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Preface 

In the last years engineers and designers in Europe have started to use Eurocode 4-2 – Com-
posite bridges when designing such bridges. The application is almost the same among the 
different countries, however with some differences, as it might be in the beginning. Some 
difficulties, problems and advantages have been found. 

On March 17 2011 a workshop on Eurocode 4-2 Composite Bridges was held at Ramböll in 
Stockholm, attracting some 55 people from 10 different countries. The workshop focused on 
the background and rules of the code, on experiences in France, Great Britain, Sweden and 
Italy and was rounded of with some innovative developments of composite bridges and a 
discussion on possible research and development for further improvements of Eurocode 4-2. 

The organizers would like to thank all contributors for their interesting and fruitful presenta-
tions as well as all other participants. 

Luleå in May 2011 

Peter Collin Martin Nilsson Jens Häggström 
Ramböll Sverige AB Luleå University of Technology Ramböll Sverige AB 
Luleå University of Technology 

 
Some of the participants. 
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Södertälje Kanal, new Railway Bridge designed
by Ramböll Sweden+Denmark

Bridge over Hudälven (E6, West Coast)

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

2



Bridge over Hudälven (E6, West Coast)

Development and knowledge sharing

•Development should be carried out in close cooperation with contractor, 
bridge owner etc.

•New technical concepts should be tested in real projects, with focus on e. 
g. Economy, Constructability, Statical behaviour

•New contractual concepts are sometimes necessary to develop new 
technical concepts

•Knowledge sharing nationally and internationally is important, just a 
report or paper is usually not enough

•We share our knowledge also with the surrounding world
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Department of Civil, Environmental and Natural Resources Engineering

Division of Structural and 
Construction Engineering

• Steel Structures
• Structural Engineering

• Timber Structures
• Construction Engineering and Management

• CompLab

Department of Civil, Environmental and Natural Resources Engineering

Division of Structural and
Construction Engineering

Steel Structures
Prof. Milan Velkovic

Structural Engineering
Prof. Mats Emborg

Prof. Peter Prof. em. Lennart
Collin Elfgren

Prof. Jan-Erik Prof. Björn Jonasson
Täljsten

Timber Structures
Prof. Lars Stehn

Construction Engineering
Prof. Thomas Olofsson

Prof. Ove Lagerqvist

CompLab
Res. eng. Lars Åström

Tech. Dr. Martin Nilsson
Head of Division
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Department of Civil, Environmental and Natural Resources Engineering

Ongoing and recent bridge projects

More robust bridge decks (pilot study for the Swedish Transport 
Administration)

Industrialization of bridge construction

Department of Civil, Environmental and Natural Resources Engineering

Ongoing and recent bridge projects

Sustainable bridges (within the European Sixth Framework Programme)
Fatigue tests in laboratory
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Faster bridge construction by prefabrication

•Prefabricated solutions can save time and 
money for the contractor as well as the bridge 
user

•The upper picture shows a bridge 
replacement where the road was closed for 30 
hours. The backwalls, piers and dry joint slabs
were prefabricated

•Ramböll/LTU have initiated the EU-project
ELEM, coordinated by RWTH Aachen, and 
made tests in-situ as well as in the lab.

Fatigue of steel bridges (part of project BriFaG)

Bridges in e. g. Sweden, Austria
have showed deformation induced
fatigue cracks in the welds. EC4-2 
6.6.1.1(13) indicates this phenomenon. 

This Swedish bridge on E4 was
instrumented and monitored both
with free flow traffic and with a 
weighed truck overpassing during
night time. 

Comparisons with FE-analysis indicate
that stiffness concrete-steel is of 
outmost importance to the raition in 
the steel and thereby to the stresses in 
the weld. 

Laboratory tests are planned at LTU.
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Integral Abutments saving money

Bearings and expansion joints are costly to 
install and maintain. By using steel piles directly
connected to the back walls these and the piers
near the abutments can be excluded.

The bridge over Leduån had a budget for 1 
MEuro as two span concrete bridge with 3 piers. 
Our alternative composite bridge in one span, 
with no piers, was realized for 600 kEuro. The 
bridge was monitored with in the RFCS-project
INTAB, for both thermal- and traffic loading.

Heavy noice from Pitsund Bridge, built 1984, woke the village up during cold winter mornings, with 
levels of up to 105 dB. The bridge had spans without shear connectors. 

Our guess was the concrete deck freezes to the steel top flange
composite action was achieved but for heavy trucks the shear stresses became too large. As the 
stresses redistributed, some of the energy was released as noice. 

How is composite action achieved after the bridge is built?

Introducing composite action in an existing bridge 
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Post installed shear connectors (from M. Engelhardt, Austin)

Zinc coated plates wrapped 2,25 
times around its own axis,
Inserted through top flange and into concrete.

Test specimen with 4 connectors.
Tests at LTU showed:
Fmax = 800 kN or 200 kN per each. 
370 000 cycles with amplitude 50 kN.
Design value 100 kN statically,
30 kN for fatigue.
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1200 shear connectors were installed the summer 2006. 
Several winters have passed , and the bridge has turned quiet. 
Next step is to try the concept for raising the capacity of bridges? 

Development and knowledge sharing

•Development should be carried out in close cooperation with contractor, 
bridge owner etc.

•New technical concepts should be tested in real projects, with focus on e. 
g. Economy, Constructability, Statical behaviour

•New contractual concepts are sometimes necessary to develop new 
technical concepts

•Knowledge sharing nationally and internationally is important, just a 
report or paper is usually not enough

•We share our knowledge also with the surrounding world
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Bridges with integral abutments Strengthening of steel bridges

Earlier International Worskshops at Ramböll

Element bridges
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2011-03-17

2011-03-17

SWEDISH  TRANSPORT ADMINISTRATION

2 2011-05-04

Lahja Rydberg Forssbeck
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3 2011-05-04

EG-rättsliga grundprinciper för offentlig 
upphandling / Fundamental EU principals for  
procurement

• Icke-diskriminering 
• Likabehandling 
• Ömsesidigt erkännande
• Proportionalitet 
• Öppenhet och transparens 

• Non-discriminatory
• Equal treatment
• Mutual recognition
• Proportional
• Open and transparent

4 2011-05-04

• 1975 The Commission of the European
Community decided on an action program in
the field of construction. Start point for work 
with harmonized technical rules.

• July 2009 EN Eurocodes in all SRA procurements 

• 2010 By 2010 all national rules are to bee replaced
by the EN Eurocodes (will be fulfilled in may
2011 in Sweden)
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Composite Bridges

Institute for Steel 
and Composite Structures

University of Wuppertal
Germany

Univ. - Prof. Dr.-Ing. Gerhard Hanswille

Workshop on Eurocode 4-2

Background und Rules – Part 1

Consulting Engineers
Bochum
GermanyH R A

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany

2

Contents

Introduction

Structural analysis for ultimate 
and serviceability limit states

Serviceability limit states 

Fatigue limit states
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1 General
2 Basis of design
3 Materials
4 Durability
5 Structural analysis
6 Ultimate limit states
7 Serviceability limit state
8 Precast concrete elements in 

composite bridges
9 Composite plates in bridges

Annex C: Headed studs that cause 
splitting forces in the direction of 
the slab thickness

6.1 Beams
6.2 Resistance of cross-sections of beams
6.3 Filler beam decks
6.4 Lateral torsional buckling
6.5  Transverse forces on webs
6.6 Shear connection
6.7 Composite columns and composite 

compression members 
6.8 Fatigue
6.9  Tension members in composite bridges

7.1 General
7.2 Stresses
7.3 Deformation of bridges
7.4 Cracking of concrete
7.5 Filler beam decks

5.1 Structural modelling for analysis
5.2 Structural stability
5.3 Imperfections
5.4 Calculation of action effects
5.5 Classification of cross-section

EN 1994-2: Design of composite steel and 
concrete structures
Part 2: General rules and rules for bridges

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Structural Analysis
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Structural analysis for Bridges

Methods of global analysis

Non-linear 
analysis

Methods based on elastic analysis

Effects of creep and shrinkage of concrete

Effective width of flanges for shear lag 

Stage and sequence of construction

Effects of cracking of concrete

Temperature effects of heat of hydration of 
cement (only for erection stages)

Imperfections for frame and bow structures 
and for isolated composite compression 
members

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Box girders – torsional and distorsional warping

bending

torsion

St. Venant torsion distorsional warping

qz qz/2 qz/2

qz/2 qz/2

b

h

eccentric force

h
b

4
qz

4
qz

4
qz

h
b

4
qz

4
qz

4
qz

h
b

4
qz

+
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Global analysis for box girders

System A carriageway slab
grillage model for the box girder with separate 
beams for bending and warping torsion and St. 
Venant torsion stiffness

System B

beff

EJHT

JQ,R

G JT 
(box)

beff

EJHT

Qi, qi

Qi, qi
EJHT

GIT =0

G JT (box)

system for local 
internal forces

The internal forces of the concrete deck result from the 
superposition of the internal forces of system A, and the 
sectional forces of the composite section and the local 
transverse bending moments of the concrete slab 
resulting from system B.

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Global analysis for bridges with 
two seperate box girders

System A

system for local 
internal forces

carriageway slab
grillage system for the main girders and the 
concrete slab

System B

beff

EJHT

G JT

JPl

JQ,R

EJHT

G JT

JPl

JQ,R

The internal forces of the concrete deck result from the 
superposition of the internal forces of system A, and the 
sectional forces of the composite section and the local 
transverse bending moments of the concrete slab 
resulting from system B
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Structural Analysis

Shear lag effects in 
concrete

and steel flanges

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Effective width of concrete flanges

effective width be,i on each 
side of the concrete slab :

be,i= Le/8

Effective width at mid-span 
and internal supports:

beff= b0 + be,1+be,2

Le – effective length

End supports:

beff= b0 + β1 be,1+β2 be,2      

βi=(0,55+0,025 Le/bi) ≤ 1,0

b2 b1
b0

be,1be,2 b0

σx
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Effective width of steel flanges acc. to EN 1993-1-5

boi

be,ff

σx

κ verification β - value

≤ 0,02 1,0

0,02<κ
≤ 0,70

sagging 
bending
hogging 
bending

> 0,7

sagging 
bending
hogging 
bending

all κ end support

all κ cantilever β=β2 at support and at the end

effective width:  be,ff,i= β bo,i

eoo L/bα=κ

tb
A

1
oi

li,s
o

∑
+=α

t
As,li

21 4,61
1

κ+
=β=β
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6,1
2500
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1

κ+⎟
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⎞

⎜
⎝
⎛

κ
−κ+

=β=β
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Effective width of steel and concrete 
flanges – effective length

Le=0,85 L1 für beff,1 Le=0,70 L2 für beff,1

Le=0,25 (L1 + L2) für beff,2 Le=2L3 für beff,2

L1 L2
L3

beff,0 beff,1
beff,1beff,2 beff,2

L1/4 L1/2 L1/4 L2/2L2/4 L2/4

The effective length for the 
determination of the 
effective width should be 
taken as the distance 
between adjacent points of 
zero bending moments. 

Provided adjacent spans do 
not differ more than 50% 
and any cantilever span is 
not larger than half the 
adjacent span for the 
effective length the values 
given in the figure may be 
used.
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Effective width 

σmax

σmax

b

beff

The flexibility of steel or 
concrete flanges affected by 
shear in their plane (shear lag) 
shall be used either by rigorous 
analysis, or by using an 
effective width be.

2,0
b
b

i

ei ≥

σmax

bei

bi

5 bei

y

bi

y

σmax

bei

σ(y)

σ(y)

2,0
b
b

i

ei <

σR

[ ]
4

i
RmaxR

max
i

ei
R

b
y1)y(

2,0
b
b25,1

⎥
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⎤
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⎡
−σ−σ+σ=σ

σ⎥
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⎤
⎢
⎣

⎡
−=σ

4

i
max b

y1)y( ⎥
⎦

⎤
⎢
⎣

⎡
−σ=σ

shear lag

real stress distribution

stresses taking into 
account the effective 
width

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Distribution of stresses in the concrete flange 
due to prestressing by tendons and taking into 
account shear lag effects

deformation of concrete 
slab and steel girder 
without shear connection

Po

εo

εo

εc

strains in the 
concrete slab

stresses
σR

σS

concrete slab and 
steel girder with shear 
connectors
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Structural Analysis

Creep and 
shrinkage of 

concrete

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Creep and shrinkage

εc(t)
εcc(t,to)

εc,o (to)

εc,s(t)
time t

σc(t)

)t,t()t()t()t( occococsc ε+ε+ε=ε

time t
to

Shrinkage

Creep

elastic strain

total strain:

εcs Shrinkage strain
εco elastic strain
εcc strain due to creep

strain

stress

ϕ(t,to) creep coefficient
σc permanent compressive stress 
Ec tangent modulus of elasticity at the 

age of 28 days 
Ecm (to) Secant modulus at the age t=to
J(t,to) creep function

strains due to creep:

c

ooc

ocm

oc
oc

oocoocooc

E
)t,t()t(

)t(E
)t()t,t(

)t,t()t()t()t,t(
ϕσ

+
σ

=ε

ϕε+ε=ε

c

o

ocm
o E

)t,t(
)t(E

1)t,t(J ϕ
+=

creep - function:

)t,t(J)t()t,t( oococ ⋅σ=ε

)t,t()t()t,t( ooco0cc ϕε=ε
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Influence of age at loading with to in days:

Influence of concrete compressive strength

Influence of the relative humidity RH with   RH 
in [%]:

Basic value of the creep coefficient:

Creep coefficient ϕ(t,to)

ooco )t,t()t,t( ϕβ=ϕ )t()f( ocmRHo β⋅β⋅ϕ=ϕ

βc(t,to) function for the
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Effective age at loading: Cement CEM 32,5 CEM 32,5R 

and 42,5
CEM 42,5R 

and 52,5

α -1 0 1

RHo= 100%  h1= 100mm t1=1day fcm0= 10 N/mm2
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Initial sectional 
forces

redistribution of the sectional 
forces due to creep

ML

-Nc,o

Mc,o

Mst,o

Nst,o

Nc,r

-Mc,r

Mst,r

-Nst,r

zi,st

-zi,c ast

Effects of creep of concrete

primary effects

The effects of shrinkage and creep of concrete and non-uniform changes of 
temperature result in internal forces in cross sections, and curvatures and 
longitudinal strains in members; the effects that occur in statically determinate 
structures, and in statically indeterminate structures when compatibility of the 
deformations is not considered, shall be classified as primary effects. 
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Primary and secondary effects of creep and 
shrinkage - Classification

In statically indeterminate 
structures the primary 
effects of shrinkage, creep 
and temperature are 
associated with additional 
action effects, such that 
the total effects are 
compatible; these shall be 
classified as secondary 
effects and shall be 
considered as indirect 
actions.

secondary effects due to creep

Bending Moments t=0

-
+

-

ML= MP

ML= MPT

Johnson, R.P. , Hanswille, G.: Eurocode 4-2: Effects of Creep and Shrinkage in Composite Bridges, The 
Structural Engineer 8/1998

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Modular ratios taking into account 
effects of creep

[ ]
cm

a
ooLoL E

En)t,t(1nn =ϕψ+=Modular ratios:

centroidal axis of the concrete section

centroidal axis of the transformed 
composite section

centroidal axis of the steel section 
(structural steel and reinforcement)

-zic,L

zist,L
zi,L

zczis,L
ast

zst

action creep multiplier
short term loading Ψ=0
permanent action not changing in time ΨP=1,10
shrinkage ΨS=0,55
prestressing by controlled imposed deformations ΨD=1,50
time-dependent action effects ΨPT=0,55
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Structural
Analysis

Effects of 
Cracking of 

concrete

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Effects of cracking of concrete and tension 
stiffening of concrete between cracks

ε

εs(x)

εc(x)

Ns Ns

c

ct
E
f

s

2s
2,s E

σ
=ε

r,sεΔβ
εsr,1 εsr,2 εsm,y εsy

r,ss εΔβ=εΔ

Ns

Nsy

Nsm

Ns,cr

B C

σs,2σs(x)

σc(x)

τv

xstage A: uncracked section
stage B: initial crack formation
stage C: stabilised crack formation

σc(x)

fully cracked 
section

A

σc(x)

σs(x)

mean strain εsm

r,sεΔ

εsm
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-κ

εsm

MMs≈0

Ma

Na

εa

a

zs

Ns equilibrium:

aNMM sa −=

sa NN −=

εs,m

εs,2
Δεs=β Δεs,r

εc

εs

compatibility:

aasm κ+ε=ε

aaaa
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s
sm JE

aM
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aN

AE
N

=++ε

ss

eff,ct

ss

s
s2ssm E

f
AE

N
ρ

β−=εΔ−ε=ε

mean strain in the concrete slab:

ss

eff,ct
s E

f
ρ

β=εΔ

css A/A=ρ

4,0=β

mean strain in the concrete 
slab:

za

Influence of tension stiffening of concrete on 
stresses in reinforcement (stabilised crack 
formation) 
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Ns,2
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ΔNts a
a

Ns,2

-MEd

Ns

MEd

M

Ns

Nsε

zst,a

-zst,s

ts
st

s,sts
Edts2ss N
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Sectional forces:

st

s
Eds J

JMM =

aa

stst
st JA

JA
=α

Ns

-Ms

-Ma

-Na

Fully cracked section tension stiffening

+ =
zst

ΔNts

Redistribution of sectional forces due to tension 
stiffening
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Influence of tension stiffening on 
flexural stiffness

Ea J1  uncracked section
Ea J2      fully cracked section
Ea J2,ts effective flexural 

stiffness taking into 
account tension 
stiffening of concrete

κ

EaJ1

EaJ2
EaJ2,ts

εsm

M

-M

κ

Ns

-Ms

-Ma

-Na

εa

azst

a s

a 2,ts a a a a

M M-N aM= = =
E I E J E J

κ

EJ

MR MRn

Ea J1

Ea J2,ts

EaJ2

a a
a 2,ts

s s,

E JE J

︵N N ︶a1
M

ε

=
−

−

M

Curvature:

Effective flexural stiffness:

Bergische Universität Wuppertal
Fachgebiet  Stahlbau und 
Verbundkonstruktionen 
Univ.-Prof. Dr.-Ing. G. Hanswille

Vorlesung Verbundbrückenbau

Redistribution of bending moments due to 
cracking of concrete

15-26

Bending moments  calculated 
with the stiffness of the 

uncracked section

EaJ1 EaJ2,ts

+

Redistribution of bending 
moments due to cracking

EaJ1 flexural stiffness of the uncracked section

EaJ2,ts flexural stiffness of the cracked section taking 
into account tension stiffening of concrete

EaJ2 flexural stiffness of the cracked section

cracked concrete

EaJ2

EaJ

Ea J1

Ea J2,ts

EaJ2

M

Ea J1

-

Lcr,ts

lcr
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Methods 

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

simplified methods 
based on elastic 
theory

direct determination of the 
cracked regions (Method I)

calculation with defined 
regions of cracking of 
concrete (Method II)

Global analysis – different methods in EN 1994-2 for the 
effects of cracking of concrete 

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany

28

• Determination of internal forces by un-
cracked analysis for the characteristic  
combination.    

• Determination of the cracked regions with 
the extreme fibre concrete tensile 

stress σc,max= 2,0 fct,m.

• Reduction of flexural stiffness to EaJ2 in 
the cracked regions. 

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

L1 L2L1,cr L2,cr

EaJ2
EaJ1 EaJ1

ΔM

uncracked analysis
cracked analysis

ΔM Redistribution of 
bending moments due to 
cracking

EstJ1 – uncracked flexural stiffness

EstJ2 – cracked flexural stiffness

Effects of cracking of concrete – Method I

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

26



G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany

29

Method II:

L1 L2

ΔMII

EaJ1

0,15 L1 0,15 L2

EaJ2

6,0L/L maxmin ≥

Effects of cracking of concrete –
simplified methods

Cracked analysis For continuous composite beams 
with the concrete flanges above 
the steel section and not pre-
stressed, including beams in 
frames that resist horizontal 
forces by bracing, the following 
simplified method may be used. 
Where all the ratios of the length 
of adjacent continuous spans 
(shorter / longer) between 
supports are at least 0.6, the 
effect of cracking may be taken 
into account by using the flexural 
stiffness Ea I2 over 15% of the 
span on each side of each 
internal support, and as the un-
cracked values Ea I1 elsewhere.
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Structural Analysis

Effects from 
sequence of 
construction
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Influence of sequence of construction

casting in several stages

casting with temporary props

FH

Jv

Ja

dead weight of 
concrete, ΔG for wet 

concrete and 
formwork

formwork and ΔG for 
wet concrete 

(1kN/m3)
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Effects of sequence of construction

A
unpropped 

construction

B
propped 

construction

distribution of stresses

Ma

bending moments 
Ma applied on the 

steel section 

bending moments 
Mc applied on the 
composite section

total bending 
moment 

MEd= Ma +Mc

gl2/8

gl2/8

Mc= gl2/8

Ma

Ma

C
propped 

construction and 
jacking of props

+ + +

+

+
-

Mc=0

Ma=0

+ + +

Mc
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Influence of sequence of construction on the 
resistance to bending

Mel,C

Mel,B

Mel,A

Mpl,RdMpl,Rd

Mpla,Rd

M

κ

C

B

A

Ma
moment-curvature relation

The moment curvature relation shows 
that the sequence of construction has 
no influence on the bending resistance 
in case of cross-sections in Class 1 or 
2. Therefore for these Classes the 
influence of sequence of construction 
can be neglected for verifications in 
ultimate limit states.

For cross-sections in class 3 and 4 
with elastic behaviour in ultimate limit 
states the effects of sequence of 
construction must be taken into 
account.

For verifications in serviceability limit 
states the effects of sequence of 
construction must be taken into 
account for all Classes.  
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Influence of sequence of casting in several stages

Method I

Method II

Method III

10 20 30 40 50 60 70 80 90 100 110 120

1 ‰

45 55 70 70 70 70 70 70 70 55 45
690

28,50

3,80

70,0

17,53 x 15,0 3 x 15,0 3 x 15,017,5 7,57,57,5

70,0

121110987654321

111091276583214

910111256781234

7,5
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Method I

Method II

Method III

My= -105,3
My= -103,2 My= -107,5

My= -31,9 My= -31,9
My= -45,4My= -43,7

My= 27,2 My= 28,1
My= 25,6

My= -32,5 My= -33,5

My= 27,3 My= 25,4My= 26,5
[My in MNm]

+
+

+

+ + +

--
-

--

- -

Influence of sequence of casting in several 
stages – bending moments acting on the 
composite section
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Structural Analysis

Effects from hydration of cement
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Primary effects due temperature caused 
by hydration of cement

Tc

Tmax

Tc1

Tc2

ΔT

σ

-
+

temperature of 
concrete

stresses due to restraining of 
deformations

I II III IV V

Stage I: Casting of concrete and compacting

Stage  II: Development of temperature due to hydration with plastic 
strains.

