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Composite Construction is a key consideration in
the design of buildings and infrastructure. Significant
advances in research and development have increa-
sed the knowledge of the structural performance of
composite structures. Some areas are becoming well
understood and implemented in the design practi-
ce, codes and standards worldwide, while others like,
e.g., application of high-performance materials or
dismountable and reusable composite members need
further studies; trends that are reflected by the contri-
bution to this conference. To make a full use of these
innovations and advances, we need a forum for resear-
chers, practitioners, and engineers to share and discuss
their research, practical experience and innovations
related to composite constructions in steel and con-
crete with their peers in an open, international forum.

The highly successful International Conference series
on Composite Construction in Steel and Concrete are
considered a major forum for the exchange of know-
ledge among the peers of the global composite con-
struction community. The events started in 1987 in
Henniker, New Hampshire, USA followed by Potosi,
Missouri, USA in 1992. The conference was once held
in Europe, which was the 3rd Composite Construction
1996 in Irsee, Germany. This event was followed by an
event in the amazing scenery in Banff, Canada in 2000
as well as in 2004 at the Kruger National Park, South
Africa. The 6th event was held 2008 in Devil’s Thumb
Ranch, Colorado, USA, before visiting Palm Cove,
Queensland, Australia in 2013 and Jackson, Wyoming,
USA in 2017.

These proceedings summarize the state-of-the art
in composite construction worldwide, as presen-
ted at the 9th International Conference on Compo-
site Construction in Steel and Concrete hosted by
the Ruhr-Universitit Bochum RUB, University of
Stuttgart, RPTU Kaiserslautern-Landau and Uni-
versity of Luxembourg between the 27th and 29th
July 2021. As a result of the global COVID-19 co-
ronavirus pandemic, it is the first Composite Con-
struction Conference that was held completely online.

PREFACE

The papers contained in this volume were selected
through a rigorous review process and cover a wide va-
riety of topics, including composite beams, composite
columns, composite decks, joints, shear connections,
fire behavior, seismic behavior, fatigue and fracture, co-
dification, composite bridges, innovative hybrid struc-
tures, numerical investigations and practical applicati-
ons representing the work of authors from 18 different
countries around the world. One of the principles of
the conference series is that it should represent a fo-
rum where the latest research and case studies are
presented. Papers were therefore submitted only a few
months before the conference and have been adapted
based on the outcome of the discussions during the
conference before the final publication, which ensures
that only the most current work is presented.

This conference was organized by the members of the
Chair of Steel, Lightweight and Composite Structu-
res, Ruhr-Universitit Bochum RUB, the Institute of
Structural Design, University of Stuttgart, the Institute
of Steel Structures, RPTU Kaiserslautern-Landau as
well as the teaching and research area for Structural
Engineering and Composite Structures, University of
Luxembourg with the help, support and cooperation
of the members of the International Scientific Com-
mittee, in particular the support of Professors W. Sa-
muel Easterling, Jerome F. Hajjar, Roberto Leon, and
Gian Andrea Rassati. We thank all expert reviewers for
the time and effort they spent on the task of selecting
and reviewing the papers. Our sincere thanks to all
authors; the quality of this book is just the corollary
of the high standard of their contributions, R&D ac-
tivity and practical applications. Finally, we would like
to acknowledge the effort and support provided by the
partners and sponsors of the conference as well as the
staff of our universities.

Markus Knobloch, Ulrike Kuhlmann,
Wolfgang Kurz and Markus Schifer
February 2023




Composite Construction in Steel and Concrete IX

Proceedings of the Ninth International Conference on Composite Construction in Steel and Concrete,
July 27-29, 2021

About this conference

The highly successful International Conference series on Composite Construction in Steel and Concrete is a major
forum for researchers, practitioners, and engineers to share and discuss their research, practical experience and
innovations related to composite constructions in steel and concrete with their peers of the global composite cons-
truction community. One of the principles of the conference series is that it should represent a forum where the
latest research and case studies are presented. Papers are therefore submitted only a few months before the con-
ference and may be adapted based on the outcome of the discussions during the conference, which ensures that
only the most current work is published. The CCIX was hosted by the Ruhr-Universitdt Bochum RUB, University
of Stuttgart, RPTU Kaiserslautern-Landau and University of Luxembourg in July 2021. As a result of the global
COVID-19 coronavirus pandemic, it is the first Composite Construction Conference to be held completely online.

Review Process

All papers published in this issue were peer-reviewed by the Scientific Board of the conference series.

