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EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

-EN 1992-2 contains principles and
application rules for the design of bridges
iIn addition to those stated in EN 1992-1-1

- Scope: basis for design of bridges in
plain/reinforced/prestressed concrete
made with normal/light weight aggregates
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Section 3 = MATERIALS

- Recommended values for C_, . and C,__,

\ AN

C30/37 C70/85
(Durability) (Ductility)

- a,. coefficient for long term effects and unfavourable
\ effects resulting from the way the load is applied

Recommended value: 0.85 — high stress values during construction

- Recommended classes for reinforcement:
“B” and “C”

(Ductility reduction with corrosion / Ductility for bending and shear mechanisms)
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Section 4 = Durability and cover to
reinforcement
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Penetration of corrosion stimulating
components in concrete
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Deterioration of concrete

Corrosion of reinforcement by chloride penetration
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Avoiding corrosion of steel in concrete

Design criteria 1

- Aggressivity of environment . j ;.
- Specified service life "

Design measures
- Sufficient cover thickness
- Sufficiently low permeability of concrete (in combination with cover

thickness)
- Avoiding harmfull cracks parallel to reinforcing bars
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Aggressivity of the environment

Main exposure classes:

* The exposure classes are defined in EN206-1. The main classes are:

« XO — no risk of corrosion or attack

« XC —risk of carbonation induced corrosion
« XD - risk of chloride-induced corrosion (other than sea water)
« XS — risk of chloride induced corrosion (sea water)
« XF —risk of freeze thaw attack

« XA — chemical attack



EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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

Aggressivity of the environment

Further specification of main exposure classes in subclasses (l)

Class Description of the environment Informative examples where exposure classes
designation may occur

1 No risk of corrosion or attack

For concrete without reinforcement or

X0 embedded metal: all exposures except where
there is freeze/thaw, abrasion or chemical
attack
For concrete with reinforcement or embedded
metal: very dry Concrete inside buildings with very low air humidity
2 Corrosion induced by carbonation
XCA1 Dry or permanently wet Concrete inside buildings with low air humidity
Concrete permanently submerged in water
XC2 Wet, rarely dry Concrete surfaces subject to long-term water
contact
Many foundations
XC3 Moderate humidity Concrete inside buildings with moderate or high air
humidity
External concrete sheltered from rain
XC4 Cyeclic wet and dry Concrete surfaces subject to water contact, not

within exposure class XC2

3 Corrosion induced by chlorides
XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides
XD2 Wet, rarely dry Swimming pools

Concrete components exposed to industrial waters

containing chlorides

XD3 Cyclic wet and dry Parts of bridges exposed to spray containing

chlorides

Pavements

Car park slabs
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Procedure to determine ¢, gur

EC-2 leaves the choice of ¢, 4., t0 the countries, but gives the following
recommendation:

The value c,;, 4., depends on the “structural class”, which has to be
determined first. If the specified service life is 50 years, the structural class
is defined as 4. The “structural class” can be modified in case of the
following conditions:

- The service life is 100 years instead of 50 years
- The concrete strength is higher than necessary
- Slabs (position of reinforcement not affected by construction process

- Special quality control measures apply

The finally applying service class can be calculated with Table 4.3N
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Table for determining final Structural Class

Structural Class

Exposure Class according to Table 4.1

production ensured

Criterion X0 XC1 [ XC2/XC3| Xc4 XD1__ [ XD2/XS1[XD3/XS2/XS3

Design Working Life of | increase | increase increase increase | increase | increase | increase class

100 years classby 2 | class by 2 | class by 2 | class by 2 | class by 2 | class by 2 by 2

Strength Class "* > C30/37 | =C30/37 | =C35/45 | =C40/50 | = C40/50 | = C40/50 = C45/55

reduce reduce reduce reduce reduce reduce |reduce class by

classbhy 1 |classbhy 1| classby 1 |classby 1| classby 1 | class by 1 1

Member with slab recuce reduce reduce reduce reduce reduce |reduce class by

geometry classby 1 |classby 1| classby 1 | classby 1 | class by 1 | class by 1 1

{position of reinforcement

not affected by construction

process)

Special Quality reduce reduce reduce reduce reduce reduce |reduce class by

Control of the concrete | class by 1 | classby 1 | classby 1 | class by 1 | class by 1 | class by 1 1
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Final determination of ¢, 4. (1)

The value ¢, 4, is finally determined as a function of the structural
class and the exposure class:

Table 4.4N: Values of minimum cover, ¢, dur» Frequirements with regard to durability for
reinforcement steel in accordance with EN 10080.

Environmental Requirement for cyin dur (Mmm)
Structural Exposure Class according to Table 4.1
Class X0 XC1 | XC2/XC3 XC4 XD1/XS1 | XD2/XS2 | XD3/XS3
S 10 10 10 15 20 25 30
S2 10 10 15 20 25 30 35
S3 10 10 20 25 30 35 40
S4 10 15 25 30 35 40 45
S5 15 20 30 35 40 45 50
S6 20 25 35 40 45 50 55
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Special considerations

In case of stainless steel the minimum cover may be
reduced. The value of the reduction is left to the decision
of the countries (0 if no further specification).

—_—
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- XC3 class recommended for surface protected by
waterproofing

[ Exposed concrete surfaces within (6 m) of the

carriage way and supports under expansion

joints: directly affected by de-icing salt

- When de-icing
salt is used Recommended classes for surfaces directly

affectd by de-icing salt: XD3 — XF2 — XF4, with

covers given in tables 4.4N and 4.5N for XD

| classes
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Section 5 = Structural analysis

- Linear elastic analysis with limited redistributions

=

Limitation of 0 due to uncertaintes on size effect
and bending-shear interaction

=

0> 0.85 (recommended value)
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- Plastic analysis

S -

Restrictions due to uncertaintes on size effect and bending-shear
interaction:

r

q « 0.15 for concrete strength classes < C50/60

d _ 0.10 for concrete strength classes > C5h5/67
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- Rotation capacity

— I

Restrictions due to uncertaintes on size effect and bending-shear
interaction:

In plastic
hinges
.
0.30 for concrete strength classes < C50/60
AT
d _ 0.23 for concrete strength classes > C55/67
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Numerical rotation capacity

70

60 - RANAR

5
",0' Ly
-
~
950 A o
— ~
T kW
(qn] ~
S 40 -
= ~. h=02m
—'"’l\. Q\\
E 30 7] "l’ . \\
.
U: t.—"'ﬂ"*\ "l.‘ \\
20 -—b—...-'"\. \‘\ % \\
- -...\‘.h 06\ 04‘ ‘s\
~ L__‘ i \\
\.‘ \.‘. n -~ ~
10 - *T08 il i *
" - ‘.".‘ ."“.‘_ Y
H\. \""' "‘\ \’
0 el T
| | | |

0.00 0.10 0.20 0.30 0.40 0.50
x/d



EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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

- Nonlinear analysis = Safety format

/ N\

Reinforcing steel Prestressing steel
g - - .
Mean values Mean values Sargin modified
/ \ mean values
1.1 1, 1.1 k fy 11 1, ‘

YCf fck

|

Ve = 1.1 vel v,
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# Design format

4+ Incremental analysis from SLS, so to reach
Yo Gk + Yo Q in the same step

4+ Continuation of incremental procedure up to the
peak strength of the structure, in corrispondance
of ultimate load q4