Stage III: With increasing values of the modulus of elasticity 
compressive stresses develop which are reduced by 
relaxation of the young concrete

Stage  IV: Cooling of concrete and reduction of compressive stresses

Stage V : Further cooling of concrete and development of tensile 
stresses until cracking occurs

NH

-zic,o

-NH

+A B

Hε

-NH

MH

o,icHHccmHH zNMAEN −=ε−=

model for the calculation of primary effects

sectional forces

-

McH NcH σco

σcu

⎥
⎦

⎤
⎢
⎣

⎡
−−= 2

o,ic
o,i

o,c

io,

o,c
HcH z

J
A

A
A

1NN
o,i

o,c
HcH J

J
MM =
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Primary and secondary temperature effects 
due to hydration of cement 

NH

zic,o

-NH

+A B

Hε

-NH

MH

Free strain due to temperature 
effects caused by hydration of 
cement: TTH Δα=ε

The strain      is related to the modulus 
elasticity of concrete  Ecm at an age of 
28 days. 

o,icHH

ccmHH

zNM

AEN

−=

ε−=

Hε

Mc,H

Nc,H

Mst,H

-Nst,H

σc,H

zi,o

-zic,o

zist,o
-

Primary effects:

Secondary effects:

The primary effects cause secondary effects in 
statically indeterminate structures. In case of 
single span bridges erected by propped 
construction the secondary effects influence also 
the pre-cambering of the structure.

FH

According to EN 1994-2, for 
simplification a different 
temperature ΔT = 200C between 
steel and concrete (concrete 
cooler) may be assumed.
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Strain εH due to temperature effects caused 
by hydration of cement

∑ ⎥⎦
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Cross-section properties
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Example for the primary effects due to 
temperature caused by hydration of cement

Time of casting casting of concrete 
in summer period

casting of concrete 
in winter period

Hydration heat H1 [J/g] 120 200 120 200

Volumetrical heat transmission of cement 
qv  [kJ/m3 103 ] qv= 45 qv= 75 qv= 45 qv= 75

Hydration strain εH [oo/o] -20 · 10-5 -32 · 10-5 -6 · 10-5 -12 · 10-5

Stress at the top surface of the concrete 
slab [N/mm2] 0,90 1,44 0,28 0,56

Stress at the bottom surface of the 
concrete slab [N/mm2] 1,60 2,50 0,48 0,90

28,5 m

3,80Content of cement: 370 kg/m3

Cement: CEM II 32,5
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Serviceability limit states
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Serviceability limit states

Serviceability limit states

Limitation of stresses

Limitation of deflections

crack width control

web breathing
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Serviceability limit state

Limitation of crack width
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Control of cracking

General considerations

If crack width control is required, a minimum amount of bonded 
reinforcement is required to control cracking in areas where tension due to 
restraint and/or direct loading  is expected.  The amount may be estimated 
from equilibrium between the tensile force in concrete just before cracking 
and the tensile force in the reinforcement at yielding or at a lower stress if 
necessary to limit the crack width. According to Eurocode 4-2 the minimum 
reinforcement should be placed, where under the characteristic combination 
of actions stresses in concrete are tensile.  

minimum reinforcement

control of cracking due to direct loading

Where at least the minimum reinforcement is provided, the limitation of 
crack width for direct loading may generally be achieved by limiting bar 
spacing or bar diameters. Maximum bar spacing and maximum bar 
diameter depend on the stress σs in the reinforcement and the design 
crack width.
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Cracking of concrete – introduction length

ε εs

εc

LesLes

Ns
Ns

w

c

s
s A

A
=ρ

Us -perimeter of the bar
As -cross-section area
ρs -reinforcement ratio
τsm -mean bond strength

c

s
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4
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2
s
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σ
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Change of stresses in reinforcement 
due to cracking:

Equilibrium in longitudinal direction:
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Determination of initial crack width 

ε εs(x)

εc(x)

LesLes

Ns
Ns

w

LesLes

σs
σs,1

σc,1

Δσs

σs

εcr

Δεs,cr
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crack width

)(L2w cmsmes ε−ε=

sosm

ss
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1
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dL
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σ
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2,scmm,s )1( εβ−=ε−ε
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with β= 0,6 for short term loading und 
β= 0,4 for long term loading

ctmsm f8,1≈τ
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Maximum bar diameters acc. to EC4

σs

[N/mm2]
maximum bar diameter   for

wk= 0,4 wk= 0,3 wk= 0,2

160 40 32 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 6 5 -

∗
sd

sm,ct

s
2
s

sossm

s
2
s

Ef6
d

n1
1

E2
d)1(w σ

≈
ρ+τ

σβ−
=

Crack width w:

Maximum bar diameter for a 
required crack width w:

)1(
)n1(E2wd 2

s

sossm
s

β−σ

ρ+τ
=

2
s

so,ctmk*
s

2
s

soso,ctm
k

*
s

Efw
6d

)1(

)n1(Ef6,3
wd

σ
≈

β−σ

ρ+
=

With τsm= 1,8 fct,mo and the reference 
value for the mean tensile strength of 
concrete fctm,o= 2,9 N/mm2 follows:

β= 0,4 for long term loading and 
repeated loading
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Determination of the cracking moment Mcr and 
the normal force of the concrete slab in the stage 
of initial cracking

cracking moment Mcr:
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primary effects due to shrinkage

cracking moment Mcr
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Simplified solution for the cracking moment 
and the normal force in the concrete slab

simplified solution for the normal 
force in the concrete slab:

primary effects due to shrinkage

cracking moment  Mcr

hc

zio

-zic,o

zi,st

Nc+s

Mc+s

Mc+s,ε

MR

Nc+s,ε

σc

σcε

ast c21ctmccr kkkfAN ≈

0,13,0

z2
h1

1k

o,ic

c
c ≤+

+
=

shrinkage

k1 = 0,8 coefficient taking into account the effect of 
non-uniform self-equilibrating stresses

k2= 0,9  coefficient taking into account the slip 
effects of shear connection

cracking moment
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Crack width for stabilised crack formation

ε
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the maximum crack spacing sr,max in the stage
of stabilised crack formation is twice the 
introduction length Les
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maximum crack width

β= 0,6 for short term loading 

β= 0,4 for long term loading and 
repeated loading ctmsm f8,1≈τ
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stresses in reinforcement 
taking into account tension 
stiffening for the bending 
moment MEd of the quasi 
permanent combination:

c

s
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22
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Control of cracking due to direct loading –
Verification by limiting bar spacing or bar diameter

Ns,2

-Ms,2

ΔNts

-Ma,2

-Na,2 -ΔNts

ΔNts azst,a

-zst,s

Ns

-Ms

-Ma

-Na

fully cracked tension stiffening

+ =
zst

-MEd

za

a

The bar diameter or the bar spacing has to be limited 

The calculation of stresses is 
based on the mean strain in the 
concrete slab. The factor β
results from the mean value of 
crack spacing. With srm≈ 2/3 sr,max 
results β ≈ 2/3 ·0,6 = 0,4 

Ac

As

Aa
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Maximum bar diameters and maximum bar 
spacing for high bond bars acc. to EC4

σs

[N/mm2]
maximum bar diameter   for

wk= 0,4 wk= 0,3 wk= 0,2

160 40 32 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 6 5 -

σs

[N/mm2]
maximum bar spacing in [mm]  

for

wk= 0,4 wk= 0,3 wk= 0,2

160 300 300 200

200 300 250 150

240 250 200 100

280 200 150 50

320 150 100 -

360 100 50 -

∗
sd

Table 1: Maximum bar diameter Table 2: Maximum bar spacing

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

38



G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Serviceability limit state

Limitation of stresses

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany

54

Limitation of Stresses

σc MEd

σa

+
-

-

MEd

σa

σs

+

-

combination stress limit recommended 
values ki

structural steel characteristic σEd ≤ ka fyk ka = 1,00

reinforcement characteristic σEd ≤ ks fsk ks = 0,80

concrete characteristic σEd ≤ kc fck kc= 0,60

headed studs characteristic PEd ≤ ks PRd ks = 0,75

shear lag;

creep and shrinkage of concrete

cracking of concrete and tension stiffening of concrete;

sequence of construction;

increased flexibility resulting from significant incomplete

interaction due to slip of shear  connection;

inelastic behaviour of steel and reinforcement, if any;

torsional and distorsional warping, if any.
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G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
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University of Wuppertal-Germany
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Ultimate limit state

Fatigue resistance of headed studs

concrete flange in 
compression

concrete flange 
in tension

concrete flange 
in compression

concrete flange 
in tension

ΔP

ΔP

4/d
P
2π

Δ
=τΔ

Type A

Type B

Type C

Fatigue failure of headed studs
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log N

log N

log Δσ

log Δτ

Δτc

Nc=2 ·106

Δσc

Nc=2 ·106

Δσ

Δτ

m=8

m1=3

m2=5

0,3

0,3

Δτc = 90 N/mm2

1,0

1,0

fat,vc

Ef,F
/ γτΔ

τΔγ

fat,ac

Ef,F
/ γσΔ

σΔγ

3,1
// fat,ac

2,Efat,F

fat,vc

2,Efat,F

fat,a

c
2,Efat,F

fat,v

c
2,Efat,F

≤
γσΔ
σΔγ

+
γτΔ

τΔγ

γ
σΔ

≤σΔγ
γ

τΔ
≤τΔγ

Δσc=80 N/mm2

Stress range Δσ in the steel flange  

Interaction Δσ-
Δτ for flanges in 
tension

Stress range  Δτ in the shank of the stud

max4321aa2,e λ≤λ⋅λ⋅λ⋅λ=λσΔλφ=σΔ

4,v3,v2,v1,vvv2,E λ⋅λ⋅λ⋅λ=λτΔλφ=τΔ

Verification for headed studs acc. to EC4

ΔτR (log)
N/mm2

105 106
Nc=2 ⋅106

Δτck=90 N/mm2

Test evaluation: m=8,658
Eurocode 4: m=8

104

10

N (log)
107

5%-Fractile

C
m
1

C
R N

N
τΔ

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
=τΔ

100

1000

Fatigue strength curve for headed studs

Δτ

0,1
/ v,Mfc

2,Ef,F ≤
γτΔ
τΔγ

ΔP

N

P

RdEd P75,0Pmax ≤
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Headed studs
Decrease of static strength due to cyclic preloading

E

R
resistance

td

R, E

Action effects

tm

Slip δ

number of cycles N

δ

R, E Ultimate limit state

fatigue

Design life Design life

P

Pu,0

Pu,0

ΔP

Pu,N

Pmax

δu(N)

δ

Ni

δu,0

Pmin N

ΔP

P

P

δ0 0.3 Nf 0.7Nf Nf

P

Pu,0

Pmax

Pmin

N

ΔP

Pu,0.3Nf

Pu,Nf

Pu,0.8Nf

Headed studs - test programm

Series ΔP/Pu,o Pmax/Pu,o number

1 0,20 0,45 12
2 0,20 0,70 12
3 0,25 0,45 12
4 0,25 0,70 12

static strength

fatigue strength

static strength with cyclic 
preloading
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Number of load cycles to failure
influences of loading parameters

Nf,t

104

u,0
max

21

u,0
max

P
P5.0P

KK

P
P

1

f 10N
Δ−

⋅−

−

=

with lateral restraint
without lateral restraint

Nf,e

K1 = 0,1267
K2 = 0,1344

K1 = 0,1483
K2 = 0,1680

105

106

107

108

104 108107106105

26 tests
th

eo
re

tic
al

 m
od

el

experimental results

Nf : number of load cycles to failure in a force-controlled push-out fatigue test

with  without
lateral restraint

Tests with cyclic 
preloading

Short time 
test

Pu / Pu,o

0.2 0.4 0.6 0.8 1.00.0

1.0

0.8

0.6

0.4

0.2

N / Nf

Series

1 0.20 0.44 6.2x106

2 0.25 0.71 1,2x106

3 0.25 0.44 5.2x106

4 0.20 0.71 3,5x106

o,uP
PΔ

o,u
max

P
P

fN

3

1

Fatigue tests

P Pu,0

Pu

Pmax

P Pu,O

Pu

Pmax

δ
Δ P

42

Reduction of static strength due to cyclic preloading
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Damage accumulation - tests series 

P

δ

Pu

σ

time t

Δσ1Δσ2Δσ3

Δσ4

1D≤

δ δ

P

δ

P

δ

P

P

Influence of sequence of loading and damage accumulation

Hanswille, G., Porsch, M., Üstündag, C.: Resistance of headed studs subjected to fatigue loading, Part I 
Experimental study, Part II: Analytical study, Journal of Constructural Steel Research, April 2007. 

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Lifetime prediction according to Palmgren and Miner

0

Nfe [x 106]

6

2

1
Nft [x 106]

0

∑∑ =⇒= if t
f i

i N
η
1Nη

N
N

te
st

 re
su

lts

lifetime prediction according to Palmgren-Miner
(linear damage accumulation)

7

3

4

5

1 2 3 4 5 6 7

01
N
N !

fi

i .=∑
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New damage accumulation hypothesis

0.2 0.40.0

0.4

0.2

1.0

0.8

0.6

2

1

0.6 0.8 1.0

Ni/Nf,i

B C

Pmax,1 / Pu,0

Pmax,2 / Pu,0

Pmax,1 / Pu,0

Δnf,1 N2/Nf,2N1/Nf,1

1
N
Nn

N
ND

f,2

2
f,1

f,1

1 ≤+Δ+=

ΔP / Pu,0

ΔP / Pu,0

D

A

0.0

Pu,N / Pu,0

G. Hanswille
Univ.-Prof.  Dr.-Ing.

Institute for Steel and 
Composite Structures

University of Wuppertal-Germany
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Evaluation of the tests with multiple blocks 
of loading with the new damage 
accumulation hypothesis

0

Nfe [x 106]

6

2

1
Nft [x 106]

0

lifetime prediction
mean values of each test series

7

3

4

5

1 2 3 4 5 6 7

1n
N
ND if,

if ,

i ≤Δ+= ∑∑
(1)

(3)

(3) (3)

(4)

(1)
(2)

Nfe [x 106]

0 1 2 3 4 5 6 7

6

2

1

0

7

3

4

5

Nft [x 106]

lifetime prediction
single test values
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67

Thank you very much for your attention

Workshop on Eurocode 4-2: Composite Bridges 
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EC4-2 Background and rules 
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Sétra, Department of the French Ministry of transport 

France 



 



EN 1994-2    ULS
Joël Raoul

Main features

• General  (global analysis, class of a cross-
section, instabilities, shear lag)

• Resistance of cross-sections
• Lateral-torsional buckling
• Shear connection
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Main features

• General  from Eurocode 3 (global analysis, 
class of a cross-section, instabilities, plate 
buckling, shear lag)

• Resistance of cross-sections
• Lateral-torsional buckling
• Shear connection

Structural analysis
linear
(material)
non linear

steel

concrete
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Structural analysis

Elastic first order if αcr>10

Plastic (bridges in accidental situations)

θ

Classes of steel cross-sections
Cl.1

Cl.2
Cl.3

Cl.4

Mpl

Mel

θ
1 3 6
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Class of webs

Class of 
flanges
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Class of a cross section

• Corresponds to the largest class of all the 
elements

• A composite section is generally class 1 under 
positive moment due to the location of the PNA 
(the web is in tension)

• Future S690
• Future no or small upper flange

Instabilities : two possibilities

• Verification formulae

• Second order calculations
– Equivalent geometric local/global 

imperfections 
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expérimental   behaviour mechanical model

M

V

P

Aeff

τ 

σ1 σ2=-τcr 

Non-dimensional slenderness

for all the instabilities
cr

u

α
αλ =

N
cr

y

cr

u f
N
N

σ
λ ==

cr

u
F

F
F

=λP

M 

3
y

y
cr

y
W

f
== τ

τ
τ

λV

cr

y

cr

u
LT

f
M
M

σ
λ ==

αu=Fult / FEd

αcr=Fcr / FEd
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Principle of  verification

λ )(λχ f=
Mechanical model

uRk PP χ=PRd=PRk/γM

Test calibration

0

0,2

0,4

0,6

0,8

1

1,2

0 0,5 1 1,5 2 2,5 3

Von Karman

Euler

local buckling

patch loading

buckling

shear

χ

λ

λ
1

2
1

λ

Plateau limit
column buckling

Plateau limit
plate buckling
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Plate buckling of stiffened plates in EC3

Principle of vérification

• Local buckling of subpanels
• + general buckling (excluding local one)
• + shear lag

M<0
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Local buckling

• Effective areas of class 4 subpanels (stiffeners
or plates)

Ac,eff,loc

Plate buckling
• The stiffeners and associated parts are 

« reduced » due to general buckling

Ac,eff =  ρc « middle part » + « end parts »

X ρc Interaction column/plate 
buckling to be considered
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Shear lag

• Effectives width
due to shear lag

A*
c,eff =  βκ x Ac,eff

X ρc

 

CL 

Pour une partie de 
semelle en console 

Pour une partie interne de semelle  

beff 

b0 b0 

beff 

beff / b0 =  β

Effectives width in a steel flange (stiffened or not)

Shear lag in EC3
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0 0.5 1 1.5
0

0.5

1

b0/Le

Stiffener area = plate 
area

unstiffened

1/50

beff / b0

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2
Stiffener area = plate area

Moment > 0

Moment < 0

beff / b0 as a function of the moment sign

b0/Le1/50
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0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2
q g

β

βκ

b0/Le1/50

Shear lag at ULS

Main features

• General
• Resistance of cross-sections
• Lateral-torsional buckling
• Shear connection
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Cl 1

Cl 3 / 4

All the sections class 1 : plastic analysis (not for bridges)

Some sections class 2 : elastic analysis up to Mpl,Rd

Some sections class 3 : elastic analysis up to Mel,Rd

Large composite bridges (in general)

Non linear
behaviour if 
MEd>>Mel,Rd

Cracking of 
concrete

Redistribution due to plastification at mid-span is
taken into account if :
– MEd > Mel,Rd
– Class 3 or 4 on support (no problem if class 1 or 2)
– Lmin/Lmax < 0.6

o Non-linear elastic analysis or
o Linear elastic analysis with MEd < 0.9 Mpl,Rd in 

sagging moment regions

Cl.1/2

Cl.3 / 4

M

θ

Linear elastic analysis of a composite bridge

IF NOT
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Cracking of concrete in a composite bridge (global 
analysis)

If under characteristic combination
⏐2fctm ⏐ ≤ ⏐ σc ⏐⇒ cracked global analysis

EI1
EI2

EI1

Cracked zone

Cracking of concrete in a composite bridge (global 
analysis)

• Alternative if
– No prestressing (tendons or jacking on supports)
– lmin/lmax>0.6

EI1
EI2

EI1

Imin Imax

0.15Imax
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Creep is dealt with using modular ratio

( )L 0 L tn n . 1= +ψ φ

Value of t0 : t0 = 1 day for shrinkage
t0 = a mean value in case of concrete cast in several stages

a
0

cm

En
E

= ( )t 0t tφ = φ − creep coefficient given by EC2 : and

{
Lψ is given by :  Permanent loads

shrinkage
Imposed deformations

1,1
0,55
1,5

• Concrete slab ⇒ EN 1994-2
– Same effectives width beff for 

SLS and ULS combinations of 
actions

• Steel flange ⇒ EN 1993-1-5
– Used for bottom flange of a box-

girder bridge
– Different effectives width for 

SLS and ULS combinations of 
actions

– 3 options at ULS (choice to be 
performed in the National 
Annex)

eff ,flangeb

flangeb

eff ,slabb

slabb

xσ

Shear lag in composite bridges
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Equivalent spans for slab effectives width

Effectives width of concrete slab

b1 b1 b2

be1 be2

beff
b0

  
e

ei i
Lb min( ; b )
8

=

0eff i eib b b= + β∑ with e
i

ei

L0,55 0,025 1
b

β = + ≤ end supports

i 1β = elsewhere

⎧⎪
⎨
⎪⎩
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Cross-section verification at ULS (M>0)

PNA

ENA

Elastic resistance
(for class 1, 2, 3)

plastic resistance
(for classes 1/2)

0,85 fck/γc
fck/γc

(+)

fy/γM0 fy/γM0

compression

traction

(+)

(−)(−)

Cross-section verification at ULS (M>0)

Reduction factor for S420 and S460 steels
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Cross-section verification at
ULS (M>0)

Simplified non-linear resistance

RdelEdcEda MMkM ,,, =+

fyd

EdaM , EdcM ,+ EdM=

fydk

Cross-section verification at ULS (M<0)

PNA

ENA

Elastic resistance class 1, 2, 3 Plastic resistance
(Classes 1 and 2)

fsk/γs (−)

(−)

(+)

fy/γM0
fy/γM0compression

(+)

fy/γM0

fsk/γs
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Class 4 composite cross-section with construction phases

• 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.

a,EdM

+

c,EdM

=

Ed a,Ed c,EdM M M= +

Recalculation of the stress distribution
respecting the sequence of construction 1- Flange

2- Web

Aeff Ieff

• For  Class 1 or 2 sections :

• For Class 3 or 4 sections : See Eurocode 3 part 1-5.

Plastic resistance : steel web only
Vpl,a,Rd is calculated by using Eurocode 3 part 1-1.

Shear buckling resistance :

Eurocode 3 part 1-5.
Interaction between M and V :

ULS section resistance under V and interaction M + V

yw w w
Rd b,Rd bw,Rd bf ,Rd

M1

f h t
V V V V

3
η

= = + ≤
γ

y
Rd pl,a ,Rd V

M0

f
V V A .

3
= =

γ
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The interaction M-V should be considered according to EN-1993-1-5, 7.1 (1). 

If the design shear force is higher than 50% of the shear buckling resistance then is 
has to be verified:

Where: 

and 

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 hw/2 from a support with vertical 
stiffness. 

η η
⎡ ⎤

⎡ ⎤+ − − ≤⎢ ⎥ ⎣ ⎦⎢ ⎥⎣ ⎦

2,
1 3

,

1 2 1 1.0f Rd

pl Rd

M
M

η =1
,

Ed

pl Rd

M
M

η =3
,

Ed

bw Rd

V
V

Main features

• General
• Resistance of cross-sections
• Lateral-torsional buckling
• Shear connection
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Lateral torsional buckling
(welded sections used for medium/long spans)

The idea is to verify the lateral column buckling of the “equivalent”
compressed flange maintained by elastic springs.