Committees:

Local Organizing Committee

Ulrike Kuhlmann University of Stuttgart Germany
Markus Knobloch Ruhr-Universitit Bochum RUB Germany
Wolfgang Kurz RPTU Kaiserslautern-Landau Germany
Markus Schéfer Universitat Luxembourg Luxembourg
Scientific Committee

Roland Bértschi Bértschi Ingenieure Switzerland
Alain Bureau Centre Technique De La Construction Metallique (CTICM) France
Adrian Ciutina Polytechnic University of Timisoara Romania
Graham Couchman Steel Construction Institute (SCI) UK
W. Samuel Easterling Towa State University USA
Jerome Hajjar Northeastern University USA
Stephen Hicks University of Warwick UK
Markus Knobloch Ruhr-Universitdt Bochum RUB Germany
Venkatsh Kodur Michigan State University USA
Ulrike Kuhlmann University of Stuttgart Germany
Wolfgang Kurz RPTU Kaiserslautern-Landau Germany
Dennis Lam University of Bradford UK
Jean-Paul Lebet Ecole Polytechnique Fédérale de Lausanne Switzerland
Roberto Leon Virginia Polytechnic Institute and State University USA
Matti V. Leskela University of Oulu Finland
Richard Liew Jat Yuen National University of Singapore Singapore
Renata Obiala ArcelorMittal Global R&D Luxembourg
José Oliveira Pedro Instituto Superior Técnico of Lisbon Portugal
Gian Andrea Rassati University of Cincinnati USA
Manuel L. Romero Universitat Politecnica de Valéncia Spain
Markus Schéfer Universitat Luxembourg Luxembourg
Brian Uy University of Sydney Australia
Milan Veljkovic Delft University of Technology Netherlands
Frantisek Wald Czech Technical University in Prague Czech Republik
Rebekka Winkler Ruhr-Universitit Bochum RUB Germany
Ben Young The Hong Kong Polytechnic University China

X



Organized by

gste=l il

Ruhr-Universitit RPTU University of Stuttgart Université du
Bochum RUB Kaiserslautern-Landau Luxembourg
Partners
“rnst & Sohn
A Wiley Brand

gruner”

®
ENPS' by - Tecnostruttures
.\o“( GREEN BUILDING SYSTEM

o
n I

Ingenieurburo Prof. Dr.-Ing Ulrike Kuhimann

Sponsors

EIFFAGE

= e—x]
Leonhardt, Andrd und Partner p3|kk°® g S E H

Support

% Federal Ministry
of Transport and
Digital Infrastructure

Xl



© 2024 Ernst & Sohn GmbH. Published 2024 by Ernst & Sohn GmbH.



CODIFICATION






CODIFICATION

9™ INTERNATIONAL CONFERENCE ON COMPOSITE CONSTRUCTION IN STEEL AND CONCRETE
M. Knobloch, U. Kuhlmann, W. Kurz, M. Schéfer. (Eds.)
Online, Germany, July 27-29, 2021

ENGINEERING MODEL FOR THE VERTICAL SHEAR CAPACITY OF
COMPOSITE SLABS WITH ADDITIONAL REINFORCING STEEL

Nicole Schmeckebier*, Wolfgang Kurz**

* KREBS+KIEFER Ingenieure GmbH Kdln
e-mail: schmeckebier.nicole@kuk.de

** Technische Universitat Kaiserslautern
e-mail: wolfgang.kurz@bauing.uni-kl.de

Keywords: Composite Slabs, Shear Capacity, Engineering Model, Design, Standards, Experimental
Investigations.

Abstract. Up to now, no independent model for the shear design of composite slabs under the consideration
of the two types of longitudinal reinforcement — metal sheet and reinforcing steel — exists. Therefore,
extensive investigations were conducted at Technische Universitit Kaiserslautern. The research project
was completed recently. A new engineering model, which was calibrated on tests, was developed.
Furthermore, the engineering model was transferred into a design model. In this paper the experimental
investigations are presented as well as the engineering model.

1 INTRODUCTION

Eurocode 4 [1] says that the shear capacity of composite slabs should be calculated according to
Eurocode 2 [2] by using the empirical supported formula of concrete slabs without shear reinforcement.
This formula refers on the one hand to the tooth model from Reineck [3] and on the other hand to the
analysis of an extensive data base of shear tests on concrete specimen [4]. This model is based on some
assumptions that are not valid for composite slabs. The metal sheet has its own shear capacity and the dowel
effect of the slab is weaker than the dowel effect of the reinforcing steel. Furthermore, the bond stiftness of
metal sheets is significantly lower than that of reinforcing steel. In addition, there is the fact that the
empirical formula of Eurocode 2 [2] was determined by analysis of an extensive database of shear tests
only on concrete specimen.

