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Definitions according EN 1994-1-1 [§1.5.2]

COMPOSITE MEMBER

a structural member with components of concrete and of structural or cold-formed
steel, interconnected by shear connection so as to limit the longitudinal slip between
concrete and steel and the separation of one component from the other

SHEAR CONNECTION

an interconnection between the concrete and steel components of a composite
member that has sufficient strength and stiffness to enable the two components to be

COMPOSITE BEAM 1

designed as parts of a single structural member

a composite member subjected mainly to bending q
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COMPOSITE BEHAVIOUR

composite beam steel beam with concrete slab
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composite behaviour no composite behaviour

acting as one section acting as two individual sections
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TYPICAL COMPOSITE BEAMS

composite beam with solid slab

composite beam with composite slab

i

partially concrete encased beams

structural steel sections are rolled or welded

[Source: Hanswille]
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Materials according EN 1994-1-1 [§ 3]

concrete

CONCRETE
> C 20/25; LC 20/25

< C 60/75; LC 60/75 reinforcement

REINFORCEMENT
Acc. EN 1992-1-1 § 3.2

strength: 400 N/mm? < f | <600 N/mm?
ductility: 1,05 < (f/f,), = 1,35

STRUCTURAL STEEL SO SIeE!

fy < 460 N/mm?

connecting devices

CONNECTING DEVICES
Headed stud shear connector acc. EN 13918
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Part 2:
SPECIFIC CHARACTERISTICS
OF STRUCTURAL ANALYSIS
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Characteristics

* Non-linear material behaviour

* Influence of erection and load history

* Influence of creep and shrinkage

* Influence of composite interaction

2 Specific characteristics of structural analysis
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Non-linear material behaviour

Cross-section

in span at support
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2 Specific characteristics of structural analysis
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Non-linear material behaviour
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Non-linear material behaviour
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Non-linear material behaviour

A d A M
Ochcd
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M o Cross-section in span
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Cross-section at support M”01 Ra
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2 Specific characteristics of structural analysis
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Non-linear material behaviour

q
e —
A A A

load level q,

A
I\/Ipl,support
v

B — | ~——

H ............. koo , ............... load level q,= a,

/\ | I\/Ipl,support

02 04 06 08 10
High efficiency of plastic hinge theory due to difference of plastic bending moment in span
and at support - requires rotation capacity of section with first plastic hinge (at support)

2 Specific characteristics of structural analysis
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Non-linear material behaviour

ps — reinforcement ratio

MR :M {t

Class Bending resistance
¢ 1and 2 | plastic
-9 _‘\7,;/"5 :
0 3 elastic
0 = 4 elastic taking into account local

rot W

R buckling

Rotation capacity: R = ot EIFS ot
Ppl Pl

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Non-linear material behaviour

¢ T T

O

= Resistance of the cross-section c

(1]

o |« . > | < > | <€

@ full plastic elastic-plastic elastic taking into account local
oc plate buckling

Qid plastic anal; s
Elastic theory with redistribution

Elastic theory max (c/t)

e

of moments

Class 1 Class 3 Class 4
< >|< Lo >|4 P> |

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Non-linear material behaviour Classes 1 and 2
i
welded d
e e 0 0 0 o e e 0o 0 0 @ =Se(:ti0n
1
- | ody + |
-« d T o c
t * od| | - d
v v rolled
section
_.J A
Cle e | 235 <
fy [IN/mm?] C
Class 1 Class 2
we; ol 960 for <05 wen; d _415¢ for <05
lw a tyw O
gs 3908 for . >0,5 gs =l for =05
ty 1301 Iw 1301
flange: c/t; < 9¢ flange: c/t; < 10e

[Source: Hanswille]

2 Specific characteristics of structural analysis



Institute of Structural Design / \
niversitat Stuttgart Prof. Dr.-Ing. U. Kuhlmann % W

Non-linear material behaviour Class 3

® & & © @ o ==

4

SF /
PO el

N 2
welded d
web: section |
d 42 ¢
for y>-1,0:. —=< = 235
tg 0,67+0,33 vy € \/ N /mm2] ,u—>|C
for w<-1,0: = <0,62e(1—vy)/(-v) q
b rolled l
flange: c/t; < 14¢ section
| © i

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Non-linear material behaviour Classification with partial concrete
encasement

pl
1,0 ﬂTi
Ilela // 0,8 S%S 10
Mol HEA 400AA
0,6 = I
~ ____-—’l
2 vaml = B Fo
: . 3
0.2 / 45305 3600 mm 0 - b
| |
0.01 0 '02 0 03 > compression flanges
welded Class max c/t;
A steel web in class 3 sec.t'on ] 9
may be represented d =
by an effective web of 5 T
the same cross-
section in Class 2 > & b 3 20 ¢
C

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Non-linear material behaviour

Reinforcement in tension flanges
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minimum area of reinforcement:

f
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[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of erection and load history

|
* +72.997 * + 73,642 Y 73805 y -7
]
l
1 | _ .
, R=900m i me v o
Example: e w:? L 4 G

Bridge Arminiusstral3e in Dortmund

TR S

- erection steel structure gt

2 Specific characteristics of structural analysis
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Influence of erection and load history

Example:
Bridge Arminiusstrafl3e in Dortmund

- raising at inner supports

- scaffolding hanging at steel structure
- concreting and hardening of concrete
- lowering at inner supports

- finalizing (pavement etc.)