Difficulties :

•Flange not uniform for medium/large spans

•Springs possibly not uniform (spacing, stiffness)

•Force following the flange deformation and not uniform

•Valid in service when the slab provides a lateral bracing

•(Web often class 4)

Lateral torsional buckling

Two main methods:

•General method  EN 1993-1-1, 6.3.4

•Second order calculation  EN 1993-1-1, 5.3.2 (11)

0,1
1

, ≥
M

kult

γ
αχ

cr
cr

cr
init EI

Ne η
η

η
max,

0 ′′
=
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Lateral torsional buckling

Determination of the spring stiffness at each intermediate cross girder 
and on support

Lateral torsional buckling
Determination of stresses along the lower flange

Elevation of the 
flange

Enveloppe of M

Stresses
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Lateral torsional buckling
Determination of forces along the lower flange

Plan view of the 
flange

Enveloppe of M

Stresses

forces

Determination of the modal modes  ηcr

Plan view of the 
flange

Mode 1

Stresses

NOTE : The maximum deformation of the mode does not correspond to 
the maximum stresses

The maximum stress is not always on support

αcr=Ncr/ΝΕd
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Determination of αult,k the minimum force amplifier to reach the 
characteristic resistance in the most stressed section (without 
second order effect)

Stresses

NOTE : The maximum deformation of the mode does not correspond to 
the maximum stresses

The maximum stress is not always on support

σEd

fy

αult,k=fy/σEd

General method  EN 1993-1-1, 6.3.4

cr

kult

α
α

λ ,=
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General method  EN 1993-1-1, 6.3.4

0,1
1

, ≥
M

kult

γ
αχ

cr

kult

α
α

λ ,=

λ

χ

85,04,0 == χλif

3,1, ≥kultα

General method  EN 1993-1-1, 6.3.4

cr

kult

α
α

λ ,=

λλ ascurvesamethetoleadsLT
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Determination of  

Plan view of the 
flange

Mode 1

αcr=Ncr/ΝΕd

ηcr

max,crη ′′

max,crη ′′

Critical cross-section

•Second order calculation  EN 1993-1-1, 5.3.2 (11)

cr
cr

cr
init EI

Ne η
η

η
max,

0 ′′
=

2,0
1

1
)2,0( 2

1

2

0 >
−

−
−= λ

λχ
γ
λχ

λα for
N
Mewith M

Rk

Rk

cr
cr

Rk
init EI

Ne η
ηλ

η
max,

2
0

′′
=

I, MRk, NRk at the critical cross-section
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Main features

• General
• Resistance of cross-sections
• Lateral-torsional buckling
• Shear connection

• uncracked section analysis (even in the cracked 
zone)

• Particular rules where Mel,Rd < MEd < Mpl,Rd

Longitudinal shear
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Studs

hd
21 uRk

dP 0,8 f 4= π 2 2 cmRk ckP 0,29 d f E= α

1 2
Rk Rk RkP min(P ;P )=

and

h0,2. 1
d

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

α = + if h3 4d≤ ≤

1α=If not

RdP75.0

25.1
Rk

Rd
PP =At U.L.S. 

At S.L.S.

Verification at ULS

P1 B

MplRd

MEd

A

Plastification of  a fibre

Elastic
calculation

Elasto-plastic
calculation

FB interaction diagrammeFC

P2C

FB
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Interaction diagramme (section B)

FB (MN)

MB (MN.m)

MplRd
MEd+
MelRd

MaSd

Fe FB FplBFB20

GG

JJ

HH

Simplified 
method
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Application of EN 1994-2

to a steel-concrete composite twin 
girder bridge

French Practice

Laurence DAVAINE
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1. Global analysis

2. ULS verifications

3. Connection at the steel–concrete interface 

4. Fatigue

5. Lateral Torsional Buckling of members in compression

Contents

Using a worked numerical example of a twin-girder 
composite bridge :
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More information about the 
numerical design example by 

downloading the PDF guidance 
book :

“Eurocodes 3 and 4 –
Application to steel-concrete 

composite road bridges”

on the Sétra website :

http://www.setra.equipement.gouv.fr/In-English.html

NOTA: See also the reports from RFCS project (ComBri, « COMpetitive BRIdge »)

References

Composite twin-girder road bridge

60 m 80 m 60 m

C0 P1 C3P2

Note:

IPE600 every 7.5m in 
side spans and every 
8.0m in central span

fib 1200mm=

fsb 1000mm=

7 m 2.5 m2.5 m

2.8 m

34 cm

IPE 600
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2618 18 26 18

P1C0 P2 C3
60 m 60 m80 m

35 m 5 10 18 8 10 28 10 8 18 10 5 35

40 mm 55 80 120 80 55 40 55 80 120 80 55 40

h = 2800 mm

bfi = 1200 mm

bfs = 1000 mm
Note : Bridge dimensions verified 
according to Eurocodes (cross-
section resistance at ULS, SLS 
stresses and fatigue)

Longitudinal structural steel distribution of each main girder

Structural steel distribution

Used materials

Structural steel (EN1993 + EN10025) : 
S355 N for t ≤ 80 mm (or S355 K2 for  t ≤ 30 mm)

S355 NL for 80 < t ≤ 150 mm 

Cross bracing and stiffeners : S355
Shear connectors : headed studs with fu = 450 MPa
Reinforcement : high bond bars with fsk = 500 Mpa
Concrete C35/45 defined in EN1992 : fck,cyl (at 28 days) = 35 MPa 

fck,cube (at 28 days) = 45 MPa      
fctm = -3.2 MPa

295315S 355 NL

325335345355S 355 N

100 < t ≤ 15080 < t ≤ 10063 < t ≤ 8040 < t ≤ 6316 < t ≤ 40t ≤ 16

thickness t (mm)Yield 
strength 
fy (MPa)

Note : the requirements of EN 1993-1-10 (brittle fracture and through-thickness properties) should 
also be fulfilled.
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( )L 0 L tn n . 1= + ψ φ

a
0

cm

En
E

=

( )t 0t tφ = φ − creep function defined in EN1992-1-1 with : 
t = concrete age at the considered instant
t0 = mean value of the concrete age when a long-term 
loading is applied (for instance, permanent loads)
t0 = 1 day for shrinkage action 

{
Lψ correction factor for taking account of the type of loading

Permanent loads

Shrinkage

Pre-stress by imposed deformations (for 
instance, jacking on supports)

1.1

0.55

1.5

Creep - Modular ratios for bridges

for short term loading (ψL = 0)

Construction phasing

1. Concreting order of the 12.5-m-long slab segments
3 x 12.5 m 4 x 12.5 m

6 x 12.5 m3 x 12.5 m

1 2 3 16 15 14 7 13 12 11 10 9 8654

A B

CD

2. Construction timing

Steel structure 
put in place

Time (in days)

t = 0
16 concreting phases in a selected order 
assuming :

• 3 working days per segment

• only 1 mobile formwork (2 kN/m²)

t = 66

End of slab 
concreting

t = 80

Note : 14 days are required in EN1994-2 before introducing pre-stressing by imposed deformations.

t = 110

Non-structural equipments 
(pavement, safety barriers,…) 
put in place

assembling bridge 
equipments

......1st 16th

...
Pre-stressing
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t = 0

......
1st 16th

Time 
(in days)t = 66 t = 80 t = 110

3…6366Phase 16

…………

58Phase 2

3Phase 1

Mean value of the ages of concrete segments :

used for all concreting phases 
(simplification of EN1994-2).

0
66 63 ... 3

t 35.25 days
16 phases
+ + +

= =

( )1 0t , tφ = φ = ∞

( )L,1 0 1n n 1 1.1.= + φ

+ 14 days

0t 49.25 days=

( )2 0, tφ = φ ∞

( )L,2 0 2n n 1 1.5.= + φ

+ 30 days

0t 79.25 days=

( )3 0, tφ = φ ∞

( )L,3 0 3n n 1 1.1.= + φ

Age of concrete

Note : t0 = 1 day when shrinkage is applied to a concrete segment.

( )4 0, tφ = φ ∞ ( )L ,4 0 4n n 1 0.55.= + φ

EN1992-1-1, Annex B :

( ) ( )
0.3

0 0 c 0 0
0

0
H

0
t

t
t

t
t

t, t . t .  
t ⎯⎯⎯→+∞

⎛ ⎞−
φ = φ β − = φ ⎯⎯⎯⎯⎯⎯→ φ⎜ ⎟β + −⎝ ⎠

( ) ( )0 RH cm 1 2 0.23
0 c

0
0m

RH1 16.8 1100. f . 1 . . . .
0.

t
t10.10. h f

⎡ ⎤− ⎡ ⎤⎢ ⎥ ⎡ ⎤
φ = φ β β = + α α ⎢ ⎥⎢ ⎥ ⎢ ⎥+⎢ ⎥ ⎣ ⎦⎢ ⎥ ⎣ ⎦

⎢ ⎥⎣ ⎦

• RH = 80 % (relative humidity)

• h0 = notional size of the concrete slab = 2Ac/u 
where u is the part of the slab perimeter which is directly in contact with the atmosphere.

• C35/45 : as fcm = 35+8 > 35 MPa, α1 = (35/fcm)0.7, α2 = (35/fcm)0.2

Creep function and modular ratio values

Bridge equipments

Pre-stressing

Shrinkage

Concrete self-weight

Long term loading

nL,3 = 14.15

nL,2 = 18.09

nL,4 = 15.23

nL,1 = 15.49

Short term loading

a
0

cm

E
n 6.16

E
= =
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Shear lag in the concrete slab

60 m 80 m 60 m

C0 P1 C3P2

on support
in span 0.85x60 = 51m0.7x80 = 56m0.85x60 = 51m

0.25 x (60+80) = 35m 0.25 x (60+80) = 35m

Equivalent spans Le :

where:eff 0 1 e1 2 e2b b .b .b= + β + β e
ei i

L
b min ;b

8
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

i 1.0β = except at both end supports where:
e

i
ei

L
0.55 0.025 1.0

b
β = + ≤

•

•

5.83 < 6.01.129 < 1.00.9482.23.251End supports C0 and C4
6.0/ /2.23.235Internal supports P1 and P2
6.0//2.23.256Span 2
6.0//2.23.251Spans 1 and 3

beff (m)β2β1be2be1Le (m)

Shear lag in the concrete slab

b1 b1=3.5 m b2=2.5 m

be1 be2

beff

b0=0.6 m

b2

=> No reduction for shear lag in the global analysis

=> Reduction for shear lag in the section analysis : 

beff linearly varies from 5.83m at end supports to 6.0 m at a distance L1/4.
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Applied loads on the road bridge example

EN1991 part 2Fatigue load model (for instance, the equivalent lorry FLM3)FLM3

EN1991 part 2Road traffic (for instance, load model LM1 with uniform design 
loads UDL and tandem systems TS)

UDL, TS

EN1991 part 1-5Thermal gradientTk

Variable loads

Possibly, pre-stressing by imposed deformations (for instance, 
jacking on internal supports)

P

Creep (taken into account through modular ratios)

EN1992 part 1-1
EN1994 part 2

Shrinkage (drying, autogenous and thermal shrinkage strains)S

EN1991 part 1-1Self weight:
• structural steel
• concrete (by segments in a selected order)
• non structural equipments (safety barriers, pavement,…)

Gmax , Gmin

Permanent loads

Combinations of actions

For every permanent design situation, two limit states of the 
bridge should be considered :

Serviceability Limit States (SLS)
• Quasi permanent SLS

Gmax + Gmin + S + P + 0.5 Tk

• Frequent SLS
Gmax + Gmin + S + P + 0.75 TS + 0.4 UDL + 0.5 Tk
Gmax + Gmin + S + P + 0.6 Tk

• Characteristic SLS
Gmax + Gmin + S + P + (TS+UDL) + 0.6 Tk
Gmax + Gmin + S + P + Qlk + 0.75 TS + 0.4 UDL + 0.6 Tk
Gmax + Gmin + S + P + Tk + 0.75 TS  + 0.4 UDL

Ultime Limite State (ULS) other than fatigue
1.35 Gmax + Gmin + S + P + 1.35 (TS + UDL) + 1.5 (0.6 Tk)
1.35 Gmax + Gmin + S + P + 1.35 Qlk + 1.35 (0.75 TS + 0.4 UDL) + 1.5 (0.6 Tk)
1.35 Gmax + Gmin + S + P + 1.5 Tk + 1.35 (0.75 TS + 0.4 UDL)
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Un-cracked global analysis

Cracked 
zone on 

P1

-12

-10

-8

-6

-4

-2

0

2

4

6

8

0 20 40 60 80 100 120 140 160 180 200

x = 49.7 m x = 72.5 m x = 121.6 m x = 150.6 m

17 %.L1 15.6 %.L2 23 %.L2 17.7 %.L3

2. 6.4 MPa− = −ctmf

x (m)

σ (MPa) : Stresses in the extreme fibre of the concrete slab, under Characteristic SLS combination 
when considering concrete resistance in every cross-section

L1 = 60 m L2 = 80 m L3 = 60 m

Note : Dissymmetry in the cracked lengths due to sequence of slab concreting.

EI2 EI2EI1 EI1EI1

Cracked 
zone on P2

Cracked global analysis: bending moments

37.5937.06 41.33

-80.69 -77.66

50.8456.0750.16

-103.54-107.25
-120

-100

-80

-60

-40

-20

0

20

40

60

80

0 20 40 60 80 100 120 140 160 180 200

ELS caractéristique
ELU fondamental

B
en

di
n

g 
m

om
en

t 
(M

N
.m

)

Fundamental ULS
Characteristic SLS

x (m)
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Cracked global analysis: shear forces

5.54 5.49

3.24

-5.49-5.54

-3.26

1.09

7.47 7.39

4.38

-3.09 -2.92

-7.46 -7.41

-4.40

3.09

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 20 40 60 80 100 120 140 160 180 200

ELS caractéristique
ELU fondamentalFundamental ULS

Characteristic SLS

x (m)

Sh
ea

r 
fo

rc
e 

(M
N

)

Contents

1. Global analysis

2. ULS verifications

3. Connection at the steel–concrete interface 

4. Fatigue

5. Lateral Torsional Buckling of members in compression
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60 m 80 m 60 m

AΣ BΣ

Concrete in tension

M<0

Class 3 (elastic section analysis)

MULS = -107.25 MN.m

VULS = 7.47 MN

Section AΣ
Concrete in compression

M>0

Class 1 (plastic section analysis)

MULS = +56.07 MN.m

VULS = 1.04 MN

Section BΣ

Analysis of 2 different cross-sections

Cross-section ΣA under bending

-171.2 MPa
-149.2 MPa

-275.8 MPa

261.3 MPa

2.5 m 3.5 m

Stress diagram under bending

y
steel,inf

M0

f
295 MPaσ ≤ =

γ

y
steel,sup

M0

f
295 MPa− = − ≤ σ

γ

sk
re inf .

S

f
434.8 MPa− = − ≤ σ

γ

1000 x 120 mm²

1200 x 120 mm²2560 x 26 mm²

Elastic section analysis :
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Cross-section ΣA under shear force

2

wh
k 5.34 4 5.75

aτ
⎛ ⎞= + =⎜ ⎟
⎝ ⎠

cr Ek 19.58 MPaττ = σ =

hw = 2560 mm

a = 8000 mm

First cross-bracing 
in central spanP1

VEd = 7.47 MN

VEd = 6.00 MN

tw = 26 mm

w

w

h 31
k

t τ

ε
≥

η

Shear buckling to be considered:

yw w w
Rd b,Rd bw,Rd bf ,Rd

M1

f h t
V V V V

3

η
= = + ≤

γ

Contribution of the flange Vbf,RdContribution of the web Vbw,Rd

yw
w

cr

f
1.33 1.08

3
λ = = ≥

τ

w
w

1.37
0.675

0.7
χ = =

+ λ

yw
bw,Rd w w w

M1

f
V h t 8.14 MN

3
= χ =

γ

bf ,RdV 0.245 MN= can be neglected.

Cross-section ΣA under M+V interaction

Ed

Rd

V
0.5

V
≥ so the M+V interaction should be checked, and as the section is in 

Class 3, the following criterion should be applied (EN1993-1-5) :

2f ,Rd
1 3

pl,Rd

M
1 2 1 1.0

M

⎡ ⎤
⎡ ⎤η + − η − ≤⎢ ⎥ ⎣ ⎦⎢ ⎥⎣ ⎦

at a distance hw/2 from internal support P1.

f ,RdM 117.3 MN.m= : design plastic resistance to bending of the effective composite section 
excluding the steel web (EN 1994-2, 6.2.2.5(2)).

f ,RdEd
1

pl,Rd pl,Rd

MM
0.73 0.86

M M
η = = ≤ =

Ed
3

bw,Rd

V
0.89

V
η = =

pl,RdM 135.6 MN.m= : design plastic resistance to bending of the effective composite section.

As MEd < Mf,Rd, the flanges alone can be used to 
resist M whereas the steel web resists V.

=> No interaction !
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Cross-section ΣB (Class 1)

9.2 MPa

202.0 MPa

-305.2 MPa

2.5 m 3.5 m

p.n.a.
+

 -

ck

C

f
0.85

γ

yf

M0

f

γ
yw

M0

f
−
γ

1000 x 40 mm²

1200 x 40 mm²

2720 x 18 mm²

Plastic section analysis under bending : Ed pl,RdM 56.07 M 79.59 MN.m= ≤ =
2

wh
k 5.34 4 5.80

aτ
⎛ ⎞= + =⎜ ⎟
⎝ ⎠

w

w

h 31
k

t τ

ε
≥

η
, so the shear buckling has to be considered:

yw w w
Ed Rd b,Rd bw,Rd bf ,Rd bw,Rd

M1

f h t
V 2.21 MN V V V V V 4.44 MN 10.64 MN

3

η
= ≤ = = + ≈ = ≤ =

γ

and

Ed

Rd

V
0.5

V
≤ => No M+V interaction !

Class 4 composite section with construction phases

• 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.

a,EdM

+

c,EdM

=

Ed a,Ed c,EdM M M= +

Recalculation of the stress distribution
respecting the sequence of construction

1- Flange

2- Web

eff eff G,effA ,I , y

Justification of the recalculated 
stress distribution
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1. Global analysis

2. ULS verifications

3. Connection at the steel–concrete interface

4. Fatigue

5. Lateral Torsional Buckling of members in compression

Contents

Elastic design of the shear connection

• SLS and ULS elastic design using the shear flow vL,Ed at the steel-concrete 
interface, which is calculated with an uncracked behaviour of the cross sections.

SLS ULS

( ) { }, .≤SLS i
L Ed s Rd

i

Nv x k P
l

For a given length li of the girder (to 
be chosen by the designer), the Ni
shear connectors are uniformly 
distributed and satisfy :

For a given length li of the girder (to be 
chosen by the designer), the Ni

* shear 
connectors are uniformly distributed and 
satisfy :

( )
*

, 1.1 .≤ULS i
L Ed Rd

i

Nv x P
l

( )0 ≤ ≤ ix l ( ) *
,

0

.≤∫
il

ULS
L Ed i Rdv x dx N P

( ), ( ).
+

= Ed

c
s

L

c s

Ed

A Az
v x nV

z
x

I

Shear force from 
cracked global 

analysis
Uncracked mechanical 

properties

2.5 m 3.5 m

 e.n.a.
sz

cz
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SLS elastic design of connectors

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100 120 140

Shear flow at SLS (MPa/m)
Shear resistance of the studs (MPa/m)

L1 = 29 m L2 = 41 m L3 = 41 m L4 = 29 m

Studs with :

d = 22 mm

h = 150 mm

in S235

L,Edv SLS⎡ ⎤⎣ ⎦

in MPa/m

ULS elastic design of connectors

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80 100 120 140

Shear flow at ULS (MPa/m)
Shear resistance of the studs (MPa/m)

• Using the same segment lengths li as in SLS calculation 
and the same connector type

L,Edv ULS⎡ ⎤⎣ ⎦

in MPa/m
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-50

-40

-30

-20

-10

0

10

20

30

40

50

0 20 40 60 80 100 120 140

M_Ed+

M_Ed-

M_pl,Rd+

M_pl,Rd -

Bending moment in section B

Ma,Ed(B) = 2.7 MN.m -----> MEd(B) = 22.3 MN.m < Mpl,Rd (B) = 25.7 MN.m

Section B 
(Class 1)

x (m)

1 2 3 4 5 6 7 8 910111213141516

Concreting 
phases

M
 

(M
N

.m
)

Normal stresses in section B

Mc,Ed(B) = 22.3 – 2.7 = 19.6 MN.m

σai
(2) = (-360.3) – (-63.0) = -297.3 Mpa

k is defined by 
( )− −

= = ≤
σ

y
(2)

ai

f 63.0
k 0.95 1.0

Mel,Rd is then defined by Mel,Rd = Ma,Ed + k. Mc,Ed = 21.3 MN.m

-63.0 MPa σai
(2)

σas
(2)

σc
11.9 MPa

151.7 MPa

-360.3 MPa

Ma,Ed(B) = 2.7 MN.m MEd(B) = 22.3 MN.mMc,Ed(B)

88.2 MPa
fy = -345 MPa

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

91



Interaction diagram in section B

26.9 cm

3.6 cm

beff = 5.6 m

0.65 m

0.95*11.9 MPa

0.95*3.0 MPa

Nel = 11.4 MN

k * ULS stresses

=
γ
ck

C

f
0.85 19.8 MPa

= =
γ
ck

pl c,eff
C

f
N 0.85 .A 30.3 MPa

NB (MN)

MB (MN.m)

Mpl,Rd = 25.7
MEd = 22.3

Mel,Rd = 21.3

MaEd = 2.7

Nel = 11.4 NB = 25.8
Npl = 30.3

NB
* = 15.7

0

-400

-300

-200

-100

0

100

200

300

400

0 20 40 60 80 100 120 140

ULS Stresses (MPa) in the bottom steel flange

fy

Section CSection A

Section B

(σmax = -360.3 Mpa)

fy = -345 MPa

3.3 m 2.8 m

Limits of the elasto-plastic zone

26.9 cm

3.6 cm

beff = 5.6 m

0.65 m

11.8 MPa

3.1 MPa

11.3 MPa

2.9 MPa

Nel(C) = 11.5 MNNel(A) = 12.1 MN

Section A Section C
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Adding shear connectors by elasto-plastic design

• 9 rows with 4 studs and a longitudinal spacing equal to 678 mm 
(designed at ULS)

(15.7-11.5)/(4x0.1095) = 10 rows

spacing = 2800/10 = 280 mm

(15.7-12.1)/(4x0.1095) = 9 rows

spacing = 3300/9 = 367 mm

More precise 
interaction 

diagram

(25.8-11.5)/(4x0.1095) = 33 rows

spacing = 2800/33 = 84 mm

(which is even lower than 5d=110 mm !)

