille et al., 1998] 12 25 125 468.2 23.7 272882 29445 183.0
179 [Hanswille et al., 1998] 1/3 25 125 468.2 23.7 272882 29445 180.4
180 [Hanswille et al., 1998] /4 25 125 468.2 23.7 272882 29445 183.1
181 [Hanswille et al., 1998] 1/5 25 125 468.2 23.7 272882 29445 178.6
182 [Hanswille et al., 1998] 111 25 125 468.2 41.3 328382 34687 233.0
183 [Hanswille et al., 1998] /2 25 125 468.2 41.3 328382 34687 238.0
184 [Hanswille et al., 1998] 11/3 25 125 468.2 41.3 328382 34687 234.9
185 [Hanswille et al., 1998] /4 25 125 468.2 41.3 328382 34687 243.5
186 [Hanswille et al., 1998] 11/5 25 125 468.2 41.3 328382 34687 232.8
187 [Hanswille et al., 2006] Si1-1a 22 125 528 44.2 335892 36400 191.3
188 [Hanswille et al., 2006] S1-1b 22 125 528 49.0 347632 36400 211.3
189 [Hanswille et al., 2006] S1-1c 22 125 528 49.7 349282 36400 213.0

@ According to [DIN 1045-1, 2008]

Continued on next page

179



A Push-Out test results with solid slabs

Table A.1 — Continued from previous page

Studs Concrete Results
Nr. Lit. ID d hse fu fem FEcom Ecm P.
[mm] [mm] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [kN/stud]

190 [Hanswille et al., 2006] S2-1a 22 125 528 447 337152 33800 201.3
191 [Hanswille et al., 2006] S2-1b 22 125 528 42.8 332312 33800 173.3
192 [Hanswille et al., 2006] S2-1c 22 125 528 42.8 332312 33800 175.3
193 [Hanswille et al., 2006] S3-1a 22 125 528 56.2 363892 39000 216.0
194 [Hanswille et al., 2006] S3-1b 22 125 528 53.9 358862 39000 200.6
195 [Hanswille et al., 2006] S3-1c 22 125 528 53.9 358862 39000 201.0
196 [Hanswille et al., 2006] S4-1a 22 125 528 43.4 333852 33900 186.8
197 [Hanswille et al., 2006] S4-1b 22 125 528 43.4 333852 33900 176.5
198 [Hanswille et al., 2006] S4-1c 22 125 528 43.4 333852 33900 1791
199 [Hanswille et al., 2006] S5-1a 22 125 528 42.9 332562 33050 184.6
200 [Hanswille et al., 2006] S5-1b 22 125 528 42.9 332562 33050 186.8
201 [Hanswille et al., 2006] S5-1c 22 125 528 45.8 339902 33050 196.0
202 [An and Cederwall, 1991] HSC11 19 75 519 86.1 419512 34080 156.8
203 [An and Cederwall, 1991] HSC12 19 75 519 81.3 411482 34080 158.6
204 [An and Cederwall, 1991] HSC21 19 75 519 81.3 411482 34080 151.9
205 [An and Cederwall, 1991] HSC22 19 75 519 91.2 427682 34080 161.0
206 [Bullo and Di MArco, 1995] 6019A 19 75 495 48.6 346592 43110 148.3
207 [Bullo and Di MArco, 1995] 6019B 19 75 495 48.6 346592 43110 147.6
208 [Bullo and Di MArco, 1995] 6019C 19 75 495 48.6 346592 43110 163.1
209 [Bullo and Di MArco, 1995] 6025A 25 125 495 48.6 346592 43110 189.1
210 [Bullo and Di MArco, 1995] 6025B 25 125 495 48.6 346592 43110 256.2
211 [Bullo and Di MArco, 1995] 6025C 25 125 495 48.6 346592 43110 252.7
212 [Bullo and Di MArco, 1995] 8019A 19 75 495 79.9 409222 45644 203.6
213 [Bullo and Di MArco, 1995] 8019B 19 75 495 79.9 409222 45644 191.0
214 [Bullo and Di MArco, 1995] 8019C 19 75 495 79.9 409222 45644 180.9
215 [Bullo and Di MArco, 1995] 8025A 25 120 495 79.9 409222 45644 250.0
216 [Bullo and Di MArco, 1995] 8025B 25 120 495 79.9 409222 45644 293.2
217 [Bullo and Di MArco, 1995] 8025C 25 120 495 79.9 409222 45644 199.7

a8 According to [DIN 1045-1, 2008]
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B Push-out tests with composite slabs reported in literature
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C Data sheets of conducted push-out tests
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C Data sheets of conducted push-out tests

Specimen PV-1

STEEL PROFILE

HEB 260 L = 700mm fy = 424N/mm?

COMPOSITE DECKING

fu = 525N/mm?

RD80 t =1.2mm through welded

hp = 80mm b, = 135mm b, = 185mm a = 300mm
CONCRETE SLABS

B =900 mm H =900 mm D =160 mm No recess

fem = 45.80 N/mm?  E, not measured

REINFORCEMENT

BSt 500 A Top: n.a. Bottom: @10/150
Edge: @8/150 Recess: n.a.

SHEAR STUDS

4 Kdéco SD 19x150 favourable-position fu = 550.

Al A2 B1 B2 u o
d [mm] 19mm nominal
hse [mm] 150mm nominal

TEST RESULTS

7N/mm?

P,1 = 116.41 kN/stud
Stud failure

LOAD-SLIP CURVE

Pel,static = 108.41 kN/stud Sel = 2.40 mm

150

P.=1116.41 kN

Pr=95.99 kN

o N
o (8]
—]
!l?\
3 ;
i
i/
!
1
i
i
|
]
i
!
!
!
!
!
!
!
!
|
|
i
!
|
I
i
i
i

=
=
Az
<
0° ; ! ~— N ol Pricetaic=89-20 kN
o 15 } f ~——
2 | | \,_
o . «
£
‘- 50 gl 1£
o EI ¢
ic < | ,°3-
0 25 - s
1o . - 0
byt /
0 | |
0 6 12 18 24 30 36 42 48
Slip s [mm]
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Specimen PV-1

STEEL PROFILE

HEB 260 L = 700mm fy = 424N/mm? fu = 525N/mm?