- traffic opening

2 Specific characteristics of structural analysis
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Influence of erection and load history

A B .
proppe
unpropped proppad construction and

construction

construction jacking of props

[VYVVVVVVV ] [YYVVVVVVY |

bending moments
M, applied on the
steel section

bending moments
M. applied on the
composite section

total bending

moment 9'2"8¢ w \i/ \i/

MEd= Ma +M0
distribution of stresses

g N

N N

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of erection and load history

- T

unpropped construction

propped construction
propped construction +
jacking of props

moment-curvature relation

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of erection and load history

T

The bending capacity M, g is
independent of the loading
history in case of Class 1 or
Class 2 cross sections

Using Class 3 or Class 4 cross
sections the elastic behaviour of
the loading history has to be
taken into account in ULS

moment-curvature relation

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of creep and shrinkage

= : redistribution of the sectional
primary effects Inltle:closrgg’gonal forces due to creep
_MC r
e 0 o A >
N

Sl
IVIL

<\Mst r
I

st,r

The effects of shrinkage and creep of concrete result in internal forces in cross sections, and
curvatures and longitudinal strains in members

[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of creep and shrinkage
- (GitEl SerHBiE] redistribution of the sectional
primary effects e \ forces due to creep

forces
\Mc o \Mc r
/N, </N

(\Mst,o ‘\Mst -
).
"/Nst,o N

[Source: Hanswille]

Due to creep and shrinkage:

For statically determinate structures: only external deformations
For Class 1 and 2 sections bending capacity independent of creep and shrinkage
For Class 3 and 4 sections creep and shrinkage has to be considered

2 Specific characteristics of structural analysis
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Influence of creep and shrinkage

. . A v
time - dependent statically
ndelexminalo eifeets el

[Source: Hanswille]

<

In statically indeterminate structures the primary effects of shrinkage and creep are
associated with additional action effects, such that the total effects are compatible;

These shall be classified as secondary effects and shall be considered as indirect

actions in any case

2 Specific characteristics of structural analysis
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Influence of composite interaction

M N, normal force in the concrete slab
AR due to M 4
A
MpI,Rd C
|
Mgy M4 1 B
|
|
|
M |
pl,a,Rd I C
|
A : .
l > c
1,0 77 - ch

n...degree of shear connections _
[Source: Hanswille]

2 Specific characteristics of structural analysis
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Influence of composite interaction

N f
M, °
A due to M 4

normal force in the concrete slab

A no shear connection acting as 2
independent sections

I\/IpI,Rd C

partial shear connection acting as
B | 0 < < 1 one section with slip at interface
bending resistance depending on
shear connection

IVIRd IVIEd

M
PlaRd C| n=1 fullshear connection acting as
A one section without slip full
> N, plastic resistance M -
n:
1,0 NCf

2 Specific characteristics of structural analysis
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Bridge crossing Mosel
at Bernkastel-Kues

Part 3:
METHODS OF GLOBAL ANALYSIS
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Bridge crossing Mosel
at Bernkastel-Kues

« Structural stability

« Calculation of action effects
based on elastic theory

* Rigid plastic analysis

» Stresses based on elastic theory

3 Methods of global analysis
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Structural stability

 Portal frames w/ shallow roof
General case Slepee
* Beam-and-column type plane
frames
o, = Fo > 10 y undeformed | ¥ . =(HEd j h > 10
Feq geometry Vg Oy Ed
5.2.1(3) 5.2.1(4)B
OHEd |
n n
—> deformed geometry < ‘
h VEd 1 - Ved,2
3 alternatives of l : ;
verification o S— H—p r —_— T
Ed,1 Ed,2

3 Methods of global analysis
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Structural stability

3 alternatives of verification

i

Global second-order analysis +

Second-order analysis

individual stability check of Equivalent column method
of whole system
members
EN 1994-1-1 5.2.2 (3) EN 1994-1-1 5.2.2 (6) b) Only for steel columns:
EN 1994-1-1 6.7.3.6/7 and 5.2.2 (6) ) EN 1993-1-1 5.2.2 (3) ¢)
5.2.2 (8)

3 Methods of global analysis
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Structural stability

< 3 alternatives of verification

Second-order analysis
of whole system

v

accounting for
global and local
imperfections

RERRERRRNAR

3 Methods of global analysis
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Structural stability

3 alternatives of verification

/ HEREAERRAREA

Global second-order analysis +
individual stability check of
members

v

including global imperfections

Individual stability check of
members acc. to EN 1994-1-1
LC!
>

G e S e et

o
et ST

i, %
\&/
=
=]

6.7.3.40r6.7.3.5

Buckling length = system length

3 Methods of global analysis e




Institute of Structural Design I N

o o ]
niversitat Stuttgart Prof. Dr.-Ing. U. Kuhlmann / % A

Structural stability

3 alternatives of verification >

\ Equivalent column method

v

neither global nor local
imperfections

Equivalent column
method for member acc.
EN 1993-1-1 6.3.1/2/3

Buckling length by global
eigenvalue determination

3 Methods of global analysis
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Structural stability

3 alternatives of verification

i

Global second-order analysis +
individual stability check of Equivalent column method
members

v v v

neither global nor local

Second-order analysis
of whole system

accounting for including global imperfections

global and local imperfections
imperfections
Individual stability check of Equivalent column
members acc. to EN1994-1-1 method for member acc.
6.7.3.4 0r6.7.3.5 EN 1993-1-1 6.3.1/2/3

Buckling length = member length Buckling length by global
eigenvalue determination

