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1. Introduction to composite bridges in Eurocode 4

Dissemination of information for training — Vienna, 4-6 October 2010

EN 1994-1-1: general rules and rules for buildings

EN 1994-1-2 : structural fire design

EN 1994-2 . general rules and rules for bridges

The general rules valid for bridges from part 1-1 are repeated
in part 2 to get a self sufficient document



Scope of EN 1994-2
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Composite bridges

| girders

Box sections

Cable stayed bridges not fully covered
Composite members

Filler beam decks
Tension members

Composite plates



Composite bridges
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Composite members
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Filler beam decks
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transversal
(subject to National Annex)

longitudinal

] : | . 2]
- 1330 ’ E2200 1 = 2200 o g SR . ?_‘/‘
0 | - BEers LANGEINEuEhrun |
: 2l 2020 TR -
"L | N | i - & 4 il _abere Querhewehrun @
F T A 50 1} f T A& G
I Elps I | / oy
N W mleaa ) I s
= S Pt R S Er A S S
-4 g PR R N e 10 VNN 2 — 3]
L & .j Wi ] 1 e '.llr;"! 'P"'" J LR
b0 - = ZZA -\?;‘ iagsse e ' £ 00 SR --‘ﬁ;‘:?l”.‘: DN = I :
.1‘_ N NN \-‘:\Q‘\ o hetn s “""5{ E. Es T A '-..5 -'Fv::' -"":;I%-"‘l = N, ;\%\‘:\‘\
A AR e : shs < SOl NN Y77
=3 " o P~ W PR il 7 e & o
= A a o . - i A . - S o -
— : 1 g, DY, ksity T 4575 VLD 1 A YT TY i, e ARG, T o2, = N
/ i s Pl v T L VA 72 5 § o s ) 74 ] s PO ¢
& !lxc___* | # v ;.—’ @ ":;':.l' il By s y Pl 4 / ~ = “‘\ﬂ_w!‘ﬂlu
PR # rT, A s Py [ 5 F;
O b {;” 5% /%? ’j’-;ﬁ»"_.»' AR O [/ , / / A _M_”!°
- ‘yf 7-’, /;///’/_",/f 4] A 9 4V / /; 74 /:;:/,// e @
A ’} /// i e TP . A4 A YA AN A A ’
.» = f 3 ;T

i i S, T R4, Vil i - . Ldngsbewshrung  2ér Seitentiochen
\ 1 min 3912 31 tSe

l?l ! lﬂn!ﬁﬂ' i L ' A\ \
- (i e '&!}_‘-?'T!‘.’j‘:ﬂ"ﬂo\ wwnters Langsbewebrung lotrechte der Seplenficchen




Tension members
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Composite plates
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2. Global analysis of composite bridges



Classification of cross-sections
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CLASS 1 sections which can form a plastic hinge Not for bridges

with the rotation capacity required for a global plastic Except
analysis acc.design

CLASS 2 sections which can develop Mp| rdW!th
limited rotation capacity

A ﬂ_ AW

CLASS 3 sections which can develop Mgl Rd

i : i —

COMPOSITE BRIDGES
Non-uniform section
CL.1 (except for small spans)




Actual behaviour
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When performing the elastic global analysis, two aspects of the non-
linear behaviour are indirectly considered.

AT QCAGTGOCDIIF boadting q

A JA JAN P

| ! >l< ! \{ .

Cracking of
concrete @ |

|‘ |‘

Statical system

Deflected shape : : @ N M. at mid-span
Yielding with increase of P

\ MpI,Rd
I\/leI,Rd [




Cracked global analysis @
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« Determination of the stresses o, Iin the extreme fibre of the concrete slab
under SLS characteristic combination according to a non-cracked global
analysis

e In sections where o < - 2 f,, the concrete is assumed to be cracked and
Its resistance is neglected

A A A
El, =

El,

El, = un-cracked composite inertia (structural steel + concrete
In compression)

El, = cracked composite inertia (structural steel +
reinforcement)

The cracked global analysis does not need an iterative calculation.



Cracked global analysis @
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Simplified method usable if ;

- NO pre-stressing by imposed deformation

- Liin/Linax>0-6 El, 0.15 (Lu+ Ly)
— »

A .U L
W e - El,

In the cracked zones El, :

e the resistance of the concrete in
tension is neglected

e the resistance of the reinforcement is
taken into account




Yielding @
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Yielding at mid-span is taken into account if :

Class 1 or 2 cross-section at mid-span (and Mgy > Mg gq )
Class 3 or 4 near intermediate support
L. /Lo < 0.6

min’ =max

min

& 3
< >

A A

| Class 1 or 2 | | Class 3 or 4 |

 Elastic linear analysis with an additional verification for the cross-
sections in sagging bending zone (M>0) :

MEd < 09 Mpl,Rd

max

Y
A

>

or

* Non linear analysis (Finite Elements for instance)



Global analysis - Synthesis
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To calculate the internal forces and moments for the ULS
combination of actions :

— elastic global analysis (except for accidental loads)
— linear
— non linear (behaviour law for materials in EC2 and
EC3)
— cracking of the concrete slab
— shear lag (in the concrete slab : L_/8 constant value for each
span)
— neglecting plate buckling (except for an effectiveP area of an
element < 0.5 * gross area)



Global analysis - Synthesis
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To calculate the internal forces and moments for the SLS
combinations of actions

as for ULS

To calculate the longitudinal shear per unit length (SLS and ULS) at
the steel-concrete interface

Cracked global analysis, elastic and linear

Always uncracked section analysis

Specific rules for shear connectors design in the elasto-plastic
zones for ULS (Mg gg < Mgy < M ra)




Shear lag in composite bridges
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b
< o = > s, Concrete slab = EN 1994-2
e Same effectives width b for
/\ SLS and ULS combinations
T ] of actions

11 11 Steel flange = EN 1993-1-5
Used for bottom flange of a
j ( box-girder bridge
Different effectives width for
SLS and ULS combinations

of actions
3 options at ULS (choice to be
performed in the National
al O Annex)
eff,flagge
< bflange >
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3. ULS verifications



ULS verifications of a composite bridge
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* resistance of the composite cross-sections
- bending moment M
- Shear force V
- Interaction M+V
» shear resistance in the concrete slab (EN 1994-2, 6.2.2.5(3) )
 punching in the concrete slab (EN 1992)
e Shear connection
 fatigue ULS

e LTB around intermediate supports



ULS section resistance under M >0
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| € e < 0.85f,y,
compression
e —
© © 0o 06 06 0 0o o o o (+) ()
> p.n.a
]
e.n.a
) )
e
| f./
tension v 14 fyftm | 4
Elastic resistance Plastic resistance
e.n.a. = elastic neutral axis (for classes 1to 4) (for classes 1 and 2)

p.n.a. = plastic neutral axis



ULS section resistance under M <0
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- 4 <4
tension f/
—— e e
0.85 f_ /v,
e o o e o6 o o o ([ ( J —— 0.n.a ——
I (_) — ———
fy/y,\,I J
e.n.a
(+)
(+)
] I |
compression J flvm 4 fyhn

Elastic resistance
(for classes 1to 4)

Plastic resistance
(for classes 1 and 2)



Class 4 composite cross-section with construction phases
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e Use of the final ULS stress distribution to look for the effective cross-section

 If web and flange are Class 4 elements, the flange gross area is first reduced.
The corresponding first effective cross-section is used to re-calculate the stress
distribution which is then used for reducing the web gross area.

M. e (U Meg =M, g + M, g
vorgers RPN S BRI G— S

+ [
BN Lo b N

Y

Recalculation of the stress distribution
respecting the sequence of construction

Aeff Ieff

1- Flange
2- Web




ULS section resistance under V and interaction M +V
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= Plastic resistance : steel web only

V., arg IS calculated by using Eurocode 3 part 1-1. Ves = Vaiars = Ay —
&, YMO\/§
= Shear buckling resistance :
............. E f h t
Eur rt 1-5. _ _ S L
urocode 3 part 1-5 Vg, = Vb,Rd =V, rq +:be ~d S \/§
= Interaction between M and V : R eeees Vma

e For Class 1 or 2 sections:

beﬁ

A
L J

0,85 fed

I 7T g

p = QVea/ Vaa— 1)
V
(1-p)fa |+ l ED Vira

fyd

e For Class 3 or 4 sections : See Eurocode 3 part 1-5.
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4. SLS verifications



SLS verifications in a composite bridge
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e Limitation of stresses in cross-sections at characteristic SLS

Z c, < 0_6_fCk (concrete in compression)

M=>0 < fy _1
Ga - Y M,ser
7/ M,ser
[ FITIIFS AR
iiiioiad bttt 0,<08f, (reinforcement i tension)
M<O
\/A f _
o, < y Y M,ser — 1
IITIIITS, L N 7/ M,ser

* Crack width control

* Limitations of deflections (if any)

» Web breathing (web slenderness limit check is in general enough)



Crack width control
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1. Minimum reinforcement required

- In cross-sections where tension exists in the concrete slab at
characteristic SLS

- estimated from equilibrium between tensile force in concrete just
before cracking and tensile force in the reinforcement (at yielding or
at a lower stress level if necessary to limit the crack width)

2. Control of cracking due to direct loading

The design crack width w, should be limited to a maximum crack
width w_ .. by limiting :

max

- bar spacing d <d, .,
- or bar diameter ® < @,
W.,ox depends on the exposure class of the considered concrete face

dnh. and @, depend on the stress level 65 = 65, + Ao, In the
reinforcement and on the design crack width w,




Exposure classes for composite bridges
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XC4, XS1*, XD3**, XF3 or XF4**

waterproofing layer

XC3, XS1*

~

XC4, XS1*, XD3**,
XF1 or XF2**

XC4, XS1*, XD3***,

XC4, XS1*, XD3***

* : for bridges near sea water

XF1 or XF2** ** - for bridges subjected to (very) frequent salting
*** . for the bottom surface of a bridge deck located
within 6 m above a road with (very) frequent salting
———
Class Description of the environment
XO No risk of corrosion or attack of concrete
Risk of corrosion of reinforcement XC1lto XC4 Corrosion induced by carbonation
XD1to XD3 Corrosion induced by chlorides
XS1to XS3 Corrosion induced by chlorides from sea

water




Exposure classes for composite bridges
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Hypothesis : Bridge in a low-level frost area

XC4, XF3

XC3
waterproofing layer / |
i
/ — i

XC4, XF1 \
XC4
XC4, XF1




Maximum crack width w_ .,
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Recommended values defined in EN1992-2 (concrete bridges) :

Table 7.101N — Recommended values of W and relevant combination rules

Reinforced members and prestressed Prestressed members with
Exposure Class members without bonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 0,34 0,2

XC2, XC3, XC4

ALS, AL4 0,2b
ig; XD2, XD3 XS1, XS2, Decompression

a

For X0, XC1 exposure classes, crack width has no influence on durability and this limit is set to guarantee acceptable appearance.
In the absence of appearance conditions this limit may be relaxed.

b

For these exposure classes, in addition, decompression should be checked under the quasi-permanent combination of loads.