COMPOSITE DECKING

RD80 t =1.2mm through welded
hyp = 80mm b, = 135mm b, = 185mm a = 300mm

CONCRETE SLABS

B =900 mm H =900 mm D =160 mm No recess
fem = 45.80 N/mm?  E, not measured

REINFORCEMENT

BSt 500 A Top: n.a. Bottom: @10/150
Edge: @8/150 Recess: n.a.

SHEAR STUDS

4 Kdéco SD 19x150 favourable-position fu = 550.7N/mm?

Al A2 Bl B2 u o
d [mm] 19mm nominal
hse [mm] 150mm nominal

TEST RESULTS

P.1 = 106.66 kN/stud Pei static = 99.11 kN/stud Se1 = 1.53 mm
Stud failure

LOAD-SLIP CURVE

150 30
5 125 25 8
5 P.=106.66 kN 5
g 100 e~ P =95.99 kN 20 %
Iy 3. [ — S R c—-docccccdecccccdecccccoececoccfFoooooo o _
= _/_ .......... R oy i ok g e (R
% 75 | 't \‘Rk,static_ F 15 %Z
5 I 18 \\ =
€ 59 £118 102"
= o Y 5
R 1 c
» 25 ot 5 45
I
0 — 0
0 2 4 6 8 10 12 14 16 18
Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-04-

STEEL PROFILE

1

HEB 260

L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm

fem = 30.06 N/mm?

REINFORCEMENT

E. = 20900 N/mm?

BSt 500 A

SHEAR STUDS

Top: Q335A
Edge: @8/150

Bottom: Q188A
Recess: 1220

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?
A1l A2 B1 B2 7 o
d [mm] 22.17 22.15 22.16 22.16 22.16  0.008
hse [mm] 12437 124.72 123.63 124.58 124.33 0.485
TEST RESULTS
P.1 = 73.91 kN/stud Pei static = 70.44 kN/stud Se1 = 8.49 mm
P.o = 109.75 kN/stud Pes static = 99.51 kN/stud Se2 = 45.88 mm
Rib punch-through Concrete pull-out Stud failure
LOAD-SLIP CURVE
125 12,5
P.>=109.75 kN
(]
= 2
T 100 v"l"(\(tmv“‘ 100 S
E _d e ,.r'"""‘u' ‘! \’ ll.”-‘l'~ [}
P,,=73.91 kN rm;' vy |/' R
E y /C.ﬁ‘l’—“ v P oo static=99.51 kN ‘ O g o)
= Y r—Y Yy | 75 22
o’ oAy Pr=611.79 kN ) 2>
[0} Iy gt W g i e et gt A S S ? SO © x
ug_ = Pl atotio=70.44 KN Prretaih=58.53 kN E : e i 50 E‘f
- i QI c
© [To I N
2 25 1 S | 25 8
0 < | S ' 5
i | ©
0 =] L1 o0
0 12 24 36 48 60 72
Slip s [mm]
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Specimen 1-04-2

STEEL PROFILE

HEB 260 L = 700mm fy = 424N/mm? fu = 525N/mm?

COMPOSITE DECKING

CP60 t = 0.88mm pre-punched
hp = 58mm b, = 62mm b, = 101lmm a = 207mm

CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm
fem = 30.89 N'mm?  E. = 21500 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: 1020

SHEAR STUDS

4 Kbco SD 22x125  mid-position fu = 550.7N/mm?

A1 A2 B1 B2 [ o
d [mm] 2225 2223 2227 2220 2224 0.030
hee [mm] 124.36 12479 124.35 12458 123.58 0.396

TEST RESULTS

P.; = 73.61 kN/stud Pet static = 69.63 kN/stud Se1 = 5.63 mm
P = 98.91 kN/stud P static = 87.47 kN/stud Se2 = 31.61 mm
Rib punch-through Concrete pull-out

LOAD-SLIP CURVE

125 12,5

P.1=98.91 kN Q

T 100 i 100 &

2 P s aic=87-47 kN oL
X, / N~ ey
75 Y 75 £2
D.qJ V 0 =
st m el ittt en el e ——— = cZ
8 . — et — i ey il e — ) Sﬁ
E’ 50 Pt caiE89.63 kN Pa 5853 kN : Z =

H =

— = =,

S f £ : o

s 25 2 g

g :

| o

0 © 1
0 12 24 36 48 60

Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-04-3

STEEL PROFILE

HEB 260 L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm

fem = 30.91 N/mm?  E. = 21500 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A

Edge: @8/150

SHEAR STUDS

Bottom: Q188A
Recess: 1220

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?
A1 A2 B1 B2 7 o
d [mm] 22.18 22.24 22.16 22.23 22.20 0.039
hse [mm] 123.71 123.66 124.34 124.17 123.97 0.337
TEST RESULTS
P.1 = 68.66 kN/stud Pei static = 65.06 kN/stud Se1 = 5.09 mm
P.o = 93.67 kN/stud P.s static = 81.94 kN/stud Se2 = 56.24 mm
Rib punch-through Concrete pull-out Stud failure
LOAD-SLIP CURVE
125 1245
P.,=93.67 kN Q
T 100 10,0 S
2 _Y"Y"’VA]Q =61.79 kN L
> P.,=6866 kN 2
2= 75 1 M Peo ctaic=81.94 kN 75 05
0 ' N =
% o - ke B Il e e e et —.-}\‘! % E
8 - pplnbpan . Sfntppuiyputen e e T =3
S 90 Petstat}bb.ut) KN e | |\ 5,0 ZJ o
= €1 I =
o { £ E | g
= 25 8 o 2,5 {
n 0 | 9 5]
re} o (@)
i | ©
0 Ll Lo
0 12 24 36 48 60 72
Slip s [mm]
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Specimen 1-05-1

STEEL PROFILE

HEB 260

L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H = 683 mm D =160 mm Recess 200230 mm

fem = 31.71 N/mm?