Furthermore, a lack of security for the calculation of the shear capacity of composite slabs made of
lightweight concrete was noticed in [5]. In this paper tests on composite slabs are described, whereby the
aim of this research was the investigation of the longitudinal bond action. The observed failure mode was
a combination of longitudinal shear and transverse shear failure. Therefore, a new design model for the
shear capacity of composite slabs without additional reinforcement [6] was developed at Technische
Universitét Kaiserslautern. This design model is valid for composite slabs made of lightweight concrete as
well as normal concrete, but the main focus of this research project were the studies on specimens with
lightweight concrete. The model contains three mechanisms that act additive. The shear capacity of the
metal sheet and the bearing capacity of the uncracked compression zone together are described as the basic
value because they act permanently. A third mechanism, the tensile bearing effects in the crack tip, can be
added for re-entrant profiles. This shape guarantees an effective bond action so that critical crack width can
be avoided.

In practice, composite slabs are mostly built with additionally reinforcement. But the significant
influence of the reinforcing steel cannot be considered entirely in the model of [6]. Therefore, further
research was necessary.

Composite Construction in Steel and Concrete IX: Proceedings, Eds. M. Knobloch, U. Kuhlmann, W. Kurz, M. Schafer. 3
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2 EXPERIMENTAL INVESTIGATIONS

2.1 General

In general, shear failure doesn’t occur in composite slabs. So, the enforcement of shear failure in tests
is very difficult. Therefore, the specimens were designed as small stripes of slabs and with uncommon
dimensions. Two cross sections are shown as an example in figure 1. To avoid longitudinal shear failure an
effective end anchorage was used. As reinforcing steel threaded anchor bars made of high strength steel [7]
with a diameter of 15 mm were used to increase the bending capacity compared to the shear capacity
disproportionately. In accordance with the rules, the reinforcing steel was placed as mesh reinforcement
directly on the top of the metal sheet. In each rib one rebar was located and normal concrete C30/37 was
used. The test setup was realised as a three-point-bending-test with an offset arrangement of the load. The
distance between the support and the load introduction was set to three times of the effective height dm. The
width of the specimens corresponded to twice of the ribs of the metal sheet.

1

WA4.4 WA4.3 WA4.2 WA4.1
1 T T 1

WA2

WA1

ey Lo glasfibre concrete
I—glasfibre reinforcing steel

* §1 *_TT*4{—glasfibre upper chord
glasfibre lower chord

Figure 1. Schematic representation of cross sections of specimens and arrangement of measurement.

Table 1: Overview of combination of parameters of tests and failure loads of tests.

combination  metal sheet thickness of metal height width fetm fem reinforcement Viest
[-] [-] sheet [mm] [mm] [mm] [N/mm?] [N/mm?] [-] [kN]
1 SHR [8] 1.00 300 370 2.1 24.4 @15/15 168.0/137.2
2 C70 [9] 1.00 300 460 2.1 24.4 ?15/18 172.2]185.6
3 Hody [10] 1.00 280 500 2.0 24.9 @15/20 178.9]164.0
4 ComPFlor 80 1.00 280 690 2.0 24.9 @15/30 248.9|249.6
5 Hody [10] 0.75 280 500 2.4 27.8 ?15/20 209.4/180.3
6 SHR [8] 0.75 300 370 2.4 27.8 @15/15 139.9]157.3
7 SHR [8] 1.25 300 370 2.4 27.8 @15/15 151.4/181.3
8 SHR [8] 1.00 300 370 22 25.0 @20/15 144.7| -
9 Hody [10] 1.00 280 500 2.2 25.0 20/20 225.2[215.8
10 SHR [8] 1.00 300 370 33 56.1 @15/15 224.2226.8
11 Hody [10] 1.00 280 500 33 56.1 @15/20 259.3] -
12 C70 [9] 1.00 300 460 2.6 31.0 015/18 u - 1190.7
13 ComPFlor 80 1.00 280 690 2.6 31.0 O15/30u  270.4/244.0
14 SHR [8] 0.75 250 370 2.5 304 @15/15 168.7|120.3
15 C70 [9] 1.00 250 460 2.5 304 ?15/18 146.2|163.1

u £ location of reinforcing steel in through with cyom = 20 mm, - £ outlier
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Four different metal sheets were tested, whereby re-entrant profiles were included as well as profiles
with an open shape. Furthermore, parameters were varied specifically to investigate their influence on the
bearing behaviour. The parameters are the thickness of the metal sheet, the ratio of longitudinal
reinforcement, the concrete strength, the location of the reinforcing steel and the height of the slab. Table
1 gives an overview over the combinations of the parameters. Two tests were performed with each
combination. The specimens were named using the following principle: shape of metal sheet — thickness of
metal sheet — height of specimen — concrete compressive strength — additional longitudinal reinforcement.