4+ Evaluation of structural strength by use of a
global safety factor v,

S -

qud
Yo

R




EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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

4+ Verification of one of the following inequalities

Y E(;/GG +;/QQ) < R(qud ]
Yo

E (VGG + J/QQ) < R(}/F:“j/o j

(|e) R [ qud j
Yo
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-
Yrq = 1.06 partial factor for model uncertainties (resistence side)

With Ysq = 1.15 partial factor for model uncertainties (actions side)

Yo = 1.20 structural safety factor
-

If yrq =1.00 then vy, =1.27 is the structural safety factor
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Application for scalar combination of internal actions

4+ Safety format . .
y and underproportional structural behaviour

E,R
.
A7 | s D__*
R(qud/j/O)/ [-=-==--- Lol i E
Yra |F EG’ ! E
__:,--—-g»---- | G,, E E :
R(qud/ycy F E : E E
Ve i | A i
| ! L
! i )
H” ci _iB _
(ng + yqa)max Qug Qud G

(7GG + 700)max 70
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Application for scalar combination of internal actions

+ Safety format . .
y and overproportional structural behaviour

ER )

(%)
R (0 / 7%

R(qud /7/0)/
VRd 7 sd

ol

(796 + yqa)max qLd qu
(yGG + 7/00)ma °
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Application for vectorial combination of internal

+ Safety format . . .
y actions and underproportional structural behaviour

MsdMrd |
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Application for vectorial combination of internal

+ Safety format | . .
y actions and overproportional structural behaviour

M sd ,M rd
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For vectorial combination and yr4 = Y54 = 1.00 the safety
check is satisfied if:

MED < MRd qLd
Yo
and
NED < NRd qLd
Yo
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Concrete slabs without shear reinforcement

Shear resistance V4 . governed by shear flexure failure:
shear crack develops from flexural crack
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Concrete slabs without shear reinforcement

Prestressed hollow core slab

Shear resistance V4 . governed by shear tension failure:
crack occurs in web in region uncracked in flexure
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Shear design value under which no shear
reinforcement is necessary in elements
unreinforced in shear (general limit)

VRd,c — CRd ck(loo /Oifck )U3bwd

Cryc  coefficient derived from tests (recommended 0.12)

k size factor = 1 + V(200/d) with d in meter

P longitudinal reinforcement ratio ( <0,02)

fy characteristic concrete compressive strength
b smallest web width

d effective height of cross section
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Shear design value under which no shear
reinforcement is necessary in elements
unreinforced in shear (general limit)

Values for viin (N/mm?)

d=200 | d=400 d=600 | d=800
Minimum value for Vg, .
C20 0.44 0.35 0.25 0.29
VRd’C = Vmin bW d C40 0.63 0.49 0.44 0.41
C60 0.77 0.61 0.54 0.50
C80 0.89 0.70 0.62 0.58
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Annex LL = Concrete shell elements

A powerfull tool to design 2D elements
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Axial actions and bending
moments in the outer layer

i, T : .- )
yvxs_=;:‘ - yxvs

ZVJ( y L y ZX‘
1 i DT . l

Membrane shear actions and . e~
twisting moments in the outer layer e
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= Out of plane shear forces vg4, and vgy, are applied to the inner layer
with lever arm z_, determined with reference to the centroid of the
appropriate layers of reinforcement.

= For the design of the inner layer the principal shear vg4, and its
direction ¢, should be evaluated as follows:

_ 2 2
VEdo =4 VEdx T VEdy

VEdy

tan, =
VEdx
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= |n the direction of principal shear the shell element behaves like a
beam and the appropriate design rules should therefore be applied.

Py = Py cos? @, + py sin? @,
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= When shear reinforcement is necessary, the longitudinal force
resulting from the truss model V4 -cotb gives rise to the following
membrane forces in x and y directions:

2
VEdy
NEdye = - cotd
0
_ VEdx VEdy
NEdxye = Co

VEdo

té

v )
NEdye = 25— cot 6
VEdo

VEdx YEdy o
VEdo

té

NEdyxe = "Edxye =
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= The outer layers should be designed as membrane elements, using
the design rules of clause 6 (109) and Annex F.
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Gde ¢T Edxy
——
- Membrane elements OEdx
T
Edxy

¢ t Edxy
cTEdy

# Compressive stress field strength defined as a function
of principal stresses

# |If both principal stresses are comprensive

1+ 3,80
(1+ 05)2

\ IS the ratio between the two
principal stresses (o < 1)

O-cd max 085 fcd
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4+ Where a plastic analysis has been carried out with 6 =0,
and at least one principal stress is in tension and no
reinforcement yields

O-cd max

GS
= f,4|0,85-—0,85-v)
yd
IS the maximum tensile stress

value in the reinforcement

4+ Where a plastic analysis is carried out with yielding of any
reinforcement
=v f,(1-0,032/|0-6,])

O-cd max

is the angle to the X axis of plastic /

compression field at ULS is the inclination to the X axis of
(principal compressive stress) principal compressive stress in

‘9 -0, ‘ <15 degrees the elastic analysis
<
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Model by Carbone, Giordano, Mancini

Assumption:

strength of concrete subjected to biaxial
stresses is correlated to the angular deviation
between angle 3, which identifies the
principal compressive stresses in incipient
cracking and angle 9, which identifies the
inclination of compression stress field in
concrete at ULS

— M —

With increasing A3 concrete damage increases
progressively and strength is reduced accordingly
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Plastic equilibrium condition

Py Csy Py Csy
bttt j P44 A
- % A N .
Py O : F . ix_t_éi\{(% - :pxﬁsx
A t y T Xi//?
Gy Gy

G, +tcotd, -0, p, =0
t+o,cotd, -0, p,cotd, =0
ttand,; -0, +0,p, —0. =0

T-o,tand, +o tan3, —o. tan I, =0

5¥ pl‘f
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Graphical solution of inequalities system

0.50 T
045 T Eq. 70
040 + Eq. 72
035 I Eq. 71
0.30 | NG e Eq. 69 o, =0.16
v 025 | o o, = 0.06
020 | L n,=n, =-0.17
0.15 | 9, =45°
0.10 + Eq. 73 ‘
005 1 _.°
0.00 w w ‘ ‘ ‘ ‘ ‘ ‘
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
B
vz—(o, +n )tand, (69)
v<{o, —n)tan8,; (70
T
’f—l(tan 8, +cots,)-[055-012Ins, - 8,0 ve(ce,+n)cots, 71)
C
V= I(ae:njr — “3:) cot 9 (72)
V< vsin 9, cos8, (73)
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12 12 +
+
10 10 -
+ +
+ +
+
8 + o+ 5 w0t
T cal T cal Y
hpa ) Mpa
Mpa) . . Mpa] o
& 4 + &
+
4 + 4 +
__;:+
+
2 - 2' - +
0 i
a 2 4 ) g 10 12 a 2 4 & ! 10 12
T we [MP3] T wp [MP3]
(a) (b)

Experimental versus calculated panel strenght by Marti and Kaufmann (a)
and by Carbone, Giordano and Mancini (b)
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Skew reinforcement

< — > Plateg
Oxr Oxr conventions

Ya 6 /i

\ > Txyr
X i"yf

Thickness =t;




EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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

Equilibrium of the
sino; section parallel to

Par Osar Ar

.. the compression
N—— l Sing, field
A /...
‘‘‘‘‘‘‘ —
..... a oy coserl Tyxyr COSO
COSO,
G, sinb, cos f—0c, cost, sinfB+7, cos(6, + )
PO = ;
v sin(6, —a)cos(a — B)
o, SING, sina + G, cost, cosa +7,, sin(0, +a)
pﬁy D-s,{i’r =

cos(6, — Bcos(ax — B)
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g Equilibrium of the
I r :
Oxr COSOr : section orthogonal to
— ___a"-._‘pocr Osar dr _
oSO, : - the compression
Txyr COSO; i field
.......................