REINFORCEMENT

E. = 22100 N/mm?

BSt 500 A

SHEAR STUDS

Top: Q335A

Edge: @8/150

Bottom: Q188A

Recess: 1220

4 Kbco SD 22x125  mid-position fu = 550.7N/mm?

A2 B1 B2 L o
d [mm] 2216 2216 2216 2217 22.16 0.005
hse [mm] 123.62 123.78 124.06 124.64 124.03 0.449

TEST RESULTS

P.q1 = 69.95 kN/stud
P.o = 106.11 kN/stud

Rib punch-through

LOAD-SLIP CURVE

PeLstatic - 6648 kN/StUd
Peo static = 94.30 kN/stud

Concrete pull-out

Se1 = 4.96 mm
Seg = 48.36 mm
Stud failure

125
P o2 ctatfc=94.30kN P_,=106.11kN
% %
s v~ V] ™~
»
I I I P e
l_q; 75 ‘v’ Y L] ! N
- Pry=62.96kN ,\\
¥ / gkl b’y g plyllpgindpd hptuk Alegyrinfutupy . MRS
g 50 ’ PRk,static=59-76 N |
L 2 Pet datic=06.48kN i
o
© | & ]
g 25 I (gl %
? o S
-0 b O
(L ! ©
0 jo po
0 12 24 36 48 &0
Slip s [mm]
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20
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Concentric Transverse Load

P, [kN/rib]
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C Data sheets of conducted push-out tests

Specimen 1-05-2

STEEL PROFILE

HEB 260 L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm

fem = 3171 N/mm?  E. = 22100 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A

Edge ©8/150

SHEAR STUDS

Bottom Q188A
Recess 1220

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?
A1l A2 B1 B2 7 o
d [mm] 22.16 22.22 22.15 22.15 22.17 0.034
hse [mm] 124.15 123.80 123.70 123.55 123.80 0.255
TEST RESULTS
P.1 = 79.15 kN/stud Pe1 static = 75.23 kKN/stud Se1 = 4.11 mm
P.o = 118.33 kN/stud P.s static = 104.89 kN/stud Se2 = 42.94 mm
Rib punch-through Concrete pull-out Stud failure
LOAD-SLIP CURVE
125 ——P_=118.33kN 2
/{‘V—-——X‘Y'\V\ -
T 100 20 8
S Y I a
kT P,,=79.15k 1(// PessmicF104.89kN \ >
2 2
= 75 T P =62.96kN 538
n =0Z. - -~
8 p e :’.‘:‘ZI"_‘._L._.‘:T:g:fgﬁg‘;;éﬁ\i:fif‘f .-E:‘EZ-E;.‘I‘."'_‘."'_'T"\_' ....... E é
S 50 ( R i ! !\ 10,94
& | € I'e %
' £ :
s 25 '3 : z 5 &
b P o
| v
0 — — 0
0 12 24 36 48 60 72
Slip s [mm]
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Specimen 1-05-3

STEEL PROFILE

HEB 260

L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H = 683 mm D =160 mm Recess 200230 mm

fem = 32.55 N/mm?

REINFORCEMENT

E. = 22900 N/mm?

BSt 500 A

SHEAR STUDS

Top: Q335A
Edge: @8/150

Bottom: Q188A
Recess: 1220

4 Koco SD 22x125

mid-position

fu = 550.7N/mm?

A1l

A2 B1 B2 [ o

d [mm] 22.17
hse [mm] 123.80

22.21 2224 2216 2220 0.037
124.65 123.80 123.45 123.93 0.511

TEST RESULTS

P.; = 74.43 kN/stud

PeLstatic - 7068 kN/StUd

Se1 = 3.66 mm

P, =106.79 kN/stud P static = 92.77 kKN/stud Se2 = 41.89 mm
Rib punch-through Concrete pull-out Stud failure
LOAD-SLIP CURVE
125 25
P.,=106.79kN

-
o
o

[ \A\\\r\

P,,=74.43kN

~+ Y \
,_v,/ l\ P s aic¥92.77kN

~
(8]

[8)]
o

Pr562.96kN X
T o e e T e e e s L T T LT

] bl il ot £SO B i et Sl e i ool 2 .

PRk,st atic=59- 76kN

Shear Force P, [kN/stud]

N
(8]

N Per s =70.68KkN

Ou=51.62mm

12

24 36
Slip s [mm]

N
co

60

20

15

10

Concentric Transverse Load

P [kN/rib]
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C Data sheets of conducted push-out tests

Specimen 1-06-1

STEEL PROFILE

HEB 260 L = 700mm fy = 424N/mm?

COMPOSITE DECKING

fu = 525N/mm?

CP60 t = 0.88mm pre-punched
hp = 58mm b, = 62mm b, = 101lmm

CONCRETE SLABS

a = 207mm

B =900 mm H =683 mm D =160 mm
fem = 29.94 N'mm?  E. = 21200 N/mm?

REINFORCEMENT

Recess 200230 mm

BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: 1020

SHEAR STUDS

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?

A A2 B1 B2 [ o

d [mm] 2217 2218 2218 2217 22.18 0.006
hse [mm] 123.36 12355 123.66 123.65 123.56 0.139

TEST RESULTS

P,y = 73.11 kN/stud
P2 = 90.33 kN/stud
Rib punch-through Concrete pull-out

LOAD-SLIP CURVE

Pel,static = 68.89 kN/stud Sel = 5.43 mm
Peo static = 79.28 kN/stud Se2 = 54.85 mm

125
_ P,=90.33kN
T 100
» =73. P static= 79- 28KN
3 - | 4 mann R m\PRk=63.12kN
o’ V) } '
[] | e
g 50 I" PRkstati(::E 2 I ¥ \
L f Pe1 stais=68.89kN 0 ! 5
© £ | e |
2 25 5| s !
Z g ! 2|
i
0 Lol | Lol |
0 12 24 36 48 60 72 84

Slip s [mm]

200

12,8

10,0

75

5,0

215

0,0

Eccentric Transverse Load

P, [kN/rib]



Specimen 1-06-2

STEEL PROFILE

HEB 260 L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H = 683 mm D =160 mm Recess 200230 mm

fem = 31.06 N'mm?  E. = 21400 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A

Edge: @8/150

SHEAR STUDS

Bottom: Q188A
Recess: 1220

4 Kbco SD 22x125  mid-position fu = 550.7N/mm?
A1 A2 B1 B2 L o
d [mm] 2217 2214 2215 2216 22.16 0.013
hse [mm] 12465 124.44 12351 123.85 124.11 0.525

TEST RESULTS

P.; = 70.13 kN/stud

Pel,statz‘c = 65.69 kN/stud

Se1 = 5.94 mm

P.o =90.67 kN/stud P static = 82.27 kN/stud Se2 = 31.83 mm
Rib punch-through Concrete pull-out
LOAD-SLIP CURVE
125 12,5
= ®
T 100 LP_,=90.67KN 100 e
B P.,=70.13kN |~ Peosi,=82.27kN >
Z \ P VT — Pri=63.12kN -
l_al.) 75 1 1 1 ' 7,5 = -g
o LT 25
@ B R P S | =
S /r Pricstatio =p9. 12kN I ! 50 F +
N ’ P daic=65 69N ! N Toef
o el g | b=
& gl i "o
[N/
0 — 0,0
0 12 24 36 48 60 72 84
Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-06-3

STEEL PROFILE

HEB 260 L = 700mm fy = 424N/mm? fu = 525N/mm?