(25.8-12.1)/(4x0.1095) = 28 rows

spacing = 3300/28 = 118 mm

Simplified 
interaction 

diagram

Section B Section CSection A

3300 mm 2800 mm

e = 678 mm

1. Global analysis 

2. ULS verifications

3. Connection at the steel–concrete interface 

4. Fatigue

5. Lateral Torsional Buckling of members in compression

Contents
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Fatigue ULS in a composite bridge

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

• 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)

Two assessment methods in the Eurocodes which differ in the partial factor γMf for fatigue 
strength in the structural steel :

Safe life
No requirement for regular in-service 
inspection for fatigue damage

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

High consequenceLow consequence

Consequence of detail failure for the bridgeAssessment method
(National Choice)

Mf 1.0γ = Mf 1.15γ =

Mf 1.15γ = Mf 1.35γ =

Fatigue Load Model 3  « equivalent lorry » (FLM3)

axle  = 120 kN

Δσ = λΦ ΔσE,2 p.

• 2.106 FLM3 lorries are assumed to cross the bridge per year and per slow lane defined in 
the project

• every crossing induces a stress range Δσp = |σmax,f - σmin,f | in a given structural detail

• the equivalent stress range ΔσE,2 in this detail is obtained as follows :

where :

• λ is the damage equivalence factor

• Φ is the damage equivalent impact factor 
(= 1.0 as the dynamic effect is already 
included in the characteristic value of the 
axle load)
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Damage equivalence factor λ

In a structural steel detail (in EN 1993-2):
λ=λ1 λ2  λ3 λ4 < λmax
which represents the following parameters :

λ1  : 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

λ2  : influence of the traffic volume

λ3  : life time of the bridge ( λ3=1 for 100 years)

λ4  : influence of the number of loaded lanes 

λmax : influence of the constant amplitude fatigue limit ΔσD at 5.106 cycles

For shear connection (in EN1994-2):

For reinforcement (in EN1992-2):

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

v v ,1 v ,2 v ,3 v ,4. . .λ = λ λ λ λ

s fat s ,1 s ,2 s ,3 s ,4. . . .λ = ϕ λ λ λ λ

c c ,0 c ,1 c ,2,3 c ,4. . .λ = λ λ λ λ

Damage equivalence factor λv

• for road bridges (with L< 100 m) : v ,1 1.55λ =

• hypothesis for the traffic volume in the example (based for instance on the 
existing traffic description in EN 1991 part 2): 

Mean value of lorries weight :

(1 8)

obsml
v ,2 6

NQ 407
0.848

480 0.5.10 480
⎛ ⎞λ = = =⎜ ⎟
⎝ ⎠

1 55
i i

ml
i

nQ
Q 407 kN

n

⎛ ⎞
= =⎜ ⎟⎜ ⎟
⎝ ⎠

∑
∑

• bridge life time = 100 years, so v ,3 1.0λ =

6
obsN 0.5.10= lorries per slow lane and per year with the following distribution

1Q 200 kN= 2Q 310 kN= 3Q 490 kN= 4Q 390 kN= 5Q 450 kN=

40% 10% 30% 15% 5%

• only 1 slow lane on the bridge, so v,4 1.0λ = v 1.314λ =
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Stress range Δσp = | σmax,f – σmin,f | in the structural steel

FLM3+

In every section :

Fatigue loadsBasic combination of non-cyclic actions

max min kG  (or G ) 1.0 (or 0.0)S 0.6T+ +

max min a,Ed c,EdM  (or M ) M M= + FLM3,max FLM3,minM  and M

Ed,max,f a,Ed c,Ed FLM3,maxM M M M= + +
Ed,min,f a,Ed c,Ed FLM3,minM M M M= + +

L 0

1 1
c,Ed,max,f c,Ed FLM3,max

1 1n n

v v
M M

I I
⎛ ⎞ ⎛ ⎞

σ = +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ L 0

1 1
c,Ed,min,f c,Ed FLM3,min

1 1n n

v v
M M

I I
⎛ ⎞ ⎛ ⎞

σ = +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

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

• Corresponding stresses in the concrete slab (participating concrete) : 

σc,Ed,max,f > 
0
σ < 0

Case 3

σc,Ed,max,f < 
0
σc,Ed,min,f < 0

Case 2

σc,Ed,max,f > 
0
σc,Ed,min,f > 0

Case 1
a a1 1 1 1

a,Ed c,Ed FLM3,max a,Ed c,Ed FLM3,min
a 1 1

1
p FLM3

a 1 1 1

v vv v v v
M M M M M M

I I I I I I
v

M
I

⎡ ⎤ ⎡ ⎤
= + + − + +⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

Δσ = Δ

2
p FLM3

2

v
M

I
Δσ = Δ

1 2 1 2
p c,Ed FLM3,max FLM3,min

1 2 1 2

v v v v
M M M

I I I I
⎛ ⎞

Δσ = − + +⎜ ⎟
⎝ ⎠

0

5

10

15

20

25

30

0 20 40 60 80 100 120 140 160 180 200
x (m)

S
tre

ss
 ra

ng
e 

(M
P

a)

Stress range from M_min Stress range from M_max
always without concrete participation always with concrete participation

Stress range Δσp for the upper face of the upper steel flange

1 2 3 16 15 14 7 13 12 11 10 9 8654Sequence of 
concreting
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Stress range Δσs,p = | σs,max,f – σs,min,f | in the reinforcement

σc,Ed,max,f > 
0
σc,Ed,min,f < 0

Case 
3

σc,Ed,max,f < 
0
σc,Ed,min,f < 0

Case 
2

σc,Ed,max,f > 
0
σc,Ed,min,f > 0

Case 
1

1
s,p FLM3

1

v
M

I
Δσ = Δ

c ,Ed FLM3,max2
s ,p c ,Ed FLM3,min s ,f

2 c ,Ed FLM3,min

M Mv
M M 1

I M M

⎛ ⎞+⎡ ⎤
Δσ = + + Δσ −⎜ ⎟⎢ ⎥ ⎜ ⎟+⎣ ⎦ ⎝ ⎠

( ) 1 2
s ,p c ,Ed FLM3,max c,Ed FLM3,min s ,f

1 2

v v
M M M M

I I
⎡ ⎤

Δσ = + − + + Δσ⎢ ⎥
⎣ ⎦

• influence of the tension stiffening effect 

ctm
s,f

st s

f
0.2Δσ =

α ρ !
Fatigue : 0.2 
SLS verifications : 0.4

• in case 3, Mc,Ed is a sum of elementary bending moments corresponding to different load 
cases with different values of v1/I1 (following nL).

st
a a

AI
A I

α = s,eff
s

c,eff

A
.100

A
ρ =

Slope v2/I2 (fully 
cracked behaviour)

Tension 
stiffening 
effect

σs Stresses in the reinforcement (>0 in compression)

Bending 
moment in the 
composite 
section

M

     case 1

s ,p,1Δσ

       case 3

s ,p,3Δσ

c ,Ed FLM3,minM M+

c ,Ed FLM3,maxM M+

        case 2

s ,p,2Δσ

s,fΔσ

Slope v1/I1

Tension stiffening effect
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Fatigue verifications

Δτ
γ Δτ ≤

γ
c

Ff E,2
Mf

Δσ
γ Δσ ≤

γ
c

Ff E,2
Mf

• In a structural steel detail :

Δσ
γ Δσ ≤

γ
Rsk

F,fat E,2
S,fat

• In the reinforcement :

γ Δσ γ Δτ⎛ ⎞ ⎛ ⎞
+ ≤⎜ ⎟ ⎜ ⎟Δσ γ Δτ γ⎝ ⎠ ⎝ ⎠

3 5

Ff E,2 Ff E,2

C Mf C Mf

1.0

S,fat 1.15γ =

1k
1

2k
1

* 6N 1.10= logN

Rsklog Δσ

Rsk 162.5 MPaΔσ =

skf 1k 5=

2k 9=

Classification of typical structural details
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( ) ( )m m

R R C CN NΔτ = Δτ

m=8Δτc= 
90 MPa

NR (log)
Nc =

2.106 cycles

ΔτR (log)

m=5
Δσc=
80 MPa

m=3

NR (log)

ΔσR (log)

Nc = 
2.106 cycles

Fatigue verifications for shear connectors

1. For a steel flange always in compression at fatigue ULS (Δτ in the shank) :

Δτ
γ Δτ ≤

γ
c

Ff E,2
Mf ,s

Ff 1.0γ =

Mf ,s 1.0γ =
with the recommended values :

2. When the maximum stress in the steel flange at fatigue ULS is in tension (Δσ in the 
flange) :

Δσ
γ Δσ ≤

γ
c

Ff E,2
Mf

Δτ
γ Δτ ≤

γ
c

Ff E,2
Mf ,s

γ Δσ γ Δτ
+ ≤

Δσ γ Δτ γ
Ff E,2 Ff E,2

C Mf C Mf ,s

1.3

ΔτE,2

ΔσE,2

1. Global analysis of the composite bridge

2. ULS verifications

3. Connection at the steel–concrete interface 

4. Fatigue

5. Lateral Torsional Buckling of members in compression

Contents
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1. Bridge with uniform cross-sections in 
Class 1,2 or 3 and an un-stiffened web  
(except on supports) : U-frame model

2. Bridge with non-uniform cross-sections : 
general method from EN1993-2, 6.3.4

• 6.3.4.1 : General method

• 6.3.4.2 : Simplified method 
(Engesser’s formula for σcr)

To verify the LTB in the lower bottom flange (which is in compression 
around internal supports), two approaches are available :

LTB around internal supports of a composite girder

ult
LT

cr

α
λ =

α

( )LTLT fχ = λ

with
y

ult
a

f
α =

σ
cr

cr
a

σ
α =

σ
and

LT ult

M1

1.0 ?
χ α

≥
γ

Lateral restraints

7000

28
00

11
00

60
0

11
00IPE 600

Cross section with transverse bracing frame in span

Lateral restraints are provided on each vertical support (piles) and in cross-
sections where cross bracing frames are provided: 

• Transverse bracing frames every 7.5 m in end spans and every 8.0 m in 
central span

• A frame rigidity evaluated to Cd = 20.3 MN/m (spring rate)
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Dead loads (construction phases, 
cracked elastic analysis, 
shrinkage)

Traffic loads (with unfavourable 
transverse distribution for the 
girder n°1)

TS = 409.3 kN/axle
udl = 26.7 kN/m

+

MEd = -102 MN.m

NEd = MEd / h

= 38 MN

Maximum bending at support P1 under traffic

• EN 1993-2, 6.3.4.2 : ENGESSER

•• EN 1993EN 1993--2, 6.3.4.1: 2, 6.3.4.1: 
General methodGeneral method

t bI
3 3

f f 120.1200
12 12

= =

N EIccr 2 192 MN= =

N Ncr cr Edα = =

• I and NEd are variable

• discrete elastic lateral 
support, with rigidity Cd

a = 8 ma = 7,5 m a = 7,5 m

c = Cd/a

x

uy

L = 80 m

Lcr = 20 m

(I)

(II)

(III)

5.1 < 10

N Ncr cr Edα = =

=
=

(Mode I at P1)
(Mode II at P2)
(Mode III at P1)

8.9
10.3
17.5

•NEd = constant = Nmax

• I = constant = Imax

Elastic critical load for lateral flange buckling
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First order stresses in the mid plane 
of the lower flange (compression at support P1)

EN1993-2, 6.3.4.1 (general method)

.
fyf

ult,k
f

295 1 18
249

minα
σ
⎡ ⎤

= =⎢ ⎥
⎢ ⎥⎣ ⎦

=

= =

= ≥

ult,k
op

cr,op

1.18
8.9

    0.37 0.2

α
λ

α

Using buckling curve d: op 0.875 1.0χ = ≤

ult,k
op

M1

1.036 0.94 1.0
1.1

α
χ

γ
= = > NO !

Thank you for your attention
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UK experience with EN 1994-2
Chris Hendy
Head of Bridge Design and 
Technology, Atkins

Introduction

● UK documentation for EN 1994-2
● UK Eurocode project experiences
● Specification challenges (for steel-concrete composite bridges)
● UK design guides and frequently asked questions
● Conclusions
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UK documentation

UK documentation

• More documents than before:
- 58 Eurocode parts (require around 20 to design a steel-

concrete composite bridge)
- 57 National Annexes (require around 20 to design a steel-

concrete composite bridge)
- Highways Agency client-specific documents (require two to 

design a steel-concrete composite bridge)
- BSI Published Documents for many parts (may refer to 

around 10 to design a steel-concrete composite bridge)
- ... + Euronorms (product standards and execution 

standards)

• But  documents much better structured than 
previously
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Eurocodes required for steel-concrete composite 
design

EN 1990 Basis of structural design BS5400 Part 1 and 2

EN 1991-1-1  Densities, self weight and imposed loads
EN 1991-1-2  Actions on structures exposed to fire
EN 1991-1-3  Snow loads
EN 1991-1-4  Wind loads
EN 1991-1-5  Thermal loads
EN 1991-1-6  Actions during execution 
EN 1991-1-7  Accidental actions
EN 1991-2     Traffic loads on bridges

BS5400 Part 2

Eurocode Equivalent 
BS5400

BS 5400 Part 4EN 1992-1-1  General rules and rules for buildings
EN 1992-2     Bridges

CONCRETE

ACTIONS

EN 1993-1-1   General rules and rules for buildings
EN 1993-1-5   Plated structural elements 
EN 1993-1-7   Strength of planar plated structures 

loaded transversely
EN 1993-1-8   Design of joints
EN 1993-1-9   Fatigue
EN 1993-1-10 Brittle fracture
EN 1993-1-11 Cables
EN 1993-2      Bridges

BS5400 Part 3

Eurocode Equivalent 
BS5400

BS 5400 Part 5EN 1994-1-1 General rules and rules for buildings
EN 1994-2    General rules and rules for bridges

STEEL-CONCRETE COMPOSITE

STEEL

Eurocodes required for steel-concrete composite 
design
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• UK NA generally accepts 
all recommended values in 
EN 1994-2
- One exception is temperature 
difference to consider for heat of 
hydration – 20K increased to 25 K
• UK NA generally adds no 
more information when 
prompted
- One exception is guidance on 
shear connection in PD 6696-2

Other UK documentation

• PD 6696-2 is intended to 
provide:
– information on topics not covered 
by EN 1994 
– guidance where it was considered 
desirable for the correct and 
consistent application of a Eurocode
rule
• Usually possible to design all 
elements of a bridge utilising 
Eurocode methodology without 
additional guidance, but not 
necessarily without increased 
complexity from previous practice
• Main provisions are as follows:

Other UK documentation
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Influence of tension on stud shear resistance

•EN 1994-2 gives no guidance on the design of studs with 
uplift force exceeding 10% of their shear resistance
•Uplift forces can occur for a variety of reasons  
•Relevant evidence from about 60 tests (by Johnson and 
Buckby) on 19-mm and 22-mm studs gives a best-fit 
interaction curve provided in PD 6696-2:

(Ften / 0.85 PRd)5/3 + (PEd/PRd)5/3 ≤ 1
where Ften is the design tensile force, PRd is the shear 

resistance and PEd is the design shear force.

Ften

PEd

PD 6696-2 provisions

Design resistance of 
block connectors with 
hoops (PD cl. 5.4)
•Sometimes a stronger 
connector is needed 
than a shear stud e.g. 
integral bridge 
connections at 
abutments
•Other alternatives of 
course are possible:

PD 6696-2 provisions
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PD 6696-2 provisions
Design resistance of 
block connectors with 
hoops (PD cl. 5.4)
•Sometimes a stronger 
connector is needed 
than a shear stud e.g. 
integral bridge 
connections at 
abutments
•Other alternatives of 
course are possible:

Design resistance of block connectors 
with hoops (PD cl. 5.4)
•Sometimes a stronger connector is needed 
than a shear stud e.g. Integral bridge 
connections at abutments
•Shear resistance of block and hoop 
connectors can be determined using EN 
1992-1-1 clause 6.7  
•The minimum resistance to uplift of 0.1 PRd
can be provided by the hooped reinforcing 
bars (1)
•The shear resistance provided by the block 
equals its bearing resistance, 
•PRd =                         ≤ 3.0 Ac0 fcd with Ac0 = 
0.5 b1 d1 and Ac1 = 0.5 b2 d2.
•No need for vertical bursting rebar – tests 
show not necessary
•Steel designed for strength and fatigue

cdfAAA 0c1c0c

b2 ≤ b1 + h

PD 6696-2 provisions
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UK Eurocode project 
experiences

• Very few UK bridges completely designed to 
Eurocodes so far

• Experience reflects both real design and design 
guide examples

• Experience includes:
– Ladder deck bridges
– Multi-girder bridges
– Curved multi-girder bridges
– Half through bridges
– Composite box girders
– Arches

UK Eurocode project experiences
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Composite ladder decks

Generic design issues with ladder deck where 
interpretation of / addition to EN 1994-2 required:

• Design of cross girders
• Second order effects in deck slabs
• Cross girder connections 
• Shear connection of cross girders

Composite ladder deck
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•Cross girders need to prevent slab 
buckling where main girders more 
than about 30 x slab thickness
•For widely spaced main girders, 
slab behaves as a column braced at 
cross girders
•Slab slenderness has to be 
assessed using EN 1992-1-1 clause 
5.8.3.1
•Slabs with typical cross girder 
spacing (3.5m to 4m) and thickness 
(250 mm) become slender
•Need to determine second order 
moments in slab

B

L

B

L

Design of cross girders

With cross girdersWithout cross girders

n/CBAlim ⋅⋅=≤ 20λλ

•Simplest method is to use 
moment  magnifier method from 
EN 1992-1-1 clause 5.8.7

Design of cross girders
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•Simplest method is to use moment  magnifier method from EN 1992-1-1 
clause 5.8.7
•Typical curves for B20 bars and 250 mm slab shown below

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

relative axial force, n

m
ag

ni
fie

r

3 m spacing, ϕ ef = 0.75

4 m spacing, ϕ ef = 0.75

4 m spacing, ϕ ef = 0

3 m spacing, ϕ ef = 0

Design of cross girders

( )cdcEd fANn /=

•Cross girder itself must 
also be stiff enough
•Can utilise requirements in 
EN 1993-1-5 with 
amendments

Design of cross girders
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Shear lag for cross girders

•Cross girders commonly attached to main girders by lap connection
•Cross girders near main beam supports develop end moments due to
main beam torsional stiffness; slab effective width for this situation?

?

Shear planes

• EN 1994-2 interaction with transverse bending moment 
as follows:

- On plane A-A, transverse reinforcement to be the greater of that 
required for longitudinal shear alone and half that required for
longitudinal shear plus that required for transverse bending. 

- On plane B-B, the area of bottom reinforcement required for 
transverse bending moment should be fully added to that required
for longitudinal shear (although not stated in EN 1994)

hf (for plane AA – for BB 
it is length of plane)

A

A BB
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• EN 1994-2 does not cover interaction with tension as 
occurs in cross girders:

- If the slab is in transverse tension across A-A (e.g. if the girder is a 
cross girder in the main beam hogging zone) tension requirements
should be fully combined with longitudinal shear

hf (for plane AA – for BB 
it is length of plane)

A

A BB

Shear planes

Composite multi-girder decks
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Generic design issues with multi-girder decks where 
interpretation of / addition to EN 1994-2 required:

• Bare steel beam condition
• LTB verification in completed condition

Composite multi-girder decks

• Steel-concrete composite girders during concreting
• In PD6695-2, calculation is lengthy and conservative
• In Eurocodes 3 and 4, computer analysis is required but more 

economic
• Eurocode slenderness:

cr

Rk
LT

M
M

=λ
moment for elastic buckling

moment for cross section 
failure

Bare steel beams during construction
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• Example: finite element analysis of typical paired girders in two span 
bridge

• Thick shell elements for webs, flanges and stiffeners; beam elements for 
bracing members

• Ultimate moment resistance determined using above approach

Elastic critical analysisBare steel beams during construction

Elastic critical buckling analysis – plate girders
• First determine Mcr , but how recognise correct mode?
• Global mode is the correct one; in this case mode 20

Bare steel beams during construction

Point of 
rotation
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Elastic critical buckling analysis – plate girders
• For slender webs, get elastic buckling of web first
• Also torsional buckling of flanges
• Alternative method using PD 6695-2 ........

Bare steel beams during construction

Bare steel beams during construction
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Bare steel beams during construction

• Comparison made between PD 6695-2 method 
(imported from BS5400 Part 3), elastic critical method 
and full non-linear model

Calculation method Load factor

(i) Hand calculation to PD 6695-2 1.00

(i) EN 1993-1-1 clause 6.3.2 with Mcr
determined from elastic buckling 

analysis
1.53

(i) Non Linear FE (with strain hardening) 1.99

Elastic critical analysis
Bare steel beams during construction
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• Method of 3-2/6.3.4.2(2) is invoked by EN 1994-2 and is 
intended for beams where one flange is held in position laterally

• Represents lateral torsional buckling (actually lateral distortional 
buckling) by lateral buckling of the compression flange

• Applies to U-frame type bridges and lengths of girder 
compression flange between rigid restraints

LTB of steel-concrete composite beams

• Slenderness for LTB based on slenderness of compression 
flange as a strut

• Aeff = Af +Awc/3 from 3-2/6.3.4.2(7)
• Definition of Aeff (greater than the flange area) is necessary to 

ensure that the critical stress produced for the strut is the same 
as that required to produce buckling in the beam under bending 
moment

crit

yffe
LT

N
fA

=λ

Effective strut, Aeff = 
Af + 1/3 tw hwc

tension

hwc

LTB of steel-concrete composite beams
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• Spring stiffness from 3-2/Annex D, where values of stiffness, Cd, can 
be calculated (joint flexibility not included – may need to add)

q

vqv

v
d

I
Ibhh

EI
C

23

23

+

=

hv h

bq

Iv

Iq

LTB of steel-concrete composite beams

Ecrit mNN =          3-2/(6.12) 

where 2

2

L
EIN E

π
= , 012 2 ./m ≥= γπ , 

EI
cL4

=γ and c = Cd/l with Cd equal to the 

restraint stiffness and l equal to the distance between restraints.  