The stress level o, 4 in the reinforcement is calculated for the quasi-permanent
SLS combination of actions (in case of reinforced concrete slab).

The tension stiffening effect As, should be taken into account.



Crack width control
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Steel stress | Maximum bar diameter ¢ (mm) for design crack width
Os Wi
(N/mm?) wi=0.4mm Ce=0.3mm wi=0.2mm
160 40 ;2'/ 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 5
400 8 6 4
450 5 -

wi . =0.2mm

200
150
100
50

Steel stress Maximum bar spacing (mm) for design crack
O width wy
(N/mm®) wi=0.4mm
160 300 300
200 300 250
240 250 200
280 200 150
320 150 100
360 100 50

*

ct,eff

2.9 MPa



Minimum reinforcement
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AsGs 2 As,minGs = kskck'fct,effAc
k. : stress distribution within the A mintop > %-As,mm
tensile concrete height h, before /
crackin
° hCI e teedue S0 LS5 SECTUL 0N A ORI
+ change in the location of the ; ,
neutral axis at cracking time ; 0
, _ena.
1 ’  calculated with n,
kC:—h‘FOBSlO E
1+—= j
2z, ~

ke =0.9 : reduction of the normal force of the concrete slab due to initial cracking and
local slip of the shear connection

k = 0.8 : effect of non-uniform shape in the self-equilibrating stresses within h,

fct,eff = fctm

o, : maximum stress level allowed in the reinforcement after cracking

(=f,, at yielding ; or a lower value if required by the control of crack width)
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5. Connection at the steel—-concrete interface



Steel-concrete connection
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» Full interaction required for bridges
» Elastic global analysis at SLS and at ULS

» Elasto-plastic global analysis at ULS in Class 1 or 2 cross sections
where Mg gy < Mgg < My rg

sUncracked section analysis (even where cracking is assumed in global
analysis)

* Shear connectors locally added due to concentrated longitudinal shear
force (for instance, shrinkage and thermal action at both bridge deck
ends or cable anchorage)

 ULS design of transverse reinforcement to prevent longitudinal shear
failure or splitting in the concrete slab



Resistance of the headed stud shear connector
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— - ®.p @
>04d ] 1 Prec = min |:PRk  Pric }
h>3d
da. .
2
’ » Shank shear resistance : (1) =0. 8f T[d
t} 7%
16 < d < 25mm - Concrete crushing : P.? =0.290d” /T E__
Limit State | Design resistance | Recommended
ULS PRd :h Vv :1.25
Tv
S.L.S. k,.P., k,=0.75




Elastic design of the shear connection
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* SLS and ULS elastic design using the shear flow v g4 at the steel-
concrete interface, which is calculated with an uncracked
behaviour of the cross sections.

SLS ULS
For a given length [; of the girder For a given length |, of the girder (to be
(to be chosen by the designer), chosen by the designer), the N;" shear
the N; shear connectors are connectors are uniformly distributed
uniformly distributed and satisfy : and satisfy :
N v UL‘°’(x)<11N—i*P
SLS i L,Ed — ' Rd
Vi g (X)STI'{ksPRd} I
|
l;
uLS *
(0<x<lI) J‘VL,Ed (x)dx < N;".Pg,
0




Elasto-plastic design (ULS) of the shear connection
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Shear connectors in the elasto-plastic zones where M, g > Mg > M g

i
A i A
®, © (P2
1\ | | |
: | |
First yielding in at Ieast\\l\ : :
one fibre of the cross- M
section where Mgy = M, rq / : : M ! =
’ | -t = pl,Rd * -
| | * Ng (or Ng) is determined by
- - N - y using an interaction M-N
Elastic Flasto-plastic diagram in the section B.
design | design | )
| | Ng (or N5 )—N,
-M — n=
7 Ny ! I Np PRk/yv
4 connectors to put between
sections A and B.



Interaction diagram in the cross-section B
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Two options : (straight line GH) / more precise diagram (broken line GJH)

4+ Mg (N.m)
I\/IpI,Rd H
IVIEd
Ivlel,Rd
I\/Ia,Ed
; > Ng(N)
0 I\IeI,B NB NB I\IpI,B

» Plastic resistance of the concrete slab
(within the effective width) to compressive N 0.85 fck b h
normal force : pl.B —



Elastic resistance moment in the section B
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= M
I\/Ia,Ed Tk MC,Ed Ed
1& 1:cd:fck/Y(:
7 ; V4 Nt
+ —
fy
stress diagram stress diagram ULS stress
for load cases applied for load cases applied to diagram in Section B (if
to the structure before the structure after yielding is reached in the
concreting Section B concreting Section B extreme bottom fibre)
k (< 1) is the maximum value to get —> | Mg rg =Magq + K. M gq

the strength limits in step 3.



Detailing for shear connectors
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L|
g

a| | | -d<25t,

« d <1.5%; for astructural steel flange in tension and
y X subjected to fatigue.
f




Detailing for shear connectors
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Longitudinal spacing between shear connectors :
— to insure the composite behaviour in all cross-sections :
€max — MIN (800 mm; 4 h )  where his the concrete slab thickness
— toinsure Class 1 or 2 for A class 3/4 flange in compression 235

. . < -
which is connected to the concrete slab : Cinax = 22tf f
y

Longitudinal spacing between shear connectors : 5.d < € rax

Transversal spacing between shear connectors :

etrans,max Z 2'5'd

— toinsure Class 1 or 2 for A class 3/4 flange in e <ot |23
compression which is connected to the concrete slab : T f
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6. Fatigue



Fatigue ULS in a composite bridge
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In a composite bridge, fatigue verifications shall be performed for :

o the structural steel details of the main girder (see EN1993-2 and

EN1993-1-9)

* the slab concrete (see EN1992-2)
* the slab reinforcement (see EN1994-2)

* the shear connection (see EN1994-2)

Assessment method
(National Choice)

Consequence of detail failure for the
bridge

Low consequence

High consequence

Damage tolerant

Required regular inspections and
maintenance for detecting and
repairing fatigue damage during the
bridge life

Vi = 1.0

Yur = 1.15

Safe life

No requirement for regular in-service
inspection for fatigue damage

Y =1.15

Vi =1.35




Fatigue Load Model 3 « equivalent lorry » (FLM3)
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—{1,20 m 6,00 m 1,20 m!—» //
— El}ﬁm T L
2,00 m | J»J—n.am m ——= X ‘ ’ w,

« 2.10% FLMS lorries are assumed to cross the bridge per year and per slow lane every
crossing induces a stress range Ac, =[Gy, ¢ - Omins | IN @ given structural detall

* the equivalent stress range Ao in this detail is obtained as follows :
Ao, = AD.Ac,

A is the damage equivalence factor

® is the damage equivalent impact factor (= 1.0 as the dynamic effect is
already included in the characteristic value of the axle load)



Damage equivalence factor A
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In a structural steel detail (in EN 1993-2):
}“:7"1 ;"2 7‘3 ;"4 < }‘max
which represents the following parameters :

= ), :influence of the loaded lengths, defined in function of the bridges spans (< 80 m)
and the shape of the influence line for the internal forces and moments

= ), :influence of the traffic volume
= )4 : life time of the bridge ( A;=1 for 100 years)
= ), :influence of the number of loaded lanes

Amax - INfluence of the constant amplitude fatigue limit Aoy at 5.10° cycles

max

For shear connection (in EN1994-2): A, = 7»\,,1.%\,,2.7»\,,3.7»\,,4

\Y

For reinforcement (in EN1992-2): 7»3 = (Pfat'ks,l'ks,Z'ks,B'ks,4

For concrete in compression (in EN1992-2 and only defined for railway bridges):

}\‘c = 7\’0,0 '}\‘c,l '>\‘c,2,3 '}\‘0,4




Stress range Ac,, = | Gyax.f — Omin ¢ | 1N the structural steel
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Basic combination of non-cyclic actions Fatigue loads
+
G, (orG.)+1.0 (or 0.0)S+0.6T, FLM 3
In every section - max (Or I\/Imln) Ma Ed M ,Ed MFLMS,max and I\/IFLMS,min

» Bending moment in the section where the structural steel detail is located :

MEd,max,f = Ma,Ed + Mc,Ed + MFLM3,max MEd,min,f = Ma,Ed + Mc Ed MFLM3,min
» Corresponding stresses in the concrete slab (participating concrete) :
V V V V
_ 1 1 _ 1 1
Gc,Ed,max,f - Ivlc,Ed [I_] + IVlFLM3,max (I_j Gc,Ed,min,f - IVlc,Ed {l_) + IVlFLM3,min [l_]
1 /n, 1 /n, 1 /n, 1 /n,
Case | 0. gqgmaxs >0 vV % Y % % % %
,Ed,max, _ 1 1 1 1| 1
1 Oc Edminf = 0 AGp - Ma,Ed I_a + Mc,Ed -t MFLMs,max |_ - Ma,Ed I_a + Mc,Ed |_ + MFLMS,min |_ - AMFLMs |_
T a 1 1 a 1 1 1
Case G Ed max,f <0 AGp — AMFLMS ﬁ
2 Gc,Ed,min,f <0 I2
Case G Ed,max,f >0 V1 V2 Vl V2
3 Gc,Ed,min f <0 Ao, = M eq T + MFLMS,max 1 *+Metws min 1
,Ed,min, . 1 2 1 2




Tension stiffening effect
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1 Tension
stiffening AGS’f
A effect
A /
Osp.2 Slope v,/1, (fully
cracked behaviour)
A
vl .-
AGs’p’B .

Bending
moment in the
composite
section <«

Slope v,/I;

|
|
l | <_ case 3 >I

\ 4 Mc,Ed + MFLMS,min

M .. +M

¢ Ed FLM3,max Gs Stresses in the reinforcement (>0 in compression)




Fatigue verifications
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" Ao AT
e C
In a structural steel detalil : Yo Ao, < c Yo, AT, <
¥ wit MY
3 5
( YeAoe ] _'_( VerATe j <1.0
Ac /VMf Aty /VMf
e In the reinforcement : AG
Vet ACE < Rsk Vs = 1.15
yS,fat
log Aoy,
A k B
f b
k kl k2 _
1
AG,, =162.5 MPa K,
N
N* =1.10° logN



Fatigue verifications

No (I
= (00 N: Ny (10g)

Cc
2.10%cycles 2.1060cycles

1. For asteel flange in compression at fatigue ULS :

AT, Ve = 1.0
with the recommended values :
Vi s Yurs = 1.0

Ve ATe <

2. For asteel flange in tension at fatigue ULS :

Ac, . At < At, YeAOe | Vel g4
A AGC/ny ATc/YMf,s

Y v Yt s

Ve ACg <
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. Verification of cross-section at mid-span P1-P2

. Verification of cross-section at internal support P1

Alternative double composite cross-section at internal
support P-1.