COMPOSITE DECKING

CP60 t = 0.88mm pre-punched
hp = 58mm b, = 62mm b, = 101lmm a = 207mm

CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm
fem = 43.96 N'mm?  E. = 25900 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: 1020

SHEAR STUDS

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?

A A2 B1 B2 [ o
d  [mm] 2211 2212 2213 2212 22.12 0.008
hee [mm] 123.63 123.51 123.94 123.90 124.75 0.209

TEST RESULTS

P.1 =90.31 kN/stud Pet static = 83.44 kN/stud Se1 = 3.80 mm
P,y = 114.96 kN/stud P static = 102.53 kN/stud Se2 = 25.75 mm
Rib punch-through Concrete pull-out Stud failure

LOAD-SLIP CURVE

150 15,0

| Po=114.96kN

12,5

- -
o N
o (8]
— T

P [kN/rib]

5 :
= Ji=
» +1790.31kN Vs fpezsfa" 102.53kN -
. l(é‘; | Prc=81.28kN 10,0 S
" >
S e A A N
8 Pricsiqre=79 10kN ; i =
g pre elrad —‘._..._.—.-._._Rl(’ftanc'*--—-q ..... L — e o ...L _____ L —_ —
T, Per safc=83.44kN | | 50 2
T e g ! =
& g £ g
0 — 0,0
0 6 12 18 24 30 36 42 48

Slip s [mm]
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Specimen 1-07-1

STEEL PROFILE

HEB 260

L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H = 683 mm D =160 mm Recess 200230 mm

fem = 45.09 N/mm?

REINFORCEMENT

E. = 26000 N/mm?

BSt 500 A

SHEAR STUDS

Top: Q335A

Edge: @8/150

Bottom: Q188A
Recess: 1220

4 Kbco SD 22x125  mid-position fu = 550.7N/mm?

A1 A2 B1 B2 L o
d [mm] 2212 2211 2212 2212 2212 0.008
hse [mm] 123.50 123.14 123.17 123.15 124.24 0.174

TEST RESULTS

P.; = 89.25 kN/stud
P,y = 123.27 kN/stud
Rib punch-through

LOAD-SLIP CURVE

PeLstatic - 8381 kN/StUd
P6275tatic — 10825 kN/StUd
Concrete pull-out

Se1 = 3.30 mm
Sea = 39.52 mm
Stud failure

160
140
= | Pe=12327KN
2120 e
» P o2 saic=108.25kN
2 00 P,=89.25kN /V_’(V —-~-¥>VV 2t
—_— \ \|— =T=,
o / JUCY S U ' 'n\ Pr/=67.29kN
& 80 Mw—-—f/( LI A\
[0 - g A
o LA R BT ST o e e e 2 v sl v v '_‘_:.‘i_:-,
o —_— e s — — e — s — ——— e — s — ——— e — — ——— . . —e e i — ———
60 = ==y
[T \ =
= Pet atatc183.81kN Ricstatc=03- TOKN E | ?‘
& 40 £
o 21 2
(S P
40 AR R
=3 =3
0
0 12 24 36 48 60
Slip s [mm]

72

32

28

24

20

16

12

Eccentric Transverse Load
P+ [kN/rib]
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C Data sheets of conducted push-out tests

Specimen 1-07-2

STEEL PROFILE

HEB 260 L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H =683 mm D =160 mm Recess 200230 mm

fem = 40.87 N/mm?  E, = 27461 N/mm?

REINFORCEMENT

BSt 500 A Top: Q335A

Edge: @8/150

SHEAR STUDS

Bottom: Q188A
Recess: 1220

4 Kdco SD 22x125  mid-position fu = 550.7N/mm?

A1 A2 B1 B2 L o
d [mm] 2215 2215 2210 2215 2214 0.025
hse [mm] 12465 124.35 124.60 12490 124.63 0.225

TEST RESULTS

P.1 = 92.77 kN/stud

PeLstatic - 8652 kN/StUd

Se1 = 2.80 mm

P.o = 110.28 kN/stud P.s static = 100.65 kN/stud Se2 = 20.50 mm

Rib punch-through Concrete pull-out Stud failure

LOAD-SLIP CURVE

150 30
P,,=110.28kN
= 125 = 25 g
3 b —ep 7 Pezsiaic=100.65kN S
O B Cail oI - Py WY "3
x / A - ! ‘ ' \(\ ey
= /‘{\h_‘ f( \(\ Pr=67.29kN g2
o v =
Rl s e e e SRR N (= vy B sE
S B e e e ey iy din b m =
w : | | L
L 90 \ . : =
g Pt biaic=86.52kN E | £ ! \ S
5 g ! & ! b
@ 2 Tl g T |° w
| N
0 — — 0
0 12 24 36 48 60 72
Slip s [mm]
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Specimen 1-07-3

STEEL PROFILE

HEB 260

L = 700mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CP60 t = 0.88mm pre-punched

hp = 58mm b, = 62mm b, = 101mm a = 207mm
CONCRETE SLABS

B =900 mm H = 683 mm D =160 mm Recess 200230 mm

fem = 42.59 N/mm?