Lengths of flange between rigid bracings
• Ncrit = m NE   with NE = π 2EI / L2

)50350/()23()1(44.01 5.1 μγμ −Φ++Φ++=m  or    3-2/(6.14) 
5.05.1 ))100/05.0(195.0()1(44.01 γμμ Φ+++Φ++=m  

With: 
12 /VV=μ  and )1/()/1(2 12 μ+−=Φ MM for M2 < M1 and V2 < V1 

LTB of steel-concrete composite beams

M1

M2

V2 / V1<1

V2 / V1=1

L
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Lengths of flange between rigid 
bracings
•What to do with moment reversal?

i)Take m = 1.0 (very conservative)

ii)Take M2 = 0 and V1 =V2: leads to m = 
1.88 if continuous U-frame restraint 
ignored

iii)Choosing M and V to produce 
fictitious “safe” BM diagram: leads to m 
= 2.24 if continuous U-frame restraint 
ignored

•Generally best to ignore U-frame action 
– small and necessitates check of studs 
and web

•Result is a bit conservative

(6.14) valid (6.14) not 
valid

(6.14) not 
valid

= bracing location

M1

M2 = - M1

Conservative set of 
moments with V2 / V1=0, 

M2 / M1=0

Real 
moments

LTB of steel-concrete composite beams

Generic design issues with half-through decks where 
interpretation of / addition to EN 1994-2 required:

• LTB verification

Half through decks
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• Method of 3-2/6.3.4.2(2) is invoked by EN 1994-2

• The formula for m does not cover flexible end U-frames, but 
possible to use (via PD 6695-2):

Half through decks

Ecrit mNN =          3-2/(6.12) 

where 2

2

L
EIN E

π
= , 012 2 ./m ≥= γπ , 

EI
cL4

=γ and c = Cd/l with Cd equal to the 

restraint stiffness and l equal to the distance between restraints.  

2

5.0
69.0

2
⎟
⎠

⎞
⎜
⎝

⎛
+

+

=

X

m
π

γ
      

where
25.0

3

3

2 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

EIC
lC

X
d

e and Ce is the stiffness of the end 

support, determined in the same way as the stiffness of intermediate
supports, Cd.   

Generic design issues with ladder deck where 
interpretation of / addition to EN 1994-2 required:

• LTB verification
• Shear verification
• Shear-torsion interaction
• Shear-moment-torsion interaction

Curved multi-girder decks
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• M50 PPP Ireland – curved bridges
• Continuous curvature common in UK

Curved multi-girder decks

M50 PPP Ireland – curved 
bridges

•Effect of curvature on buckling 
resistance
•Some interpretation needed 
whether structure idealised with 
beam or shell elements

Curved multi-girder decks
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M50 PPP Ireland – curved 
bridges

• Shear resistance – Vb,Rd taken as 
Vcr (but not more than Vpl)
• Shear and torsion:

• Shear-torsion-bending:
As for straight beams in EN 1993-1-5 
clause 7.1 but using:
-Reduced shear resistance above 
-Reduced bending resistance based on 
reduced yield stress:

Curved multi-girder decks

EN 1994-2 and other Eurocodes used to carry out 
strengthening of structures

• Forth Road Bridge

Box girder decks
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• Forth Road Bridge
- Strengthening and Bearing Replacements

Box girder decks

BS 5400

● Forth Road Bridge
● Strengthening avoided to 

Eurocode 3 and 4 but not to 
British Standards

Usage factor

Check BS 5400 Part 3 Eurocode 3

Bending 0.95 0.90

Shear 0.85 0.75

Shear-moment 1.25 0.90

Box girder decks
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EN 1994-2 and other Eurocodes used to carry out 
arch designs

• Walton Bridge
• Olympic Park Bridge L01

Arches

● Walton Bridge
● Preliminary design complete; detailed design underway

Arches
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● Walton Bridge
● FE calculation makes 

buckling analysis easier (via 
cross reference to clause 
6.3.4 of EN 1993-1-1

cr

cross
sys α

αλ =
load 

amplifier 
for buckling

load 
amplifier 
for cross 
section 
failure

Arches

● Walton Bridge

● Slenderness                    leads to code strength 
reduction cr

cross
sys α

αλ =

Arches
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● Olympic Park 
Bridge L01

● Same approach as 
Walton Bridge not 
adequate on its 
own as gives no 
information about 
the second order 
effects in rigid 
hangers 

Arches

Eurocode findings - Specification

• Specifications more complex
– Specifications apply 

to all structures, not 
just bridges

– 180 choices and 
options to be 
specified in EN 
1090-2

– Need to understand 
how the 
specification affects 
the design reliability 
e.g. choice of 
fatigue class

– Dangers of both 
under- and over-
specification

– MPS drafted to help 
with above
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UK Design Guides and FAQ

• UK Design Guides and FAQ:

– SCI Guide worked examples for 
complete structures
– Thomas Telford Designers’ Guides 
covering examples for all the codes 
clauses

UK Design Guides and FAQ
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• Frequently asked questions:

• t0  for modular ratio calculation: 
– 7 days to 28 days commonly used; greater 
accuracy rarely merited as results not sensitive 
– Designer does not know the true concreting 
sequence to be used or the timings
– Design checked at time of opening (say t = 90 
days) and all after all creep (t = ∞)
– Other complicating factors such as effect of 
waterproofing, accuracy of relative humidity influence 
the calculation
– Slab properties for shear flow calculation: 
uncracked

UK Design Guides and FAQ

• Frequently asked questions:

• Slab properties for shear flow 
calculation at internal supports:
– Uncracked sections used in UK
– Possible to use tension stiffening models as 
set out for tension members in arches in clause 
5.4.2.8(6) based on the tension stiffening model 
in Annex L of ENV 1994-2; studies suggest the 
line OE with β = 0.35 is reasonable
– But not considered worth the additional effort 
in UK
– a more cautious SLS shear connector limit 
would perhaps also then be merited

UK Design Guides and FAQ

B

εεsr1

AN

Nc,cr

εsr2
εcr

E

D
C

(EAs)eff

F
βΔεsr

0

Δεsr
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• Frequently asked questions:

• Treatment of Class 4 
webs under axial force and 
bending: 
– insufficient industry experience to 
say what the “normal” approach is 
– separate effective sections for 
bending and axial force used seems 
to be more common but still results 
in unique section properties for each 
combination of actions for 
unpropped construction

UK Design Guides and FAQ

Extract from Designer’ Guide to EN 1994-2

CONCLUSIONS
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Conclusions

● Step forward from previous UK code
● Some further guidance still desirable in some areas e.g.:
- Shear studs with tension
- Ladder decks – slab buckling, cross girder design, shear connection
- LTB – U-frames and continuous girders
- Curved girders
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Reference bridges

• Three bridges designed according to Eurocode will be the reference objects 
for this presentation

- One single span bridge I-girders

- One multi span bridge I-girders

- One multi span bridge Box-girder

Bridge 1: Skulnäs – Bridge over E4

• Single span bridge in northern Sweden

• Span length 32 m, two I-girders.

• Steel girder height 1,5 m.

• Local road that crosses a highway – AADT 50-200
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Bridge 1: Skulnäs – Bridge over E4

• The first composite bridge that was 
designed by Ramböll Sweden, 
according to Eurocode.

• On a pre-design stage, the steel 
weight was estimated by a 
calculation according to the old 
Swedish codes.

⇒A possibility to compare the results   
from the different codes.

Bridge 2: Forsjö-bridge, Katrineholm RV55

• Five span bridge, two I-girders

• Span length 45-58 m

• Steel girder height of 2,5 m

• AADT ~5000-6000
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Bridge 3: NN (under tender evaluation)

• 2 cable stayed main-spans

• 2 approach bridges > 500 m, composite 
cross-section

• Span length 64-90 m

• Box-girder height > 4,0 m

Main objectives in this presentation

• Global analysis

• Design in ULS

• Fatigue design

• Design in SLS
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Global analysis

• One of the largest differences in Sweden, is how we are dealing with the 
cracked concrete, at internal supports.

Swe. code ⇒ ~20-25% of the span length on both side of an 
internal support is treated as cracked-concrete. The 
cracked concrete is modelled with a 60% stiffness 
compared to uncracked concrete. 

Eurocode ⇒ The “15%-method” has been used so far, due to its 
simplicity (only one global analysis is necessary). 

Result from Bridge 2

The support moments 
decreases by ~10 %.

The field moments are 
increased by ~10 %.

In midspan we (always) have cross-section class 1, and a possible 
failure is expected to be very ductile.

It is unexpected that the simplified method seems to decrease the 
support moments and lower the safety margin at internal 
supports, where we have possible failure modes that can occur 
more suddenly. (lateral torsional buckling of bottom flanges, stiffeners etc.)

Why was exactly 15% chosen?
(measurements? comparison to the tensional stiffening model?) 

If tension stiffening is used, the result might be different.

Global analysis

• Another difference is how we are dealing with concrete of varying age.

• Previously, as soon as composite action is achieved, the concrete has been 
given its long term stiffness (one third of the short term stiffness).

- This stiffness has been used for all long term loading (concrete dead load, shrinkage, 
non- structural bridge equipments etc.)

• Today, the bridge designer must estimate the construction procedure on an 
early stage, since the concrete long term stiffness is treated as time
dependent.

- The construction procedure and time schedule is often not known on an early stage. 
Therefore the bridge designer has to estimate how long time it takes to cast each 
segment.

-For concrete dead loads, one mean value of the concrete age is used to model the 
concrete stiffness.

A small sensitivity analysis gives  ⇒ A bad guess will not effect the design of 
the bridge significantly.
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ULS – Ultimate Limit State

Before: Equivalent load type 1 ⇒ governing the design regarding shear forces, mid-

span moments and often also internal support moments.

Today: LM1 is often not governing the design regarding shear forces or moments

Alane1 = 250 kN

Alane2 = 170 kN

plane1 = 4 kN/m2

plane2 = 3 kN/m2

plane3 = 2 kN/m2

ULS

• Special load model in Sweden EG-vehicles

Before:

A = 160 kN 

B = 260 kN

q = 5 kN/m

Now:

A = 260 kN 

B = 300 kN

q = 5 kN/m

From our point of view, the design in ULS according to Eurocode 

(compared to Bro2004) results in lower load effects 

⇒ lower safety level in ULS

fyd = fyk/1,2

Bnew = Bold*1,2

Bnew = 312 kN

qnew = 6 kN

Today, the EG-vehicles is often the governing load 
regarding shear forces and moments.

⇒ Still the relative load effect is less than before

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

138



FLS – Fatigue Limit State

• The simplified method ( λ-method) for road bridges up to 80 m is still the 
only method we have used.

• FLM 3 is used to calculate the stress amplitude (4 x 120 kN)

Old code

- Generally, fatigue was not governing the design 

of the structural elements in road bridges.

- The number of shear studs was usually the only 

detail that was limited by the fatigue limit state.

- In road bridges, the flanges were often made in 

S420/S460, since fatigue was not a problem.

Eurocode

- Fatigue will govern the design of quite a lot of 

details in a road bridge.

- The number of shear studs is nowadays often 

governed by the ULS and SLS.

- It will not longer be economical to use 

S420/S460 in the same extent as earlier, since 

we do not manage to fulfil the fatigue 

requirements in the steel girders at midspan.

FLS

• Bridge 2, Katrineholm-bridge, is chosen to illustrate the fatigue problems.

- AADT < 6000 vehicles/day   ⇒ Nobs = 125 000    (EN 1991-2 Tab.4.5)

- Techical lifetime 80 years

- The λ-factors are calculated

Bending moment, endspan 1 & 5
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FLS

This factor allows us to have the following stress amplitude in the bottom flange, 

concerning detail category 80 MPa (web stiffeners welded to bottom flange).

Δσp = 80 / (1,35*1,0*1,00)

Δσp = 59,3 MPa

In Bridge 2, we have almost 100% utilization ratio in FLS at several places and details 
along the bridge.  

In the same bridge in ULS we have only 85% utilization ratio in midspan and 94% at 
internal supports.

This is a huge difference compared to what we are used to in Sweden.

⇒ From now on (using this fatigue method), on highway bridges, it will not be 
economical to use S420/S460 in the bottom flanges in midspan.

FLS

• Another detail with fatigue problem, on 
Bridge 2, was the notches in the assembly 
joints, σc = 71 MPa. 

• In order to increase σc ⇒ small plates were 
welded in the notches in order to seal them. 

• Is it possible to achieve a higher σc in 
another way?
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FLS

• If Bridge 2 would have an AADT > 10 000   ⇒ Nobs = 
500 000 heavy vehicles/year

- due to fatigue the total amount of steel is increased with several 
percentage. 

- larger bottom flanges would be needed in the midspan (S460 ⇒
S355)

- the utilization ratio in ULS, would be far below 90% along the whole 
bridge.

• Bridge 1 have an AADT < 200   ⇒ Nobs = 50 000 heavy 
vehicles/year

- still this bridge has a utilisation ratio that is higher in FLS than in 
ULS 

⇒ FLS seems to be governing the design of the midspan in all 
composite bridges, no matter how few cars that crosses the bridge.

SLS – Serviceability Limit State

• SLS is mainly used to check the allowed deflection and 
breathing (in the design of the steel girders)

- Breathing Previously, breathing has quite often been governing the web 
thickness in the area where the bending moment are shifting 
from positive to negative. (concrete shrinkage ⇒
compression over the whole web height)

Eurocode allows us to use extremely slender web plates 
without getting problems with breathing.

For a road bridge with a span of 50 m, and a web height of 
2,0 m, the web plate can be as thin as 9 mm without 
problems with breathing. 

⇒ Web breathing will never be a problem in Swedish bridges 
according to this formula
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Conclusions and discussion

• It seems as the safety level in ULS has been lowered.

• At the same time the safety level in FLS has been raised.

• Is this reflecting the reality?

- Fatigue failure seems to occur in the details that are not checked in the design stage, 
and often due to other stresses than the nominal stresses in the girders.

- Do we have problems today with fatigue in composite road bridges? (in the details 
that we are checking for fatigue)

- Is the national value Qm1 = 300 kN reasonable?

- UK  Qm1 = 260 kN

- Other countries?

Problems using Eurocode

• Not one code ⇒ several codes, regulations, national constitutions

- hard to find what you are looking for

- a lot of references followed by another reference.

- a huge amount of paper to handle

• Lack of knowledge

- both among the bridge designers and the bridge owners

• In a lot of formulas it is hard to understand the background to all factors/parameters

- the simplified fatigue calculation model is one example

- it is hard to get a genuine feeling, how the formulas is reflecting the reality
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Improvement/Research proposals

• In the design of Bridge 3 we have struggled a lot with 

patch loading.

- the contractor would like to launch the steel-girders together 

with the prefabricated concrete deck elements (except in the 

cantilevering part)

- we have suggested to use two different plate thickness in 

the same web

- the lowest 1,3 m will have a permanent thickness of 28 mm

- the upper 3,2 m will have a varying thickness (from plate to plate) between 15 - 28 mm

- since some of the Nordic steel producers have a limitation of their plate width to ~3,2 m. 

It might be economic to use different web-thickness when a longitudinal butt weld is already 

necessary. 

- it would be nice with some guidelines how to deal with varying web thickness

Maybe this is a possible research topic!

THANK YOU

Questions?
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Workshop on
EC4-2: Steel Concrete Composite Bridges

Stockholm, March 17th 2011

I. Italian Experience from EC4-2

II. Creep and Shrinkage  Effects

Luigino Dezi

Marche Polytechnic University
Ancona, Italy

• Shrinkage

• Creep Analysis

• Casting Sequences

II.    Creep and Shrinkage Effects

• Viaducts of the A21-A4 motorway connection, Lombardy 

• Bridge over the river Piave – A 4 Motorway, Veneto

I.    Italian Experience from EC 4-2

Outlines

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

50 m40 m 40 m50 m 50 m50 m6 x 50 m

A B1 2 3 11109

40 m30 m 30 m

A B1 2
1) Flero viaduct: 30 m + 40 m + 30 m (L = 100 m) 

2) Capriano del Colle viaduct: 40 m + 10 x 50 m + 40 m (L = 580 m) 

Transverse cross section
245 1322.5

1567.5

1007.5

2451322.5

1567.5

1007.5

Six simple viaducts with continuous decks and span lengths varying from 30 to 50 m.

Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Deck geometry

245 340 375 375 232.5
1567.5

SLOW TRAFFIC LANEEMERGENCY LANE TRAFFIC LANE

1007.5280 280

FULLY WELDED
MAIN GIRDER

PRECAST
ELEMENTS

R.C. SLAB
31 cm

80

SINGLE PLATE
STIFFENER

CROSS BEAM
(connected to r.c. slab)

175/240

• Twin girder deck (ladder deck)
• Cross beams connected to the slab (composite beams) 
• Single plate vertical stiffeners 
• Secondary longitudinal beam supporting the precast slab elements
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Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

1st solution (Flero viaduct): To control the slenderness of the lower flanges, the cross beams 
spacing near the internal supports reduces to 4.0 m

1007.5

175

CROSS BEAM (Type B)
(connected to r.c. slab)

80

CROSS SECTION (with Type B cross beam)

SINGLE PLATE
STIFFENER

30 m  40 m

10
07

.5

Type B

240

240

Type AType A

1

10
07

.5
24

000

240

Type AType BType B Type B Type B Type BType B

cross beams type C
every 550  cm

Type BType B Type BType B Type B Type BType BType B Type B Type B

cross beams type C
every 400 cm

30 m 40 m

cross beams type C
every 600  cm

30 m

175

INTERNAL SUPPORT INTERNAL SUPPORT

240
Type BType B Type B Type B Type B Type A Type B Type B Type B Type B Type B Type BType BType BType BType AType BType BType B

2

30 m

A B

Type A

cross beams type C
every  550 cm

cross beams type C
every 400 cmi = 5.5 m i = 4.0 m i = 4.0 mi = 6.0 m i = 5.5 m

Cross beams in span

Lateral-torsional buckling of lower flanges

Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

2° solution (Capriano del Colle viaduct): to control the slenderness of the lower flanges, the 
cross beams near the internal supports are stiffened by a bracing frame.

Type B Type B Type B Type B

10
07
.5

Type CType CType C Type CType A Type AType CType C

50 m 50 m

cross beams type B
every 555 cm

cross beams type C
every 555 cm

INTERNAL SUPPORT

Type C

cross beams type B
every 555 cm

Type B Type B Type C Type C Type A Type CType C Type BType B Type B Type B

50 m  50 m

1 2

Type C Type B Type B

50 m

cross beams type B
every 555 cm

cross beams type C
every 555 cm

INTERNAL SUPPORT

Type BType BType CType CType AType C Type C

50 m

Type BType B

1007.5

240

80

BRACING FRAME (Type C)
(connected to r.c. slab)

UPN 200

CROSS SECTION (with Type C cross beam)

SINGLE PLATE
STIFFENER

Cross beam with bracing frame

Lateral-torsional buckling of lower flanges

i=5.5 m i=5.5 m i=5.5 m i=5.5 m i=5.5 m
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Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Lateral-torsional buckling verification

1
,

M

ykyLT
Rdb

fW
M

γ
χ ⋅⋅

=
Wy = elastic section modulus
χLT = reduction factor for lateral-torsional buckling
γM1 = reduction factor for resistance to instability (γM1 = 1,1)
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1st buckling mode

The buckling mode and the elastic critical buckling load Ncr can be obtained by means of an 
elastic critical buckling analysis, with a simple model of beam with discrete elastic restraints.

cr

ykeff
LT N

fA
=λ

(non dimensional 
slenderness)

EC3-2αLT (imperfection factor)
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Viaducts of the A21-A4 motorway connection, Lombardy

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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In the case of the Flero Viaduct
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Bridge over the Piave river - A4 Highway, Veneto

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Longitudinal view

2050

var.

2050

var.

930 930

East carriageway - L = 681,6 m (7 spans)

L = 106.5 m L = 106.5 m L = 106.5 m L = 106.5 m L = 106.5 m L = 75.2 m

A 1 2 3 4 5 6 BVENICE TRIESTE

L = 73.9 m

West carriageway - L = 746,9 m (8 spans)

L = 75.0 mL = 106.5 mL = 86.0 mL = 86.0 mL = 106.5 mL = 106.5 mL = 73.8 m L = 106.5 m

B7654321A VENICE TRIESTE

Transverse cross section
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Bridge over the Piave river - A4 Highway, Veneto

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Transverse cross section

37537537530031580 80
2050

SLOW TRAFFIC LANEEMERGENCY LANE TRAFFIC LANE TRAFFIC LANE

FULLY WELDED
MAIN GIRDER

(variable height)

CROSS BEAM
(connected to r.c. slab)

CROSS BEAM CANTILEVER
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MEd : maximum bending 
moment due to all the actions 
except creep, shrinkage, casting 
sequences and thermal actions

Support cross section
Class 3        Class 2
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SLS - Limitations for stress
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Lower flange

Upper flange

MEd : maximum bending 
moment due to all the actions 
including creep, shrinkage, 
casting sequences and thermal 
actions
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EN 1994-2 (2005)
“5.4.2.2 Creep and shrinkage
……
(7) Appropriate account should be taken of the primary and secondary effects caused by 
shrinkage and creep of the concrete flange. The effects of creep and shrinkage of concrete may 
be neglected in analysis for verifications of ultimate limit states other than fatigue, for composite 
members with all cross-sections in Class 1 or 2 and in which no allowance for lateral-torsional 
buckling is necessary;
…….”

0
,

M

ykPl
RdPl

fW
M

γ
⋅

=

1=LTχ 2,0≤=
cr

ykeff
LT N

fA
λTo satisfy this point: ykeffcr fAN ⋅≥ 25

b3,4i ⋅≤from which (in the case of rigidly 
restrained flanges)

i : cross beam spacing                  
b: lower flange width

1
,

M

ykPlLT
Rdb

fW
M

γ
χ ⋅⋅

=

The LTB verification is not required and the plastic resistance can be fully used. 
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EN 1994-2 (2005)
“5.4.2.2 Creep and shrinkage
……
(7) Appropriate account should be taken of the primary and secondary effects caused by 
shrinkage and creep of the concrete flange. The effects of creep and shrinkage of concrete may 
be neglected in analysis for verifications of ultimate limit states other than fatigue, for composite 
members with all cross-sections in Class 1 or 2 and in which no allowance for lateral-torsional 
buckling is necessary;
…….”