3 Methods of global analysis
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Calculation of action effects based on elastic theory

v

Methods

simplified methods
based on elastic
theory

non-linear calculation taking into
account the non-linear behaviour of
materials, sequence of construction,
flexibility of shear connection, creep
and shrinkage and effects of tension
stiffening of concrete between
cracks

_| direct determination of the

cracked regions (general
method)

calculation with defined
regions of cracking of
concrete (Method )

calculation based on un-

— | cracked analysis and
redistribution of bending
moments (Method Il)

[Source: Hanswille]

3 Methods of global analysis
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Calculation of action effects based on elastic theory - General method

EqJ; — un-cracked flexural stiffness Determination of internal forces by un-
EJ, - cracked flexural stiffness cracked analysis for the characteristic

combination.
LYY YVVYVYYYVYYVVY VYV

<

> < . « Determination of the cracked regions
L ‘_,| L L, with the extreme fibre concrete tensile
T BIFOSE G230 T e

H . Reduction of flexural stiffness to EJs in
EsJq El, = the cracked regions.

» New structural analysis for the new
distribution of flexural stiffness.

Ly

AM  Redistribution of
bending moments due to
cracking

\ un-cracked analysis

cracked analysis

[Source: Hanswille]

3 Methods of global analysis
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Calculation of action effects based on elastic theory

Method I:

Cracked analysis

LYY VY VYYvyvyvyvyvyyvl
£

r_ 10'15L1] LE_,I 0,15LIZT

Method Il:

Un-cracked analysis with
limited redistribution

LYY v VY vyyvvyvvy vl

r— L, :i: L, —T

/1AM,
// N\
,/ /\\_\

Redistribution of bending
moments by 10%
[Source: Hanswille]

3 Methods of global analysis
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Calculation of action effects based on elastic theory

LYy Vvvvvvvivvvvvyvyl percentage of redistribution AM
Class of the cross- 112| 3| 4
section
S235
Mathod'll: | 222 |40 | 0] 20| 10
: . (un-cracked
—— ~—- analysis) S420
S460 30 10 | 10
- — — bending moments acc. to Method | or |l
. .g . . Method | S285 1 5 1451 10 | 0
—— redistribution of bending moments AM (cracked S355
analysis) S420
For composite cross-sections in or general S460 15 0 0
Class 3 or 4, the maximum methiod
percentages of redistribution oino
relate to bending moments —In beams with all cross-sections in
assumed in design to be applied to Classes 1 or 2 only, maximum hogging
the composite member. Moments moments may be increased by amounts not
applied to the steel member exceeding 10%, for un-cracked elastic
should not be redistributed. analysis or 20% for cracked elastic analysis

[Source: Hanswille]

3 Methods of global analysis



Institute of Structural Design

[

Universitat Stuttgart

Prof. Dr.-Ing. U. Kuhimann /| %

Relation Classification - method of global analysis - resistance
Consideration of creep :
! : ’| Resistance
Class of the global shrinkage, cracking of eslS
cross-section ~analysis concrete and sequence o
(action effects E,) of construction d
rigid plastic or elastic .
1 analysis with redistribution no plastic
of bending moments
elastic analysis with
2 redistribution of no plastic
bending moments
3 elastic analysis yes elastic
A elastic analysis yes elastic acc. to

EN 1993-1-6

[Source: Hanswille]

3 Methods of global analysis
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Rigid plastic analysis

Rigid plastic global analysis may be used for ultimate limit
state verifications other than fatigue, where second-order
effects do not have to be considered and provided that all the
members and joints of the frame are steel or composite, the
steel material satisfies ductility requirements EN 1993-1-1,
the cross-sections of steel members have sufficient
rotation capacity and the joints are able to sustain their
plastic resistance moments for a sufficient rotation capacity.

O]
[Source: Hanswille] M1 =Mp|,Rd

3 Methods of global analysis
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Rigid plastic analysis

Limitation of span ratio:

exterior span: L, < 1,15 L,

interior span: L., /L., < 1,50

Beam with single load and
rotation requirements at span:

pl
o -]
M rd
h | +
I:d
l Q4
|
A A A
— L ]
z F
P <015 if d 505
h Fq+Qql

3 Methods of global analysis
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Rigid plastic analysis

Where rigid-plastic global analysis is used, at each plastic hinge location:

a) the cross-section of the structural steel section shall be symmetrical about a plane parallel to the
plane of the web or webs,

b)  the proportions and restraints of steel components shall be such that lateral-torsional buckling
does not occuir,

c) lateral restraint to the compression flange shall be provided a tall hinge locations at which plastic
rotation may occur under any load case,

d) the rotation capacity shall be sufficient, when account is taken of any axial compression in the
member or joint, to enable the required hinge rotation to develop and

e) where rotation requirements are not calculated, all members containing plastic hinges shall have
effective cross-sections of Class 1 at plastic hinge locations.

3 Methods of global analysis
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Rigid plastic analysis

For composite beams in buildings, the rotation capacity may be assumed to be sufficient where:

a)
b)

c)

d)

e)

f)
g)

h)

the grade of structural steel does not exceed S355,

the contribution of any reinforced concrete encasement in compression is neglected when calculating
the design resistance moment,

all effective cross-sections at plastic hinge locations are in Class1; and all other effective cross-
sections are in Class1 or Class2,

each beam-to-column joint has been shown to have sufficient design rotation capacity, or to have a
design resistance moment at least 1,2 times the design plastic resistance moment of the connected
beam,

adjacent spans do not differ in length by more than 50% of the shorter span,
end spans do not exceed 115% of the length of the adjacent span,

in any span in which more than half of the total design load for that span is concentrated within a length
of one-fifth of the span, then at any hinge location where the concrete slab is in compression, not more
than 15% of the overall depth of the member should be in compression; this does not apply where it
can be shown that the hinge will be the last to form in that span,

the steel compression flange at a plastic hinge location is laterally restrained.