Tyyr SINOr

lcyrsiner

sing,

: f f ; —_
—0,Cco86, +T_ sinG, +p o & cosa—p,c b sinf+o, cosd, =0

4 f H f 4 —
—0, §in0, +7_, cos0, + p G & sina—p,oab cosf+o, sind =0
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Use of genetic algorithms (Genecop lll) for the optimization of
reinforcement and concrete verification

— I —

Objective: minimization of global reinforcement

Stability:  find correct results also if the starting point is very
far from the actual solution
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Section 7 = Serviceability limit state (SLS)

- Compressive stresses limited to k,f,, with exposure
classes XD, XF, XS (Microcracking)

k;,=0.6 (recommended value)

k, =0.66 in confined concrete (recommemded value)
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- Crack control

Exposure Reinforced members and Prestressed members with
Class prestressed members with bonded tendons
unbonded tendons
Quasrpermangnt load Frequent load combination
combination
X0, XC1 0,31 0,2
XC2, XC3, XC4 0,22
0,3

XD1, XD2, XD3

XS1, XS82, XS3 Decompression

Note 1: 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.

Note 2: For these exposure classes, in addition, decompression should be checked
under the quasi-permanent combination of loads.

Decompression requires that concrete is in compression within a distance
of 100 mm (recommended value) from bondend tendons
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For skew cracks where a more refined model is not available,
the following expression for the may be used:

~1
s cosd N sing
rm S S

rm,x rm,y

where s, , and s, , are the mean spacing between the cracks
In two ideal ties arranged in the x and y directions. The mean
opening of cracks can than evaluated as:

W = Srm(gJ_ o gc,J_)

where ¢, and ¢, | represent the total mean strain and the mean
concrete strain, evaluated in the direction orthogonal to the crack



EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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




EUROCODE 2 — Design of concrete structures
Concrete bridges: design and detailing rules

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

Expressing the compatibility of displacement along the
crack, the total strain and the corresponding stresses in
reinforcement in x and y directions may be evaluated, as
a function of the displacements components w and v,
respectively orthogonal and parallel to the crack direction.
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Moreover, by the effect of w and v, tangential and
orthogonal forces along the crack take place, that can be
evaluated by the use of a proper model able to describe

the interlock effect.
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Finally, by imposition of equilibrium conditions between
internal actions and forces along the crack, a nonlinear
system of two equations in the unknowns w and v may be
derived, from which those variables can be evaluated.
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Annex B = Creep and shrinkage strain

SN[ —

+ HPC, class R cement, strength > 50/60 MPa with or
without silica fume

4+ Thick members — kinetic of basic creep and drying
creep is different

( Autogenous shrinkage:

+ Distiction between related to process of hydratation

Drying shrinkage:
L related to humidity exchanges

+ Specific formulae for SFC (content > 5% of cement by
weight)
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- Autogenous shrinkage

+ For t<28days f,.,(t)/fy isthe main variable

fcm (t) <01 gca (t, fck):O

01 & (t, £ ) =(fu —20)(2.2M—o.2j106

ck

+ For t> 28 days

Eea (t.F4) = (f —20) [2.8—1.1exp(-t/96)] 10~

T~

97% of total autogenous shrinkage occurs
within 3 mounths
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- Drying shrinkage (RH < 80%)

K(fy)|72exp(-0.046f,)+75-RH |(t—t,)10™°
(t—t)+ By h02

&4t T, ,ny,RH) =

with:  K(f,)=18 if f, <55MPa
K(f,)=30-0.21f, if f, >55MPa

5. - 0.007 for silica — fume concrete
o 0.021 for nonsilica — fume concrete
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& (Lty) = (k) D, (1)) + Dy (L) ]

c28

—

'z N\
Basic creep Drying creep
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- Basic creep

t 1,
D, (t’to’ Tocs Tem (to))_%o [\/’{\/7:,3 ]

3.6

with: Boo = (t)

for silica—fume concrete

1.4 for non silica— fume concrete

0.37exp[2.8f°““f(t°)] for silica—fume concrete

ck

ﬂbc =

0.4exp(3.1f°’“(t°)} for non silica—fume concrete
ck
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- Drying creep

(Dd (t’ts’tO’ fck 1 RH J hO) = ¢d0 [gcd (t’ts) — &y (tO’ts)]

1000 for silica - fume concrete

with: Pgo =
3200 for nonsilica - fume concrete
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=

At least 6 months

- Long term delayed strain estimation

AT —

'z N
Experimental

Formulae o
determination
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- Safety factor for long term extrapolation vy,

t (age of concrete for estimating the .
delayed strains) i
t<1 year 1
t= 9 years 1,07
t =10 years 1.1
¢t = 50 years 1,17
t =100 years 1,20
t = 300 years 1,25
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Annex KK = Structural effects of time

Assumptions

dependent behaviour of
concrete

Creep and shrinkage indipendent of each other

Average values for creep and shrinkage within
the section

Validity of principle of superposition (Mc-Henry)
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Type of analysis

General and incremental

method

step-by-step

Methods based on the theorems of linear
viscoelasticity

The ageing coefficient method

Simplified ageing coefficient method

Comment and typical
application

These are general methods and are
applicable to all structures. Particularly
useful for verification at intermediate
stages of construction in structures in
which properties vary along the length
(e.g.) cantilever construction.

Applicable to homogeneous structures with
rigid restraints.

This mehod will be useful when only the
long -term distribution of forces and
stresses are required. Applicable to
bridges with composite sections (precast
beams and in-situ concrete slabs).

Applicable to structures that undergo
changes in support conditions (e.g.) span-
to- span or free cantilever construction.
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- General method

_ Oy Oy 1 o(t,t;)
«0=g oy PO E g +§[ ) E (28)]Aa(ti )+ (Lt

A step by step analysis is required

4+ Atthe time t of application of o the creep strain g_(t),

the potential creep strain g_..(t) and the creep rate are
derived from the whole load history
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4+ The potential creep strain at time t is:

ds, (1) do p(eo,1)
dt dt E_,

* t =t

N

under constant stress from te the same ¢g_(t) and
€...(t) are obtained

Eree (1) B (1 1,) = & (1)

4+ Creep rate at time t may be evaluated using the creep
curve for t,

deee®) _, (1 op, (L.t,)
dt ot
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4+ For unloading procedures

[Ecc(D] > [€5cc(t)]
and t, accounts for the sign change

& ccMax (t) — & (t) = (gchax (t) ~ e (t)) ) IBC (t’ te )

d (gchax (t) — & (t)) aﬂc (t’ 1:e )
dt ot

= (gchax (t) ~ Eonc (t)) )

where g .«(t) is the last extreme creep strain reached before t
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- Application of theorems of linear viscoelasticity