1LT <χ 2,0
N

fA

cr

ykeff
LT >=λOtherwise ykeffcr fA25N ⋅<

1
,

M

ykPlLT
Rdb

fW
M

γ
χ ⋅⋅

=and the lateral-torsional buckling verification is required:

In this case not only the plastic resistance should be reduced by means 
of the χLT  factor and the γM1 coefficient, but the effects of creep and 
shrinkages, as well as the construction sequences and the thermal 
actions can not be neglected  any more.
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INTERNAL SUPPORT

L = 106.5 m
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every 410 cm
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every 410 cm
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every 410 cm
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Cross beam spacing    i= 4,10 m

TYPE  A

106,50 m
TYPE ATYPE  B

Adopted solution to reach the condition 1=
LT

χ
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Bridge over the Piave river - A4 Highway, Veneto
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By concluding this point:

In the 1st design approach based on the elastic ultimate 
resistance, the effects of creep and shrinkage are always 
considered. 

In the 2nd design approach based on  the plastic ultimate 
resistance the effects of creep and shrinkage are considered only 
when the lateral-torsional buckling verification is required.
In this case the advantages of using the plastic resistance are 
strongly reduced by the need of including the effects of creep and 
shrinkage, as well as the construction sequences and the thermal
actions.

• Shrinkage

• Creep Analysis

• Casting Sequences

II.    Creep and Shrinkage Effects

• Viaducts of the A21-A4 motorway connection, Lombardy 

• Bridge over the river Piave – A 4 Motorway, Veneto

I.    Italian Experience from EC 4-2

Outlines
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Shrinkage

( ) ( ) ( )scdecacs ttttt ,,              εεε ++= ( )ect tt,ε
• Thermal shrinkage
• Autogenous shrinkage
• Drying shrinkage

EN1992-1-1EN1994-2

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Shrinkage
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EC4-2:  ΔT=20 °C

( ) ( ) ( )scdecacs ttttt ,,              εεε ++=

ΔT = 4 °C/day for 5 days

(Ducret e Lebet, 1999)

• Thermal shrinkage
• Autogenous shrinkage
• Drying shrinkage

( ) cect tTtt ΔΔ−= αε ,
ΔT

Thermal shrinkage: cooling of 
the hardened concrete after the 
initial heating due to the cement 
hydration
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Shrinkage
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• Thermal shrinkage
• Autogenous shrinkage
• Drying shrinkage

( )ect tt,ε( ) ( ) ( )scdecacs ttttt ,,              εεε ++=

6 days
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Time evolution of the tensile stress in the slab

Shrinkage
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EN 1994-2
7.4  Cracking of concrete
7.4.1 General
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Shrinkage
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• Volume reduction due to the 
cement chemical reaction after 
the end-setting 

• Duration of a few months

EN1992-1-1:2004

( )eca tt,ε( ) ( ) ( )scdectcs ttttt ,              ,  εεε ++=
• Thermal shrinkage
• Autogenous shrinkage
• Drying shrinkage

Shrinkage
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EN1992-1-1:2004

( )scd tt,ε( ) ( ) ( )      ,   ,  ++= ecaectcs ttttt εεε
• Thermal shrinkage
• Autogenous shrinkage
• Drying shrinkage

• Drying shrinkage is the long 
term component and strongly
depends on the Relative 
Humidity

• Autogenous and drying
components have a similar
curve and can be superimposed
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• Shrinkage

• Creep Analysis

• Casting Sequences

II.    Creep and Shrinkage Effects

• Viaducts of the A21-A4 motorway connection, Lombardy 

• Bridge over the river Piave – A 4 Motorway, Veneto

I.    Italian Experience from EC 4-2

Outlines
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Creep analysis Creep problem
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Creep coefficient

Linear creep limits:
• Compression stress  
• Tensile stress  

σ c ckf≤ 0 45.
σ c ctkf≤ 0 45.

Integral type creep law

Creep function (EC2)

Creep function

J(t,t0)Ec28

tto τ

σc

σcd   (  )τ
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Creep analysis Creep problem
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( ) ( )τστ∫
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Geometric interpretation of the integral creep law
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cc d,tJt,tJtt

0

00

In general σc(t) is the problem unknown and it is necessary to solve the Volterra’s
integral equation. 

Creep analysis Methods of analysis
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Creep Analysis
Step by step procedures or General Method

Algebraic Methods

Algebraic Methods

Effective Modulus (EM)

Main Stress (MS)

Adjusted Algebraic Effective Modulus (AAEM)
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0 1 2 i n-1 n

with Dt1 = t1 – t0 = 0.05 ÷0.1 days

Creep analysis General method

The General method is a step-by-step procedure based on the discretization of 
the time interval [t0, t1, …, tk, …, tn] with a geometric series which allows to 
choose steps of increasing length, from very short intervals after the application of 
the initial stress sc(t0) to very long intervals at the final time:

The integral type law is approximated by the trapezoidal rule 

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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The analysis is performed with a recursive formula obtained by subtracting the 
stresses calculated at two consecutive time instants (tk and tk-1):

Creep analysis General method
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Step-by-step procedure

( ) ( ) ( ) ( )[ ]ocsocococ tttEt ε−ε=σ (elastic analysis)1.

2. for k=1 to n ( ) ( ) ( )[ ] ( ) ( ) ( ) ( ){ }
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• gives very accurate solutions
• can be used for complex problems (research)
• requires a dedicated computer software

The general method
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( ) ( ) ( ) ( )[ ] ( ) ( ) ( )0t,tJtt,tJttt,tJt cooccooc σ=σ−σ+σ≅

σc

J(t,t  )o

σc (t)σc(t  )o

J

Effective Modulus method (EM) – One-step analysis

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Creep analysis Algebraic methods

The integral is approximated by a simple algebraic equation, which substitutes the 
area under the curve with a rectangle:

( ) ( ) ( ) ( ) ( ) ( )τστ+σ=ε−ε ∫
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0

( )0,1 tt
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c E
t,tt 01 ϕ+

σ≅

The creep analysis is carried out by means of a pseudo-elastic analysis with an 
Effective Modulus Eeff:

or a modified modular ratio:

The method gives good results for permanent loads and prestressing
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2
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Mean Stress method (MS) – Two-step analysis
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Creep analysis Algebraic methods

The integral is approximated by a simple algebraic equation, which substitutes 
the area under the curve with a trapezium:
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o

c
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+
=

The analysis requires two steps: 1) calculus of the initial stress σc(t0) with the elastic 
modulus Ec, 2)  calculus of σc(t) with an effective modulus Eeff

In the case of shrinkage, σc(t0)=0, and the method requires only one step: 

The method gives good results for shrinkage
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The EC 4-2 introduces the ψL coefficient depending on the long term action:

cL

a
L E

En = ( )0L

c
cL t,t1

EE 
ϕψ+

=

Creep analysis Modular ratio method (EC4-2)
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( )ϕψ L0L 1nn +=

ψL coefficients

1.50Jacking of supports

0.55Isostatic and hyperstatic effects of drying shrinkage (t0 = 1 day)

1.10Permanent loads and prestressing after the shear connection has become 
effective (internal and external cables)

EM method

MS method ( ) ( )ϕ
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Creep analysis Modular ratio method (EC4-2)
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Prestressing of precast slab before connection

( ) ( ) ( ) ( )[ ]0
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*
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c t,ttt,n
EA
tPtt, ϕ−ϕ−=ε

( ) ( ) PtP*t Δ−= 0PEvaluation of the prestressing loss 
before the slab connection at time t*

Definition of a fictitious shrinkage of 
the slab

The creep analysis may be performed 
with the modular ratio method by 
considering:

( )ϕ+= 65010 .nnL

Nc

+

Nc

Nc Nc

Prestressing cablePrecast slab

Nc
Nc

NcNc

NcψL = 0,65
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Creep analysis Modular ratio method (EC4-2)
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Thermal shrinkage

Modular ratio for thermal shrinkage:
Short term analysis:   n = n0

Long term analysis: n = n0 (1+1,1φ) with t0=3 days
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/m

m
2
]

nL = n0(1+0,55φ)

nL = n0(1+1,1φ)

n = n0

σc

[days]

Autogenous and 
drying shrinkage

Thermal
shrinkage

Since the thermal shrinkage develops gradually within 6 days, the loading time t0 may be 
considered 3 days.

The EC 4-2 table of ψL coefficients may be enlarged including thermal shrinkage 
and precast slab prestressing before connection, as follows:

Creep analysis Modular ratio method (EC4-2)

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

ψL coefficients

1.251.50Jacking of supports

1.10---Isostaic and hyperstatic effects of thermal shrinkage (t0 = 3 days)
0.65---Prestressing of precast slab before connection (t0 = connection time)

0.550.55Isostatic and hyperstatic effects of drying shrinkage (t0 = 1 day)

1.101.10Permanent loads and prestressing after the shear connection has 
become effective (internal and external cables)

EC4 New
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Creep analysis Shrinkage components

Marche Polytechnic University, Ancona - ItalyMarche Polytechnic University, Ancona - Italy Workshop EC4-2 – Stockholm, March 17th 2011

• The slab is entirely in tension 

• In a large part of the beam the stress values are bigger than 0,45fctm, which is
the limit usually assumed for considering a linear creep behaviour. 

• In this range we should consider a non linear creep behaviour, which means
stronger creep effects and then lover stress levels. 
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Long term stresses due to the 
shrinkage components

Creep analysis Shrinkage components
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The creep analysis with 1,5φ leads to a stress level reduction of about 20%, 
while with 2φ the reduction reaches 35%
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Creep analysis Shrinkage components
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At 6 days the stress peak due to thermal shrinkage is close to the tensile strength. This is the 
most critical point for cracking. 

However this peak value should be sensibly lower, as consequence of the non linear creep. 

• Shrinkage

• Creep Analysis

• Casting Sequences

II.    Creep and Shrinkage Effects

• Viaducts of the A21-A4 motorway connection, Lombardy 

• Bridge over the river Piave – A 4 Motorway, Veneto

I.    Italian Experience from EC 4-2

Outlines
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Step 1

Step 2

Step 3

thermal shrinkage
autogenous shrinkage

drying shrinkage

formwork removal

formwork weight
concrete weight

Casting sequences Modelling
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Casting sequences Modelling
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The modular ratio method may be applied to evaluate the final stress values 
by considering separately the following actions:

1. Weight of the slab segments

2. Thermal shrinkage

3. Autogenous and drying shrinkage

The EC4-2 suggests a simplified procedure for the casting sequence 
analysis with the modular ratio. 

The casting of each slab segment changes the deck structural scheme.       
To capture the stress time-evolution due to the structural system changes 
the casting sequences should be analyzed by means of the general method.
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• Optimized casting sequence

• Unique casting

Casting sequences Worked example

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

40 m 40 m50 m

• Static scheme

1 2 3 4 5 6 7 8 9

0 2 4 24 22 6 8 10 20 18 12 14 16

13 12 11 10SEQUENZA 
DI GETTO

ISTANTE DI GETTO 
(GIORNI)

casting 
sequence

days

• Unique casting: the stress state is due only to the shrinkage components; the slab
casting does not produce additional stresses.

• Optimized casting sequence: the stress distribution is very close to that obtained
with a unique casting

Long term stress distributions along the beam axis:
comparison between a unique casting and an optimized sequence
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Casting sequences Step-by-step procedure

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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Casting sequences

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

Effects of slab weight
The slab casting effects should be evaluated by considering the real evolution of the static scheme 
according to the casting sequence (general method). The modular ratio method is applied by 
considering different models (one model for each casting). For all the models the same  modular 
ratio, obtained with the mean value of the real loading times (t0=12 days) is considered

( )( )121110 ,.nnL ∞ϕ+=

The simplified method, compared 
with the step-by-step procedures, 
gives acceptable results.

ψL = 1.1
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Modular ratio
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σc

Simplified method EC4-2

Casting sequences

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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Effects of thermal shrinkage
The thermal shrinkage effects should be evaluated by considering the real evolution of the static 
scheme according to the casting sequence.
The modular ratio method is applied by considering different models (one model for each 
casting). For all the models the same  modular ratio, obtained with  t0 = 3 days, is considered.

The simplified method gives 
acceptable results.
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Casting sequences

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011
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Modular ratio
General method

Also in this case the approximate 
method gives good results
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Effects of autogenous and drying shrinkages
The effects of the autogenous and drying shrinkages should be evaluated by considering the real 
evolution of the static scheme according to the casting sequences.
The modular ratio method is applied on the final model by considering a unique casting. This 
simplification is justified by the shrinkage time-evolution which is characterized by a slow 
increase in time, starting from zero.

ψL = 0.55 σc

Simplified method EC4-2

Casting sequences

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

The comparison with the general method gives good results.
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The results obtained for the slab weight, the thermal shrinkage and the autogenous and 
drying shrinkages are superimposed and compared with those directly obtained with the 
general method.

σc

Simplified method EC4-2

Long term stress distributions along the beam axis:
comparison between the modular ratio and the general methods.
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Further developments

Marche Polytechnic UniversityMarche Polytechnic University Workshop EC4-2 – Stockholm, March 17th 2011

1. Cracking control of slab
- shrinkage components
- casting sequences

2. Effective width of slab (shear lag)
- vertical loads
- prestressing
- shrinkage

3. Δσ calculation for fatigue verification
- shrinkage and casting sequences
- tension stiffening of slab reinforcements 

Thank you for

your attention
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Innovative developments for composite bridgesWorkshop on Eurocode 4-2 

Topics:

A) Sustainable steel-composite bridges

B) Steel-concrete composite bridges with 
corrugated steel webs

C) Highway bridges made of circular hollow 
sections

Innovative developments 
for composite bridges
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Topic: A 

Sustainable Steel-Composite Bridges 
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Current situation
• Market is dominated by concrete bridges
• Steel and Composite bridges only an interesting 

alternative if additional criteria count such as 
aesthetics, construction time, overall height.

• Choice for orders only made according to minimum 
costs

Sustainability  by lifecycle design of bridges

Motivation

However
• rising traffic volume and vehicle gross weight adaptation needed
• long-living structures  lifecycle > 100years
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Sustainable Steel-Composite Bridges in Built Environment SBRI

The research leading to these results has received funding from the 
European Community’s Research Fund for Coal and Steel (RFCS) under 

grant agreement n° RFCS-CT-2009-00020.

Project partners:

RFCS- research project
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CONSTRUCTION END OF 
LIFE

degradation processes
fatigue / corrosion / carbonation

BRIDGE LIFECYCLE

inspection / maintenance / repair / renewal

Lifecycle design of bridges

Optimization of the lifecycle performance by a holistic approach

PRODUCTION 
OF RAW 

MATERIAL

DEMOLITION
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Social and functional 
quality

Lifecycle analyses

Economical qualityEnvironmental 
quality

Lifecycle Assesment
(LCA)

Lifecycle Costs 
(LCC)

Lifecycle Performance (LCP)

Methodology – holistic approach

Functionality 
analyses 
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Case Studies – Bridge types 

Case A – small motorway bridge:

•span length: 50 - 60 m
•optimization by high strength steel
•allowance of increased traffic

Case B – crossing of a motorway:

•Comparison between:
- two-span bridge
- integral abutments
- clamping by two outer spans

Case C – big motorway bridge:

•span length: up to 120 m
•box girder composite section
•improvement fatigue details

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

174



8

Prof. Dr.-Ing. Ulrike Kuhlmann
.

Institute of Structural Design
University of Stuttgart

Innovative developments for composite bridgesWorkshop on Eurocode 4-2 

Dipl.-Ing. Maier

Topic: A

carbonation
concrete deck plate

fatigue + corrosion
reinforcement deck plate
fatigue 
shear connection 

fatigue
steel girder

Lifecycle Performance – Degradation processes

Long term behavior for each bridge component due to degradation
description of lifecycle performance
improving/optimizing of inspection intervals
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t 

R(Δσ) 

R = fatigue strength
Δσ = stress ratio 

Fatigue degradation model

NEW fatigue testing:  
• Own testing to gain knowledge about fatigue behavior:

effect of post-weld treatment on detail of transverse stiffener welded to a 
tension flange

horizontally lying shear studs 
• Non-destructive testing 

crack detection 
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Tests on steel girders under fatigue load

bearing platetransverse stiffener

HEA 300

Non-destructive testing:

•magnetic particle testing (MT)
•penetration testing (PT)
•ultrasonic testing (UT)

first crack detection with UT at the bearing plate
PT gave an idea of crack depth due to amount of ink
no detection on coating with MT under ultraviolet light

Failure:

•girder flange at transverse stiffener
•after 520,200 cycles
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Conclusion and Outlook – Topic A 
• Holistic approach combining LCA, LCC and LCP
• Developing deterioration models and guidelines for construction of durable 

steel-composite bridges

Optimization of the lifecycle performance of steel-composite bridges

• Fatigue tests on degradation details
• Combination and optimization of sustainability aspects
• Developing of criteria and tools for decision making at planning and tender stage

Further steps:
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Topic: B 

Steel-concrete composite bridges with corrugated 

steel webs
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Valley bridge Altwipfergrund, Germany

Composite bridges with corrugated steel webs

Advantages of corrugated steel webs:

•Small longitudinal stiffness effective prestessing
•High buckling resistance reduction of stiffeners
•High transverse bending stiffness reduction of crossframes

1. Shear connection:

laborious detail

new solution:
embedded connection by omitting the top steel flange
and horizontally lying shear studs or concrete dowels

2. Welding in cold-formed zones

Experiences in German pilot-project Altwipfergrund
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 Plan viewSide viewP P

Push-out tests and set-up:
11 specimens with lying shear studs
7 specimens with concrete dowels
4 specimens without additional shear connector

t = 8 mm  
β = 31°

Shear Connection
Longitudinal shear connection
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without additional 
shear connector

headed studs

concrete dowels

sudden slips

First results:
• Specimens without additional connector show sudden slip not recommended
• Load-carrying behaviour is very ductile
• No significant difference between concrete dowels and headed studs

Shear Connection
Longitudinal shear connection
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section A - A section B - B
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B

B

A

A

ASupplementary reinforcement

Tests and set-up:
3 specimens with lying shear studs
3 with concrete dowels 
3 without shear connector

Shear Connection
Transverse bending moment
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Shear Connection

• Compression zone at top of concrete chord
• Tension zone directly above embedded corrugated web

Transverse bending moment

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

179



18

Prof. Dr.-Ing. Ulrike Kuhlmann
.

Institute of Structural Design
University of Stuttgart

Innovative developments for composite bridgesWorkshop on Eurocode 4-2 

Dipl.-Ing. Raichle / Dr.-Ing. Günther / Dipl.-Ing. Kudla

Topic: B

Compression

Tension

Strut and tie model:

Shear Connection
Transverse bending moment

19

Prof. Dr.-Ing. Ulrike Kuhlmann
.

Institute of Structural Design
University of Stuttgart

Innovative developments for composite bridgesWorkshop on Eurocode 4-2 

Dipl.-Ing. Raichle / Dr.-Ing. Günther / Dipl.-Ing. Kudla

Topic: B

Shear Connection

Normal stress in studs
(red=+450 MPa, violett=-450 MPa)

At bending resistance After bending resistance

• Up to bending resistance studs show predominantly tension stress

Transverse bending moment
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• Corrugated web forms an own shear connector

• Headed studs / concrete dowels increase shear resistance significantly

• The shear connection shows a high ductility

• Transfer of longitudinal shear as well as transverse bending moment is possible

Conclusions
Shear Connection

Outlook
• Fatigue tests on equivalent specimens
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Welding in cold-formed zones

weld

upper 
flange

corrugated 
web

Effects of cold-forming
- increased yield and tensile strength
- decreased toughness and elongation to fracture

Additional possible effects of cold-forming with 
subsequent welding
- degradation of toughness
- degradation of fatigue resistance

Increased susceptibility to brittle fracture 
and fatigue
→ limiting R/t-ratios in codes
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Welding in cold-formed zones

R/t beyond allowable range

Heat treatment (normalizing) after welding
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corrugated 
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Welding in cold-formed zones
Parameter Range of Test Programme

S355J2

S460M

S355N

- Impact testing

- Hardness testing

- Microstructure investigations

- Fatigue and brittle fracture tests

- 3 modern structural bridge steel grades

- 2 pre-strain conditions 5% (R/t ≈ 10) and 10% (R/t ≈ 5)

- Plate thickness t = 30mm

Test Programme
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Welding in cold-formed zones
Impact test results – in welded condition

No significant additional loss of toughness due to welding 
in cold-formed zones
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Welding in cold-formed zones
Fatigue test results
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No influence on fatigue behaviour 

10% cold-formed and welded

Eurocode 3,  detail category 56

structural detail of 
longitudinal stiffener

4 tests on non cold-formed
4 tests on 10% cold-formed
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Welding in cold-formed zones
Large Scale Brittle Fracture Tests
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S460M; non cold-
formed

Welding in cold-formed zones

S355J2: brittle and ductile failure modes
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Welding in cold-formed zones
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Welding in cold-formed zones

S460M: only ductile failure, loss of deformation at failure
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• No additional loss in performance except those coming from only cold-forming

• Good performance of fine grain (normalised & thermomechanically rolled) steels

Welding in cold-formed zones
Conclusions
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• Revised specifications in 
German bridge code: 
R/t ≥ 5 for all thicknesses
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Highway bridges made of circular hollow sections

deck of reinforced concrete
truss of structural hollow sections

Innovative type of steel-concrete composite highway bridge
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1 Motivation
Innovative highway bridge type

brace-chord intersection

braces

chord

truss wall truss wall

CROSS SECTION LONGITUDINAL VIEW

Typical truss joint = multiplanar 
K-joint also known as KK-joint
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1 Motivation
Alternative truss joints

• continuous chord (redundancy), saves 
cast element, accelerates construction

• fatigue cracks are initiated at the weld 
toes

• welds at hot-spot locations

Cast steel joints Welded joints

• greater flexibility concerning geometry, 
brace numbers and eccentricity

• welds outside hot-spot locations

• fatigue cracks are initiated from inside
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Geometrical parameter welded KK-joints

γ < 12 
(thickwalled)

γ ≥ 12 
(thinwalled)

1 Motivation

analysis of as-
yet realized 
highway bridge 
projects in 
Europe
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Topic: C

1 Motivation Crown 
toe

Crown 
heel

θ

θ = 45°θ = 60°

danger of weld 
defects

• full penetration weld suggested (for ex. AWS D1.1)
• weldability ensured?
• great weld volumes (economics)
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Topic: C

1 Motivation

• full penetration weld at heel position 
• weldability ensured?
• great weld volumes (economics)

• fillet weld at heel position
• weldability definitely improved!
• smaller weld volumes (economics)
• fatigue?