3 Methods of global analysis
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Stresses based on elastic theory

Types of loading and action effects:

In the following the different types of loading and action effects are distinguished by a

subscript L :

L=P for permanent action effects not changing with time

L=PT time-dependent action effects developing affine to the creep coefficient
L=S action effects caused by shrinkage of concrete
L=D action effects due to prestressing by imposed deformations (e.g. jacking of

prestressing due to imposed

action effects caused by

deformation M, =Mp:

supports)
time dependent action
A MPT(t) effects M =Mp:
Mpr (t=)
I
Mer(t)
> o(t,1,)

o(t,t) o(t..t)

[Source: Hanswille]

3 Methods of global analysis
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Stresses based on elastic theory

Modular ratios taking into account effects of creep

Centroidal axis of the concrete section

Centroidal axis of the transformed composite
~ section
Z|
- ——- Centroidal axis of the steel section
(structural steel and reinforcement)

. E
Modular ratios: mi=nsl1ey oty my==2
Ecm
short term loading =0
Creep multipliers v, permant action constant in time ¥Yp=1,10
shrinkage ¥Y4=0,55
Prestressing by imposed deformations ¥p=1,50
time-dependent action effects ¥p1=0,55

[Source: Hanswille]

3 Methods of global analysis
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Part 4:

VERIFICATION FOR BENDING AND SHEAR
FOR ULTIMATE LIMITE STATE
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» General
» Resistance of class 1 and 2 sections
* Resistance of class 3 and 4 sections

- Lateral torsional buckling

4 Verification for bending and shear for ULS
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General - Basis of design

Ultimate limit

e LB ||

Ry _Rryk e fex fok PRK}
Ta Yc YS YV

Eq =E (vpv Fy)

N
Serviceabilitliy ‘ ‘ ')
<
limit state: Ey =G,
Ed =E (qj Fk) Ry=M, rd

[Source: Hanswille]
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General - Basis of design

I:l Oec fck/'}/c

“""D Ry = MpI,Rd

fyk/ Ya

f
Ry =R(feq, fyd,fsas Pra) = R[afck: yk }fsk,PRk
Ye TMa Vs Vv

Partial safety factor for concrete
vc according to EN 1992-1-1 e.g. yo=1.5

Partial safety factor for reinforcement steel
vs according to EN 1992-1-1 e.g. yg= 1.15

Partial safety factor for structural steel
Yma a@ccording to EN 1993-1-1 e.g. yyo = 1.0

[Source: Hanswille]

4 Verification for bending and shear for ULS



Institute of Structural Design |

Universitat Stuttgart Prof. Dr.-Ing. U. Kuhlmann / % W

General - Required verifications for composite beams

et
—
—

) e m— — —
&
i
-

—

I-1 resistance to bending and shear
-1l resistance to bending and shear and M-V interaction
-1 shear connection — longitudinal shear

[Source: Hanswille]
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General - Required verifications for composite beams

<« VI

|-1 resistance to bending and shear

[1-11 resistance to bending and shear and M-V interaction

[1-111 shear connection — longitudinal shear

IV-IV  local introduction of longitudinal shear forces in the concrete slab
V-V Longitudinal shear of the concrete flange

VI-VI  lateral torsional buckling

[Source: Hanswille]
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General — Critical cross section

® @ @ O

Ly v b by b v VvV bbb VbV Vv HVV Y R VY Vv Y VY Y
[ 1 1 - . -

OGO ® 06 ® O

critical cross-sections For longitudinal shear verification, a
critical length consists of a length
between two critical cross-sections.
for this case critical cross-sections

* sections of maximum bending (3,5,7)
*® supports (1,5,7)

* sections subjected to concentrated loads (3) also include:

* sudden cange of cross-section (2,4) « free ends of cantilevers (8)

* introduction of longitudinal forces (4,6) * in tapering members, sections
* cross-sections with web openeings (11) so chosen that the ratio of the
* cross-sections with openings in the concrete flange (12) greater to the lesser plastic

resistance moment for any pair
of adjacent cross-sections does
not exceed 1,5 (9,10).

[Source: Hanswille]
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General — Non-linear bending resistance

limitation of strains in case of sagging o.(compression)

bending f
cd l
strains stresses concrete
ECUS-3,5°/ 00 0'c:S cd
........... N - =
a ) 80
DMHC{ EC=2O/00 ecu
+
fyd ftd AGS
f /
sd
limitation of strains in case of hogging I reinforcement
bending N Es T
| >
€:52:970 i €4, =2,5%%,
........... Ga
L
structural
Z E steel
» £,

[Source: Hanswille]
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Classification girders

& TP

|<_.I

Resistance of the cross-section
> | <« > | <

full plastic elastic-plastic elastic taking into account local
plate buckling

Resistance
A

M .
riﬂid plastic angixsrs * + I

o o
Elastic theory with redistribution

a
Elastic theory
- I « max (c/t)

of moments )

Class 1 Class 3 Class 4
< >| < Class 2 > qP

> |

[Source: Hanswille]
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Resistance of class 1 and 2 sections - classification

assumptions for the calculation of
the plastic bending resistance

® full interaction between structural steel,
reinforcement and concrete,

*" the effective area of the structural steel
member is stressed to its design yield
strength f, in tension or compression,

® the effective areas of longitudinal
reinforcement in tension and in

sagging bending

0,85,

R

hogging bending

compression are stressed to their design
yield strength £ in tension or cumpressinnt__

" the effective area of concrete in
compression resists a stress constant over
the whole depth between the plastic
neutral axis and the most compressed
fibre of the concrete, where £ is the
design cylinder compressive strength of
concrete.