Justification of the Serviceability Limit States (SLS)
Stresses control at Serviceability Limit States
Control of cracking for longitudinal global bending

Connection at the steel-concrete interface



1. Verification of cross-section at mid-span P1-P2
1.1. Geometry and Stresses
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2,50

3,50

0,307

0,109
(N

Upper flange
1000x40 mm2

2,80

Web
2720x18 mm?2

Lower flange

120040 mm2 -

|

3,50

Deck centerline

| +346.6 MPa

» Concrete slab compressed.

-9.29 MPa
-3.71 MPa

)

(Compression)

+339.3 MPa
¥ —

-206.8 MPa
-200.6 MPa

+
(Tension)

» Stresses are calculated with the composite mechanical properties and
obtained by summing the various steps whilst respecting the construction
phases. (Sign criteria for the example + tension and — compression)

* Internal forces and moments: Mgy = 63.89 MN'm ; V4, = 1.25 MN



1. Verification of cross-section at mid-span P1-P2
1.2. Determining the cross-section Class (EN1994-2, 5.5.2) I
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Plastic analysis:

» Lower flange tensioned: Class 1

- The wupper flange is composite and connected (following the
recommendations of EN1994-2, 6.6): Class 1.

* To classify the steel web, we need to determine the position of the Plastic
Neutral Axis (PNA)

2,50 3,50
o i
o 1,00 -0.85-fufye=
o -0.85-35/1.5 )
B +f,uifin s
2 — = - - - . - . ) ZSZEMF‘a 1 (Comp_ressmn)
;' il < g " +f; o =Fyutfpan
Z 0 =345MPa =-345MPa
o g |
= Upper flange Web é
ﬁ' 1000x40 mm? 2720x18 mm?2 = N
S (Tension)
o
N _
3]
Lower flange 0
1200%40 mm2 - Ll
£ . : +f; 1m0
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1. Verification of cross-section at mid-span P1-P2
1.2. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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* Design plastic resistance of the concrete in compression:
(force of 72 slab)

0.85f,, 0.8535

=1.9484. =38.643 MN
7e 1.50

F=A

The design compressive strength of concrete is f_, = fc—k (EN-1994-2, 2.4.1.2).
e
EN-1994 differs from EN-1992-1-1, 3.1.6 (1), in which an additional coefficient a.. is
applied: 1 _ ety
7/C
a.. takes into account of the long term effects on the compressive strength and of
unfavourable effects resulting from the way the loads are applied.

EN-1994-2 used the value a..=1.00, without permitting national choice for several
reasons



1. Verification of cross-section at mid-span P1-P2
1.2. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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» The plastic stress block for use in resistance of composite sections, (EN-1994,
6.2.1.2 fig. 6.2) consist of a stress 0.85 f_4 extending to the neutral axis.

fam 0.85f%w/ve | Gecledre a EN 1992-1-1:
Tx 08x_[] e
Z_____[ﬁ_i iiiiii r,,,,f. :/ fcd:amfckf}’c

I

= I

Plastic Ir

neutral axis fa S e e -4 EN 1994-1-1:
0.85-{[;(1: with f(:d = fck J"}’G
0
——— Plastic i i i
Strain Stressto  Stress to EN 1902, noutral axis 1 Compressive strain Compressive stress

* Predictions using the stress block of EN-1994 have been verified against the results
for composite members conducted independently from the verifications for concrete
bridges.

« The EN-1994 block is easier to apply. The Eurocode 2 rule for rectangular block
(EN-1992-1-1, 3.1.7 (3)) was not used in Eurocode 4. Because resistance formulae
became complex where the neutral axis is close to or within the steel flange adjacent
to concrete slab.

» Resistance formulae for composite elements given in EN-1994 are based on
calibrations using stress block, with a..=1.00.



1. Verification of cross-section at mid-span P1-P2
1.2. Determining the cross-section Class (EN1994-2, 5.5.2) IV
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* The reinforcing steel bars in compression are neglected.
 Design plastic resistance of the structural steel upper flange (1 flange):

f, 345
Faa =R = =(10-004) 37 =1380MN - 164< 40 mm f,=345 MPa.

* Design plastlc resistance of the structural steel web (1 web):
345

=A, 2 b =(2.72-0.018)~->~16.891 MN
I Mo 1.0
» Design plastic resistance of the structural steel lower flange (1 flange):
f
F,=A,~2=(1.20- 0.04)-@ =16.56 MN
Yvo 1.0 ‘> A
2,50 3,50
S T
S — Desshs
SE- | < ; o 1 (Comp(n)essmn)
s 4H / 77777777777 e T~
3 1000¢40 2 otemmz < )
) E) (Tension)
Lower flange § _— :
1200x40 mm2 \i. biathi

2 +f; 1o
L 3,50 L =345MFa




1. Verification of cross-section at mid-span P1-P2
1.2. Determining the cross-section Class (EN1994-2, 5.5.2) Vv
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>

o As Fe| <|Fou| + FS,W‘JF Foir| and|F.| + |Fuu FS,W‘ +|F ¢ | it is concluded that the PNA
is located in the steel upper flange at a distance x from the extreme upper fibre

» The internal axial forces equilibrium of the cross section leads to the location of

the PNA:
0.04 -
-F -F +Fs,uf '%'FFS,W +FS,|f =0 ; x=0.0125m

c s,uf

« As the PNA is located in the upper steel flange the whole web and the bottom
flange are tensioned and therefore in Class 1

Conclusion: The cross-section at mid-span P1-P2 is in Class 1

2,50 3,50
5 1
o 1,00 -0.85fuky=
— -0.85-35/1.5 “)
+Hiuifpmo ;
%E E N S ——— R :SZSMF‘a ] (Comp_re55|on)
= < E i o oo -fyuifymo
Z w0 =348MPa =-345MPa
Web %
Upper flange £
8 1000x40 mm2 2720x18 mm2 = .
= y
T
o | (Tension)
i
[+]
L
Lower flange (=] o
+ 4 (]
1200x40 mm2 - :SZISMF‘a

E +fifmo

L 3,50 L =345MPa




1. Verification of cross-section at mid-span P1-P2
1.3. Plastic section analysis.
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1.3.1. Bending resistance check
The design plastic resistance moment is calculated from the position of the PNA

As Mgy = 63.89 MN'm < M, rq =79.59 MN-m is then verified.

2,50 3,50
o i
m . : —
o 1,00 -0.85 fufye=
F & -0.85-35/1.5 ‘0
B +fyuthio —
Sy = E— i 1 (Compression)
;— o SE™ +yd o =Fyutfpan
Z 0 =H5MPa = M5MPa
o g |
2= Upper flange Web é
2 1000x40 mm?2 2720x18 mm2 = .
G (Tension)
o |
x -
D
Lower flange a]
120040 mm?2 \:. :afig{nygi
o : ; +f; 1m0
L 3,50 =345MPa




1. Verification of cross-section at mid-span P1-P2
1.3. Plastic section analysis.
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1.3.2. Shear resistance check. Interaction M-V [

As N_272 5 11>%\/7 51.36 the web (stiffened by the vertical stiffeners)
t, 0.018

should be checked in terms of shear buckling, according to EN-1993-1-5, 5.1
The maximum design shear resistance V4 is given by
Vrd = MiN(Vyy ra 5 Vol ara)
Where:
* VywRra I8 the shear bucking resistance according to EN-1993-1-5, 5
* V1 ara IS the resistance to vertical shear according to EN-1993-1-1, 6.2.6

Shear resistance ,

Vo i Inferaction to Vg

Veg 10 EN 1993-1-5/5 i clause 6.2.2.4(2) :
o i i 3 T i e e g Vpi.ﬂd i
VowRg oo i ]

i OSV LRd ‘"*'"""'"'"'"""'E"'"""""'""“'“

O.sll/bw‘ﬂd -.-._.-......,..,_,_,_..“___.._...,..;..,..,..‘..,..‘.....,.., s p E
f




1. Verification of cross-section at mid-span P1-P2
1.3. Plastic section analysis.
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1.3.2. Shear resistance check. Interaction M-V Il
v _rhwhet 12345272018

= 10° =11.70 MN EN 1993-1-1, 6.2.6
pl,a,Rd \/5_7/M0 \/51 0 ( )

nf,.h,t 12345272018 ,
< —F = 10°=10.63MN (EN 1993-1-5, 5.2
f,Rd \/5_7/'\/” \/51 10 ( )

Given the distribution of the transverse bracing frames in the span P1-P2 (spacing
a=8 m), a vertical frame post is located in the mid span cross section.

Vb,Rd :wa,Rd +Vb

The shear buckling check is therefore performed in the adjacent web panel with the
highest shear force.

The maximum shear force registered in this panel is V4 = 2.21 MN.

The vertical frame posts are assumed to be rigid. This yields:

2 2
k =534+ 4(&J =5.34 + 4(%) =5.802
a

k., is the shear buckling coefficient (EN-1993-1-5 Annex A.3)



1. Verification of cross-section at mid-span P1-P2
1.3. Plastic section analysis.
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1.3.2. Shear resistance check. Interaction M-V 1]

24 2 2. 105.1Q2
oo oW w2108 gaomPa (EN-1993-1-5 Annex A1)
12(1-v?)h,2 12(1-0.37)2720

r. =k ‘o, =5.8028.312=48.22 MPa (EN 1993-1-5, 5.3)

9 f W fy,w 345
3 _0'76'\/: =0.76,|72--=2032 slenderness of the panel (EN-1993-1-5, 5.3.)

As 4w >1.08 then the factor for the contribution of the web to the shear buckling
resistance is:

U L A L Y (Table 5.1. of EN-1993-1-5, 5.3)

(0_7 e ) (0.7+2.032)

Finally the contribution of the web to the shear buckling resistance is:
v K fywhat _0.501345272018

= 10° =4.44 MN
bw,Rd \/5.7/'\/” \/5110




1. Verification of cross-section at mid-span P1-P2
1.3. Plastic section analysis.
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1.3.2. Shear resistance check. Interaction M-V \Y)

If we neglect the contribution of the flanges to the shear buckling resistance, then:
Vord =Vourd +Visrg =444 +0<10.63 MN ; V, o, =4.44 MN

S0, as Vgg = 2.21 MN< Vg4 = min(Vy,, rq i Vpiare)= Min(4.44 ; 11.70)=4.44, then is
verified.