2.2 Test Results

The shear failure of composite slabs with additional reinforcing steel is very different to the bearing
behaviour according to shear of concrete slabs. To explain that, the observations during the test procedure
are described on the example of test C70-1,00-300-C30/37-@15/18h-1. Therefore, the force-deflection-
diagram is shown in figure 2 and in figure 3 different crack patterns are presented. At a shear force of 30 kN
the first bending cracks occurred, which results in the first change of the stiffness in the force-deflection-
curve. With increasing load further formation of bending cracks could be observed. At a shear force of
about 110 kN the diagram shows a significant load drop, which is followed by the second change of
stiffness. The picture in the middle of figure 3 shows that a new crack appeared. This crack reaches the
uncracked compression zone and runs inclined, so it could be identified as the shear crack. Because the
shear crack wasn’t critical, the cylinder load could be increased. During the load increase the crack
propagation was still stable and a third area with a constant gradient could be seen in the force-deflection-
diagram. The last picture in figure 3 shows that the further crack development was concentrated near to the
support, because it was the horizontal part of the shear crack. At a shear force of about 160 kN the deflection
of the specimen increased and the failure occurred a short time later. The failure was characterised by the
opening of the shear crack. In summary the force-deflection-curve could be divided into four areas. The
first one is the uncracked condition, followed by the area characterised by the formation of bending cracks.
The third area describes the formation of the horizontal part of the shear crack and the last area is the failure
of the specimen. Compared to concrete specimens which fail suddenly the behaviour at failure is different.
After the shear crack reaches the concrete compression zone, the crack formation is still stable and the load
could be increased significantly.

| |
1501 | | ]
<—uncracked
— | condition | |
pd
=, | | |
8100t | | [ |
b
L | | |
g | | |
(]
<
@ 501 | [ | ]
| | |
f i f , formation of horizontal
ben igga::tll'ggk% part of shear crack | failure
ol e el |
0 5 10 15 20 25 30 35

deflection [mm]
Figure 2. Force-deflection-diagram of test C70-1,00-300-C30/37-@15/18h-1.
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Figure 3. Crack patterns of test C70-1,00-300-C30/37-@15/18h-1
top: Feyi = 140 kN, middle: Fcy = 160 kN, bottom: Fracture pattern.

To investigate the crack pattern inside the specimens some selected ones were sliced. As an example,
a picture of the longitudinal cut through the upper chord of the metal sheet of test C70-1,00-300-C30/37-
?15/18h-1 is shown in figure 4. First of all, it is obvious that the crack pattern inside and outside the
specimen differs. Only one crack is visible. It runs horizontal on the location of the smallest concrete width
to the support. This observation was confirmed by the other sliced specimen. The oblique cracks on the
outside of the specimen are the result of marginal influences.

Figure 4. Longitudinal cut through the upper chord of specimen C70-1,00-300-C30/37-@15/18h-1.
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The strains of the metal sheets were continuous measured with glass fibre cables on the upper chord as
well as on the lower chord. Thus, it could be determined, that at the location of the shear crack the strains
of the lower chord reached their maximum where the strains on the upper chord reached their minimum.
Contrary to the expectation the maximum strains in the metal sheet are not at the location of the maximum
bending moment of the specimen. Furthermore, the concrete compressive strains on the top of the specimen
were measured. Following the Bernoulli Hypothesis, the concrete strains should increase constantly from
the support to the load introduction. On the contrary a steady increase could only be observed at the location
of the shear crack. Then, the concrete compressive strains increased significantly with their maximum at
the load introduction. These observations lead to the conclusion that the Bernoulli Hypothesis is not valid
for the shear force bearing behaviour of composite slabs. When the shear crack occurs, the bearing
behaviour changes to a tied arch model with two compression struts. The concrete in the location of the
shear crack supports itself on the metal sheet, which results in the high measured strains. The second
compression strut runs directly to the support.

3 NEW ENGINEERING MODEL

3.1 Basic description of the design model

From the observations in the tests and the continuous strain measurement by glasfibres a simplified
truss model was developed. It is presented in figure 5. After the shear crack occurs the concrete supports
itself on the metal sheet which transfers the shear force through the crack. Then, the dowel effect of the
longitudinal reinforcement induces the forces back into the concrete. This is characterised by the tension
strut in the truss model that brings the forces of the direct compression strut into the support. The horizontal
tie which is necessary for the equilibrium is the longitudinal reinforcement.

Figure 5. Truss model of shear transfer in composite slabs.

On the basis of the described truss model the engineering model for the design of the shear capacity of
composite slabs with additional reinforcing steel was developed. The model is shown in figure 6 and
contains four mechanisms that act additive. The shear transfer in the concrete compression zone Ve, the
shear transfer in the crack propagation zone V..t and the shear capacity of the tension strut that fails by
kinking of the reinforcement or spalling of the concrete in the ribs Vcks establish the equilibrium in the
shear crack. In addition the vertical component of a strut that transfers the load to the support Ves is
considered. The failure occurs when one of the mechanisms fails. The failure of the dowel effect of the
reinforcement was identified as the kinematic condition for the overall failure of the specimen. Due to that
the opening of the shear crack was possible which leads into the loss of the tensile bearing effects in the
crack tip. The remaining two mechanisms cannot compensate these forces.