REINFORCEMENT

E. = 28000 N/mm?

BSt 500 A

SHEAR STUDS

Top: Q335A
Edge: @8/150

Bottom: Q188A
Recess: 1220

4 Kbco SD 22x125  mid-position fu = 550.7N/mm?
A1 A2 B1 B2 L o
d [mm] 2210 2210 2215 2220 22.14 0.048

hse [mm] 124.10

12415 124.40 12440 124.26 0.160

TEST RESULTS

P,y = 74.77 kN/stud
P.o = 114.03 kN/stud
Rib punch-through

LOAD-SLIP CURVE

Pel,static
Pe?,static
Concrete

= 70.21 kN/stud Se1 = 2.77 mm
= 100.70 kN/stud Se2 = 31.67 mm
pull-out

150

P.,=114.03kN

-
N
(8]

=100.70kN

Pe2,stz tic
X~

-
o
=)

0

2

1
-
B
iy
X
z

oo VW\ Pr=67.29kN

~
o
3
\

Shear Force P, [kN/stud]

Plet static=70.21kN
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[
[
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2
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Eccentric Transverse Load
P+ [kN/rib]
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C Data sheets of conducted push-out tests

Specimen 1-08-1

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF860 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.22N/mm?  E. = 26500 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [mm] 19.06 19.05 19.09 19.09 19.04 19.04 19.04 19.04 19.06 0.002
hse [mm] 116.65 11597 117.67 117.65 117.53 117.19 11819 118.12 117.37 0.750
TEST RESULTS
P,y = 45.52 kN/stud Pei static = 42.80 kN/stud Se1 = 1.63 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
60

50 Fl’e1=45-52kh}\v f\‘r\ Pr,=40.97kN

=

N VAR . \l\v ________ )

Z .Y s g i ——— e —— ey —————

= N Pri static=38.92kN

% 30 L \_\’V\

8 I | =42.80kN >

S I

"= 20 M

5 I Eije || E /

< E.. c <5 =

n 10 ~lle oo o

Silg i & /
0 o'l g & o
0 6 12 18 24 30 36
Slip s [mm]
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Specimen 1-08-2

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fom = 42.22 N/mm?  E. = 26500 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 19.08 19.11  19.09 19.08 19.02 19.06 19.04 19.05 19.07 0.029
hse [mm] 117.20 117.71 116.69 117.08 117.12 118.14 11860 117.50 117.51 0.625

TEST RESULTS

P.; = 46.09 kN/stud
P =n.a.
Rib pry-out

LOAD-SLIP CURVE

PeLstatiC == 4333 kN/StUd
PeQ,static = n.a.

Se1 = 1.13 mm
Se2 = N.aA.

60
Fie1=46.07kN PRk_£0'97kN

e [L‘\/\\
2 o N ____Y_'_'_Tﬁm‘ _________________
< =N = NN - — — = e R i 1y Sp— P ——
= | Pric sthic=38.52kN
D.w j:l I ‘ RK stat M"' Y \
5} 30 '_e1,staic 49.99KN
o !
© |
20 i £
© z =

£ £
2 ENE Fii5
n 10 ~s oS

Wihe g

A

0 w!l w
0 3 6 9 12 15 18 21
Slip s [mm]

24
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C Data sheets of conducted push-out tests

Specimen 1-08-3

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.22N/mm?  E. = 26500 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [mm] 19.05 19.05 19.07 19.07 19.07 19.06 19.09 19.08 19.07 0.014
hse [mm] 11715 117.86 118.20 118.18 118.10 118.62 117.77 117.37 117.91 0.476

TEST RESULTS

P.; = 48.26 kN/stud
P.o = 64.79 kN/stud
Rib pry-out

LOAD-SLIP CURVE

PeLstatiC - 4592 kN/StUd
Peo static = 60.48 kN/stud

Se1 = 1.64 mm
Seo = 9.36 mm

70
- P.,=64.79kN
Pa=4826kN| AN\ |
~\
60 AN V\\,\,\ Pre=43.43kN
- P2 static=60.48kN .

I
/ Pet staic=45.92kN

Pricstdic=41.33kN

Shear Force P, [kN/stud]

c
20 £
N
10 o
o il /
0 o] o]
0 6 12 18 24 30
Slip s [mm]
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Specimen 1-09-1

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 19.10 19.10 1910 19.10 19.10 19.10 19.05 19.05 19.09 0.023
hse [mm] 119.20 119.00 118.90 119.30 118.15 118.05 118.65 119.50 118.84 0.527

TEST RESULTS

P.; = 42.28 kN/stud
P =n.a.
Rib pry-out

LOAD-SLIP CURVE

Pel,static = 39.11 kN/stud

PeQ,static =n.a.

Se1 = 2.26 mm

Se2 = N.aA.

50
P.=42.28kN P.; xc=39.11kN

T 40
2 st~ 48 54N _
<
= 30 — 3
D— ’
Q &
8 -
5 20 )
1
©
2 10
7

0

0 12 18 24 30 36
Slip s [mm]

10

Concentric Transverse Load
P+ [kN/rib]

209



C Data sheets of conducted push-out tests

Specimen 1-09-2

STEEL PROFILE

HEB 260 L = 900mm fy = 424N/mm? fu = 525N/mm?

COMPOSITE DECKING

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm

CONCRETE SLABS

B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?

REINFORCEMENT

BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.

SHEAR STUDS

8 Kdco SD 19x125 mid-position fu = 550.7N/mm?

Al1-1 A1-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 m o

d [mm] 19.10 19.10 19.15 19.20 19.05 19.10 19.15 19.10 19.12  0.046
hse [mm] 11730 116.25 11765 119.15 117.45 117.00 119.20 118.00 117.75 1.017

TEST RESULTS

P.1 = 50.32 kN/stud Pe1 static = 46.40 kKN/stud Se1 = 1.81 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out Clamping

LOAD-SLIP CURVE

80 12
/“'%\

o

) N | §

L e T = S e | S

= — P.,=50.32kN n
X, By
(J.qJ 2 =
S S — e — —— — — b s — o — — — — — — — - e ¢ e f s — Z
g 40 Pri static541.35kN 6 B8

o Pt static=46.40kN el =
) < : on”

L Insufficient transverse A =

& displacement capacity ir| 1 =

o 20 clamping device: ¥ 3 8

= "B : 1 c

0 Restraint displacement 1 =)

increased [TL. 1 o

| Reloaded without TL
0 - 4 0
0 6 12 18 24 30 36 42
Slip s [mm]
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Specimen 1-09-3