+ J(t,t;) an R(tt,) fully characterize the dependent properties
of concrete

4 Structures homogeneous, elastic, with rigid restraints

+ Direct actions effect

S(t) = SeI (t)

D(t) = E. [ (t,7)dD, ()
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+ |ndirect action effect
D(t) = D, (t)

() == [R(t.7)d5, (¢)

4 Structure subjected to imposed constant loads whose initial
statical scheme (1) is modified into the final scheme (2) by
introduction of additional restraints at time t, > t,

S, (t)=Sq.+<(t 1,4 )AS,

S(ttot)= IR( r)dd(z.t)

£ttt ) =1-
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+ When additional restraints are introduced at different times
t. > t,, the stress variation by effect of restrain j introduced at
t, is indipendent of the history of restraints added at t; <t

]
Sy =Sus +LE (L 4)S,,

- Ageing coefficient method

Integration in a single step and correction by means of y
(1=0.8)

L | E.(28 E (28
I{ 2t T)}dg(f) ) { S H6)ea(t6) A0
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- Simplified formulae

o0, 1,) -t 1) E (L)
1"’7((0(00”[1) E. (t;)

S, =S, +(S, - S,)

o0

where: S, and S, refer respectively to construction and
final statical scheme

t, is the age at the restraints variation
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EN 1992-2 = A new design code to help In
conceiving more and more
enhanced concrete bridges
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Local justification of the concrete slab
Durability — cover to reinforcement

Minimum cover, c... (EN1992-1-1, 4.4.1.2)

min

C.,=max{c, ..;C

min,b’

; 10 mm}

min min,dur ?
* Cninp (bond)is given in table 4.2
c = diameter of bar (max aggregate size < 32 mm
c = 20 mm on top face of the slab
Cminb = 25 mm on bottom face at mid span between
the steel main girders

min,b

min,b

. (durability) is given in table 4.4N, it depends on :

m|n ,dur

the exposure class (table 4.1)
the structural class (table 4.3N)
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Structural class (table 4.3 N)

Local justification of the concrete slab
Durability — cover to reinforcement

Top face of the slab :

Bottom face of the slab :

XC3 I" l_ XC4
Structural Class
Criterion Exposure Class according to Table 4.1
X0 XC1 XD1 XD2/ XS1 [XD3/XS2/XS3
Design Working Life of | increase | increase increase increase | increase | increase | increase class
100 years class by 2 | class by 2 | class by 2 Bclass by 2 | class by 2 | class by 2 by 2
Strength Class "~ >C30/37 | =C30/37 | >C35/45 | = C40/50 | > C40/50 | > C40/50 | = C45/55
reduce reduce reduce reduce reduce reduce |reduce class by
classby 1 |classby 1] classby 1 | classby 1 | class by 1 | class by 1 1
Member with slab reduce reduce reduce reduce reduce reduce |reduce class by
geometry classby 1 |classby 1] classby 1 ficlass by 1 Jclass by 1 | class by 1 1
{position of reinforcement
not affected by construction
process)
Special Quality reduce reduce reduce reduce reduce reduce |reduce class by
Control of the concrete | class by 1 | classby 1} classby 1 ficlass by 1 Jclass by 1 | class by 1 1
production ensured

Final class :

3

4
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Durability — cover to reinforcement
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Cpin.dur (table 4.4 N)

Top face of the slab : Bottom face of the slab :
XC3 —str. class S3 XC4 — str. class S4

Table 4.4N: Values of minimum cover| Cin.dur, requirements with regard to durability for
reinforcement steel in ac¢ordance with EN 10080.

Environmental Requirement for ¢y d.r (mm)
Structural Exposure Class accor:iing to Tablg 4.1
Class X0 XC1 | XC2 ] XC3 XLC4 XD1/XS1 | XD2/XS2 | XD3/XS3
S1 10 10 10 15 20 25 30
S2 10 10 L 3 40 25 30 35
S3 10 10 I 20 35 30 35 40
S4 10 15 25 30 35 40 45
S5 15 20 30 35 40 45 50
S6 20 25 35 40 45 50 55
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Chom = Cmin T AC4., (allowance for deviation, expr. 4.1)

nom min

AC4oy = 10 mm (recommended value 4.4.1.3 (1)P)

Acy., May be reduced in certain situations ( 4.4.1.3 (3))
* in case of quality assurance system with measurements of the
concrete cover, the recommended value is:

10 mm 2 Acy,, 2 5 mm

Cover (mm) cmin,b min,dur Acdev Cnom

Top face of the slab 20 20 10 30

Bottom face of the slab 25 30 10 40
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* The verifications of transverse bending and vertical
shear are performed on an equivalent beam
representing a 1-m-wide slab strip.

* Analysis:

* For permanent loads, which are uniformly distributed over the length of
the deck, the internal forces may be calculated on a simplified model:
Isostatic beam on two supports.

« For traffic loads, it is necessary to take into account the 2-dimensional
behaviour of the slab. For the design example, the extreme values of
transverse internal forces and moments are obtained reading charts
established by Setra for the local bending of the slab in twin-girder
composite bridges. These charts are derived from the calculation of
influence surfaces on a finite element model of a typical composite
deck slab.
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Analysis - Transverse distribution of permanent loads

BN4
/—

H—|I|—ﬂ_ Ground girder of the BN4 - Cormnice
1

e

Pawlement (waterproofing layer + asphalt)

!

Self weight of the concrete slab

sunnnNNNNNNERRRRRRRREEREES

T LT T T T
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Verification of the transverse reinforcement
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Analysis - transverse bending moment envelope due to permanent loads

e
-45.90 "_F:‘ 49 90
A 40 T o h‘
! \\ gﬁ / \
Q &
;/ 20 E'c \
v [wiv) g._. E \
/4 \ -E e /
oTa)
\ Mk / \
=
A\ A

\\\ 17.6 /
) ’ / — M min

— =M max
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=4
E
5
o

he

1
1
]
[ ]
1
i
1
[

10, Thm

+ 4. 98m4

Analysis - Maximum effect of traffic loads

nfluence surface of the
transverse moment above
the main girder

%KA

Position of UDL

Moment d'encastrement [kN.m/m]

2.5
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Longueur de 'encorbellement. [m]
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Combination of actions

Transverse bending moment

Quasi Characteristic
M (KNm/m) permanent Frequent SLS SLS ULS
SLS
Section above
the main — _4@ 156 -204  -275

girder

Secona 24 132 184 248
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Bending resistance at ULS (EN1992-1-1, 6.1)

Stress-strain relationships:

* for the concrete, a simplified rectangular stress distribution:

A=0,80and n=1,00 as f_, = 35 MPa < 50 MPa

f.,, = 19,8 MPa (with a,. = 0,85 — recommended value)

Ecuz = 3,9 mm/m

Ecul

-—>|

77 fcd
—

*

Fe



Local justification of the concrete slab
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Bending resistance at ULS