Mpl,Fld

fad
o oo © o f |
. "
+|  085fy Moin
T =
fyg
f f f
_ Yk f ‘ck f sk
d=" d= sd =
! Ta © Ye Vs

[Source: Hanswille]
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Reduction of plastic bending resistance

In case of a deep position of the

0,85f,

plastic neutral axis in sagging
bending the plastic bending

resistance is limited by crushing | h
of concrete in the extreme fibre
of the concrete slab. Il

Zy/h

0,4

IVIpI,Fid

P

Mgd = Bpi - MoiRd

[Source: Hanswille]
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Resistance of class 1 and 2 sections

Yz ful ] o,
—— Mo R
1-p)f Veul )
(1-p)f 4 -
1
plastic resistance to fya Aw

. Veg= Vg = 12
vertical shear V, y : Rd™ TpiRd =~ 73

M Interaction bending

Mprml and vertical shear .04 slenderess X, = fyi
10 of the web: V3 T
shear buckling Ve = Aw tw fyg
M, g resistance Vq,fork, 2083 | "¢ W /3
M1z
\, reduction factor (1-p) VEd <05 Vgg=p =0
V., for the yield strength of Ve, 2
> the web VEC] = 0,5 VHC’ =p= [ - 1]
VRd
0,5 1,0

[Source: Hanswille]
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Resistance of class 1 and 2 sections - Full and partial shear connection

M A Ny normalforce in the concrete slab @@

due to M g
A M
Mpl,Rd""""""""’"""""’"‘""""‘". C j jp"a-ﬂd
I
Mpg Mgyl - = - - - - - — : —ﬂ N,
o I |
] simplified B
B | method . j L Mgq
o >
M | | I 1
pl,a,Rd 1 : ]
partial shear | N
connection G M
] I T D pl,Rd
n 1,0 Nes I
N
Simplified method: Mra =Mpiara + [Mpl,Hd i Mpla,Rd] N—C

cf

(Linear interpolation between

Mgy —M
points A and C) P = i T

Moird ~Mpiard

[Source: Hanswille]
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Resistance of class 1 and 2 sections - Partial shear connection - general

4 |..I Deyy .| Z, 1 degree of shear
el H IEEER! %' N.=n N connection:

n e
M, gq 'D A FRd
M A= =2 K
5 > Ny
N_=-N
bending resistance at the point x:
verification
Mprq (Xx) =M +1n Nof 2
Meda(X) _4q Rd(X)=MaRd +1 Nct
MRq(X) MRq (X) =Mgrd+N PRq X Z
Sy Mes®)  hormal force in the concrete slab at e L Na |. '
the point X=Lx: a,Rd_ pla,Hd a _Nplaiﬂd = p]a,H(
M Ne =1 Lx Prg =1 Nef S =1-05Ay/A, <05
\J
ha Zpl
=0 : p z=—+h, ———
x=0: N number of connectors per unit length o =5

Ma,Fid = Mpla,F{d . . N,
Pgy design resistance of studs Zpl 1= 5 Cf < he—hp

eff

[Source: Hanswille]
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Resistance of class 1 and 2 sections
Partial shear connection — determination of moment resistance

24110,85f,q VRd
Meg
Veq
Nw =2fyq (1-p) tyw lzpl,2 ~he ~t] Nf =2bs tf fyq Notw =fyd tw hw
position of the plastic neutral axis in the Zoi 1= NNt _ PR <h.—h
concrete slab: 1 Do 085fcg Dot 0.85fcq ®

. Npla,Hd - I\‘Ipl,w pP—n ch - Nf
2 fyd (1-p)ty

plastic neutral axis in the web of steel section: | Zp2=he +1;

Bending resistance:

Zp) 1 Zp) 1 tr —2Zp 1 Zgo+he +t -2 4
Mgd =Npia,Rd [Za —%] —Ngjw P [Zw —% J is Nf[hc 2 Tp]— Nw[ S ° 5 B

[Source: Hanswille]
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Resistance of class 3 and 4 sections - class 3

) Shrinkage

o e 0 0 0 [-——-"S ! GS,E C,e

<

Ed

a,&

Stress limits:
concrete: 0. < Iy reinforcement: o4 < fyy

structural steel: oM< I prestressing steel: 6, <f, o1 /v,

For related shear slenderness :Aw <083

2 2 i £ /43
PSR R
fyd fyd rCf

[Source: Hanswille]
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Resistance of class 3 and 4 sections - class 4

17 Methods of verification _l

Method I: Method II:
Effective cross-section Reduced stresses
< beff =2 < beff B

e @& o o & @ *« o o o @ ® & o o @

Meg Ed
OxEdS |~ Zsteff < fy Oy Ed S Zst < OxpRd
st,eff st

[Source: Hanswille]
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Resistance of class 3 and 4 sections
Resistance to vertical shear

Contribution of the web

c Contribution of the flanges
i i Neq s
X . 16 by t2 f
7 -~ Nl AMong  c=a |025 ++’9
N Vo D3 e
Vit R _ 57
: Mes " 29;_tifdf i NEg s
¥ —> R4 No,d.f
Mo N Neg s _ _
2
VbtRd = D17 fyay 1—[ Meg J }
M rq=bs t¢ foq (s +h 2N M
g ==l yd [(f W] L fd [Source: Hanswille]
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Resistance of class 3 and 4 sections
Resistance to vertical shear