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 A1-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 m o
d [mm] 19.10 19.05 19.10 19.10 19.10 19.10 19.10 19.10 19.09 0.018
hse [mm] 117.30 11950 119.55 120.15 117.05 118.05 120.05 119.70 118.92 1.254
TEST RESULTS
P.; = 48.19 kN/stud Pet static = 45.98 kN/stud Se1 = 2.76 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out Clamping
LOAD-SLIP CURVE
80 12
Reloading with half TL.
P,,=48.19KN o
§ Pe1,static=4 .40kN 3
§60 __--_l ________ e I ) T T —— - - 9 i)
prd _ Reloadjng without TL. ! 2
~ ) O —
= , “\ e
o . I c =
p 40 SRR, T L —— NI < S— _-_P__=_41_.5k_N ______ W PE— .:__ 6 S E
g ' \':\_ Rk static : / Z -
L g ] =
— c
S 20 : 3 8
5 ] c
%-Reloading with full TL. A:/ 3
0 0
0 6 12 18 24 30 36
Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-10-1

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E. = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [mm] 1910 1910 1915 1915 1910 19.05 1915 1910 19.11 0.035
hse [mm] 118.15 119.20 117.70 119.15 119.05 118.20 118.85 118.80 118.64 0.551
TEST RESULTS
P.; = 45.64 kN/stud Pei static = 40.57 kN/stud Se1 = 1.55 mm
P.o = 53.38 kN/stud P static = 48.80 KN/stud Se2 = 5.98 mm
Rib pry-out
LOAD-SLIP CURVE
60 - 12
P, =45 64kN P.,=53.38kN .
= 50 P .5 ctand=48.80kN 108
= =, |
2 I 5
X ;. 2 O —
~ ! — L N\ .—. — 03
o’ P, | uie=40. 57kN/f Prystatc36- 684N : :\ \/\,\ g5
o 30 . N 6 <
o I / / ! | Pg=41.08kN ==
o (&)
- 20 ' ' s BT
®© E gl %
2 SR 2
» 10 — 2 o
v R ©
0 o | 0] 0
0 6 12 18 24 30 36
Slip s [mm]

212



Specimen 1-10-2

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 19.10 1910 19.10 19.15 19.05 1910 19.10 19.05 19.09 0.032
hse [mm] 117.20 11860 119.15 119.30 116.75 116.50 118.20 119.20 118.15 1.156
TEST RESULTS
P., = 46.44 kN/stud Pe1 static = 39.29 kN/stud Se1 = 2.41 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
60 12
P, =46.44kN
©
T 50 | 10 S
= Rt sic=39.29kN _ a
& , Pr=41.80kN °
Z 40 [T 7N "'m";""\; """""" —== N e g &
= _‘.)é ..... L il T 1= e 4 gz
I T i oo Mot S NP ot S T I |
o I Pricstatic=35-3GkN ==
S H o
20 H 4 =
o Eiig £ 8
s &£ 5 S
¥ 10 allg [f 16 2 i@
Tiig A 1% ©
wol gl 1w} o
0 0
0 6 12 18 24 30 36
Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-10-3

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E. = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 o
n
d [mm] 1910 1910 19.10 19.10 19.10 1910 19.10 19.10  19.10 0
hse [mm] 117.50 118.45 116.75 119.15 11925 118.35 118.35 118.10 118.24 0.820
TEST RESULTS
P.1 = 35.46 kN/stud Pe1 static = 31.22 kN/stud Se1 = 1.96 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
50
= P.,=35.46kN
§ 40 i : P} 2uo=31 22KN /—V\
§30 L - NN N e A s x,\ _______ Pr3191KN ___
s I A— I ___—__*C____ N F—— 1l _____
% —|r | : ]’ Plrstatic=28-10kN \\
o i /]
© gilc fio E
210 Sile J1i% 5
K - AREAY
I} _t o
. olig 1 o
0 6 12 18 24 30 36
Slip s [mm]
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Specimen 1-11-1

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 19.05 1910 19.10 19.05 19.05 1910 19.10 19.05 19.08 0.027
hse [mm] 119.15 119.40 11860 118.75 119.05 119.40 11955 119.40 119.16 0.342
TEST RESULTS
P.1 = 54.64 kN/stud Pe1 static = 51.41 kN/stud Se1 = 4.44 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
60 12
/‘[\_\ Pr=44.40kN
= 50 N N 10T
-g ! Sea v =, 3
> A A A==y Prectanc=41.14kN
Z 40 L. \% ..... _\Tl \.:‘_‘.%.m_._._ ....... Il L it i S -5 g
= PB4 BN | )/ )
n® N ~ " D=
g 30 [l P.1 b =51.41kN — B ‘ 6 5%
§ e1,static B : : f h-\-- . Z D'-_
- 20 E : 4 g
© g 1 g S
2 ~1 (% 1]
? 10 R A 2
||_§i | W:,
0 il 0
0 6 12 18 24 30 36 42
Slip s [mm]
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C Data sheets of conducted push-out tests

Specimen 1-11-2

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E. = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [mm] 1910 19.07 19.07 19.07 1910 1910 19.10 19.05 19.08 0.020
hsc [mm] 117.40 118.75 12060 119.00 116.85 117.65 120.40 119.25 118.74 1.368
TEST RESULTS
P.; = 52.68 kN/stud Pe1 static = 46.04 kN/stud Se1 = 2.57 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out Rotation of bottom rib
LOAD-SLIP CURVE
60 12
P.,=52.68kN

s VAYARYN Pry=44.04kN 03

3 \R ] i ; o

E J Wkt Dy 3 iy i D At et Celnta T B ehtehtaint j

3 40 EN=S T2 L L _INT T ST ) e R 4g 9

. P.; LailF46.04kN I A Pristatic=41.14kN g

v 30 = a < 6 52

L 5n | | 4 {9

& - | E =

2 i | & 8

9 10 e o 2 @

V il o
1e] e
0 : : 0
0 6 12 18 24 30 36 42
Slip s [mm]
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Specimen 1-11-3

STEEL PROFILE

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.59 N/mm?  E, = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 19.05 19.05 1915 1910 19.05 19.05 1910 19.05 19.08 0.038
hse [mm] 117.25 11860 120.40 119.70 117.45 117.15 11960 118.40 118.57 1.238
TEST RESULTS
P.; = 49.33 kN/stud Pe1 static = 45.71 kN/stud Se1 = 3.89 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out Rotation of bottom rib
LOAD-SLIP CURVE
o0 P.,=49.33kN 12
e1= "~
\ ,\/\f\ /{\\ Prii44.04kN -
% 50 | | e 10 ©
= R W S
= Y A, R SRS, Sy G SR M s
= - S . ! Y I — [}
32_4 40 /( Por tati7F45.71|<N : : \rwm T4KN 8 % =
< 30 i i \~ 6 éz
= r // [ [ ™ -
e | i oo
= 20 = 4 g
© | = c
2 £ £ g
“ 0 oy o1 2 u
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C Data sheets of conducted push-out tests