If the vertical shear force Vg, does not exceed half the shear resistance Vg,
obtained before, there is no need to check the interaction M-V (EN-1994-2, 6.2.2.4).

In our case Vg = 2.21<0.5-4.44=2.22 MN then there is no need to check the

interaction M-V. Shear resistance

W12 1 Inleraction to
Veg to EN 1983-1-5/6 | clause 6.2.2.4(2)

ViR

05 I"ft)'.'-’,ﬂd L T A A R ;




Contents

Dissemination of information for training — Vienna, 4-6 October 2010

2. Verification of cross-section at internal support P1



2. Verification of cross-section at internal support P1
2.1. Geometry and Stresses
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2,50 3,50 *

-
= 1 | Uppersteel |m
@ reinforcement W
b= 1,00 $20 /130 mm |gn
A
L +180.29 MPa
R EEE OO F e o2 a0 . IR EEE ‘]\ P
@D +1685.688 MPa
=¥ &  o—
= < Lower steel +258'a MPa
= reinforcement | (Tension)
Upper flange ¢ 18/130 mm
1000x120 mm?2 Wb g
o 286026 mm?2 =
o) i
o g
c
@
2
A
O -
@
Lower flange (|
1200x120 mm?2 -
(Compression) -293.1 MFa
i i L 1]
1.2 -277.0 MPa
—r '
I 3,50

« Concrete slab tensioned. It's contribution is therefore neglected in the
cross-section resistance.

» Stresses are calculated with the composite mechanical properties and
obtained by summing the various steps whilst respecting the construction
phases. (Sign criteria for the example + tension and — compression)

* Internal forces and moments: M4 = - 109.35 MN'm; V4, =8.12 MN



2. Verification of cross-section at internal support P1
2.2. Determining the cross-section Class (EN1994-2, 5.5.2)
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» The upper flange is in tension therefore in Class 1
» The lower flange is in compression, and then must be classified according to (EN

1993-1-1, Table 5.2):

b, —t, 120026 c 587 235
2 g oosrmmo 0 “=7\205

c

(Lower flange t,=120 mm, f, (=295 MPa)

Then the lower flange is in Class 1
« The web is in tension in its upper part and in compression in its lower part. To
classify the steel web, we need to determine the position of the Plastic Neutral Axis

( ) 2,50 3,50
ro-. '| | Upper steel 3
o reinforcement O
o 1,00 Azufuu mm 2
. L +1890.29 MPa
=  [a r*r* 1 1t v vawerwassa % vrrrssa1a00°r Praaaas®rra1nrarrr s }_ —
@ | +165.86 MPa
22 e N e BLURGE
TAE o— L
=] Lower steel +QBBQ+MP8

reinfarcement Tension)
Upper flange ¢ 164130 mm
1000x120 mm2 Weh
2560x26 mm2

2,80
Deck center line
l‘u

Lower flange
1200120 mm2 -
T (Compression) -263.1 MPa

L 1
1,20 . -277 .5 MPa




2. Verification of cross-section at internal support P1
2.2. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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The position of the Plastic Neutral Axis (PNA) is determined as follows:
» The tensioned slab is cracked and we neglect its contribution.

 Ultimate force of the tensioned upper reinforcing steel bars (¢ 20/130 mm):

F, = A, % =124.99610*m* 2% _6 304 MN
S 1.15

7s

« Ultimate force of the tensioned lower reinforcing steel bars (¢ 16/130 mm):

=A, fa 92.79710*m> 222 _ 4,034 MN
A 1.15

 Design plastic resistance of the structural steel upper flange (1 flange):

Asuf “ ~(1.2- 0. 12)24905_354 MN

. DeS|gn plastlc resistance of the total structural steel web (1 web):

f
=A,, ~—=(2.56 - 0.026) ?4(? =22.963 MN

Mo

. DeS|gn plastic resistance of the structural steel lower flange (1 flange):

f
=A, 2 =(1.20" 012)2—905—4248MN

MO



2. Verification of cross-section at internal support P1
2.2. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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F

s,uf

<|F

— | sw

F

s,If

F

s,2

+ + + + +|Fu |+ >

Fs,1

Fs,2

Fs,1

Fs W |:s,lf

e As and the PNA is deduced to be

located in the steel web.

* If we consider that the P.N.A. is located at a distance x from upper the extreme fibre
of the web, then the internal axial forces equilibrium of the cross section leads to the
location of the PNA:

X _(2.56—X)F

I:s,1 + Fs,2 + I:s,uf + FSW256 - I:s,w 256 swo I:s,lf =0 , X=1 098 m

* Qver half of the steel web is in compression (the lower part): 2.56-1.098=1.462 m.

- mh;X 2222 05715050  if @>0.50 (EN-1993-1-1, 5.5 and table 5.2 sheet 1

a

of 3), then the limiting slenderness between Class 2 and Class 3 is given by:

235
456 |=>>
C_ 26 _gg 4655 4902 345 _5g 59

t 0.026 130-1 130.571—1
Then, the steel web is at least in Class 3



2. Verification of cross-section at internal support P1
2.2. Determining the cross-section Class (EN1994-2, 5.5.2) IV
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« Based on the elastic stress distribution at ULS: y= -(268.2 / 253.1) = -1.059< -1
therefore the limiting slenderness between Class 3 and Class 4 is given by:

C_ 290 98 46<626(1-y () =62 /%-(1 +1.059)/1.059 =108.49

t 0.026
It is concluded that the steel web is in Class 3.

Conclusion: The cross-section at support P1 is in Class 3 and is checked by an

elastic section analysis. AjA
2,50 3,50
I‘S (] | Upper steel ax
) reinforcement 0
o 1,00 ¢ 20 /130 mm |8
A—
I Ny +190.28 MPa
o e e e e B g
L A I PP R soeillatl
— +2892 6 MPa
= Lower steel +268.%MF'a
reinforcement (Tension)
Upper flange ¢ 167130 mm
1000120 mm?2 Wieh g
= 25B0x26 mm? =
a i
o g
c
4]
2 |
A
o -
]
Lower flange [
1200x120 mm?2 -
(Compression) -253.1 MFa
s 1
1,2 _ -277 EMPa
ot
I 3,50




2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.1. Elastic bending verification

In the elastic bending verification (class 3), the maximum stresses in the structural
steel must be below the yield strength: ‘G ‘<L

Mo
As we have 292.63 MPa in the upper steel flange and -277.54 MPa in the lower

steel flange, which are below the limit of fy/yM0=295 MPa admitted in an elastic
analysis for t,=120 mm, the bending resistance is verified.

This verification could be made, not with the extreme fibre stresses, but with the
stresses of the center of gravity of the flanges (EN-1993-1-1, 6.2.1(9)).

2,50 3,50
I‘O-- 1 | Upper steel %
o] reinfarcement Hs)
o 1,00 AQDI1SD ram [
Ny +190.29 MPa
I  [a r r v 2 v varrssavrrwerrsaoax Fe v a a2 AR * -—
[o) ‘ +165.86 MPa
S — bissesvaossooraaoaancss ety
o | — )
< Lower steel +288.%MF‘a
reinforcement | {Tension)
Upper flange ¢ 184130 rmm
1000120 mm32 Wieh g
o 286026 mm2 =
© h
o 8
c
7]
=
]
o -
[
Laower flange =)
1200x120 mm?2 -
*\T {Compression) -253.1 MPa
i 1.20 -277 & MPa
A i
I 3,50 I




2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.2. Alternative: Plastic verification (Effective class 2 cross-section) |

Eurocode EN-1994-2, 5.5.2(3) establishes that a cross-section with webs in Class 3
and flanges in Classes 1 or 2 may be treated as an effective cross-section in Class
2 with an effective web in accordance to EN-1993-1-1, 6.2.2.4.

2,50 3,50
i ,| | )
o~ 100 Lpper steel reinforcement g
i , AQDHSD mm S oy
o A e e e R N * 5400 ONEa
m | . La o & & s » % o 4 s 3 s % 0 4 &4 » m wm O a4 a w
E_ F__ | '|'f\,f,uff}’MD
= =+295MPa - T
Upper flange Lower steel reinforcement Hy fprio =
1000x120 mm2 $ 16/ 130 mm | =+3smP =
o + =Fy oy ]
< § &, i _Web . . B o eelan) =-345MPa__ gn
o Z o 2560126 mm?2 =
o) = -
- oS ot i b
o = - o
g (Compression) S
x| &
U =
L flange 8— 8))
Qi e = - - - - = = - = = = =
= B £ 1u]
1200120 mm2 = :—YBZD;}mF'a g
i o =)
1,20 , ~fo tFmo
; = =295 MPa
I 3,50




2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.2. Alternative: Plastic verification (Effective class 2 cross-section) i

If we consider that the PNA is located at a distance x from the extreme upper fibre

of the upper part of the web, then the internal axial forces equilibrium of the cross
section deduces the location of the PNA: ¢ ¢ ¢ +X'LN'R—'W—2{20'8'RN'E—’WJ—F _0
, s,2 s,uf 7/M0 7/M0 s,If

x=0.495 m (tensioned zone of the web)

And the hogging bending moment resistance of the effective class 2 cross-section
is: M rg=-122.97 MN'm. As Mg,=-109.35 then the bending resistance is verified.

2,50 3,50
= | o
o) Upper steel reinforcement (O
= 1,00 /\tzumau mm =3 +Hoye
" o
= ‘ .......................... o b T e * L =+434 78MPa |
o))
Eﬂ F_ 1 #y,uff}'MD
o =+298MPa T T EYY
Upper flange Low er steel reinforcement "'fY‘\"l}’MU %
1000120 mm2 ¢ 16/ 130 mm || =+34EMP |
+ Fymdfiio o~
= = I PRRT. T ) N ~adsmpa |
o Z o 2560:26 mm2 =
) o= Ll
(a1 = S P~
5 (Compression) 8
x| =
i
Lowier flange = R _.f;W_é g
1200x120 mm2 = 3M5MPa <+
LT M 7 S D
[ i |
1,20 i -fy ifpo
—

L 3]50 L =285 MPa




2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.3. Shear resistance check |
As N _ 296 =98.462%\/k7=51.36 the web (stiffened by the vertical stiffeners)
t, 0.026 n Ve

should be checked in terms of shear buckling, according to EN-1993-1-5, 5.1
The maximum design shear resistance V, is given by
Vra = MiN(Vpyra 3 Volard)
Where:
* Vywra i the shear bucking resistance according to EN-1993-1-5, 5
* V,ara IS the resistance to vertical shear according to EN-1993-1-1, 6.2.6

nf,,h,t 1.2345256026
Vo arg =2 = 10° =15.91 MN EN 1993-1-1, 6.2.6
pl,a,Rd \/§'7/M0 \/51 0 ( )

nf,.h,t  1.2345256026
=Voura +Vorra < Jg_y 110 ©~14.46 MN (EN 1993-1-5, 5.2)
M1 .