*x
0 v Vio o < Hyw P t n — n=1,20 for $235, $3555420
— + e G :
bRd=VowRd +VorAd <~ - AN and S460
0,8 \‘
= iy \\ Rigid end post
- _ [w/"B P
W 0,4
Ter
non-rigid end post 0,2 : 0,|83| Non-rigid end post e

T, — elastic critical 1,0 2.0 3,0
shear buckling 0:65m :
stress V S yw
bw,Rd = Xw ‘hwitw = —
V3 YRg
rigid end post Reduction factor y,,
rigid end post Non-rigid end post
Ay <083/ n n
083/n <2, <108 083/%, 083/
7oy 21,08 137/(07 + Ay,) 083/%,

[Source: Hanswille]
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Lateral torsional buckling

Cross-sections in
class 1 and 2:

MRd - MpI,F{d

M1 Rk
Mcr

Mgy < X1 MRy

Tur =

Cross-sections in
class 3 and 4:

MHd = MeI,Rd

Y Fo
A’LT - |\(A3|,Rk - y
cr GCI’

Meg < X1t Mg rg
Or Oy = X1 fyg

» AT

[Source: Hanswille]
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Lateral torsional buckling — elastic critical bending moment

The determination of the
elastic critical bending moment
is based on the inverted U-
frame model. The model takes
into account the lateral
displacement of the bottom
flange causing bending of the
steel web and the rotation of
the top flange that is resisted
by bending of the concrete
--_I- slab.

Deformation of the
web

[Source: Hanswille]
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Lateral torsional buckling — without direct calculation

A direct verification for lateral torsional buckling is not
N required where special limitations regarding the ratios

of span length’s and regarding the percentage of the
! variable actions are fulfilled. The background of

simplified method is based on the fact, that the related
| L | L. ' slenderness of these beams is smaller than 0,4.

maximum depth of the cross-section

I oion | 5555 | 5 558 | 5450
S P T P = IPE 600 | 400 | 270
< P > > >

limitation of span ratios: HE-
: 800 650 500

08<1/l<1,25 Profiles
L/L<0,15 IPE 600 | 600 | 400
limitation regarding variable
actions: HE-

Profiles 1000 800 650

Ya Gk >04

Ya Gk +7q Qk

[Source: Hanswille]

4 Verification for bending and shear for ULS



Institute of Structural Design @%
Universitat Stuttgart Prof. Dr.-Ing. U. Kuhlmann S

Part 5:
SHEAR CONNECTION
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« Longitudinal shear forces
» Determination of longitudinal shear forces
 Full and partial shear connection
» Requirements for shear connectors

* Headed studs
* Head studs as shear connector
* Horizontally lying studs
» Headed studs used with profiled steel sheeting

* Longitudinal shear forces in concrete slab

5 Shear connection
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* Longitudinal shear forces
» Determination of longitudinal shear forces
 Full and partial shear connection
* Requirements for shear connectors

* Headed studs
* Head studs as shear connector
* Horizontally lying studs
» Headed studs used with profiled steel sheeting

* Longitudinal shear forces in concrete slab
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Longitudinal shear forces

Le ¢ v v v vy |

N yielding

zZone

Longitudinal shear —elastic

®VL \ theory and non ductile

connectors

Longitudinal shear — non linear
behaviour of structural steel and
non ductile connectors

Longitudinal shear — non linear
behaviour of structural steel
and ductile connectors

Longitudinal shear for ductile
connectors to be spaced uniformly

[Source: Hanswille]
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Determination of longitudinal shear forces - by simplified method form

VI ) : )
" Mpmd @ Elastic bending rel\e/slzclstance
1,0 =7 éN ¢
Meg i M, elRd
Moo P>
pl,Rd ,,/, I Na
Meipd f--—--- | | i
MoiRd } I @ Non-linear bendinﬁ/I resistance
1
C
( i ) - éN;
@ | @D M Mgq resp.
| N < Meq
! v > N_c %-.Na
Neot Ned 1,0 i,
y
Nt Nes @ Plastic bending resistance
A} |<— B —»l 08505 N,
—
A.Lz ‘ 4>M
Region A: =% M el ﬁ’ P
elastic behaviour L JiL pla,Rd

Region B:

inelastic behaviour

g MEd_MeI,Rd [ch_Nc,eI]

Moird —MelRd

[Source: Hanswille]
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Determination of longitudinal shear forces - general

YYVYVVYVYVYVYVYVVYY]

i
Bending moment M ﬁ

Elastic region:

MeI,Rd

M Ed,may

Vertical shear V, g,

—

L, — non-linear
<

VLRD

VL Ed

I
I
>
I
I
I
I
I

Vigd _ 10 VLEd <11 VLgd = [ViLEq OX
VLRd VLRd L
(Ac,L i Zic:,L ) '*'(As i Zis,L)

ViEd=2. VzEdL ]
L il

VL4 — longitudinal shear per unit length

V| gq— total longitudinal shear within the length L,

i Neg—N
:\LZTOIILI‘:Iear ViEd= cd Lp, cel <y, -
e TTIIY;
‘)MEd ,max
eI Rd *( }
pl [Source: Hanswille]
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Partial shear connection — determination of longitudinal shear forces

9 Vii=n Ny h Ny

[YYYVYYYVYYVYVYY | Ip*—
_ . Meg= Mgy
EEN
VL2 N Ngs + Ng
region: partial shear

. *N
critical length L; between connection is not

critical cross-sections allowed in this regions

A, fq

hogging bending

Meg= My gq

regions with partial shear connection: The resistance to bending is
limited by the resistance to longitudinal shear in the interface between
steel and concrete. Where the condition M, rs/ My gq >0,4 is not fulfilled
additional checks at intermediate critical cross-sections should be made.