Specimen 3-01-1

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 46.00 N'mm?  E. = 26900 N/mm?
REINFORCEMENT
BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 A1-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 u o
d [mm] 19.07 19.04 19.05 19.05 19.07 19.08 19.07 19.09 19.07 0.017
hse [mm] 11751 119.16 118.01 119.16 118.61 118.69 11845 118.33 118.49 0.557
TEST RESULTS
P,y = 47.31 kN/stud Pe1 static = 38.86 kN/stud Se1 = 1.95 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out Rotation of bottom rib
LOAD-SLIP CURVE
80 160
P’e1=47.38<N 2
70 A 140 F
3 ‘ Y\‘"‘V\ i
£ 60 +v 120 %
2 T Py :
ﬁwso | ‘,'l'." = =~ 100 E§
o’ 1) R S S e " _ ol SS
3 G . O O 25 i AN Y [l
S 30 - i— AL ol CEY NN M . 60 Sa
- F\[ Py =42.58KkN el i g Y - =
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g20 1Pl =38 86kN SiTE K 40 2
Z / o 19 dee el / >
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TENSION TIES
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C Data sheets of conducted push-out tests

Specimen 3-01-2

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 46.00 N'mm?  E. = 26800 N/mm?
REINFORCEMENT
BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [nm] 19.08 19.04 19.06 19.06 19.07 19.04 19.05 19.06 19.06 0.014
hse [mm] 116.43 117.45 11714 117.71 11729 117.41 117.77 117.84 117.38 0.455
TEST RESULTS
P.1 = 54.92 kN/stud Pe1 static = 51.66 kKN/stud Se1 = 2.21 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
80 160
P.,=54.92kN @
__ 70 140 =
3 5
2 60 120 %
- &
2 50 100 E =
[ - SE
o 40 ! R 80 =2
LE 30 / Pa=42.58kN i i Preio=34.97TkN Y\"\'—/) 0 gm
I ' El ¢! : y o
o 20 7 ST ET S p— 40 =
2 0 | gl g | 20 2
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Slip s [mm]
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TENSION TIES
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C Data sheets of conducted push-out tests

Specimen 3-01-3

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 40.43 N/mm?  E. = 26900 N/mm?
REINFORCEMENT
BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w o
d [mm] 19.09 19.05 19.07 19.08 19.05 19.06 19.05 19.05 19.07 0.014
hse [mm] 118.32 110.62 119.61 11871 116.44 117.52 116.70 118.75 118.33 1.419
TEST RESULTS
P.1 = 52.78 kN/stud Pe1 static = 47.32 kKN/stud Se1 = 1.54 mm
P, =n.a. Peo static = n.a. Se2 = N.a.
Rib pry-out
LOAD-SLIP CURVE
60
/Pe=52.78kN
Pr=47|50kN
= 50
2
» e e
Z 40
i~ \ Prucstaticr42.59kN
o’ 30 b\ WMW\
e N
§ I P i =47.32kN
5 I ’
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&0 | 2ig ™
il o
0 101 O
0 6 12 18 24 30 36
Slip s [mm]
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Specimen 3-02

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm pre-punched
hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS
B =900 mm H =900 mm D =160 mm No recess
fem = 42.62 N/mm?  E. = 28000 N/mm?
REINFORCEMENT
BSt 500 A Top: Q335A Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
8 Kdco SD 19x125 mid-position fu = 550.7N/mm?
A1-1 Al-2 A2-1 A2-2 B1-1 B1-2 B2-1 B2-2 w I
d [mm] 1911 19141 19.05 1911 19.05 1910 19.05 1910 19.09 0.029
hse [mm] 123.05 12340 123.75 123.30 123.50 123.40 123.50 123.60 123.44 0.208
TEST RESULTS
P.; = 37.00 kN/stud Pe1 static = 34.90 kN/stud Se1 = 1.12 mm
Rib pry-out
LOAD-SLIP CURVE
60
= 50
=
B T’e1=37.0CkN
2 40
I . =34.
ﬁw '_Kf’itﬁftf-?:‘t_g_OkN = __._____Pfk_=33'30kN Pricstaticr 31.41kN
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8 ’ i vy hr‘
5 . ; m,}w_\ -
T I
= I \’
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C Data sheets of conducted push-out tests

Specimen NR1-

STEEL PROFILE

1

HEB 260

L =900mm

COMPOSITE DECKING

fy = 424N/mm?

fu = 525N/mm?

CF80 t = 0.90mm through deck welded

hp = 80mm by, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS

B =900 mm H =900 mm D =150 mm No recess

fem = 44.11 N/mm?

REINFORCEMENT

E. = 25600 N/mm?

BSt 500 A

SHEAR STUDS

Top: n.a.
Edge: ©8/150

Bottom: Q188A
Recess: n.a.

4 Kéco SD 19x125  mid-position fu = 550.7N/mm?

A1 A2 B1 B2 L o
d [mm] 19.10 19.10 19.05 19.10 19.09 0.025
he. [mm] 120.75 120.50 121.40 122.60 121.31 0.938

TEST RESULTS

P.; = 79.07 kN/stud
Rib pry-out

LOAD-SLIP CURVE

Pel}stat@'c == 7184 kN/StUd

Stud failure

Se1 = 2.07 mm

100
P,=79.07kN
P staicT71-84kN
80 /
§ D=7 1.17kN
2 i ) ot S4OTKN _
< [l 1
X 60 o —
o Il 1
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= e [
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%] |l e g1t £
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HE NIEE
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sl | Sy
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Slip s [mm]
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Specimen NR1-2

STEEL PROFILE

HEB 260 L = 900mm

COMPOSITE DECKING

fy = 424N/mm? fu = 525N/mm?

CF80 t = 0.90mm through deck welded

hyp = 80mm b, = 120mm b, = 155mm a = 300mm
CONCRETE SLABS

B =900 mm H =900 mm D =150 mm No recess

fem = 45.70 N/mm?  E. = 25600 N/mm?