Stress-strain relationships:
* for the reinforcement, a bi-linear stress-strain relationship with strain
hardening (Class B steel bars according to Annex C to EN1992-1-1):

f,q =435 Mpa, k=1,08, £,,=0,9.¢,, =45 mm/m (recommended value)
* forg =f,/E o, = E.g,
* forg 2f,4/E o =f,q+(k—1)1f,(&—1f,q4/E) (&,x— F,q/ ES)
o)
)
kfyk”””””"""" '__""'"'"""’_"_"_"—7’-“':kfyk
e
fa-fudye |- f i —
e k=G
| | : Idealised
|B| Design

f;fd/lEs | gud uk
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Bending resistance at ULS
€ = &cus (d_ X)/X
o;=Ffq+(k=-1)1f,(&—1,q4/E) (64— f,q/ Es) (inclined top branch)

Equilibrium : Ngy =0 & Ao, = 0,8b.x.T_4 where b=1m

 Then, xis the solution of a
quadratic equation

* The resistant bending moment
IS given by:

MRd - 0,8b.X.fcd(d— 0,4X)
= A o.(d - 0,4x)
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Bending resistance at ULS - design example
Section above the main steel girder (absolute values of moments)

* with d=0,36 m and A= 18,48 cm? ($p20 every 0,17 m):
* x=0,052m, ¢ =20,6 mm/m (< ¢g,4) and o, =448 Mpa
* Therefore My, = 0,281 MN.m > M, = 0,275 MN.m

Section at mid-span between the main steel girder
* with d=0,26 m and A= 28,87 cm? ($25 every 0,17 m):
* x=0,08m, g =79 mm/m (< ¢g,) and o, =439 MPa

* Therefore My, = 0,289 MN.m > M, = 0,248 MN.m
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Calulation of normal stresses at SLS

EN 1992-1-1, 7.1(2):

(2) In the calculation of stresses and deflections, cross-sections should be
assumed to be uncracked provided that the flexural tensile stress does
not exceed f .+ The value of f; .+ maybe taken as £, or f 4 provided
that the calculation for minimum tension reinforcement is also based on
the same value. For the purposes of calculating crack widths and tension

stiffening f,, should be used.

If the flexural tensile stress is not greater than £, (3,2 Mpa for C35/45),
then it is not necessary to perform a calculation of normal stresses in

the cracked section.
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Stress limitation under SLS characteristic combination
The following limitations should be checked (EN1992-1-1, 7.2(5) and
7.2(2)) :

o, S kyf,, = 0,8x500 = 400 MPa

o, < k,f, =0,6x35 =21 MPa

where k, and k; are defined by the National Annex to EN1992-1-1
the recommended values are k; = 0,6 and k; = 0,8

These stress calculations are performed neglecting the tensile
concrete contribution. The most unfavourable tensile stresses o in
the reinforcement are generally provided by the long-term
calculations, performed with a modular ratio n
(reinforcement/concrete) equal to 15. The most unfavourable
compressive stresses o, in the concrete are generally provided by
the short-term calculations, performed with a modular ratio
n=EJ/E_, =5,9 (E, =200 GPa for reinforcing steel and E_, = 34 GPa
for concrete C35/45).
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Stress limitation under SLS characteristic combination

* The design example in the section above the steel main girder gives
d=0,36 m, A, = 18,48 cm? and M = 0,204 MN.m.

Using n =15, o, = 344 MPa < 400 MPa is obtained.

Using n =5,9, o, = 15,6 MPa < 21 MPa is obtained.

* The design example in the section at mid-span between the steel
main girders gives d = 0,26 m, A, = 28,87 cm? and / = 0,184 MN.m.

Using n =15, o, = 287 MPa < 400 MPa is obtained.

Using n = 5,9, o, = 20,0 MPa < 21 MPa is obtained.
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Crack control (SLS)

* According to EN1992-2, 7.3.1(105), Table 7.101N, the calculated
crack width should not be greater than 0,3 mm under quasi

permanent combination of actions, for reinforced concrete,
whatever the exposure class.

E Reinforced members and prestressed Prestressed members with
)g)lzssire members with unbonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 0,31 0,2
XC2, XC3, XC4 0,22
0,3
XD1, XD2, XD3 XS1, Decompression
XS2, XS3 P

Note 1: 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.

Note 2: For these exposure classes, in addition, decompression should be checked under the quasi
permanent combination of loads.
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Crack control (SLS)

* In the design example, transverse bending is mainly caused by live
loads, the bending moment under quasi-permanent combination is
far lesser than the moment under characteristic combinations. It is
the same for the tension in reinforcing steel. Therefore, ther is no
problem with the control of cracking.

* The concrete stresses due to transverse bending under quasi
permanent combination, are as follows:

* above the steel main girder:

M= - 46 KNm/m o.=%*1,7 MPa
e at mid-span between the main girders:
M =24 kNm/m o.=*1,5MPa

* Since g_ > - f, , the sections are assumed to be uncracked
(EN1992-1-1, 7.1(2)) and there is no need to check the crack
openings. A minimum amount of bonded reinforcement is required
in areas where tension is expected (EN1992-1-1, 7.3.2)
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Crack control (SLS)

*  Minimum reinforcement areas (EN1992-1-1 and EN1992-2 , 7.3.2)

(1)P If crack control is required, a minimum amount of bonded reinforcement
IS required to control cracking in areas where tension is expected. The
amount may be estimated from equilibrium between the tensile force in
concrete just before cracking and the tensile force in reinforcement at
yielding or at a lower stress if necessary to limit the crack width

As,minas = kc k fct,eff Act ( 7'1)

* A nin is the minimum area of reinforcing steel within the tensile zone...

* A is the area of concrete within tensile zone...

* 0, is the absolute value of the maximum stress permitted in the reinforcement
immediately after formation of the crack...

* [ .5 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; .« = f,, or lower,...

* ks the coefficient which allows for the effect of non-uniform self-equilibrating
which lead to a reduction of restraint forces...

* k. is a coefficient which takes account of the stress distribution within the section
immediately prior to cracking and of the change of the lever arm...
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Crack control (SLS) - design example
* Minimum reinforcement areas (EN1992-1-1 and EN1992-2 , 7.3.2)

A as = kc k fct,eff Act ( 71)

s,min

For the designh example:

* A,=bh/2(b=1m;h=0,40 m above main girder and 0,32 m at mid-span)

* 0o = f, (lower value only when control of cracking is ensured by limiting bar
size or spacing according to 7.3.3)

* fct,eff = 3’2 MPa (= fctm)

* k=0,65 (flanges with width = 800 mm)
* k. =0,4 ( expression 7.2 with o, — mean stress of the concrete = 0)

The following areas of reinforcement are obtained:
c A = 5,12 cm?/m on top face of the slab above the main girder
e A = 4,10 cm?/m on bottom face of the slab at mid-span

s,min

s,min
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Resistance to vertical shear force - ULS

* The shear force calculations are not detailed. The maximum shear
force at ULS is obtained in the section located above the steel main
girder by applying the traffic load model LM1 between the two steel
main girders. This gives Vg4 = 235 kN to be resisted by a 1-m-wide
slab strip.

* The resistance to vertical shear — without specific shear
reinforcement - is obtained by using the formula (6.2a) in EN1992-2:

VRd,c= bwd {k1ocp + max |Crq,ck(100p1fe) /2 Vimin]}  (2)
where:
f..is given in MPa

k=1+ @ <20 withdinmm
A
P = bw—"dso,oz
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Resistance to vertical shear force - ULS

* A, is the area of reinforcement in tension (see Figure 6.3 in EN1992-
1-1 for the provisions that have to be fulfilled by this reinforcement).
For the design example, A, represents the transverse reinforcing
steel bars of the upper layer in the studied section above the steel
main girder. b, is the smallest width of the studied section in the
tensile area. In the studied slab b, = 1000 mm in order to obtain a
resistance Vi, . to vertical shear for a 1-m-wide slab strip
(rectangular section).