[Source: Hanswille]
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Requirements for shear connection — uniformly distribution

Qg

M
10 pl,Rd y——

YiIvbveveyyyy
='4\E T

0,8

TF
0,6

0.4 Mpl,Rd

Mpla,Rd = 0 4

Mpla,Rd =0’2
0,2 Meg MoiRd
MoiRd

s -
0,1 0,2 0,3 0,4 0,5 L
1 1 1 1 1
L] I I ] | > ’n
02 04 06 08 1,0

where My, s/ My, g is smaller than 0,4, the

resistance moment can be smaller the design
bending moment in some regions of the beam.

bending resistance in case
of partial shear connection

bending moment Mgy due to ggy

In case of partial shear
connection all critical cross-
sections must be in Class1
or 2, the degree of shear
connection n must fulfill the
limits in EC4 and the
following condition must be
satisfied:
pla,Rd >0,4
Mol Rd

[Source: Hanswille]
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Requirements for shear connection — minimum degree

L, — effective length [m]

The effective length is given by the distance between the
points of zero bending moment.

L<25m N, 21-°22(075-003xL,)> 04
1 steel sections with equal yk
flanges L>25m | Mmin=1
L<20m  [no>1->22(030-0015xL,)> 04
2 Aflt steel sections with yk
unequal flanges with
B A L>20m |y, =
5 — — L < 25m nm,n2%%(100~0,04><Le)20,4
‘ y
L >25m Nmin =1

The minimum shear degree according to line 3 apply for steel sections with equal flanges, studs with a
diameter of 19 mm and a length not smaller tan 76 mm and one stud per rib of the sheeting and for

sheeting with h < 60mm and b./h, > 2.

Ol e

I iy

[Source: Hanswille]
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Requirements for shear connection — ductility

Shear connectors may be classified as ductile if the
characteristic slip §, is at least 6 mm.

Prq — design value of shear resistance

Pri - characteristic value of shear resistance
ductile

N

[Source: Hanswille]
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« Longitudinal shear forces
» Determination of longitudinal shear forces
 Full and partial shear connection
* Requirements for shear connectors

* Headed studs
* Head studs as shear connector
* Horizontally lying studs
» Headed studs used with profiled steel sheeting

* Longitudinal shear forces in concrete slab

5 Shear connection
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Headed studs

TR VN =

EN ISO 13918: Welding —Studs and
ceramic ferrules for arc stud welding
(1998)

EN ISO 14555: Welding —Arc stud
welding of metallic materials(1998)

[Source: Hanswille]

5 Shear connection



Institute of Structural Design / ._.
< Prof. Dr.-Ing. U. Kuhlmann / %f\\

Universitat Stuttgart

Headed studs — typical load-slip behaviour

P, - flash

P,. stud inclination
Pg .. stud bending
Pr . friction

5 Shear connection
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Headed studs — design shear resistance

Concrete failure:

Pra1=0.29 a d® /iy Eqn A
Tv
o - ﬂ‘k Shank failure of the stud:
Push=ott-test » 5
S i L
Rd,2 " u 4 T

-~

d diameter of stud shank 16 < d < 25mm

f,  specified ultimate tensile strength of the stud
material f, < 500 N/mm?

fa  cylinder strength of concrete

E.nn secant modulus of elasticity of concrete

a =0.2[(h/d)+1] for3<h/d<4

=1.0 for hid > 4 [Source:
: . EC4-1

vw =1.5 partial safety factor concrete failure c
=1.25 partial safety factor steel failure & Hanswille]
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Headed studs — detailing

= 30mim Edge beam

; > 6d
Edge distance and <_>|
flange thickness:

X e,= 50 mm
he ep=25mm
v _'Ltf dit; <25
] e
e Spacing of studs: Loop — bars with & > 0,5d
€ e,>25d N [

/ e < 4h, <800 mm

y A
‘2 40mm
[Source: Hanswille]
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Headed studs — uplift forces

h
_ Zy=V —Stan®
ANC—VL/2_ VL/Z/' Vv Lbe
F\ 2 P
hJ/2 / ; 5 s & 4 crack
th;-... . /;;/ % i i\l
l  — — | : )
hs/2| AN i 5‘ Nl b FvT 1 230 mm
by/2 | b2
b
Zy
The clear distance between the
NP underside of the head of the stud
_ and the bottom reinforcement should
i extend not less than 30 mm.
Y Z,

[Source: Hanswille]
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Horizontally lying studs — examples

cast-in-place concrete
|
[

EEELN ErJEEe

T TTrrrer==ea—a | |11 o0 |l Nol [ LS oaa="===—rr7 ] |
] —== - 111
prefabricated

concrete slab

Lk | ——

=
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Horizontally lying studs — examples

splitting forces in direction

erection stage: of slab thickness
—I——-m .
e V

N\

For studs with a edge distance
eg=> 6d no reduction of strength
occurs (d-diameter of the
shank).

[Source: Hanswille]
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Horizontally lying studs — failure modes and position

J'
/ |

|
|
/ /
K S R
Ve e /i/'/
ST S S )
| |

Concrete edge
failure

}; ' | : A
- Longitudinal
.