REINFORCEMENT

BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.
SHEAR STUDS
4 Kdco SD 19x125  mid-position fu = 550.7N/mm?
A1l A2 B1 B2 7 o
d [mm] 19.15 19.10 19.05 19.05 19.09 0.048
hse [mm] 122.15 121.70 120.25 120.60 121.18 0.897

TEST RESULTS

P.; = 74.93 kN/stud

Pel,statz‘c = 67.93 kN/stud

Se1 = 2.48 mm

Rib pry-out Stud failure
LOAD-SLIP CURVE
100 p 10
| P=74.93kN

—_ ; Pet sfaic=67-93kN P =67 49KN S
» |
A 2 Wva's'~ W ] o
A i VL Sy O N Lo Prduretiza] 8
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C Data sheets of conducted push-out tests

Specimen NR1-3

STEEL PROFILE

HEB 260 L = 900mm fy = 424N/mm? fu = 525N/mm?

COMPOSITE DECKING

CF80 t = 0.90mm through deck welded
hp = 80mm b, = 120mm b, = 155mm a = 300mm

CONCRETE SLABS

B =900 mm H =900 mm D =150 mm No recess
fem = 4470 N/mm?  E, = 25600 N/mm?

REINFORCEMENT

BSt 500 A Top: n.a. Bottom: Q188A
Edge: @8/150 Recess: n.a.

SHEAR STUDS

4 Kéco SD 19x125  mid-position fu = 550.7N/mm?

A A2 B1 B2 [ o
d [mm] 19.10 19.056 1920 19.05 19.10 0.071
hee [mm] 120.20 120.40 121.55 121.80 120.99 0.805

TEST RESULTS

P.; = 70.46 kN/stud Pei static = 64.87 kN/stud Se1 = 2.66 mm
Rib pry-out Stud failure

LOAD-SLIP CURVE

80 . 16
P.,=70.46kN
|
_ P kai=64.87kN
© Lreees
S . Py «lic=58.38kN
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Slip s [mm]
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Concentric Transverse Load
P+ [kN/rib]



D Failure surface for open deck shapes

(hcone'ho)/tanG

hy/tan®

q

hcone

hcone

<&

With:
cot®=1.2

Figure D.1: Shape and dimensions of the failure cone for studs welded in mid and staggert
position in open deck shapes.

Figure D.2: Divison of the failure cone into sub-faces for the calculation of cross-section

properties.

Height of the cone:

hcone = hsc,nom -5 - hhead
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D Failure surface for open deck shapes

Surface of the failure cone:

i=1
with:
by - h
—9.4% P
ZAl sin ©
bo — by b
Sapoa 2 b by
2 2 sin © sin ©
bo
ZA oy 1 ' 5 . (hcone —hp) _ bo - (hcone _hp)
3 2 sin © sin ©
bo\ 2
1 (hcone - hp)2 + <2> . (hcone - hp)
ZA4 =4 2 tan ©
bo\ 2
(hcone - hp)2 + (2) : (hcone - hp)

tan ©
b 2
S As =2 (np — 1) €5 ] (heone — ) + (2)

Height of the centre of mass above the flange:

3 Y0 Ak,
s,cone —
S A
with:
h
hs,l = Ep
2
h572 - g . hp
1 2h, +h
hs,3 = p + g ’ (hcone - hp) = %
2h, 4+ h
hs,4 — hs,3 — %
h —h hy+h
hs,5 _ hp+ cone2 p _"'p 5 cone

Moment of Inertia for the cone:

5 5
L=315+Y Az
=1 =1

with:
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bahp _ bi-hy

. h=2 12sn© 6-sin®©

(bo—bu>3 ;
s 2 ) e,
36 - sin © 72 -sin©®
bo\?
ZI =4 (2> ‘(hconeihp) _bg’(hcone_hp)
5T 36 - sin © T 72-sin®©
9\ 3/2
2 bo
((hcone_hp) + <2) ) '(hcone_hp)
I=4-
Z 4 36 - tan ©
b 2 3/2
<(hcone_hp)2+ (;) > '(hcone_hp)
- 9-tan©
b 2\ 32
((hcone_hp)2+ <20) ) 'es'(nr_l)
2 =2 12
b 2 3/2
<(hcone hp)2+ (20> > €s (nr_l)
- 6
and:
21:0
b L bo—by _ 2butb,
T 2773 2 6
v L b bo
732 6
2 b b
‘T3 27 3
Lb_b
T 9Ty
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E Failure surface for re-entrant deck shapes

(Ncone-hp)/tan®

hp/tan®© : e

A 4 N p —
pal | f 7'y
g Y — y/ N i //' )
<l e Vi | &£ ] 3
v v C) | | v
v Vx
x b
—3
S With:
i 2 cot®=1.2

he/tan® |y .-ho)itan®

Figure E.1: Shape and dimensions of the failure cone for studs welded in mid and staggert
position in re-entrant decking.

Figure E.2: Division of the failure cone into sub-faces for the calculation of cross-section
properties.

Height of the cone:

hcone = hsc,nom -5 - hhead (E1)
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E Failure surface for re-entrant deck shapes

Surface of the failure cone:

i=1
with:
bo - h
—92.22 P
ZAl sin ©
by — by
Sapoal T2 (bomb)hy
27 % sin © N sin ©
bo
ZA =4 1 5 ‘ (hcone_hp) _ bO‘(hcone_hp)
5759 sin © B sin ©
bo\ 2
1 (hcone - hp)2 + <2> . (hcone - hp)
ZA4 =4 2 tan ©
b 2
(hcone - hp)2 + (20) : (hcone - hp)

tan ©
b 2
S As =2 (np — 1) €5 ] (heone — ) + (2)

Height of the centre of mass above the flange:

3 Y0 Ak,
s,cone —
S A
with:
h
hs,l = Ep
2
h572 - g . hp
1 2hp, + h
hss=hy+ = - (heone — hp) — Zp ' “cone
3 3
2h, 4+ h
ha = hes = %
hs,5 _ hp + hcone2_ hp _ hp +2hcone

Moment of Inertia for the cone:

5 5
L=315+Y Az
=1 =1

with:
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bo-hy _ bihy

. h=2 12sn© 6-sin®©

(bu—bo>3 ;
s 2 ) e,
36 - sin © 72 -sin©®
bo\?
ZI =4 (2> ‘(hconeihp) _bg’(hcone_hp)
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F Partial derivatives of the resistance
functions

Rib bending failure:
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F Partial derivatives of the resistance functions
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