A
ey el g, N
| S =i 45%° d
‘\ ' : - - ‘ ‘
____________________ “ Asi A Asr\ A g Vea | .|

A| - section considered
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Resistance to vertical shear force - ULS

N
* Ogp = Aicd <0,2f.g4 in MPa. This stress is equal to zero

where there is no normal force (which is the case in the transverse

slab direction in the example).
* The values of Cry . and k, can be given by the National Annex to
EN1992-2. Thg !I'ecommended ones are used:
18 _
cRd,c' Y—c—0,12
k=015
* Vv.n=0,035.k%f 12



Local justification of the concrete slab
Verlflcatlon of the transverse reinforcement

Remstance to vertical shear force — ULS
Design example
* The design example in the studied slab section above
the steel main girder gives successively:
fec = 35 MPa; Cry. = 0,12; d = 360 mm ;
k=1+ [233=175; A, =1848 mm?; b, = 1000 mm

1848
= 7000x360 - 021%

* Cryck(1 00, )1 = 0,55 MPa
O, =0
Von = 0,035x1,75%2x3512 = 0,48 MPa < 0,55 Mpa
The shear resistance without shear reinforcement is:
VRd.c = Cra,cK(1 00of,)"%b,d =198 KN/ m < Vg, =235kN/m
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Resistance to vertical shear force — ULS

According to EN1992, shear reinforcement is needed in the slab,
near the main girders. With vertical shear reinforcement, the shear

design is based on a truss model (EN1992-1-1 and 1992-2, 6.2.3, fig.
6.5): A

B
/ : V(cot @- cota)

i
42 ey LY
<" 7= 094 ‘ﬁ

722 V
-
Fa

A |- compression chord, |B |- struts, | C |- tensile chord, | D |- shear reinforcement
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Verification of the transverse reinforcement

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

Resistance to vertical shear force — ULS

* For vertical reinforcement (a = 90°), the resistance V4 is the smaller

value of:
Vras = (Asu/S)-2.f,4-cOE and
Vidmax = Qew By Z V4 f.4l(cotf+ tand)

where: ’

* Zz istheinnerlever arm (z = 0,9d may normally be used for members
without axial force)

* @ isthe angle of the compression strut with the horizontal, must be

chosen such as1<cotfd< 2,5

ASW is the cross-sectional area of the shear reinforcement
Is the spacing of the stirrups

fywol is the design yield strength of the shear reinforcement

v, is a strength reduction factor for concrete cracked in shear, the

recommended value of v; is v=0,6(1-f,/250)

* a, Iis a coefficienttaking account of the interaction of the stress in the
compression chord and any applied axial compressive stress; the
recommended value of a.,, is 1 for non prestressed members.
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Resistance to vertical shear force — ULS

* In the design example, choosing cotéd= 2,5, with a shear
reinforcement area A_,/s = 6,8 cm?/m for a 1-m-wide slab strip:

Via.s = 0,00068x(0,9x0,36)x435x2,5 = 240 kN/m > Vg,

Viamax = 1,0x1,0x(0,9x0,36)x0,6x(1 — 35/250)x35/(2,5+0,4)
=2,02 MN/m > V,,
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Resistance to longitudinal shear stress - ULS

The longitudinal shear force per unit length at the steel/concrete
interface is determined by an elastic analysis at characteristic SLS and
at ULS. The number of shear connectors is designed thereof, to resist
to this shear force per unit length and thus to ensure the longitudinal
composite behaviour of the deck.
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Resistance to longitudinal shear stress - ULS

At ULS this longitudinal shear stress should also be resisted to for any
potential surface of longitudinal shear failure within the slab.

Two potential surfaces of shear failure are defined in EN1994-2, 6.6.6.1,
fig 6.15:

- surface a-a holing only once by sup by ~d
the two transverse LY
reinforcement layers, ——————————
As = Asup + Ainf __
there are 2 surfaces a-a. h . T l L
sc —F=ta || N
|
|
|

« surface b-b holing twice by the | A
lower transverse reinforcement |
layers, As = 2.Ainf b b
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Resistance to longitudinal shear stress - ULS

The maximum longitudinal shear force per unit length resisted to by
the shear connectors is equal to 1,4 MN/m. This value is used here for
verifying shear failure within the slab. The shear force and on each
potential failure surface is as follows

« surface a-a, on the cantilever

side : 0,59 MN/m A, b, 3
- surface a-a, on the central slab N

side : 0,81 MN/m ————————
. surface b-b : 1,4 MN/m h,| = l | L AN
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Resistance to longitudinal shear stress - ULS
Failure surfaces a-a:

* The shear resistance is determined according to EN1994-2, 6.6.6.2(2), which
refers to EN1992-1-1, 6.2.4, fig. 6.7 (see below), the resulting shear stress is :

where:
h; is the thickness of flange at the junctions
Ax is the length under consideration, see Figure 6.7

AF, is the change of the normal forcg in the flange over the length Ax.
\Fa‘

= e
.-?'L"r, -I ”."‘-L‘-‘-' .____“
R + AR |

- compressive struts - longitudinal bar anchored beyond this projected point
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Resistance to longitudinal shear stress - ULS

* The calculation Is made only for the surface a-a on the central slab side,
where the longitudinal shear is higher than on cantilever side.
Shear stress: vgy = AF /(h; - Ax) =0,81/0,40 = 2,03 MPa (h; = 0,40 m)

Two different verifications should be carried out:

* the transverse reinforcement should be designed to resist to the tensile

force:
A
VEghitanéy < ~Ffyy

where s Is the spacing between the transverse reinforcing steel bars and A, Is
the corresponding area within the 1-m-wide slab strip.

* the crushing should be prevented in the concrete compressive struts:

VE(d S foqsin@scos by
f
with v= 0,6(1 -ics—%) and £, In MPa (strength reduction factor for the

enncrafe ceracked In eheaard
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Resistance to longitudinal shear stress - ULS

As the concrete slab Is In tension in the longitudinal direction of the deck, the

angle é; for the concrete compressive strut should be limited to cotan 6; = 1,25
l.e. 6; = 38,65°.

* For the design example, above the steel main girder, A,/s = 30,3 cm?/m. The
previous criterion is thus verified:

Ve h
As/szi,fwJI — g, = 0:81/(435x1,25) = 14,9 cm?/m

* The second criterion is also verified for the failure surface a-a.
Veq = 2,03 MPa s v.f4.8In6.cos6;= 6,02 MPa.
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Resistance to longitudinal shear stress - ULS

Failure in shear plane b-b

* The length of this shear surface Is calculated by encompassing the studs as
closely as possible within 3 straigth lines (see Figure 4(a)):
he = 2hg, + by + hoaq = 2X0,200 + 0,75 + 0,035 =1,185 m.