The strain measurement in the tension area showed that the metal sheet always reached the maximum
tension bearing capacity in section II-II. Therefore, it is proposed to allocate the fully anchored tensile force
to the metal sheet following the partial bond theory. The rest of the tension force, which is necessary for
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the equilibrium of moments, should be referred to the reinforcing steel. Furthermore, the high utilisation of
the metal sheet is the reason that the own shear capacity of the metal sheet is not considered in the described
model.

i | II I

Figure 6. New shear design model for composite slabs with reinforcing steel.

3.2 Shear capacity of the uncracked compression zone Ve,

The shear capacity of the uncracked concrete compression zone Ve, uses the height of the compression
zone zpl. This height depends on the tension forces in the steel sheet and the reinforcing steel in cross section
II-IT and the compression force in cross section 11— I1I that represents the bending moment present in cross
section III-I1I. The equation (1) was developed by Hartmeyer [6] with reference to Zink [11] and is assumed
for this model. The factor 2/3 represents a parabolic distribution of the shear stresses in the concrete
compression zone. It has to be noted that the use of a constant stress distribution of the normal stresses in
the compression zone (see equation (2)) in combination with the parabolic distribution of the shear stresses
is not consistent from the mechanical point of view. The use of a linear distribution of the normal stresses,
which would be mechanically correct, is uncommon for composite constructions. In the interest of the Ease
of Use this discrepancy is accepted.

Because the strain measurement with glasfibers showed that compared to the reinforcing steel the
strains in the metal sheet were significantly higher, it is suggested to use the full anchored normal force of
the metal sheet. The remaining forces necessary for the realisation of the bending moment should be
assigned to the reinforcing steel.

2
Vc,cz :E' pl,III'b'fctm (1)
N,11+Np,11
Zpiir = # 2

3.3 Shear capacity of crack propagation zone Vet

Hillerborg [12] introduced the critical length as a factor to describe the crack length that is able to
transfer tensile stresses perpendicular to the crack. Hartmeyer [6] and Zink [11] used this approach to
determine the shear capacity depending on the fracture energy Grof'the concrete. In this model the approach
from Hartmeyer [6] was used and enhanced, s. equation (3).
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Vccg=a'ﬁ'lch'b'£=0,12'w'b'£ 3)
, dso ctm dso
The fracture energy is determined by the rules of Model Code 2010 [13]. The factors, which are
necessary for the description of the characteristic length, were assumed from Remmel [14] and Grimm [15]
(B = 0,4) and Reinhardt et al. [16] (o = 0,3). The length of the shear crack with small crack width is not
only dependent on the material behaviour but also on the total length of the crack. Good results were
received by using the basic formula on very thick slabs. For the application in thinner slabs a linear
dependence of the effective crack length on the effective height d was assumed. The basic value ds, limits
this effect to the maximum height ds for which experimental data exists. The linear proportionality is a
simplified assumption.
The investigation of the crack patterns in the test showed that the shear crack runs nearly horizontal
when reaching the uncracked compression zone. Therefore, the consideration of the angle of the shear crack
is not necessary.

3.4 Shear capacity inducing kinking and spalling Vs

Two failure modes has to be considered, concrete failure Veis,1 and steel failure Veks2, where the one
with the lowest shear capacity should be used for the mechanism Vs according to equation (4).

Vs = min {VC"‘S'l (4)
’ Ve ks

For the shear capacity inducing spalling the approach from Baumann and Riisch [17] was enhanced
according to equation (5). In figure 4 a horizontal crack can be found. As explained this crack occurs in all
test specimen and it is located at the minimum width between shear connectors in the webs of the steel
sheets. The width bminpar has to be taken as the minimum width described above minus the diameter of the
longitudinal reinforcement. Baumann and Riisch [17] introduced a length deq in their formula which was
adapted here to the height hpc. For all types of steel sheets with shear connectors in the webs the height of
the lowest connector above the bottom chord of the sheet is taken as hpc. It is assumed that in other cases
with re-entrant profiles hyc is the middle between the upper and lower chord which both introduce shear by
contact forces perpendicular to the span. The geometry values bmin and hpc are explained in figure 7. In [17]
the third square root of the concrete compressive strength was used to take the concrete tensile strength into
account. Equation (5) shows that the concrete tensile strength is here considered directly with feim.