Crown 
toe

Crown 
heel

θ
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2 Fatigue verification

• classification method not applicable any more
• verification based on structural stresses (hot-spot stresses)

crown toe is 
usually Hot Spot
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2 Fatigue verification

LmaxLmin

σHS

primary FE stress
quadratic regression
linear extrapolation

σ1

σ2

distance from weld toe acc. to 
CIDECT design guide 8

st
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ss

σξ

STRESS ANALYSIS
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hsFf γ

σΔ
≤σΔ⋅γ

STRENGTH

S/N curves based on structural 
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N
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U
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2 Fatigue verification
To compute SCFvalues for hot-spot stresses Δσhs

• FE modelling using ANSYS
• parametric study comprising 2,592 calculations

• solid elements (SOLID 95)
• weld modelling
• boundary independent stresses 

through compensation

5 ⋅ d0

> 3 ⋅ d1
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03

0501
04 02 

06 07 08

01 – crown toe 
03 – far saddle 
05 – crown heel 
07 – near saddle  

A 

A 

SECTION B - B SECTION A - A

B

Note:  
Corresponding brace locations: 11, 12, …, 18 

Numerical investigations
• results in BASt-research project report: SCF values at 8 brace-chord-locations  

for 18 basic loading conditions (BASt:The Federal Highway Research Institute)

2 Fatigue verification
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• FOSTA-ZUTECH-research project P815: 
Fatigue behaviour of tubular K-joints with thickwalled chords

• research partners : 
University Stuttgart: Prof. Kuhlmann,  
University of Applied Sciences:  Prof. Bucak,
University of Armed Forces Munich: Prof. Mangerig,
SLV Halle: Institute for Welding Engineers

3 Tests on thickwalled chords

donation of tubes
around 50 tones
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3 Tests on thickwalled chords
• test setups for different 

loading conditions:
- chord axial
- chord bending
- brace axial
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crack crack

3 Tests on thickwalled chords

• first results from loading condition axial brace
cracks starting from weld toe
crack propagation until final through crack
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4 Fabrication
Development of recommendations

• welding procedure 
• pre-production welding test
• appropriate placing of tack welds
• necessary material through-thickness properties
• use of backing rings doubtful
• treatment of weld toes with high frequent hammering 

(post-weld treatment)
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Recommendations allow the realisation of aesthetic composite 
tubular truss bridges with welded KK-joints  meeting demanding 
highway bridge design requirements.

Fabrication

Design

Fatigue 
verification

Development of 
recommendations for welded 

CHS trusses in highway 
bridges following an integral 

view

5 Conclusions
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Thank you for attention!
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Abstract:  

In Germany the Eurocodes for the design of steel, concrete and composite bridges have been introduced since 2003. 

The development and the implementation of the new generation of design codes in combination with the construction of 

several new freeways in the eastern part of Germany after the German Reunification initiated new types of composite 

bridges. This paper gives an overview about new developments in composite bridge design and reports about the 

experience with the new generation of design codes.   

Keyword: Composite bridges in Germany, Eurocodes  

 

1 Introduction 

The number of composite bridges has significantly increased in Germany within the last 15 years. The main reason for 

this development is the high durability and robustness of this type of bridge structures and the development of new 

types of cross-sections and erection methods for bridges with small and medium spans as well as for superstructures. 

Further reasons for the increasing number of composite bridges are: 

- Concrete and structural steel are used in a way that the high tensile strength of structural steel and the high 

compressive strength of concrete is used in an optimal combination.  

- This combination allows very slender and aesthetic bridges, especially where high strength materials are used.  

- Composite bridges have advantages with regard to the foundation and settlements of supports, because the 

dead weight of composite bridges is significantly lower than the weight of comparable concrete bridges,  

- In comparison with steel bridges composite bridges have a better behaviour with regard to freezing in winter, 

- In case of restrictive crack width limitation in combination with a sufficient depth of the concrete slabs the 

decks have a high durability and fatigue strength. 

- Because of innovative erection methods and the use of partially prefabricated composite girders composite 

bridges are often used for passing over existent rail- and highways without any restriction for the traffic during 

erection.  

- Where existing freeways with two lanes in each traffic direction are widened, the short erection time of 

composite bridge avoids longer restrictions for the traffic.  

- Introduction of new design codes /1, 2/. 

In the following some typical examples for new and innovative types of composite bridges are presented. After the 

reunification of Germany especially in the eastern part of Germany several new freeways were built. The advantages 

explained above are the main reason why more than 50% of bridges for these freeways are composite structures.  

 

2  Composite bridges for freeways 

For freeways with two or three traffic lanes in each direction, a particular requirement of the German Federal Ministry 

of Transport relates to two separate superstructures for each traffic direction. By this separation traffic lanes 2+2 can be 

moved on one superstructure only if the other superstructure needs to be closed for repair and maintenance reasons. 

Furthermore in Germany the design specifications recommend that for composite bridges prestressing of concrete slabs 

by bonded tendons should be avoided. In order to get a high durability of the concrete deck minimum slab thickness in 

combination with special detailing of reinforcement is given in the design specifications and the crack width has to be 

limited to 0,2 mm for bridges with normal open sections and box girders, and to 0,1-0,15 mm for concrete tension 

members in composite bowstring arches. In order to fulfil these requirements only special types of cross-sections can be 

used. Common cross-sections are shown in Figure 1.  

In the last years especially the cross-section with two airtight box girders became very popular, because with this type 

very big box girder elements with a total length equal to the span length of the bridge can be prefabricated in the shop 

and then transported to site. For bridges with a pier height up to 40 m the steel elements can be built in easily by cranes. 

The torsional restraint of the concrete slab by the steel boxes allows normal reinforced concrete slabs for bridge decks  

with a total width up to 17 m. Diaphragms are used only at the supports and at the abutments concrete end cross girders 

are used. This type of bridge structure is very economical and allows a very short construction time. At present the 

average price is in the range of 1000 €/m
2
. A typical example for this type of bridge is the bridge “Schleusetal” shown 

in Figure 2 and the bridge over the river Ruhr in the course of the freeway A1 (Figure 3). 
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Figure. 1: Common cross-sections for typical composite bridges for freeway bridges 
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transportation of steel girders on site erection of steel girders by cranes 

  
casting of the concrete deck by movable formwork completed superstructure 

Figure 2: Freeway bridge “Schleusetal” with two separate superstructures 
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Figure 3: Bridge across the river Ruhr in course of the freeway A1 

 
A typical example for a composite bridge with an open cross-section and multiple main girders is the bridge 

“Langerfeld” in the course of the freeway A1. This type of cross-section allows also concrete decks without prestressing 

by tendons. The freeway A1 currently has two traffic lanes in each directions which do not provide sufficient capacity. 

In order to ease the situation the freeway is widened to three lanes in each traffic direction by supplementing most of the 

old prestressed concrete bridges by modern composite bridges.   
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Figure 4: Freeway bridge “Langerfeld” in the course of the freeway A1 
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3 Composite box girders with wide concrete decks 

In the eastern part of Germany after the German reunification several new highways were built. Across the mountain 

range of the Thuringian Forrest - a typical holiday area - many aspects during the planning process regarding 

environmental requirements and especially aesthetics had to be considered. This is the reason why for these particular 

bridges composite box girders with wide concrete decks are used instead of traditional separate bridge decks and piers 

for each traffic direction. A typical cross-section is shown in Fig. 5.  

28,5 m

2,0 11,50 m 11,50m2,0 2,0

2,70 6,0 6,0 2,706,0m6,0 m

38cm 50
5038 cm 50

transverse tension member

longitudinal beams

 
Figure 5: Typical cross-section of a box girder with wide concrete decks 

The cross-section consists of the main steel box with a width between 9 and 12 m and an additional central and two 

external secondary longitudinal composite beams. The concrete deck has a total width between 28 and 30 m and is 

supported in transverse direction by the webs of the box girder and additional longitudinal beams. The cross-section is 

braced with transverse diaphragms with 5-6 m spacing, which are performed with inside and outside diagonals and with 

a transverse composite tension member integrated in the concrete slab. With this type of cross-section several 

superstructures were erected in the last 15 years in the course of construction of new freeways in the eastern part of 

Germany /3-9/. Figure 6 shows some typical examples. Composite bridges with wide cantilevering concrete decks are 

very economical solutions. The average weight of structural steel is in range between 220 to 260 kg/m
2
 of the bridge 

deck. The total costs of such bridges, including the bridge deck, the piers and the abutments are between 1.100 and 

1.400 €/m
2
.  

  
Bridge Albrechtsgraben Bridge Reichenbachtal /6/ 

  

Bridge Wilde Gera /3/ Bridge Oehde /8/ 

 
 

Bridge Schwarza /4/ Bridge Elben /9/ 

Figure 6: Typical examples for composite box girders with wide concrete decks 
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For the design of the concrete deck three main effects have to be considered: 

- the deck is subjected to bending due to local traffic loads  

- the deck is acting as a compression or tension flange of the composite box girder and the additional longitudinal 

beams 

- the concrete deck is acting as a composite tension member in transverse direction as a part of the diaphragms. For 

the bridges shown in Figure 6 different solutions for the transverse composite tension members were used (see 

figure 7). The advantages and disadvantages of the different detailing for transverse tension members are given 

in Figure 8.  

 
Figure 7: Different solutions for the detailing of the joints of transverse tension members 

 

complicate connection 

with the box girder and 
the longitudinal girders 
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direction

connectionsinternal forces in the 

tension member

geometry of the 

concrete slab

 

Figure 8: Advantages and disadvantages of the different solutions for the transverse tension members 

Normally it is a general requirement in Germany to have separate bridges for each traffic direction in order to be able to 

divert the full traffic on the remaining bridge in case of major maintenance work on the other. The concrete deck is the 

most vulnerable part of a bridge. With regard to the expected intensive increase of road traffic and local wheel loads in 

future, the concrete deck must be considered as a wearing part in contrast to the steel structure with implication of 

different lifetimes of the concrete deck and the steel structure. Therefore in design it was considered that parts of the 

concrete decks can be exchanged and the flow of traffic can be maintained in both directions just on one half of the 

bridge during a future replacement of the bridge deck. For this procedure the bridge deck will be partially cut out with 

high-pressure water method and will be replaced by a new bridge deck. During this procedure significant additional 

stresses result in the superstructure, which were taken into account in design and construction. For the partial exchange 

of the bridge deck the methods shown in Fig. 9 can be used. The problem of the partial replacement of the concrete slab 

is caused by the unsymmetrical loading and the torsional and distorsional deformations. The method depends mainly on 
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the span of the bridge. Method A is possible for bridges with small spans only. The bridge deck will be removed in one 

half of the total section over a total length of 12 m to 15 m in longitudinal direction. Variation B of Fig. 9 shows the 

partial exchange of the concrete deck in two steps. During the first step the outer and afterwards the inner quarters will 

be removed and replaced. Another possibility to avoid an open cross section in the area of the exchange of the deck is to 

build temporary horizontal bracings (method C). In order to reduce the torsional and distorsional effects all methods can 

be combined with additional ballast.  

 

exchange over a quarter of the bridge in two steps

exchange of one half of the deck with additional 
horizontal bracing

A

horizontal bracing

B

C

B1

B2

exchange of one half of the deck

 

 

 

Figure 9: Different methods for the exchange of the concrete decks  
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normal forces in the concrete slab due to dead weight of the concrete slab

 

Figure 10: Distribution of normal forces in the concrete deck due to exchange of the concrete deck 

The concrete decks normally are casted in several stages where the length of the sections is between 15 und 28 m. A 

typical example for the influence of sequence of construction is shown in Fig. 11. Normally three different methods A, 

B and C can be used. In case A the sequence is continuous in one direction. In case B also one-directional casting is 

used, but the regions at internal supports are casted after the concrete in the midspan regions is effective. When using 

method C the casting is performed span-wise in the reverse direction. The moment distribution due to bending moments 

acting on the composite section and resulting from dead weight of concrete shown in Fig. 11 demonstrates clearly that 

the distributions differ significantly from the bending moment diagram of a normal continuous beam. Method A leads 

to significant hogging bending moments at internal supports. Regarding durability and cracking of concrete, this method 

can only be recommended for bridges with small and medium spans up to 40 m. For bridges with greater spans, the 

casting was performed in accordance with the methods B and C in Figure 11. In the last years the method C became the 

standard method for composite bridges with spans greater than 50 m.  

For the casting of concrete movable formwork units are used. The formwork inside the box and between the box and the 

external longitudinal beams consists of formwork tables supported by temporary brackets and is liftable by wedges. For 

the external cantilevering parts of the concrete deck exist two possibilities. The formwork carriage runs on the top of the 
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concrete slab and is supported by the webs of the box girder or the external longitudinal beams with particular elements 

which are left in the concrete slab (Fig. 12). The suspension of the formwork needs penetration through the concrete 

deck which makes it difficult to pour the concrete and in addition it is disadvantageous for the quality of the concrete 

surface. A better solution is shown in Fig. 13 where  the formwork carriage is underneath the concrete deck.     
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Figure 11:  Influence of different methods for the sequence of casting of concrete on bending moments acting on the 

composite section due to dead weight of concrete 
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Figure 12: Formwork carriage running on the top of the deck 
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Figure 13: Formwork underneath the concrete deck 
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4 Composite bowstring arches 

Composite bowstring arches with concrete decks are an often used system for composite bridges where the construction 

depth is limited as for example for bridges of canals and rivers. In the past either the concrete deck was separated from 

the main system or connected with the steel structure and additionally prestressed by tendons in the longitudinal 

direction. During the last years several bridges were erected, where the reinforced concrete deck is connected to the 

steel structure by horizontal bracings at the end of the bridge, and where the concrete deck acts as a tension member in 

the tie of the main system. The first bridge of this type was the Elbe-Bridge Dömitz (Fig. 14). In the last 15 years in the 

north of Germany several canals were widened in order to increase the capacity of the canals for container ships. 

Hundreds of new bridges were necessary and most of them were erected as composite bowstring arches. The bridge 

Ladbergen (Fig. 15) in course of the freeway A1 and the bridges shown in Figure 16 are only some typical examples for 

this type of bridge construction. 
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Figure 14: Bridge Dömitz across the river Elbe 
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Figure 15: Bridge Ladbergen in course of the freeway A1 

Where a reinforced concrete deck acts as a part of the tie, the cracking of the concrete and the effects of tension 

stiffening of concrete between cracks influence the distribution of internal forces significantly. The first design rules 

were developed for the design of the Bridge Dömitz. Meantime the German design codes and also Eurocode 4  Part 2 

give simplified design rules for the design of the concrete tension member. For this type of bridge the crack width in the 

concrete deck is normally limited to 0,1 to 0,15 mm. Another important issue is the transfer of local vertical shear forces 

across cracks. The results of new research work were implemented in Eurocode 4-2 /1/.  
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Saalebridge Besedau /10/ Composite bowstring arch near Rheine 

Figure 16: Typical examples for composite bowstring arches 

 

5  Composite trusses for road bridges 

The first composite trusses were built for the new German high speed railway lines several years ago. The most well 

known example for this type of bridge is the railway bridge Nantenbach. In the last years some new road bridges using 

steel trusses with hollow sections and cast iron nodes were erected. A typical example is shown in Figure 17. The cross-

section with a triangular shape has a high torsional rigidity. Shear connection is provided by headed stud shear 

connectors and the concrete deck is prestressed by unbonded tendons in longitudinal direction.  

 

 

 
  

 
 

Figure 17: Bridge St. Kilian 

 

6  Composite bridges for small and medium spans  

About 75 % of all bridges in Germany have spans below 35 m and most of them are normal reinforced and prestressed 

concrete structures. In the last years there is a tendency to use composite bridges especially for overpass structures 

crossing over high-, free- and railways. In this special cases restrictions for the traffic have to be avoided so far as 

possible. This can be achieved by composite bridges, because with prefabricated or partially prefabricated composite 

members and simple erection methods extreme short construction times without any temporary supports or formwork 

are possible. Typical examples for this type of bridge construction are shown in Fig.18. The main girders are welded or 

rolled steel cross-sections completely prefabricated in the shop. The normal reinforced concrete deck consists of 

partially prefabricated elements and additional insitu concrete. Only cross girders at supports are used and these girders 

are normal reinforced concrete members. This solution allows a simple erection without significant welding on side.  
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Figure 18: Typical bridges for small and medium spans with rolled and welded steel sections 

In the German design specification and codes /2/ special rules for the cross girders and the minimum dimensions are 

given. At internal supports the width of the concrete girder should not be less than 60 cm in case of direct support of the 

main girders by bearings and not less than 80 cm for indirect support conditions (Fig. 19). The detailing of the 

prefabricated concrete elements is shown in Fig. 20. The depth of the concrete above the prefabricated elements hc 

should be not less than 20 cm within the traffic lanes. In other regions hc should not be less than 15 cm.  
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Figure 19: Detailing of concrete cross-girders  
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Figure 20: Detailing partially prefabricated concrete slabs 

For the partially prefabricated concrete elements elastomeric support strips with a thickness of 2 cm and a width of 3 cm 

are used. The minimum value of pressing should be 3-5 mm and the maximum value should not exceed 10 mm (see Fig. 

20). In order to reduce the erection time the so called VFT – girders were developed /11-15/. In this case a partially 

prefabricated composite member consisting of welded steel girders and a partially prefabricated concrete flange is 

produced in the shop and then transported to site. (Fig. 21). A new trend and further development of this type of bridge 

construction is the VFT-Filler Beam shown in Figure 22.  
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Figure 21: VFT-bridges 
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Figure 22: VFT-Filler beams 

An alternative solution is the Preflex-girder with a prestressed composite bottom flange where the prestressing is applied 

by elastic bending of the steel girder (Fig. 23). The prestress causes a higher bending resistance and a high flexural 

stiffness. Therefore the deflections under serviceability conditions are very small. This type of beam is often used for 

railway and road bridges where the available construction depth is highly restricted. Ratios of span to structural depth up to 

45 are possible for road bridges.  
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Figure 23: Preflex girder 
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7  Cable stayed bridges 

At present two big cable stayed bridges are under construction in Germany. The first one is the Strelasund bridge in the 

north east of Germany /16, 17/. The second one is the new cable stayed bridge Wesel over the river Rhein in north west 

of Germany (Fig. 24).  For cable-stayed bridges normally hybrid structures are used in Germany. The pylon is made of  

high strength concrete and has a concrete section in the bottom part of the two legs and a composite section at the top 

where the cables are anchored. The bridge deck has between the axes 10 and 29 a two cell and between the axes 40 to 

90 a three cell boxed section. Between the axes 10 to 70 prestressed concrete with external tendons and in the main span 

over the river a steel-section with an orthotropic deck is used. In the region of the axis 80 due to extreme high hogging 

bending moments a composite section with a composite bottom flange is used. The end cross-girder in axis 90 is a 

heavy reinforced concrete member in order to prevent lifting up of the bearings. The depth of the cross-section is 3670 

mm. The Strelasund Bridge and the Bridge Wesel are the first cable-stayed bridges in Germany with parallel strand 

cables instead of the traditionally used fully locked coil ropes. The tensile elements consist of galvanized, waxed and 

PE-coated strands /18/.  
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Figure 24: Cable-stayed bridge Wesel, view and cross-sections 

The erection stages are shown in Figure 26. The prestressed concrete bridge between the axes 10 and 70 was launched 

by using the first two units of the steel bridge as launching girders (see stages I and II in Fig. 26). Parallel to the 

launching of the concrete bridge the steel structure between the axes 80 and 90 and the pylon was erected. The erection 

of the pylon will be finished in autumn of this year. The erection of the main span is planned as cantilever erection 

(stages III to IX in Fig. 26).  
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Figure 25: Bridge Wesel 
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Figure. 26: Bridge Wesel - erection stages 
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8  Design codes 

In 2003 a new generation of design codes for bridges, the DIN-Reports, were introduced in Germany. The DIN-Reports 

are based on the ENV-versions of the Eurocodes. DIN-Report 101 covers actions on bridges and the DIN-Reports 102, 

103 and 104 deal with the design of concrete, steel and composite bridges. After a period of four years it can be stated 

that this new generation of codes brought new innovative solutions and bridge structures with an improved durability 

and a high level of safety, especially with a significantly improved fatigue resistance. At present a second edition of the 

DIN-reports is in preparation. This second edition takes into account new aspects from the EN-versions of the 

Eurocodes and in some points improvements coming from the experience with designed and erected bridges on the 

basis of the DIN-Reports within the last four years.  

The final versions of the Eurocodes were published in Germany in 2006 and 2007. Currently the National Annexes are 

in preparation. It is planned to publish the National Annexes at the end of this year. At present it is the intention to 

introduce this new European Codes for bridges in 2010. Then at the same time the DIN-Reports will be drawn back.  
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ABSTRACT 

In current German and international standards of composite structures of steel and concrete the determination 
of the ultimate load capacity and the fatigue life of headed shear studs takes place with separate and 
independent verifications at the ultimate limit state, serviceability limit state and fatigue limit state. The 
fatigue resistance is verified comparable to steel structures, based on nominal stresses concept and linear 
damage accumulation according to Palmgren and Miner. The effect of pre-damage due to fatigue loading on 
both the ultimate limit state and the serviceability limit state is not considered. Because cyclic loading of 
headed shear studs leads to a decrease of static strength of stud connectors, the assumptions for independent 
limit states are not given and the reliability index of steel-concrete composite structures subjected to fatigue 
loading may fall below the target values in codes. This paper is dealing with the results of a comprehensive 
programme of experimental work with more than 90 standard EC4-push-out test specimens and two full 
scale-beam tests which consider the crack propagation through the stud foot and the local damage of 
concrete surrounding the studs as relevant consequences of high cycle loading. Based on the results of the 
push-out tests, new design methods were developed to predict the fatigue life and the residual strength of 
headed shear studs after high cycle loading. Considering the interaction between the local damage and the 
behaviour of the global structure, these research results were taken as the basis to simulate the cyclic 
behaviour of composite beams by means of damage accumulation method. 
Keywords: Headed shear studs, fatigue, damage accumulation, residual strength 

 
 

INTRODUCTION 
As a result of the benefits of combining the advantages of steel and concrete, steel-concrete 
composite beams are today widely used for bridges and industrial buildings. The transfer of 
longitudinal shear forces at the interface between both components is mostly realized by headed 
shear studs. Especially in bridges due to the current enormous increase in traffic loads these shear 
studs are subjected to a steadily rising number of high-cycle loadings, which may result in fatigue 
failure during the lifetime of the structure. In current national (DIN-Fachbericht 104, 2003) and 
international  (EN 1994-1-1, EN 1994-2, 2004) standards the determination of the ultimate load 
capacity and the fatigue life of headed shear studs take place with separate and independent 
verifications at the ultimate limit state, serviceability limit state and fatigue limit state. The fatigue 
resistance is verified comparably to steel structures, based on a concept with nominal stress ranges 
and the linear damage accumulation rule according to Palmgren-Miner where effects of pre-damage 
due to high-cycle loading are neglected. From the investigations by Oehlers (1990) it is known, that 
cyclic loading of headed shear studs leads to a decrease of static strength, so that the assumptions 
for independent limit states are not given. Because the design life of cyclic loaded headed shear 
studs is characterized by a significant change in deformation behaviour and deterioration in strength 
the reliability index of steel-concrete composite structures subjected to fatigue loading may fall 
below the target values in codes. On this background a comprehensive programme of more than 90 
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standard EC4-push-out test specimens and two full-scale beam tests were developed, considering 
the crack propagation through the stud foot and the local damage of the concrete surrounding the 
studs as relevant consequences of high-cycle loading. 
 