* The shear stress for the surface b-b of shear fallure is equal to:
Veq = 1,4/1,185= 1,18 Mpa

For the design example, the two previous criteria are justified:
A,/s = 23,65 cm?*m (two layers of high bond bars with a 16 mm diameter and
a spacing s =170 mm)

VedMr _ -
As/SZ?Sd.than a—r - 1,4’(435x1 ,25) =25,75cm2/m

Veq = 1,18 MPa £ v.f4.8In6.cos6;= 6,02 MPa
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Interaction shear/transverse bending - ULS

The traffic load models are such that they can be arranged on the
pavement to provide a maximum longitudinal shear flow and a
maximum transverse bending moment simultaneously. EN1992-2,
6.2.4 (105) sets the following rules to take account of this
concomitance:

* the criterion for preventing the crushing in the compressive struts is
verified with a height h; reduced by the depth of the compressive
zone considered in the transverse bending assessment (as this
concrete is worn out under compression, it cannot simultaneously
take up the shear stress);

* the total reinforcement area should be not less than Ay, + A ../2
where A, is the reinforcement area needed for the pure bending
assessment and A, ., is the reinforcement area needed for the pure
longitudinal shear flow.
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Interaction shear/transverse bending - ULS

Crushing in the compressive struts
The compression in the struts is much lower than the limit. The reduction in h;
is not a problem therefore.
* shear plane a-a:
Py req = s = Xy 5 = 0,40-0,05=0,35 m
Vidred = Veg-NiPreq = 0,81/0,35 = 2,31 MPa < 6,02 MPa
* shear plane b-b:
Py req = s = 2xy s = 1,185 — 2x0,.05 = 1,085 m
Vedred = Veg-Nlhieq = 1,4/1,085 = 1,29 MPa < 6,02 Mpa

Total reinforcement area:
Aq. = 18,1 cm?/m required
A ear = 14,9 cm?/m required
A pear 12 + Aqo = 25,6 cm?/m
A, = 30,3 cm?/m : the criterion is saatisfied
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ULS of fatigue — transverse bending

The slow lane is assumed to be close to the safety barrier and the the
fatigue load is centered on this lane

3,00

) I

2,00 .




Local justification of the concrete slab
Verification of the transverse reinforcement

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

ULS of fatigue — transverse bending

Fatigue load model FLM3 is used. Verification are performed by the damage
equivalent stress range method (EN1992-1-1, 6.8.5 and EN1992-2, Annex NN)

—1,20 m 6,00 m il.zo mf-—
i I
FLM3 (Axle loads 120 kN) AR —-—- -
2,00 m —L-{*o,m m ——— X | w,
N — _E A - - - - E}
. F 3
Variation of transverse bending \LMF2
moment above main steel 39 kN.m/m
girder during the passage of
FLM 3

Ac,(FLM3) = 63 Mpa
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ULS of fatigue — transverse bending

Damage equivalent stress range method

EN1992-1-1, 6.8.5:

(3) For reinforcing or prestressing steel and splicing devices adequate fatigue resistance
should be assumed if the Expression (6.71) is satisfied:

Vet D05 eq (N7) < A% (N7) (6.71)
}fs:fﬁt
where:
Acogre(N")  is the stress range at N* cycles from the appropriate S-N curves given in
Figure 6.30.

MNote: See also Tables 6.3N and 6.4N.

Aosequ(N™) is the damage equivalent stress range for different types of reinforcement
and considering the number of loading cycles N*. For building construction
Acgequ(N") may be approximated by Acg may .

Aos max is the maximum steel stress range under the relevant load combinations
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ULS of fatigue — transverse bending

Damage equivalent stress range method

AOgy (N *)
ys,fat

yF,fat ' AOS,equ (N*) S

JF fat Is the partial factor for fatigue load (EN1992-1-1, 2.4.2.3) . The
recommended value is 1,0

* Aogek (N¥) =162,5 MPa (EN1992-1-1, table 6.3N)

° Vs fat is the partial factor for reinforcing steel (EN1992-1-1, 2.4.2.4). The
recommended value is 1,15.
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ULS of fatigue — transverse bending
Annex NN — NN.2.1 (102)
AO-s,equ = AO-s,EC'/ls

where

Aogg. = Aog(1,4.FLM3) (stress range due to 1,4 times FLM3, in the case
of pure bending, it is equal to 1,4 Ao, (FLM3) . For a verification of fatigue
on intermediate supports of continuous bridges, the axle loads of FLM3
are multiplied by 1,75
A is the damage coefficient.

ﬂ's = (Pfat'ﬂ's,1' ﬂ's,Z' 15,3' 15,4

where oy, IS @ dynamic magnification factor
As 1 takes account of the type of member and the length of the influence
line or surface
As » takes account of the volume of traffic
As 3 takes account of the design working life
As 4 takes account of the number of loaded lanes
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ULS of fatigue — transverse bending
Annex NN — NN.2.1 (104)

As 1 is given by figure NN.2, curve 3c) . In the design example, the length
of the influence line is 2,5 m. Therefore 4., ~ 1,1

2.0
N | | |
| VERIFICATION IN SPAN AND FOR CARRIAGEWAY SLAB |
18 1a) | 1) splicing devices
— 1b) 2) curved tendons in steel ducts
/ 3) reinforcing steel
1.6 pre-tensioning (all)
post-tensioning:
_20) strand in plastic ducts
e 14 ) _——2a) _| straight tendons in steel
st 1. //..--"""__'—.;;) qucts
_ = 4) shear reinforcement
L~ |
12 A /,-—““"'T Sajrda)+abll 4y continuous beam
| / L~ b) single span beam
3c)+dc / C) carriageway slab
0.8

0246810 20 30 40 50 80 70 80 90 100

Length of influence line[m]

Figure NN.2: )., value for fatigue verification in span and for local elements
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ULS of fatigue — transverse bending
Annex NN — NN.2.1 (105)

T
4

N obs

2.0

Ay sy = Q’f\ (NN.103)
where:

Nobs Number of lorries per year according to EN 1991-2, Table 4.5

ko  slope of the appropriate S-N-Line to be taken from Tables 6.3N and 6.4N of EN
1992-1-1

factor for traffic type according to Table NN.1

(1Q

Table NN.1 - Factors for traffic type

a _factor for Traffic type (see EN 1991-2 Table 4.7)
Long distance | Medium distance Local traffic
ka=9 1.0 0.90 0.73
ko =7 1.0 0.92 0.78
ko=9 1.0 0.94 0.82

k, = 9 (table 6.3 N); N, = 0,5.108 (EN1991-2, table 4.5); Q = 0,94
As, = 0,81
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ULS of fatigue — transverse bending
Annex NN — NN.2.1 (106) and (107)

As 3 = 1 (design working life = 100 years)

As 4 = 1 (different from one if more than one lane are loaded)
0rt = 1,0 except for the areas close to the expansion joints
where @, = 1,3

It comes:

A, = 0,89 (1,16 near the expaxsion joints)
Aoy g. = 1,4x63 = 88 MPa

Ao oq = 78 MPa (102 near the expansion joints)

Aorek | Vst = 162,9/1,15 = 141 MPa > 102 MPa

The resistance of reinforcement to fatigue under transverse bending is
verified
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-~ Pier height : 40 m

gl Pier shaft

« external diameter: 4 m
« wall thickness : 0,40

« longitudinal reinforcement: 1,5%
« A.=4,52m?

¢« I.=7,42 m*

« A =678 cm?

« I,=0,110 m*

Pier head:

 volume:54 m3
 Weight: 1,35 MN
Concrete

« C35/45

- f,=35MPa

Cc

. E,, =34000 MPa
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Forces and moments on top of the piers are calculated assuming

that the inertia of the piers is equal to 1/3 of the uncracked inertia.