Vc,ks,l =164 bmin,bar ) hpc . fctm (5)

Pmin
] \_/ 3
\ [ VT hee

bmin

1

S O

hpe

Figure 7. Geometry values by, and hy..

The equations for the kinking resistance of the longitudinal reinforcement were taken from Model Code
2010 [13], see equation (6). Factor ns is the utilization ratio of the reinforcing steel. As mentioned before,
in all tests we observed that the utilization of the steel sheet was significantly higher than that of the
reinforcement. Therefore, we propose that first the full utilization of the steel sheet in the decisive section
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is assumed and then the remaining tensile force is used to determine the utilization of the reinforcement.
Furthermore, the approach in [13] contains a formulation dependent on the displacement of the crack
origins. With a displacement of 0,2-ds the maximum dowel effect can be activated. This formulation
represents a criterion of serviceability. Because on the one hand the design of the shear force bearing
behaviour belongs to ULS and on the other hand in the tests crack displacements in the range of 0,2-ds
could be observed the expression depending on displacement could be neglected.

Versz = 1,6+ As *fsk [ fom N1 =12 (6)

3.5 Shear capacity of the direct compression strut Ve,

The vertical component of the direct compression strut is another component of the shear capacity of
composite slab in those cases where a strut can directly anchor on a direct support. The direct compression
strut is at equilibrium with the anchored tension force in section I-1, so the vertical component has to be
calculated according equation (7). In correspondence to concrete members the inclination angle of the
compression strut is named 9.

Voes = (Nss + Np,;) -tan 6 (7)

In all test specimen the slabs were longer than the span so an overhanging length of about 500 mm was
used to anchor the tension forces in the steel sheet and in the reinforcement. Due to the fact, that the bending
moment at the support is about zero (just a small hogging moment out of dead weight of the slab) it is
absolutely necessary that there has to be some bending moment in the concrete slab to reach this
equilibrium. In some tests some minor cracks have been detected at to top side of the composite slab in the
region of the support at ULS. Therefore, it is assumed as a simplification that the stresses in the concrete
have a triangular shape with a concrete stress about zero at the top edge of the slab, see figure 8. This leads
to the simplified assumption that the position of the direct compression strut is located at 1/3 of the height
of the slab. For rectangular members this approach is correct. But in composite slabs the concrete in the
area of the metal sheet is constricted, which has to be considered by determining zsp as position of the
centroid of compression stresses.

Figure 8. Stress distributions in concrete in section I-1.

At its opposite end the direct compression strut begins at the uncracked compression zone above the
shear crack. In all test specimen this strut started at the load introduction into the specimen. So, the
inclination angle could be determined according to equation (8), where zp has to be determined with the
tension forces in section II — II of figure 6.

zsp—0,5Zpi 111 (8)

tanf = .

10
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Because of the dependency of the shape of the metal sheet the calculation of tan 6 is time consuming.
Therefore, a parameter study was done to provide a simplified assumption of tan 6. For the parameter study
common cross sections of decks were used. The applied loads were chosen that high that the cross sections
reached their bending capacity. Due to that the height of the uncracked compression zone increases and the
inclination angle of the compression strut decreases. Figure 9 shows the results of the parameter study. For
the simplified assumption of tan 6 the value 0.21 was chosen as the minimum value. In general, for thinner
decks in combination with higher concrete compressive strength greater values could be observed. Because
higher concrete compressive strength are rarely used in composite slabs and the use of formula (8) is time-
consuming, tan 6 = 0.21 is a satisfied assumption.

tanOB [
X 1
ine,
g‘..u
3 e ®

oo wtV 28 . %
\ ') .r ..... ) .. * . o
Y
0.2F Tsim[:)lii"\el:l assumption tan@ = 0.21 i
0,5 1 1.5 2 2,5 3 35

height of uncracked compression zone z, [em]

Figure 9. Results of parameter study to tan 0.

4 VERIFICATION AND STATISTICAL ANALYSIS OF THE DESIGN MODEL

With the developed model the shear force capacity could be calculated depending on the bending load.
So, the model is very different to the current model [2] which describes the shear force capacity of a cross
section of a bending member. Like described above three of the mechanisms are depending on the utilisation
ratio of the longitudinal reinforcement. Thus, an independent consideration is not possible.
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Figure 10. Comparative presentation of test results with calculated shear forces as mean values.
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Figure 10 shows the plot of ultimate load in the tests Viest vs. the ultimate load according the developed
design model Veaie. It shows a very good accordance between the tests and the model. Furthermore, the
accordance is independent from the shape of the metal sheet. Also plotted in figure 10 are the comparisons
between the test results and the shear forces calculated with the model of the current EN 1992 [2] and the
model of Hartmeyer [6]. It becomes clear that with these models the shear force capacity of composite slabs
cannot be described reliable. Even though the capacities are on the safe side, only with the new developed
model the capacities can be calculated economical. Table 2 contains the values describing the mathematical
reliability of the models. The new developed model is considered in the draft of Eurocode 4 [18].