V

b,Rd




2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.3. Shear resistance check Il

Given the distribution of the transverse bracing frames in the span P1-P2 (spacing
a=8 m), a vertical frame post is located in the cross section at P-1.

The shear buckling check is therefore performed in the adjacent web panel with the
highest shear force.

The maximum shear force registered in this panel is Vg4 = 8.12 MN.

The vertical frame posts are assumed to be rigid. This yields:

2 2
k. =5.34 + 4(&J =534+ 4(?) =5.75
a

is the shear buckling coefficient (EN-1993-1-5 Annex A.3)



2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.3. Shear resistance check 1]

oo FEW w2102 g0y, (EN-1993-1-5 Annex A.1)
12(1-v*}h,?  12(1-0.3?)2560°

7, =K ‘o =5.7519.58 =112.58 MPa (EN 1993-1-5, 5.3)

_ £ [ 345
Aw = TM— =0.76,|—= =076 7>—2 =133 slenderness of the panel (EN-1993-1-5, 5.3.)

As 4w >1.08 then the factor for the contribution of the web to the shear buckling
resistance is:

137 137

[ _0675  (Table 5.1. of EN-1993-1-5, 5.3)
(0.7+24) (0.7+133)

Aw =

Finally the contribution of the web to the shear buckling resistance is:

v K f,w Nt 0.6753452560-26
R \/§'Vm1 \/§'1.1O

10° =8.14 MN



2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.3. Shear resistance check Y

If we neglect the contribution of the flanges to the shear buckling resistance, then:
Vird =Vowrd +Verga =8.14+0<14.46 MN ; V, o, =8.14 MN

W

S0, as Vg = 8.12 MN< Vg = min(Vy, rya s Vpiare)= Min(8.14 ; 15.91)=8.14, then the
shear resistance is verified without considering the interaction M-V.

When the flange resistance is not fully used to resist the design bending moment,
and therefore M <My the contribution from the flanges to the shear buckling
resistance could be evaluated according to EN-1993-1-5, 5.4.

by 1, f Mg, 2
Vit e = C%Myf -[1{%} J (Usually this term has a very low influence, and can be
| neglected)
In our case: V., =0.197 MN (For calculation details see the paper)

M;rq is the bending resistance of the cross-section without the web, only
considering the flanges



2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.3. Shear resistance check \'}
The hogging bending moment resistance of the effective cross-section neglecting

the web area is M; g4=-117.40 MN-m.

2,50 3,50 ‘>
P~ |
< . ]
o) Upper steel reinforcerment €0
= 1,00 /yizumau mm \g. +hye
—
— A S L L =eTMRa
@ ‘ ...................... - ~Fruifymo
E M =-295MPa
. Upper flange O e = i TR S R
o
1000120 mm2 < = ii g‘ Lower steel reinforcement +H o
> i 4167130 mm =+285MPa
o= !!
=] ” Web g (Tension)
= I 2560x26 mm2 =
o~ — k> 7
” 8 (Compression)
u g |
[l v
Lower flange W ]
1200x120 mm2 |
o 1,20 -Foiifyma
e S | ‘ =-285MPa
] 3,50 I

As [Mey|=109.35<|M,,|=117.40  the bending resistance is verified without considering
the influence of the web, and the shear resistance is already verified neglecting the
contribution of the flanges, there’s no need no verify the interaction M-V.

However we will check the interaction M-V for the example



2. Verification of cross-section at internal support P1
2.3. Section analysis
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2.3.4. Interaction M-V
The interaction M-V should be considered according to EN-1993-1-5, 7.1 (1).

In our case, as the design shear force is higher than 50% of the shear buckling

resistance then is has to be verified: Shoar esistance |
M ) Veo | 0 EC3155 |y ey
— f,Rd — ‘
ot 1= [ 20 1] <10 . i—
pl,Rd ' \
Where: \\
— M Ed _ V . e T e H.H._,_.‘.._.-,_._,_._,
pl.Rd bw,Rd i
|
I . Med
Mias  Mars More

This criterion should be verified, according to EN-1993-1-5. 7.1 (2) at all sections
other than those located at a distance less than h,/2 from a support with vertical
stiffness. If we have: V¢ ,=7.885 MN, and Mc,=-100.605 mMN at that point, then:

— 7.885

5. =100.605 g0 5 =L _0 9686 51{1__'\"% }[253—1}2:0.818{1—117'40}[2-0.9686—1]2:0.858<1

= 22.07

L=
8.14 . 122.97
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Dissemination of information for training — Vienna, 4-6 October 2010

Double composite cross section alternative at hogging bending moments, with
inferior concrete located between the two steel girders, connected to them.

Economical alternative to reduce steel weight of the compressed bottom flange.

Compression stresses from negative bending usually keep the bottom slab
uncracked, so bending and torsional stiffness are noticeably higher than those
classically obtained with steel sections.

Double composite action greatly improves the deformational and dynamic response
both to bending and torsion.

The cross sections along the whole bridge are in Class 1 or Class 2, also in hogging
areas. Thus instability problems at ultimate limit state are avoided, not only at the
bottom flanges because of their connection to the concrete, but also in webs, due to
the low position of the neutral axis in an ultimate limit state.
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Two examples of Spanish road composite bridges with double composite action in
hogging areas.
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vl

: _—

Example of the first Spanish High Speed Railway Viaduct with double composite
action
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3. Alternative double composite cross-section at internal support P-1
3.1. Determining the cross-section Class (EN1994-2, 5.5.2)
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» The upper flange is in tension therefore it is in Class 1
* The lower flange is in compression, and then must be classified according to (EN

1993-1-1, Table 5.2):

_Dby-t, _1000-26 c_487_ 101235 _
c= If2 = — 487 mm L~ 60 8.116 <10+ =10 | === =8.375
(Lower flange t,=60 mm, f, =355 MPa)

Then the lower flange is in Class 2
» The upper part of the web is in tension and lower part is in compression. To classify
the steel web, we need to determine the position of the Plastic Neutral Axis (PNA).

2,50 3,50
] 1
Q d 3 [30]
oM Upper steel reinfarcemen t 0
o 1,00 20 /130 rm |8 e
"
R TR T e T e e T e T § . T4 78MPa |
gl L RN
i B s \/ =
l:gg:r,lﬂ;onge 5 o Lower steel o
% mim reinforcemnen t g | =+345MP
Web ¢ 167130 mm = "
| .
5 2620%26 mm2 fo (Tensian)
S L
o == 5
«Q [ [ o
(&N}
2 3
@ O
4 2 Q|
~ ST e | iR L e YT S OIS UMM 11 S T V.S Py SO PSP S i -
£
8 o 085 fsfre=| | -y wfymo
@ Q 0.85-35/1 =-345MPa
o o) \.\ -0.89-3971.9) |
L fl : Botnim (Compression)
ower flange 1,20 _ concre te ~fifun i
i =285 MPa

100060 mm2 —
[ 3,50 |




3. Alternative double composite cross-section at internal support P-1
3.1. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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The position of the Plastic Neutral Axis (PNA) is determined as follows:

« The tensioned upper slab is cracked and we neglect its contribution.

« Ultimate force of the tensioned upper reinforcing steel bars (¢ 20/130 mm):
F, = Agjfs—k —144.99610* m2-% —6.304 MN

- Ultimate force of the tensioned lower reinforcing steel bars (¢ 16/130 mm):
F,=A, f =92.79710™ mz-% —4.034 MN

S

. Design plastic resistance of the structural steel upper flange (1 flange):

A2, 012)2—905—354MN

. DeS|gn pVastlc resistance of the total structural steel web (1 web):

f
=A,, ~—=(2.62 - 0.026) ?4(? =23.50 MN

. DeS|gn Plastlc resistance of the structural steel lower flange (1 lower flange):

Fp=A, 2 =(1.00 006)@_20 1MN

MO

» Design plastic reS|stance of the bottom concrete slab in compression:

0.85f, 0.8535

F =3.50.5.
Ve 1.50

et = A =34.7 MN




3. Alternative double composite cross-section at internal support P-1
3.1. Determining the cross-section Class (EN1994-2, 5.5.2) Il
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F

s,uf

<|F

S\W

=

s,If

+|F,

c,inf

to be located in the steel web.

* If we consider that the P.N.A. is located at a distance x from the upper extreme fibre

of the web, then the internal axial forces equilibrium of the cross section gives the
location of the PNA:

+|F |+ +|F

s,2

+ + |::s,uf + Fs,w 2 I:s,lf +

the PNA is deduced

I:c,inf

X (2.62-x)
F +F,+F, +F “F, F, ~F,~F, =0
+ + s,uf + Sw 2 62 SW 262 S, Y c,inf , X=1 815 m

* Only around 30% of the steel web is in compression (the lower part)

thX 2622612815_0307<05o if @ >0.50 (EN-1993-1-1, 5.5 and table 5.2 sheet 1

of 3), then the limiting slenderness between Class 2 and Class 3 is given by:

4.5 |2

c_ 2.62 10076 < 41.55 345

t  0.026 a 0.307
Then, the steel web is at least in Class 2

=111.56




3. Alternative double composite cross-section at internal support P-1
3.1. Determining the cross-section Class (EN1994-2, 5.5.2) IV
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* However, the part of the web in touch with the bottom concrete slab, is laterally
connected to it, so only 0.305 m of the total length under compression (0.805 m)
could have buckling problems. If we take this into consideration, the actual depth of
the web considered for the classification of the compressed panel is
1.815+0.305=2.12m instead of 2.62 m, considered before.