Two ULS combinations are taken into account:

« Comb 1:1,35G + 1,35(UDL + TS) + 1,5(0,6F ,, ;) (transverse
direction)

« Comb 2: 1,35G + 1,35(0,4UDL+ 0,75TS + braking) + 1,5(0,6T,)
(longitudinal direction)

_

14,12 MN 0
UDL 3,51 MN 0 0 8,44 MN.m
TS 1,21 MN 0 0 2,42 MN.m
Braking 0 0 0,45 MN 0
F 1 (wWind on trafic) 0 0,036 MN 0 0,11 MN.m
T 0 0 0,06 MN 0
Comb 1 25,43 MN 0,032 MN 0 14,76 MN.m

Comb 2 22,18 MN 0 0,66 MN 7,01 MN.m



Second order effects in the high piers

The second order effects are analysed by a simplified
method: EN1992-1-1, 5.8.7 - method based on nominal
stiffness. The analysis is performed in longitudinal
direction.

Geometric imperfection (EN1992-1-1, 5.2(5):

6 = Gy,

where
6, = 11200 (recommended value)
a,=2lI"? ;2/3< e <1
I is the height of the pier =40 m

g = 0,0016 resulting in a moment under
permanent combination My, = 1,12 MN.m at the
base of the pier

Eqp
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First order moment at the base of the pier:
* Mygy=1,35 My + 1,35 F,(0,4UDL + 0,75TS).1.4
+ 1,35 F,(braking)./ +1,5(0,6F (T,)./

Moy = 28,2 MN.m

* Effective creep ratio (EN 1992-1-1, 5.8.4 (2)):

@ef = Qo 10) ‘Moegp / Moed (5.19)

where:

o0y 1S the final creep coefficient according to 3.1.4
Moeqp I the first order bending moment in quasi-permanent load combination (SLS)
Moeq is the first order bending moment in design load combination (ULS)

0. = 2.(1,12/28,2) = 0,08
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Nominal stiffness (EN1992-1-1, 5.8.7.2 (1)
EI= KEeale + K<Eel (5.21)

where:
E.q is the design value of the modulus of elasticity of concrete, see 5.8.6 (3)
I.  is the moment of inertia of concrete cross section
Es is the design value of the modulus of elasticity of reinforcement, 5.8.6 (3)
I, is the second moment of area of reinforcement, about the centre of area of the
concrete
K. is a factor for effects of cracking, creep etc, see 5.8.7.2 (2) or (3)
Ks is a factor for contribution of reinforcement, see 5.8.7.2 (2) or (3)

E..= E. /ye = 34000/1,2 = 28300 MPa

|.=7,42 m*
E, = 200000 MPa
l,=0,110 m*

K, =1
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Nominal stiffness (EN1992-1-1, 5.8.7.2 (1)

Ke = kiko | (1 + t;if'ef)
where:
£ Is the geometric reinforcement ratio, As/Ac
As is the total area of reinforcement
Ac Is the area of concrete section
@et IS the effective creep ratio, see 5.8.4
ki is a factor which depends on concrete strength class, Expression (5.23)
k, is a factor which depends on axial force and slenderness, Expression (5.24)

ki = Ty /20 (MPa)
p

ko=n-—— <0,20
170

where:
n is the relative axial force, Ngq / (Acfcq)
A is the slenderness ratio, see 5.8.3



Second order effects in the high piers

Nominal stiffness (EN1992-1-1, 5.8.7.2 (1)

0=0,015

k,=1,32

Ngy = 22,18

n=22,18/(4,52.19,8) = 0,25

A=1i; I,=1,43.] =57,20 m (taking into account the
rigidity of the second pier) ;i=(I/A.)*°=1,28 m

A=45

k, = 0,25.(45/170) = 0,066

K.= 1,32x0,066/1,08 = 0,081

El = 39200 MN.m?2 (= Ei, . .../6)
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.Moment magnification factor (EN1992-1-1, 5.8.7.3)

(1) The total design moment, including second order moment, may be expressed as a
magnification of the bending moments resulting from a linear analysis, namely:

p
My = Mgy 1+ 5.28
Ed 'DEd|: (NBfNEd)—1:| ( }
where
Moeq is the first order moment; see also 5.8.8.2 (2)
Vo) is a factor which depends on distribution of 15' and 2" order moments, see 5.8.7.3

(23) |
Ngg  is the design value of axial load
Ng is the buckling load based on nominal stiffness

(2) Forisolated members with constant cross section and axial load, the second order moment
may normally be assumed to have a sine-shaped distribution. Then

B=n%/Co (5.29)



Second order effects in the high piers

Moment magnification factor (EN1992-1-1, 5.8.7.3)

Myeq= 28,2 MN.m

B=0,85(c,=12)

Ng = n?Elll,> =118 MN

Ng4 = 26 MN (mean value on the height of the pier)

Mey = 1,23 Myey = 33,3 MN.m
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Thank you for your kind attention
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Structural steel distribution for main girder
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The not prestressed original solution has been
compared with 4 different solutions with external
prestressing.

Comparison has been done taking into account only:
1. SLU bending and axial force verification during construction
phases and in service
2. SLU Fatigue verification
3. SLS crack control

Goals of the work:
1. Reduction of steel girder
2. Reduction of slab longitudinal ordinary steel
3. Avoiding cracks in the upper slab
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15t prestressing layout
4x22 $0.6” strand tendons on green layout

100% prestressing applied to steel girder
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2"d prestressing layout
2x22 $0.6” strand tendons on green layout
2x22 $0.6” strand tendons red dashed layout

100% prestressing applied to steel girder

25 ’\ ,-\
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3" prestressing layout
4x22 $0.6” strand tendons on green layout

50% prestressing applied to steel girder +
50% prestressing applied to steel composite section

7 i M /,,_43"5
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4™ prestressing layout
2x22 $0.6” strand tendons on green layout
2x22 $0.6” strand tendons red dashed layout

50% prestressing applied to steel girder +
50% prestressing applied to composite section

2.5 : ’\ ,I\
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SLU internal actions on NOT prestressed girder at t,
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SLU internal actions with 1t prestressing layout at t,
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SLU actions with 2"d prestressing layout at t,

MNMm -120
—&— Mmax
MN -100 4 =& Mmin
-80 - —&— Resistant bending moment(Mmax)
=9= N(Mmax)
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SLU internal actions with 3 prestressing layout at t,
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SLU internal actions with 4% prestressing layout at t,

MNmMm | -120 4
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Conclusions
The following quantities have been obtained

.- No Prestressing layout
Quantities prestr. 1 2 3 4
Girder steel [kg/m?] 256 202 194 190 201
Prestressing steel [kg/m?] 0 16.0 11.6 16.0 11.6
Slab longitudinal ordinary
reinforcement [kg/m?] 51 51 51 13.1 13.1

Topslf‘:lblr\SLSfrequent [status] | cracked | cracked | cracked Compres- | Compres-
combination sed sed

Asmin = 0,26 ff‘—"“btd but not less than 0,0013b.d
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steel-concrete composite two girder bridge
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Conclusions
Steel cross section [m?]: comparison between not
prestressed solution and 4™ layout solution
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Thank you for the
kind attention
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