Table 2: Comparison of test results with calculated shear forces as mean values.

Design Model Mean Value Standard Coefticient of
deviation determination
New Model 0,918 0,141 0,572
Eurocode 2 [2] 2,296 0,387 0,412
Hartmeyer [6] 3,001 0,676 0,031

The recalculation of the tests with the developed model was done at the location of the shear crack.
Because the prediction of the location of the shear crack isn’t possible at that time in practice the calculation
of the shear force capacity has to be done in the given section in the distance d from the support. The model
was statistical analysed and the mean values of the material strength were transferred into characteristic
values. With a safety factor of yr = 1,3 the design value of the shear force capacity could be calculated
according equation (9). The equations for the calculation of the mechanisms on the characteristic level are
summarised in table 3.

Vra = % ’ [Vc,cz + Voot + Veis + Vc,cs] )

Because with the developed model the calculation of the normal forces in different sections is necessary
for the calculation of the shear force capacity the question arises whether the model could be simplified for
the Ease of Use in practice. Therefore, a simplified design check is proposed. Only the tensile forces in the
section of the support has to be calculated and used for the calculation of the different mechanisms. The
tension force at support is at equilibrium with the compression force in the known distance d from the
support. A verification of this approach was done with different statistical analysis. More information can
be found in [19].

12
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Table 3: Summary of equations for the calculation of the design shear force capacity.

Mechanism e
Compressive :
zone Ve, = 3 % b fom
with: z,, = YetLA5TrehLy
(2 =

1,33:b f o

z, = height of uncracked compression zone

fum = mean value of cylinder tensile strength of concrete

N, = normal force in reinforcing steel in section II-1I

T« = characteristic value of longitudinal shear stress of metal sheet
L = horizontal distance between section I-I and II-1I

fox = characteristic cylinder compressive strength of concrete

Gy Een  ds
fctm dS,O

Crack
propagation zone Veer = 0,12+

with: G = 73 - fO18 fem [N/mm?]

Gy = fracture energy of concrete [N/m]

En = mean value of Young's modulus

d, = effective height of reinforcing steel

ds o= basic value of effective height of reinforcing steel =270 mm

Dowel effect .
Vc,ks = mln{Vc,ksJ; Vc,ks,Z}

with: Vi ko1 = 1,64 b * hpe * feem

bumin = minimum width of concrete inside of the metal sheet
h, = vertical distance between bottom edge of metal sheet and the
lowest shear connector
Vesz = 1J6'AS'N/E'\/E'\/1_”§
A, = cross section of reinforcing steel
f = characteristic value of yield strength of reinforcing steel
ns = utilisation ratio of reinforcing steel

Direct Vees = tan® - (Ny; + Np,)
compression ) 25p=05-2p1
strut with: tan 8 = v

Ny =1157 b L,
0 = inclination angle of compression strut
N, = normal force of reinforcing steel in section I-I
N, = normal force of metal sheet in section I-I
zsp = location of compression strut from the top edge of deck
d., = mean value of effective heitgh
L; = bond length of metal sheet behind the support

13
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Abstract The second generation of Eurocode 4 has been developed through several project teams that
report to CEN TC250 Subcommittee 4 (CEN/TC250/SC4) ‘Design of composite steel and concrete
structures’, which is chaired by Dr Graham Couchman. Given that work on the revised version of Eurocode
4 is nearing completion, this paper presents a selection of the changes that will be included, together with
some of the technical challenges that needed to be overcome. Finally, further enhancements that might be
considered worthy for inclusion within future editions of this standard are presented.

1 INTRODUCTION

Work on the Eurocodes commenced in 1975 when the European Commission decided on ‘an action
programme in the field of construction’ based on article 95 of the Treaty of Rome, which was aimed at ‘the
elimination of technical obstacles to trade and harmonisation of technical specifications’. The Commission
of European Communities (CEC) published eight European codes, or ‘Eurocodes’, for the design and
execution of buildings and civil engineering structures. From these eight documents, the code for composite
steel and concrete structures was published as Eurocode No. 4 in 1985 [1], which was based on the: ECCS
Model Code [2]; international studies; together with Eurocode No. 1 (Common unified rules for different
types of construction and material), No. 2 (Common unified rules for concrete structures), and No. 3
Common unified rules for steel structures). The European Commission transferred the preparation and the
publication of the Eurocodes to the European Committee for Standardization (CEN) in 1989 through a
series of mandates, in order to provide them with the status of a European Standard (EN). In the same year,
the Construction Products Directive (CPD), was issued which introduced the concept of CE Marking for
all construction products permanently incorporated into construction works [3].