. With these new values: «=" ﬁfx _ 2'122‘112'815 —0.144 <050

« According to EN-1993-1-1, 5.5 and table 5.2 (sheet 1 of 3), if @ <0.50 then the
limiting slenderness between Class 1 and Class 2 is given by:

235

c 212 36: 0345
S22 g4 V385 50633 - - ;A
t 0.026 a  0.144 o ’ : ’
The steel web could be 3 100 A% "

g S A A e L e
classified as Class 1. 3 | .......... : \/ ____________ -

168120 2 = Bee,  © o do
Conclusion: The cross-section <k T e
at support P1 with double £ B £ s >
composite action is in Class 2 { §,___ﬁ____ .
E
(due to the lower steel flange) 3 2 \ 085t ] i)
L hgggraﬂoangez/’T \ Eioonrtcorr;e :‘fV-"lyMD (Cnmpr: nnnnnn )

) 3,50




3. Alternative double composite cross-section at internal support P-1
3.2. Plastic section analysis. Bending resistance check

Dissemination of information for training — Vienna, 4-6 October 2010

If we consider that the PNA is located at a distance x=1.815 m from the upper
extreme fibre of the web, then the hogging bending moment resistance of the Class

2 cross-section is: M, p4=-142.85 MN'm

In comparison with the ultimate resistance of the simple composite action cross-
section we have significantly increased the bending resistance, locally reducing the
amount of structural steel just by adding the bottom concrete slab connected to the

steel girders AjA
2,50 3,50
5] T o
o) 1 00 Upper steel reinforcement 8
i : Azumau mm S oy
— v \ L =+434 7AMPa
‘ ............................................ j\
O e s e i s R e ettt i s e e P
Sl e il Y =
Upper flange 8 Lower stesl +y o
1000x120 mm2 reinforcement g | =+345MP
Web ¢ 16 /130 mm = .
< E 2620x26 mm2 I (Tension)
o 5 o
0 o - = (&)
(N
2 %
@ i)
o O |
si PTG e | e T AT s L S S L S Gl NS i L B S -
£
3 3 -0.85-fufre=| | ~Fofpio
o o \\ -0.85-35/1.5 =adsire
— l - -
Lower flange . 120 ?;:;’:te Hithyuo (Compression)
1000x60 mm2 Kf{ s L =295 MPa
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4. Justification of the Serviceability Limit States (SLS)



4. Justification of the Serviceability Limit States (SLS)
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EN-1994-2, 7.1 (1) establishes that a composite bridge shall be designed such
that all the relevant SLS are satisfied according to the principles of EN-1990, 3.4.
The limit states that concern are:

» The functioning of the structure or structural members under normal use.

» The comfort of people.

» The “appearance” of the construction work. (Related with such criteria as high
deflections and extensive cracking, rather than aesthetics)

At SLS under global longitudinal bending the following should be verified:
 Stress limitation and web breathing, according to EN-1994, 7.2.
» Deformations: deflections and vibrations, according to EN-1994, 7.3.

» Cracking of concrete, according to EN-1994, 7.4

Deflection or vibration control, should be done according to EN-1994, 7.3.
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5. Stresses control at Serviceability Limit States



5. Stresses control at Serviceability Limit States
5.1. Control of compressive stress in concrete
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EN-1994-2, 7.2.2 (1) establishes that the excessive creep and microcraking of concrete
shall be avoided by limiting the compressive stress in concrete.

EN-1992-1-1, 7.2 (2) recommends to limit the compressive stress under the
characteristic combination to a value of k,f., (k;=0.60), and also recommends to limit
compressive under the quasi-permanent loads to k,-f, (k,=0.45) in order to admit
linear creep assumption.

Characteristic SLS combination= Concrete Slab stresses

10
A
/ .
5 1 ,‘( -~ -1 .f \\ !‘\\.
Lo Y ~ I - _ I':'- w ] it L
AI:_.-"': e v - + b I__:ﬁ-_x' ns / ) "'l...._:---.l
—_— — - - ! - i
= - ‘*j- N g ~ M L-::_—_}_...u"
g P Lo-
[ /
% [ 20 40 80 160 1 140 160 120 L]
E
—— 8 /ﬂ/ \'\4"\_‘ / L-J'-——-l |
8T 5 AN
g | T AN 4
w2
ws
ET 0
- T
0 c
[=}
=
% - - Lowerface of concrete slab.
= Max. stress
e -15 Lowerface of concrete slab. —
- Min. stress ]
- -- Upperface of concrete slab.
Max. stress
—— Upperface of concrete slab.
20 Min stress —]
—0.60-fck ]
——0.45-fck

25 [ [
Cross section x (m)




5. Stresses control at Serviceability Limit States
5.2. Control of stress in reinforcement steel bars
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Tensile stresses in the reinforcement shall be limited in order to avoid inelastic strain,
unacceptable cracking or deformation according to EN-1992-1-1, 7.2(4).

This may be assumed to be avoided if, under the characteristic combination, the tensile
stress in the reinforcement does not exceed k;-f,, (k;=0.8) and where the stress is
caused by an imposed deformation, the tensile stress should not exceed k,-f, (k,=1.0)

When M. ¢4 is negative, the tension stiffening term Ao, should be added to the stress
values calculated without taking the concrete strength into account.

Characteristic SLS combination-Upper reinforcement layer stresses
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- -=-- Cracked caleulation.
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Cracked calculation.
sssssssss
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Min. stress
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5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel I
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For the characteristic SLS combination of actions the following criteria for the normal
and shear stresses in the structural steel should be verified (EN-1993-2, 7.3):

f

y

O-Ed ,ser <
M,ser

f

y

T <—
Ed,ser [~
3 ) 7/ M,ser

f

2 2 y
\/G Ed,ser +3-7 Ed,ser <
M,ser

The partial factor yy <., is @ national parameter, and the recommended value is 1.0
(EN-1993-2, 7.2 note 2)

For the verification of the stresses control at SLS, the stresses should be considered

on the external faces of the steel flanges, and not in the flange midplane (EN-1993-1-
1,6.2.1 (9))



5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel
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5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel Il
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Characteristic SL8 comblnatlon=-Lower steel flange stresses
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5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel IV
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Characteristic SLS comblnation=-shear stresses In the centrold of the cross section
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5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel

Dissemina tion of information for training — Vienna, 4-6 October 2010
Characteristic SLS combination- Upper steel flange stresses
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— Cracked calculation
——Uncracked calculation
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5. Stresses control at Serviceability Limit States
5.3. Stress limitation in structural steel
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5. Stresses control at Serviceability Limit States
5.4. Additional verification of fatigue under a low number of cycles
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According to EN-1993-2, 7.3 (2), it is assumed that the nominal stress range in the
structural steel framework due to the SLS frequent load combination is limited to:

15-1,

Aoy, <

M,ser

This criterion is used to ensure that the "frequent" variations remain confined in the
strictly linear part (+/- 0.75 f,) of the structural steel stress-strain relationship. With this,
any fatigue problems for a low number of cycles are avoided.



5. Stresses control at Serviceability Limit States
5.5. Limitation of web breathing
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Every time a vehicle crosses the bridge, the web gets slightly deformed out of its
plane according to the deformed shape of the first buckling mode and then returns to
its initial shape. This repeated deformation called web breathing is likely to generate
fatigue cracks at the weld joint between web and flange or between web and vertical
stiffener.

According to EN-1993-2, 7.4 (2), for webs without longitudinal stiffeners (or for a sub-
panel in a stiffened web), the web breathing occurrence can be avoided for road

bridges if: - N 30, 40.L<300
L

Where L is the span length in m, but not less than 20 m.
For the design example:

*in end-span: h,/t, = 151.1 = 30+4-:60=270

* in central span: h,/t, = 151.1 =300

Generally speaking this criterion is widely verified for road bridges.
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6. Control of cracking for longitudinal global bending



6. Control of cracking for longitudinal global bending
6.1. Maximum value of crack width

Dissemination of information for training — Vienna, 4-6 October 2010

Table 7.101N — Recommended values of Wax and relevant combination rules

Reinforced members and prestressed Prestressed members with
Exposure Class members without bonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 0,34 0,2

XC2, XC3, XC4

Ad, AT 0,2b
ig; XD2, XD3 XS1, XS2, Decompression

a

For X0, XC1 exposure classes, crack width has no influence on durability and this limit is set to guarantee acceptable appearance.
In the absence of appearance conditions this limit may be relaxed.

b For these exposure classes, in addition, decompression should be checked under the quasi-permanent combination of loads.

Recommended values
defined in EN1992-2,
7.3.1 (concrete
bridges)




6. Control of cracking for longitudinal global bending
6.2. Cracking of concrete. Minimum reinforcement area I
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The simplified procedure of EN-1994-2, 7.4.2 (1) requires a minimum reinforcement
area for the composite beams:

A% — kskckfct,eﬁ Act /Gs
Where:

* f.ierr IS the mean value of the tensile strength of the concrete effective at the time
when the cracks may first be expected to occur. f +=3.2 MPa for a concrete
C35/45 (EN-1992-1-1 table 3.1).

e k is a coefficient which allows for the effect of non-uniform self balanced
stresses . k=0.80 (EN-1994-2, 7.4.2 (1).

* k, is a coefficient which accounts for the effect of the reduction of the normal
force of the concrete slab due to initial cracking and local slip of the shear
connection. k,=0.90 (EN-1994-2, 7.4.2 (1)).

« k. is a coefficient which takes into account the stress distribution within the
section immediately prior to cracking, and is given by:
1

Kk, = +0.3<1.0
1+, /(2z,)




6. Control of cracking for longitudinal global bending
6.2. Cracking of concrete. Minimum reinforcement area Il

Dissemination of information for training — Vienna, 4-6 October 2010

* h, s the thickness of the concrete slab, excluding any haunch or ribs. In our
case h.=0.307 m

« z, is the vertical distance between the centroid of the uncracked concrete
flange, and the uncracked composite section, calculated using the modular ratio
n, for short term loading.

Zy
E.N.A.
Calculated
with n,
SIS
In our case the support P-1 cross section z,=1.027-(0.109+0.307/2)=0.764m, and
at , Z,=0.669-(0.109+0.307/2)=0.406m

* o, is the maximum stress permitted in the reinforcement immediately after
cracking. This may be taken as its characteristic yield strength f,,=500 MPa
(according to EN-1994-2, 7.4.2).

* A, is the area of the tensile zone, caused by direct loading and primary effect
of shrinkage, immediately prior to cracking of the cross section. For simplicity the
area of the concrete section within the effective width may be used: 1.95 m?.



6. Control of cracking for longitudinal global bending
6.2. Cracking of concrete. Minimum reinforcement area Il
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Then:

k, = 1
1+0.307/(20.764)

k. = 1 +0.3=1.02<1.0 , hence k.=1.0
1+0.307/(2:0.406)

+0.3=1.13<1.0 for the support P-1 cross section, hence k.=1.0

A, =09-1.0-0.8"3.2-1.950 - 10°/500 = 8985.6mm? =89.85cm’

for half of slab (6 m).

As we have ¢$20/130 in the upper reinforcement level and $16/130 in the lower
reinforcement level: (24.166+15.466)cm?/m-6.0m=237.79cm?>>A,,,,=89.85cm?, so

the minimum reinforcement of the slab is verified



6. Control of cracking for longitudinal global bending
6.3. Control of cracking under direct loading I
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According to EN-1994-2, 7.4.3 (1), when the minimum reinforcement is provided, the
limitation of crack widths may generally be achieved by limiting the maximum bar
diameter (EN-1994-2 table 7.1), and limiting the maximum bar spacing of bar
diameter (EN-1994-2 table 7.2). Both limits depend on the stress in the
reinforcement o, and the crack width w,.