Splitting
failure

-~

shgar Vertiéal éhear

Longitudinal shear
due to beam bending

Edge position

Vertical shear
due to vertical beam support

Middle position
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Horizontally lying studs — load resistance for longitudinal shear

middle position section A-A
1

1]

edge position
v

Ch+¢5{2,| :_4; *Cv+¢5’(2
1

< A .
¥ @ _ | _
— +QPs /2 [} f '
S = , s_ 2 I a -I'LF—+—“ | = Al
g 1 Fro™ ar i @ _ N [N yoro~ °r
L_ - | © ©
.

¥
a
¥

<] A

A

w

2 @ H
L klA \_B_

>

h

1.4k, (fck da )0'4 (@l/s)?
Vv

PRd L=

a‘’  effective edge distance
a,=a —c,- £J/2250mm

k, factor for position of shear connection
k, =1 edge position
k,=1.4 middle position

y, partial factor 1.25

stirrups Ty = 0.3 PRd,L

d ... diameter of the stud shank 19<d <25 mm
h ... overall height of the stud h/d = 4

S ... spacing of stirrups al2<s<a
s/a’, <3
&... diameter of stirrups 2 8 mm

&J... diameter of longitudinal reinforment &2 10 mm
[Source: EN1994-2]
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Horizontally lying studs — load resistance for vertical shear

1 middle position section A-A edge position
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)0-3 (a‘ )0-7 K a ... spacing of studs
Prav = 110 < a < 440 mm
h ... overall height of the stud
h =100 mm
&J.... diameter of stirrups
.2 12 mm
&... diameter of longitudinal reinforment

1.2 1.2
{Fd"-J +[Fd'VJ < 216 mm
I:)Rd L I:)Rd A
[Source: EN1994-2]

5 Shear connection
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Headed studs used with profiled steel sheeting

I-"m,2
Y Y
hsc P, — tension force effect
\
hp
Pg — bending in the shank
> O

The resistance is significantly influenced by the geometry of the sheeting. In the
stud the shear force causes bending moments. The first ultimate Load P, ; is
reached when in the shank of studs two plastic hinges occur. This is only possible,
if the nominal height of the connector extends more than 2 d above the top of steel
sheeting, where d is the shank diameter of the stud. In case of slender ribs a
second load maximum P, , is reached. In this stage in the stud significant tension
forces occur and the inclination of the studs causes an additional shear resistance.
This load level is not taken into account, because significant horizontal
reinforcement must be provided to prevent uplift. Otherwise rib shear failure can

occur. [Source: Hanswille]

5 Shear connection
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Headed studs used with profiled steel sheeting — load-slip behaviour

slenderness of the b

resistance . =2
sheeting hp

Pe [kN], per stud

200

150

100 |

50

» O [mm]

0

40 slip [Source: Hanswille]

5 Shear connection
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Headed studs used with profiled steel sheeting — load resistance

Design resistance :

Prd = Prdo Kt

ktzﬂ D [hsc _1} < Kt max

Jor by | Py

reduction factor ki .,
number | thickness of | studs welded profiled steel
of studs | the sheeting through sheeting with
per rib [mm] profiled steel | holes d=19 und
d=19mm d=22mm
hi=1 <1,0 mm 0.85 0.75
>1,0 mm 1.0 0.75
n,=2 <1,0 mm 0.70 0.60
>1,0 mm 0.80 0.60

PRrqo- resistance of the stud in a solid slab with f,= 450 N/mm?2

5 Shear connection

hps 85 mm h-hp22d

b= h, ;=50 mm

[Source: Hanswille]
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« Longitudinal shear forces
» Determination of longitudinal shear forces
 Full and partial shear connection
* Requirements for shear connectors

* Headed studs
* Head studs as shear connector
* Horizontally lying studs
» Headed studs used with profiled steel sheeting

* Longitudinal shear forces in concrete slab

5 Shear connection
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Longitudinal shear forces in concrete slab - determination

Slab in compression

VI ea=ANg

Longitudinal shear per unit length:

ANc1 _ vL,Ed Ac1,eff

VLEd1=
ay dy Ac,eff

Slab in tension

VLEd=ANg
Longitudinal shear per unit length:

ANgi _Vigd Asg
dy ay, AgitAg

VLEd1=

[Source: Hanswille]

5 Shear connection
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Longitudinal shear forces in concrete slab — strut-and-tie model

verification: V| Ed < VRdmax slab in compression
VLEdS VRd;s

Resistance of concrete struts: Nc
VRd,max =Acy V fcd sin6 cos 6

Acv=hcay feg=0cc fok /e
v strength reduction factor

v =06 (1—(fy /250)) with fy in N/mm?

Resistance of transverse reinforcement:

A

Inclination of concrete N
compressive struts:

slab in compression: 1,0 <cot6<2,0

slabintension: 1,0<cot6<1,25

[Source: Hanswille]

5 Shear connection
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Longitudinal shear forces in concrete slab — shear plane

profiled steel sheeting
3 A in case of profiled steel only the

| concrete area above the sheeting
should be taken into account

section a-a:

ACV: c VvV
section b-b, c-c, d-d: A_, =L, a,
withL, =L, ,, L. Lyg
section effective
transverse
reinforcement
As,bh Asf
a-a As,t s As,b
b-b 2 As,b
CL 2 As,bh
d_d & As,b

[Source: Hanswille]

5 Shear connection
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Innovative composite bridge structures

Bridge Nesenbachtal, Stuttgart
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Nesenbachtal — Result of a design competition

6 Conclusion
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