Under the direction of Technical Committee CEN/TC250, the Eurocodes were published by CEN in
1992 as European pre-standards (ENV). Due to difficulties in harmonizing all aspects, the ENV Eurocodes
included “boxed values” which permitted Member States to choose values for use within their territory
through the publication of National Application Documents (NADs). Subcommittee 4 (CEN/TC250/SC4)
was responsible for the ENV Eurocode 4, which was published in three Parts viz. ENV 1994-1-1 [4], ENV
1994-1-2 [5], and ENV 1994-2 [6]. To avoid repetition of information, and reduce potential ambiguity,
values and properties are only given in one Eurocode. Because of this, ENV Eurocode 4 provided extensive
cross-referencing to the ENV Eurocode 2 and Eurocode 3.

The EU mandate to CEN required that the content of the final ENs should be limited to the ENV
versions modified in response to national comments; this became challenging in the development of the EN
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Eurocode 4 due to changes in Eurocode 2 and Eurocode 3 that had been made to address these comments
which, inter alia, included increasing the maximum yield strength of structural steel from 355 MPa to
460 MPa. Moreover, from national comments relating to the ease of use of ENV 1994-2 for bridge
designers, the Eurocode 4 project team were given permission to repeat the ‘general’ Part 1-1 rules within
Part 2 [7]. For the design of composite steel and concrete structures, the EN Eurocode 4 was published in
the following three parts:

e  EN 1994-1-1, Part 1-1: General rules and rules for buildings [8].

e  EN 1994-1-2, Part 1-2: General rules — Structural fire design [9].

e  EN 1994-2, Part 2: General rules and rules for bridges [10].

To enable the EN Eurocodes to be used within a particular territory, National Standards Bodies (NSBs)
have published National Annexes (NAs) which contain: Nationally Determined Parameters (NDPs) (values
of partial safety factors and classes applicable to that country, country specific data, and values where only
a symbol is given in the EN); decisions on the status of informative annexes; and references to non-
contradictory complementary information (NCCI). After a coexistence period, the EN Eurocodes replaced
the former national standards in 2010 in countries that are members of CEN. The Construction Products
Regulation (CPR) [11] replaced the CPD in 2011, which resulted in CE Marking becoming mandatory from
1%t July 2013. The above provides a brief overview of the history of Eurocode 4 up to the EN version; a
much more comprehensive review of the development from 1970 to 2010 is presented by Johnson [7]. More
recently, the Eurocodes were adopted as national standards in Singapore [12], and it is anticipated that other
countries may soon be implementing them, such as Hong Kong, Macau, Malaysia, Vietnam, Sri Lanka and
Indonesia [13].

Following the publication of Mandate M/515 by the European Commission [14], work on the second
generation of the Eurocodes commenced in 2015. Given that the work programme is nearing completion,
the revised version of Eurocode 4 will soon become available. This paper presents a selection of the changes
that will be included within the second generation of Eurocode 4, Part 1-1 (hereafter referred to as prEN
1994-1-1) [15], as well as highlighting future areas of improvement which may be considered worthy for
future revisions.

2 SECOND GENERATION OF EUROCODE 4

A response to Mandate M/515 was prepared by CEN/TC250 [16], which set-out an ambitious and
detailed work programme where discrete tasks are undertaken under the direction of one of TC250’s
existing subcommittees, working groups or horizontal groups. The mandate, inter alia, requires: extension
of the Eurocodes in terms of new materials, products and construction methods; reduction in the number of
NDPs (thereby leading to an alignment of safety levels); enhancing ‘ease of use’ for users; adoption of
relevant ISO standards to supplement the Eurocodes (which implicitly recognizes the CEN-ISO Vienna
agreement); and incorporation of recent results from scientific and technical associations, together with
new research results. The revision can be broadly divided into two activities:

e  General revisions and maintenance of the Eurocodes following the receipt of comments from the
industry through a “systematic review” undertaken by NSBs.
e Technical enhancements of the Eurocodes within the scope of Mandate M/515.

For cases where there was insufficient agreement to develop a new EN, European Technical
Specifications (CEN/TS) are also under development, which will complement and enlarge the suite of
Eurocodes. A graphical representation of the structure for the second generation of the Eurocodes is
presented in Figure 1.

The CEN/TC 250 work programme has been split into four overlapping phases, as follows:

e  Phase 1: 25 Tasks (125 technical experts), 2015-2018
e  Phase 2: 22 Tasks (88 technical experts), 2017-2020
e  Phase 3 & 4: 26 Tasks (104 technical experts) 2018-2022

Each Task is the responsibility of a Project Team, which consists of a maximum of five or six members.

The project team members were selected through a competitive tender and are contracted to the Royal
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