The maximum bar diameter ¢ for the minimum reinforcement may be obtained

according to EN-1994-2,7.4.2 (2): ¢ _ ¢’ fet e
(f,, = 2.9 MPa)

EN-1994-2 table 7.1

Steel stress | Maximum bar diameter ¢ (mm) for design crack width EN-1994-2 table 7.2
(o w . ” .

(N/mm?) wi=0.4mm We=0.2mm Steel stress Maximum bar spacing (mm) for design crack
160 40 32 3 f).q Os ) width wy
200 3 »-,: ;6 (N/mm”) wi=0 4mm w;=0.2mm
R o 160 300 300 200
240 20 16 12
320 12 10 6 240 250 200 100
360 10 8 5 280 200 150 50
400 4 320 150 100
450 6 5 - 360 100 50




6. Control of cracking for longitudinal global bending
6.3. Control of cracking under direct loading |
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The stresses in the reinforcement should be determined taking into account the
effect of tension stiffening of concrete between cracks. In EN-1994-2, 7.4.3 (3) there
is a simplified procedure for calculating this.

In @ composite beam where the concrete slab is assumed to be cracked, stresses in
reinforcement increase due to the effect of tension stiffening of concrete between
cracks compared with the stresses based on a composite section neglecting
concrete.

The direct tensile stress in the reinforcement o, due to direct loading may be
calculated according to EN-1994-2, 7.4.3 (3):

O, =0y, + Aoy,
_ 0.44,, is the effect of tension stiffening of concrete between cracks, with:
Og'Ps
Al
Og =
Al

Ao

S




6. Control of cracking for longitudinal global bending

6.3. Control of cracking under direct loading i
Dissemination of information for training — Vienna, 4-6 October 2010 59
0.4f Al
Os =050 T AGS Ao, = = A =
) . |
CAYR Al

Where:

o, Is the stress in the reinforcement caused by the internal force acting on the
composite section, calculated neglecting concrete in tension.

fam IS the mean tensile strength of the concrete. For a concrete C35/45 (EN-
1992-1-1 table 3.1) f_,,=3.2 MPa.

ps is the reinforcement ratio, given by: p, =%
A. is the area of the tensile zone. For simplicity the area of the concrete
section within the effective width may be used. In our case A =1.95 m2.

A, is the area of all layers of longitudinal reinforcement within the effective
concrete area.

A,|l are area and second moment of area, respectively, of the effective
composite section neglecting concrete in tension.

A, |, are area and second moment of area, respectively ,of the structural steel
section.



6. Control of cracking for longitudinal global bending

6.3. Control of cracking under direct loading IV
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In our case:
For the support P-1 cross-section: 937 79.10
A=237.79 cm? (¢ 20/130 + ¢ 16/130 in 6 m), hence” ==z =0.01219=12.19%
~ 0.35430.5832

1.232

“ ~0.33050.5076
Then, the effect of tension stiffening in the support P-1 cross section is

0.4:3.2

o, = —85.23Mpa
1.2320.01219

A.=185.59 cm? (¢ 16/130 + ¢ 16/130 in 6 m), hence A, = oo — =0.00852-0.952%

. _0.15550.2456 __
*0.13690.1969
Then, the effect of tension stiffening in mid span P-1/P-2 cross section is

o. = 0432 =94.95Mpa

S 1.4160.0

416




6. Control of cracking for longitudinal global bending
6.3. Control of cracking under direct loading
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As the tensile stresses in the reinforcement caused by the internal forces acting on

the composite section(under the quasi-permanent combination of loads), calculated
neglecting concrete in tension are:

 Support P-1 cross-section: o, o = 65.94 MPa

o, = 27.45 MPa

Then the direct tensile stress in reinforcement o, due to direct loading (EN-1994-2,
7.4.3) are:

 Support P-1 cross-section: o, = 05 tAo, =65.94+85.23= 151.17 Mpa

0, = 0, o + Ao, =27.45+94.95= 122.4 MPa



6. Control of cracking for longitudinal global bending
6.3. Control of cracking under direct loading Vi
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* As both values are below 160MPa, the maximum bar spacing for the for design
crack width w,=0.3mm is 300 mm. As we have 130 mm, the maximum bar
spacing is verified.

* The maximum bar diameter ¢* for the minimum reinforcement should be 32 mm,

\ f
and é=¢ ct.eff = 32mm£ =35.31mm
(fyo =2.9 MPa) 2.9

« As the example verifies the minimum reinforcement, the actual maximum
diameter used on the longitudinal steel reinforcement is ¢ 20, lower than the limit
established by EN-1994-2 table 7.1, and the bar spacing also verifies the limits
established by EN-1994-2 table 7.2, then the crack width is controlled.

EN-1994-2 table 7.1

Steel stress | Maximum bar diameter ¢ (mm) for design crack width EN-1994-2 table 7.2
o, 0 . — :
(N/mm?) =0 4mm =0 3kn1111 | w=0.2mm Steel stress Maximum bar spacing (mm) for design crack
| 160 | +0 S 32 25 %, width. v

500 1 Y 16 | (N/mm') wi=0.4mm wi=0.3mm wi=0.2mm
N - | 160 300 @ 200
240 20 16 12
130 16 12 3 200 300 250 150
370 12 10 6 240 250 200 100
360 10 8 5 280 200 150 50
400 3 6 4 320 150 100
450 6 5 - 360 100 50




6. Control of cracking for longitudinal global bending
6.4. Control of cracking under indirect loading I
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* It has to be verified that the crack widths remain below 0.3 mm using the indirect
method in the tensile zones of the slab for characteristic SLS combination of

actions.

* This method assumes that the stress in the reinforcement is known. But that is
not true under the effect of shrinkages (drying, endogenous and thermal
shrinkage).

* The following conventional calculation is then suggested:

* We could invert the minimum reinforcement area for the composite beams
given by EN-1994-2,7.4.2 (1) A = KK Kl o Ayl o 100 oy = KKK o Ay 1A
 Let’s consider that this is the stress in the reinforcement due to shrinkage at

the cracking instant.
* In our case, for the support P-1 cross-section: A;=237.79 cm?, and
A,=185.59 cm?.
This gives:
Support P-1 cross-section:
0.=0.9x1.0x0.8x3.2x1.95/(237.79E-4)=188.94 MPa

0,=0.9x1.0x0.8x3.2x1.95/(185.59E-4)=242.08 MPa



6. Control of cracking for longitudinal global bending
6.4. Control of cracking under indirect loading Il
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High bond bars with diameter ¢=20 mm have been chosen in the upper
reinforcement layer of the slab at the support cross-section, and ¢=16 mm at the
mid- span P-1/P-2 cross section. This gives:

« Support P-1 cross-section: ¢*= ¢2.9/3.2=18.125 mm

The maximum reinforcement stress is obtained by linear interpolation in EN1994-2
Table 7.1:

 Support P-1 cross-section: 230.18 MPa >0,=188.94 MPa
>0,=242.08 MPa

Hence both sections are verified. EN-1994-2 table 7.1
Steel stress | Maximum bar diameter gb* (mm) for design crack width
Os Wi
(N-""mlflz) wi=0.4mm wi=0.3mm wi=0.2mm
160 40 32 25
200 < 32 — 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 5
400 8 6 4
450 6 5 -
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7. Connection at the steel-concrete interface
7.1. Resistance of headed studs I
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Design shear resistance of a headed stud:

PRd — min(P(1)Rd ; P(2)Rd ) with:

-d?
o 0.8-f,- Design resistance when failure is due to the shear of the
P e = , steel shank toe of the stud
o 0.29.-a-d%-ff, -E,
P e = 7 Design resistance when the failure is due to the concrete

crushing around the shank of the stud

: hSC
With:  a=0.2 FH for3<h,/d<4; =1.0 forh,/d >4

%  partial factor. The recommended value is %, =1.25

d diameter of the shank (16=d<25mm)

ultimate tensile strength of the material of the stud (fu<500MPa)
f..  characteristic cylinder compressive strength of the concrete

E.,, secant modulus of elasticity of concrete

h,. height of the stud.



7. Connection at the steel-concrete interface
7.1. Resistance of headed studs 1l
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0.125T,i/ 0.75 /»"0.125 ‘X‘

1A

——— |

P
ith - Rows of 4 Studs
In our case, with: $22 h=200mm

Headed stud of steel S-235-J2G3 of d=22 mm, h =200 mm, and f =450 MPa, then:
E.,=22000(f,,,/10)°°=34077.14 MPa (concrete C35/40)

2
0.8-450. 7 22
PO = or 4 _0.1095-10° N= 0.1095 MN
1.992 . [3E. h. 200
P _0:29:1:22 12355 3407714 _ 4y 1226 MN Note that o.=1 dSC =§=9.09 >> 4

Then Pry = 0.109MN | and each row of 4 headed studs resist (ULS):4 - Py g, =0.438MN

For Serviceability State Limit, the maximum longitudinal shear force per connector
should not exceed k,-Py4 (the recommended value for k,=0.75).

Then: K, :Pyy =0.75-0.1095 MN=0.0766 MN

Each row of 4 headed studs resist at SLS: 4. kS 'PRd =0.3064 MN



7. Connection at the steel-concrete interface
7.2. Detailing of shear connectors I
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Maximum longitudinal spacing between connectors (EN-1994-2, 6.6.5.5 (3))
» To ensure a composite behaviour of the main girder

Smax < Min (800 mm ; 4 h,), with h_ the concrete slab thickness

max
* In order to classify a compressed upper flange connected to the slab as a Class 1/ 2
s <22-t - /235/fy solid concrete slab and there is contact over the full length

s <15-t -/235/fy concrete slab is not in contact over the full length

Maximum distance of shear connectors closest to the free edge of the upper
flange in compression

e, <9-t -235/fy |

e,= 50mm




7. Connection at the steel-concrete interface
7.2. Detailing of shear connectors Il
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Results of applying both conditions to our case

Upper Steel
flange f, (N/mm?) S max €p
t. (mm)
40 345 726 297
55 335 800 414
80 325 800 *
120 295 800 ¥

Minimum distance between the edge of a connector and the edge of a plate

ep 2 25 mm in order to ensure the correct stud welding (EN-1994-2, 6-6-5-6 (2))

o :M_g:1000—750_222:114>25

> 2 2 2

0.125 1 0.75 10125 ‘x‘

==

Rows of 4 Studs
$22 h=200mm




7. Connection at the steel-concrete interface
7.2. Detailing of shear connectors i
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Minimum dimensions of the headed studs (EN-1994-2 6.6.5.7 (1) and (2))

=15d

« Height of a stud h,. 2 3-d o
 The head of the stud should have: hz3d
Diameter = 1.5-d
Depth  20.4-d T

16 <d < 25mm
 For studs welded to steel tensioned plates subjected to fatigue

loading, the diameter of the stud should be (EN-1994-2, 6.6.5.7 (3))
d<15-t
 EN-1994-2, 6.6.5.7 (5) establishes that the limit for other elements than

tensioned plates or webs is:
d<25-t

Minimum spacing between rows of connectors (EN-1994-2 6.6.5.6 (4))
* Longitudinal spacing >5:d=110 mm in our case
« Spacing in the transverse direction >2.5-d in solid slabs

>4-d in other cases



7. Connection at the steel-concrete interface
7.3. Connection design for the characteristic SLS I
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With elastic behaviour, each load case produces a longitudinal shear force per unit
length v  at the interface between concrete slab and steel.

S, 'V,
Vik = |
Where:
v.x Is the longitudinal shear force per unit length at the interface concrete-steel
S. is the moment of area of the concrete slab with respect to the centre of

gravity of the composite cross-section
I is the second moment of area of the composite cross-section

V, is the shear force for each load case from the elastic global cracked
analysis

To calculate the shear force per unit length at the interface, the cross-section
properties are calculated by taking the concrete strength into account (uncracked
composite behaviour of the cross-section), even if M. ¢, is negative.



7. Connection at the steel-concrete interface
7.3. Connection design for the characteristic SLS Il
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 The final shear force per unit length is obtained by adding algebraically the
contributions of each single load case and considering the construction phases.

* The modular ratio used in S, and | is the same as the one used to calculate the
corresponding shear force contribution for each single load case.

 For SLS combination, the structure behaviour remains entirely elastic and the
longitudinal global bending calculation is performed as an envelope.

The value of the shear force per unit length is determined in each cross-section
at abscissa x by:

Vik(X)= maXDVmin,k (x);

Vmax,k (X )H

In each cross-section there should be enough studs to resist all the shear force per
unit length:

VL,k(X) S % : (kS . PRd ) Wlth kSPRd:4 kS .PRd, of 1 stud :0.3064 MN |S the SLS

resistance of a row of 4 headed studs.



7. Connection at the steel-concrete interface
7.3. Connection design for the characteristic SLS i
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SLS shear force per unit lenght resisted by the studs

1.2

1.1

VA A
05 N\ 4 \h ’\\ \ /

N : N \ 4
iy AN /
| X V

Shear force per unit lenght {MN/m)

03
02 SLS shear force per unit lenght
0.1 Shear force per unit lenght resisted
by the rows of 4 studs
0 ! . 4
0 20 40 60 &0 100 120 140 160 180 200

Cross-section (m)




7. Connection at the steel-concrete interface
7.4. Connection design for the ULS combination I
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The design of the connection at ULS starts by:
 Elastic calculation of the shear force per unit length at the steel-concrete interface

« Elastic analysis with the cross sections properties of the uncracked section taking
into account the effects of construction, as made for SLS

The shear force per unit length at ULS is therefore given by:

(X)H with Vi g4 = > .IVEd

Vmax,Ed

Ve () =MaX| [V (X);

The number of shear connectors per unit length, constant per segment, should
verify the following two criteria (EN-1994-2, 6.6.1.2(1)):

* Locally in each segment “i”, the shear force per unit length should not exceed by
more than 10% what the number of shear connectors per unit length can resist:

N. .
Vi Ed (X)S1-1':'°PRD with Py :4'PRD, of 1stud

« Over every segment length (L;), the number of shear connectors should be
sufficient so that the total design shear force does not exceed the total design
shear resistance:

X1

[ Vi) XN (Pe)  with  Pro =4 Pag, o 100

X



7. Connection at the steel-concrete interface
7.4. Connection design for the ULS combination Il

Dissemination of information for training — Vienna, 4-6 October 2010

ULS shear force per unit lenght resisted by the studs
16

1.5

il .
1.3 A —1

- 7L!\I\ ll\ A

N NN AN
09 % ‘u// /.‘ 5.\\

° Vi \ W 4

o7 ]

08 - / \ / N

o \ i \l ya \-. /
vV

04

ﬁ‘x,

Shear force per unit lenght (MN/m)

03
=—=\JLS shear force per unit lenght
02
01 Shear force per unit lenght resisted
by the rows of 4 studs at ULS
O e
0 20 40 60 80 100 120 140 160 180 200

Cross-section {m)




7. Connection at the steel-concrete interface
7.4. Connection design for the ULS combination i
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Design with plastic zones in sagging bending areas: EN-1994-2, 6.6.2.2

« If a cross-section with a positive bending moment at ULS, has partially yielded
the elastic calculation for the ULS combination of actions, could be not secure.

« As far as the structure behaviour is no longer elastic, the relationship between the
shear force per unit length and the global internal forces and moments is no
longer linear. In a plastic zone, the shear connection is normally heavy loaded
and a significant bending moment redistribution occurs between close cross-

sections.

* In our case study, the mid span
W 250 | 350 cross-sections are Class 1 sections,
1,00 but no vyielding occurs, with a
e o medium tensile value for the lower
“ | flange of 342.9 MPa < f,=345MPa.

‘ {(Compresion)
)- There is no need to perform the
+ more complex calculations

(Tension)

0,307

0,109
171
|

Upper flange

1000x40 mmz2 Web
2720x18 mm2

2,80
Axel of the bridge

Lower flange
1200x40 mm2
St +339.3 MPa
— +3466MPaT—

L 3,50




7. Connection at the steel-concrete interface
7.5. Synopsis of the design example
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Spacing of Rows of 4 headed studs (m)

1.200

1.100

1.000

0.900

0.800 -

0.700

0.600

0.500

0.400 A

0.300

0.200

0.100

0.000

Spacing of Rows of 4 headed studs

= Maximum distance between rows of connectors Smax

— Spacing of rows of connectors at SLS
Spacing of rows of connectors at ULS
= = Spacing of connectors (symmetric envelope)

| |

20

40

50

80

100
Cross-section (m)

120

140

160

180

200




7. Connection at the steel-concrete interface
7.6. Design of the shear connection for fatigue ULS I
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Fatigue load model FLM3 crossing induces the stress ranges:

At shear stress range in the stud shank, calculated at the level of its weld on the
upper structural steel flange, calculated using the uncracked cross-section
mechanical properties.

At is thus deduced from variations in the shear force per unit length under the
FLM3 crossing using the short term modular ratio n.

A VL,FLM3

wd®) N,
4

AT =

* 40, normal stress range in the upper steel flange to which the studs are welded



7. Connection at the steel-concrete interface
7.6. Design of the shear connection for fatigue ULS Il
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Fatigue verifications for the connection in a steel flange in compression

v Ar, < B% (EN-1994-2,6.8.7.2 (1))

ny,s
« Az, equivalent constant range of shear stress for 2:10° cycles
ATE,Z - AVAT

A is the damage equivalent factor. For bridges 4,=4,;"4,>' 4,344
A,,= 1.55 for road bridges up to 100 m span.
A, to 4,, determined according to EN-1993-2, 9,5,2 (3) to (6), with m=8
* Az, is the reference value of fatigue strength at 2 million cycles. 4z, =90 MPa
* Ve is the fatigue partial factor. According to EN-1993-2, 9.3 the recommended

value is ¢ =1.0 ATR (10a)

* nurs Is the partial factor for verification
of headed studs in bridges. Ac.= m=8
Recommended value 3 =1.0 90 MPa ~—

(EN-1994-2, 2.4.1.2 (6))

Ng |

N, =2.106 1°9)

cycles



7. Connection at the steel-concrete interface
7.6. Design of the shear connection for fatigue ULS Il
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Fatigue verifications for the connection in a steel flange in tension

Yer ACE 1.0 Ver ATe VerACE + Ver ATe

. <1.0
A, 1y ATC/VMf,s Ao, /ny ATC/YMf,s

* Ao: stress range for the upper steel plate (EN-1994-2, 6.8.6.1 (2))

<1.3 (EN-1994-2,6.8.7.2 (2))

ﬂ.¢0' ﬂ‘¢‘ maxf mmf

ATR (log) E ...... AGR (log)
Atc= ~—_ : Ac = N\
90 s R 80 =5
MPa N i ‘—’J MPa N
R (I
N, =2.106 (%9 At Ao, N, =2.106 R (log)

cycles cycles



7. Connection at the steel-concrete interface

7.6. Design of the shear connection for fatigue ULS IV
Ve AG Ve AT Ve AG Ve AT

_IH 7"E <1. Ff E < 10 A Ff E + X Ff E <1.3 AO'E :l¢‘0max,f _Gmin,f
A, /vy ATc/YMf,s G/ Yy Tc/YMf,s

- Ais the damage equivalent factor. 4=4,-4,-45-4, with m=5 (EN-1993-2, 9,5,2)
« ¢ is the damage equivalent impact factor. For road bridges ¢=1.0 (EN-1994-2,

6.8.6.1 (7)). ¢ is increased when crossing an expansion joint, (EN-1991-2. 4.6.1(6)),
¢ =1.3[1-D/26]=1.0, with D<6m.

* Onaxt aNd oy . Max & min stresses due to the max & min internal bending
moments resulting from the combination of actions (EN-1992-1-1, 6.8.3 (3)):

[ZGk,j u+ " P u+ " Waka’»] ||+ "Zl//ZiQk,i ju_i_ 1] Qfat

i1 i>1

* Ao, is the reference value of fatigue strength at 2 million cycles. Ao, =80 MPa
* i IS the partial factor for fatigue resistance according to EN-1993-1-9(table 3.1)

ATR (10g) AGR (1og)
_ m=3
ATC= AGC= \
90 T~ 80 =5
MPa MPa
N, =2.106 NR og) N, =2100 R (og)

cycles cycles



7. Connection at the steel-concrete interface
7.7. Influence of shrinkage and thermal action on the connection
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It is necessary to anchor the shear force per unit length coming from the isostatic (or
primary) effects of shrinkage and thermal actions (EN-1994-2 6.6.2.4 (1)) at both
bridge ends.

« Step 1: obtaining, in the cross-section at a distance L ,=b_=6 m from the free deck
end (anchorage length), the normal stresses due to the isostatic effects of the
shrinkage (envelope of short-term and long-term calculations) and thermal actions.

» Step 2: determining the maximum longitudinal spacing between stud rows over the
length L,=b.; which is necessary to resist the corresponding shear force per unit
length.

In our example, the maximum longitudinal shear force at the steel/concrete interface:
« 2.15 MN under shrinkage action (long-term calculation)
* 1.14 MN under thermal actions.

This gives V| £4=1.0-2.15 + 1.5-1.14 = 3.86 MN for ULS combination of actions.

= = S = =
Ve = =0BA3MNM Sy, i

eff VL,Ed
This spacing is higher than the one already obtained. Generally, the anchorage of
the shrinkage and thermal actions at the free deck ends doesn’t govern the
connection design

=0.681m
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