LOCAL BEHAVIOUR OF CYCLIC LOADED HEADED SHEAR STUDS 
 
Test Specimen 
The test specimen used in the push-out tests complies with the standard push-out specimen 
according to Eurocode 4. After cutting each steel beam into two halves the headed studs were 
welded and the steel flanges were greased. The slabs were cast horizontally and the two halves of 
the specimen were welded again. To ensure the same loading condition as in slabs of composite 
beams additional lateral restraints at the bottom of each concrete slab were applied. These restraints 
avoid additional tensile forces especially in the lower row of the studs resulting from the moment of 
eccentricity. Details of the push-out specimen are given in Figure 1. 
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Figure 1: Test specimen 
 
Effect of high cyclic loading on static strength 
In order to investigate systematically the effect of high-cycle loading on the static strength and on 
the fatigue life five series (S1-S4, S5E) with 54 push-out test specimens were performed with 
varying loading parameters peak load Pmax and loading range ΔP. Except for the series S5E, each 
series consisted of three short time displacement controlled static tests and nine force controlled 
unidirectional cyclic tests. After performing the static tests to determine the mean value of the 
ultimate static load, taken as a reference value for the cyclic loading parameters, three fatigue tests 
were carried out to obtain the number of cycles Nf, when the static strength is reduced to the value 
of the peak load. Subsequently six cyclic tests were conducted for approximately 30 and 75 % of 
the average fatigue life. After reaching the corresponding number of cycles each of these six test 
specimens was statically loaded under displacement control to obtain the residual strength. During 
these static tests the necessary information about the ductility behaviour were gathered. All cyclic 
tests were stopped after specific numbers of cycles and the specimens were released and reloaded in 
order to collect data about the stiffness and plastic deformation. 
The effect of high cycle preloading becomes evident, when the static strengths are plotted versus 
number of load cycles. This is shown in Figure 2, where the results are related to the mean static 
strength and the mean fatigue life of each series respectively, completed by five tests from Sweden 
(Veljkovic and Johannson, 2004) with the same geometry of the test specimens and same 
supporting conditions. Due to an early crack initiation at each stud foot, followed by a long phase of 
crack propagation up to a critical crack length, in all test series the static strength decreases already 
after 10-30 % of each average life time. Between 30 and 80% of the lifetime the reduction is nearly 
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linear. Especially in test series S1, S3 and S5E with low peak loads, leading to very high fatigue 
lives, the decrease of static strength within the first 30% of the fatigue life is disproportionately 
high.  
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Figure 2: Test parameter – Decrease of static strength versus life time due to high cycle loading 
The sigmoid shape of the failure envelopes can be described by Equation (1). Because the tests 
cover only a small relative load range between 0.20 and 0.25, the regression analysis should be 
repeated, if further tests with additional values could be taken into account. 
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The results of the static tests are in good agreement with the prediction of the theoretical model of 
Eurocode 4, given by Equation (2). It describes the shear resistance in the case of "failure of the 
concrete" (Ptc,m) and "shank failure of the stud" (Pts,m) respectively. This model is based on the 
assumption, that in case of low concrete strength the shear resistance is determined only by the 
failure of concrete in the lower part of the shank. In case of high concrete strength it is assumed, 
that the shear resistance is determined by the shear resistance of the stud shank.  
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u tc m ts m c cm u
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where fc and Ecm are the cylinder compressive strength and the secant modulus of elasticity of the 
concrete, respectively, in accordance with EN 1992-1-1 (2004) and d and fu represent the diameter 
of the shank and the tensile strength of the shear stud. 
 
Determination of the life time 
The fatigue limit state is given, when the reduced static strength has reached the value of the peak 
load. Thus the fatigue life of headed studs in push-out specimens is affected not only by the load 
range ΔP but also by the peak load Pmax and the static resistance Pu,0. To consider these effects 
national and international fatigue tests were reanalysed (Hanswille et al., 2006, 2007). In order to 
avoid incomparable results only tests with test specimens meeting the requirements of Eurocode 4 
were taken into account. A linear regression, based on 26 tests fulfilling the before mentioned 
selection criterion, led to the Equation (3). 
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Figure 3: Test parameter – Relationship between theoretical and experimental fatigue life – 
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Regarding the supporting condition of the concrete slabs, the analysis revealed that it is necessary to 
determine the parameter K1 and K2, given in Figure 3, in dependence of the cases "with lateral 
restraint" and "without lateral restraint". In numerical simulations of cyclic loaded beams the values 
for the case "with lateral restraint" should be used. Again this model should be used carefully 
outside investigated parameter ranges. 
 

Load sequence effects 
Because of nonlinear effects caused by crack propagation through the stud feet and local crushing 
of the surrounding concrete the linear damage rule of Palmgren-Miner, on which the present design 
codes are based, cannot be adopted on headed shear studs embedded in normal weight concrete. In 
order to develop an advanced damage accumulation rule, tests with two and four blocks of loading 
were performed in test series S5 and S6. As shown in Figure 4 in both series the load range was 
held constant and the peak load was increased as well as decreased within the range of the loading 
parameters of the constant amplitude tests. More detailed information about the test results are 
given in (Hanswille et al., 2006, 2007). 
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Figure 4: Test procedure and parameters in tests with multiple blocks of loading 
An improvement of the damage accumulation model according to Palmgren-Miner can be achieved 
by introducing an additional damage term Δnf,i, as given in Equation (4). 
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Figure 5 explains the method by means of a cyclic test with two blocks of loading, where the peak 
load of the first block is raised in the second block while the load range is held constant. After 
applying N1 numbers of cycles the static strength reduces to the value Pu,N1 on curve 1, represented 
by point B. According to the Palmgren-Miner rule the accumulated damage can be expressed by the 
ratio N1/Nf,1. After increasing the peak load to the higher load level Pmax,2 / Pu,0 the further reduction 
of static strength continues from the corresponding point C on curve 2, characterized by the same 
reduced static strength for the loading parameters of the second block. The offset Δnf,1 between the 
damage equivalent points B and C can be interpreted as a loss of lifetime and is additionally 
introduced to the damage sum. Finally failure occurs, when the relative static strength is decreased 
to the value of the peak load of block 2 Pmax,2 / Pu,0 (point D) and the remaining lifetime is governed 
by the value of N2/Nf,2. 
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Figure 5: Damage accumulation model considering the effects of pre-damage due to high cycle 
loading and comparison of the test results with the new improved damage accumulation model 
 
Ductility and crack formation 
High initial stiffness and high ductility are main advantages of headed studs embedded in normal 
weight concrete. From the static tests carried out after cyclic preloading it could be found, that the 
load deflection behaviour is significantly affected by the crack formation, which itself is closely 
correlated to the peak load level.  
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Figure 6: Relationship between fatigue fracture area and reduced static strength - Ductility after 
high cycle loading 
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Very high peak loads cause horizontal cracks through the stud foot like crack type A shown in 
Figure 6. This formation results in a gradual decrease of ductility during lifetime and the values 
may fall below the target values of the codes. In case of lower peak loads the cracks propagate into 
the flange like crack type B and ductility increases. Although different failure modes (A and B) are 
possible the evaluation of all test results shows a nearly linear correlation between the reduced static 
strength and the size of the fatigue cracking zone. 
 
Comparison of the test results with the finite element calculations 
In order to simulate the load-deflection behaviour of headed shear studs embedded in solid slabs 
and to verify the relationship between the fatigue fracture area and the reduced static strength, 
shown in Figure 6, a comprehensive three-dimensional FE-Model – using the finite element 
programme ANSYS - of a statically loaded push-out test specimen according to Figure 2 has been 
built up. Because no detailed information about the material properties of the steel in the heated 
affected zones, in the weld collar and in the melted zone were available, the material properties of 
the steel beam and of the studs were taken as the basis of the material properties of the steel affected 
by the welding process. Microscopic examinations of the steel structure at the stud feet were 
performed in order to consider sufficiently the weld formations. The von-Mises criterion was used 
to model metal plasticity behaviour. The concrete behaviour was modelled elastic / perfectly plastic 
taking into account a yielding surface according to Drucker-Prager (DP) with an associated flow 
rule. The two parameters of the DP-yield surface were adjusted to the uniaxial (1.0 fc) and to the 
biaxial compressive strength – taken as 1.2 fc - of the concrete, obtained from concrete cylinders 
stored in the same way as the test specimens. 
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Figure 7: Comparison between test results and finite element calculations of statically loaded push-
out test specimens 
 
Figure 7 shows the result of a numerical simulation of a push-out test, considering concrete strength 
properties fc = 30 N/mm² and Ecm = 27960 N/mm² (air cured) and a coefficient of friction of 0.2 in 
the interface between steel and concrete. The calculated load deflection curve as well as the ultimate 
static strength and the deformation of the studs are in good agreement with the experimental results 
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gained from test series S1 to S9. Based on this model cracks of type B (ratio AD/(AD+AG) ~ 0.5) 
were implemented at the stud feet and the numerical simulation was repeated. For the given ratio of 
0.5 and a reduced coefficient of friction of 0.1, taking into account the sliding in the interface due to 
cyclic preloading, the calculation confirms the relationship between the fatigue fracture area and the 
reduced static strength shown in Figure 6. 

 
EFFECTS OF LOCAL FATIGUE DAMAGE ON THE GLOBAL BEHAVIOUR 

In case of the „Wuppertaler Schwebebahn”, a 13.3 km long steel suspension railway in Wuppertal, 
more than 100 anchor braces are supported on elastomeric bearings, subjected to compression and 
uplift forces in combination with high rotations. The bearings have been in use since 2000 and were 
regularly visually inspected. The design and the manufacturing of these bearings were based on 
comprehensive theoretical investigations adjusted to the results of a test program for the size of 
restoring moments and tensile strengths outlined in Figure 7. The applied bearings are shown in 
Figure 8.  
Considering the interaction between the local damage of headed shear studs and the behaviour of 
the global structure, the research results based on the push-out tests were taken as the basis for 
numerical simulations of the static behaviour (with and without any pre-damage effects) and the 
cyclic behaviour of steel-composite beams subjected to fatigue loads. For calculations the finite 
element programme ANSYS was improved by implementing an advanced material model for 
concrete behaviour (CONCRETE) under static loading. As shown in Figure 8 this model used in 
combination with a flow rule of a von-Mises type in order to simulate both cracking and plastic 
deformation. This leads to good predictions of the load-deflection behaviour and the load bearing 
capacity of typical composite beams.  
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Figure 8: Results with the modified material model CONCRETE  
 
The calculations of the cyclic loaded beams were based on three-dimensional FE models using 
discrete non-linear spring elements for the headed studs, taking into account the analytical 
expressions developed from the push-out tests. In order to verify the theoretical models two 
additional full-scale beam tests (VT1 and VT2) were performed similar to the concept explained 
before. In case of test specimen VT1 the residual static strength of the beam was determined after 
subjecting 1.37x106 loadings.  
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Figure 9: Test beam VT1 – Effect of high cycle loading on load bearing capacity 
 
As shown in Figure 9 due to crack growth through the stud feet during the cycling loading the static 
strengths of the studs were partly decreased by up to 65% of its original value. Numerical 
investigations considering the change of the deformation behaviour of the studs due to cyclic 
preloading indicate that the reduction of the strength of the interface between steel and concrete 
causes a loss of the load bearing capacity of the beam of nearly 8%. This result is in good 
agreement with the result obtained by applying partial-interaction theory taking into account a 
smeared damage along the interface. For the simulation of the cyclic behaviour the damage 
accumulation method according to Fig. 5 was used. The total number of load cycles Nk was split in 
20 increments and after each FE-analysis, representing an increase of Nk / 20 numbers of load 
cycles, the relevant mechanical properties of each headed shear stud (plastic slip, elastic stiffness 
and reduced static strength) were updated, taking into account the modified damage accumulation 
rule according to Fig. 5. In each increment it is assumed that the loading parameters of each stud 
remain unchanged and thus the stud behaviour during the increment can directly be taken from 
appropriate force-controlled push-out test results. As shown in Figure 10 the results of the 
numerical simulations are in good agreement with the results of the beam test.  
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Figure 10: Cyclic behaviour of test beam VT1 - Verification of the concept 
 
The occurrence of cracks at the stud feet and the early crack initiation has to be assessed in a 
different way, if a flange is in compression or in tension. For this purpose beam test VT2 in hogging 
bending was subjected to 2.1 million load cycles. In flanges under compression the cracks typically 
grow horizontal leading to a deterioration of the properties of the interface between steel and 
concrete. In tension flanges the direction is additionally influenced by the tensile stresses in the steel 
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flange and the cracks can propagate nearly vertical through the flange. In this case not only the 
properties of the interface are affected, but also the load bearing capacity of the cross sections.  

40 1008060200

400

200

0

800

600

120 140

300

100

700

500

P [kN]

 [mm]

Pu,N = 625 kN

VT 1 – compression flange

a

stud A20

a

VT 2

2.100.000 cycles
150 kN

250 kN

3.0 [m] 0.0 3.0

54 studs

tension flange

stud B9

6.0 m

P



P = 47 kN

experiment (VT2)

FEM, undamaged

VT 2 – tension flange

 
Figure 11: Effect of cyclic loading on beams with tension flanges (test beam VT2) 
 

CONCLUSION 
In order to investigate the behaviour of headed shear studs subjected to fatigue loading a 
comprehensive test programme with cyclic push-out and beam tests was performed. Both the crack 
growth at the stud feet at an early stage and the increase of plastic slip lead to a deterioration of the 
properties of the interface between steel and concrete during lifetime. Based on theoretical models 
for the local behaviour of headed shear studs a concept for the simulation of composite beams under 
high cycle loading is presented, considering the effects of change of the load deflection behaviour, 
the inner forces and the load bearing capacity (Ustundag, 2007), (Porsch, 2010). The results show, 
that by application the current national and international codes crack growth at the stud feet during 
theoretical lifetime of composite bridges cannot be excluded. Regarding the reliability index of 
steel-concrete composite bridges the interaction between the local behaviour of the studs and the 
global behaviour of the structure has to be considered. Due to the redistribution of the shear forces 
in the interface between steel and concrete in case of typical composite beams with a high bending 
stiffness of the steel section the loss of static resistance of the composite structure over lifetime is 
only small. However, in case of lower bending stiffness of the steel beam the effect of the loss of 
the shear resistance of the studs cannot be neglected anymore. On this background our design 
concepts have to be reviewed in order to take into account the deterioration of the mechanical 
properties of headed shear studs subjected by high-cyclic loading (Hanswille and Porsch 2009). 
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ABSTRACT 
 
Since publication of BS 5400 Part 3:2000, the design check of paired plate girders during 
erection has become more onerous in the UK. This has led to increases in top flange size or 
the provision of plan bracing just for the erection condition where previously neither 
modification to the permanent design was likely to be needed. This change has been brought 
about by the addition of two main features in BS 5400 Part 3 : 2000; a change to the mode of 
buckling considered in deriving the girder slenderness and the addition of more conservative 
buckling curves when the effective length for buckling differs from the half wavelength of 
buckling. The latter change was incorporated because of concerns that the imperfection over 
the half wavelength was more relevant than that over the effective length which is implicit in 
traditional strut curves. BS EN 1993 Part 1-1 requires no such reduction in resistance and the 
work in this paper was prompted by a proposal to modify the rules of BS EN 1993-2 for 
bridges in the UK’s National Annex to be more like those in BS 5400 Part 3. The authors 
believed this to be unnecessary. 
 
This paper investigates buckling cases where the effective length for buckling is shorter than 
the half wavelength of buckling and demonstrates that the series of correction curves used in 
BS 5400 Part 3 : 2000 are unnecessary and that the BS EN 1993-1-1 method is satisfactory 
and slightly conservative. The paper also outlines the design process to BS EN 1993 using 
both elastic critical buckling analysis and non-linear analysis. The case studies considered 
are a simple pin-ended strut with intermediate restraints, a pair of braced girders prior to 
hardening of the deck slab and a half-through deck with discrete U-frame restraints. For the 
latter two cases, the results predicted by BS 5400 Part 3 and BS EN 1993-1-1 are compared 
with the results of non-linear finite element analyses. 
 
Keywords: Lateral torsional buckling, U-frames, paired beams, non-linear finite element 
analysis, elastic critical buckling analysis, buckling curves. 
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1  Introduction 
 

An important part of the design of a steel concrete composite bridge is the stability check of 
the girders during construction of the concrete slab and prior to it hardening, whereupon it 
provides continuous restraint to the top flange. This may be a critical check as the girders will 
often be most susceptible to lateral torsional buckling (LTB) failure when the deck slab is 
being poured. Beams are normally braced in pairs with discrete torsional restraints, often in 
the form of X bracing or K bracing (as shown in Figure 1), but for shallower girders single 
horizontal channels connecting the beams at mid-height is an economic, but less rigid, 
alternative. 
 

 
Figure 1 – Braced beams in pairs prior to concreting 

Paired girders with torsional bracing as above generally fail by rotation of the braced pair over 
a span length as shown in Figure 2. With widely spaced torsional bracing, buckling of the 
compression flange between bracing points is also possible. It was once thought that torsional 
bracing was effective in limiting failure to occur by buckling of the compression flange 
between restraints but this is now known not to be so and is reflected in the calculation 
method given in BS5400 Part 3 : 20001. The previous incorrect approach however allowed 
girders to be constructed safely for many years, probably due to incidental bracing arising 
from frictional restraint of the formwork and because of partial factors used in design. The 
mode shown in Figure 2 is however prevented by adding plan bracing to the compression 
flange (which is effectively provided by the deck slab once it hardens) and the latter mode 
(buckling of the flange between bracings) then occurs. If the check of the paired beams during 
concreting suggests inadequacy, either the compression flange has to be increased in size or 
plan bracing added.  
 
Plan bracing is not a popular choice with contractors in the UK. If the bracing is placed above 
the top flange for incorporation within the slab, it interferes with reinforcement fixing and the 
permanent formwork. If it is placed to the underside of the top flange, it presents both a long 
term maintenance liability and a short term health and safety hazard during its erection. It is 
often therefore preferred to increase the width of the top flange or provide more discrete 
torsional bracing. 
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Figure 2 – Buckling of paired beams prior to concrete hardening 

The calculation of buckling resistance for the construction condition is currently both lengthy 
and conservative to BS 5400 Part 3 : 2000. This has the consequence that frequently the 
check is not carried out properly at the tender stage of a project. When the check is 
subsequently carried out at the detailed design stage, it is often found to require additional 
bracing or changes to plate thickness. One of the reasons for this is that the current BS 5400 
Part 3 method is too conservative. 
 
The design method for beams with discrete torsional restraints (the construction condition 
above) in BS 5400 Part 3: 2000 (and BD 13/062) is very conservative for a number of reasons 
as follows: 

(i) The use of multiple strength-slenderness curves for different le/lw ratios, which take 
the imperfection appropriate to the half wavelength of buckling, lw, (typically the span 
length) and apply it to the shorter effective length, le, is incorrect and this is 
demonstrated in the remainder of this paper.  

(ii) The calculation of effective length for the true buckling mode is simplified and 
conservative. To overcome this, an elastic critical buckling analysis can be performed 
to determine the elastic critical buckling moment and hence slenderness. This 
technique is used later in this paper. 

(iii) The curves provided to relate strength reduction factor to slenderness, which are 
derived for strut buckling, are slightly conservative for a mode of buckling where the 
paired girders buckle together by a combination of opposing bending of each girder 
vertically and opposing lateral bending of the flanges on each girder. 

(iv) Incidental frictional restraint from formwork is ignored. 
 
The first of these issues is studied in the remainder of this paper and it is shown that the 
current multiple strength-slenderness curves for different le/lw ratios in BS5400 Part 3 are 
incorrect and overly conservative. This conclusion applies both to the construction condition 
above and to beams with U-frame support to the compression flange, since both cases 
produce an effective length that is less than the half wavelength of buckling. Non-linear 
analysis is used to illustrate this conclusion. 
 
2  Buckling curves 
 
The buckling curves in BS5400 Part 3 : 2000 are based on a pin ended strut with the half 
wavelength of buckling equal to the effective length of the strut. The resistance is dependent 
on the initial geometric imperfection assumed and the residual stresses in the section. The 
equivalent geometric imperfection implicit in these equations is not constant but is 
slenderness-dependent (and therefore a function of effective length) in order to produce a 
good fit with test results.  
 
The buckling curves in BS5400 Part 3 : 2000 for beams with intermediate restraints are 
modified based on the ratio between the effective length, le, and the half wavelength of 
buckling, lw. This was considered necessary in order to factor up the imperfection to be used 

Point of 
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in the buckling curve from that appropriate to the effective length to that appropriate to the half 
wavelength of buckling. BS 5400 Part 3 gives rules for calculating le where lateral restraints to 
the compression flange, torsional restraints, discrete U-frame restraints or restraint from the 
bridge deck are provided. Where lateral restraints to the compression flange are fully 
effective, le is taken as the span between restraints, and lw will also be equal to this span. 
Where the restraints are not fully effective, le may be shorter than lw. This is usually the case 
for beams relying on U-frame restraint or for paired beams with torsional bracing like that 
shown in Figure 1. BS 5400 Part 3 states that lw is determined by taking L/lw as the next 
integer below L/le where L is the span of the beam between supports. The rules in BS5400 
Part 3 are modified in BD 13/06 for use on Highways Agency projects. BD 13/06 introduces 
further conservatism for beams with torsional restraints by requiring lw to be taken as the full 
span. The buckling curves for welded members in BD13/06 are shown in Figure 3.  
 
The buckling curves in BS EN 1993-1-13 (see Figure 4) have the same basis as, and are 
effectively the same as, those in BS5400, but no adjustment is made for the ratio le/lw. A non-
dimensional presentation of slenderness is also used. 

 
Figure 3 – BD 13/06 buckling curves (for welded members) 

 

 
Figure 4 – BS EN 1993-1-1 Buckling curves (a – d refer to the fabrication method) 

 
3  Buckling cases investigated 
 
To investigate the validity of the BS 5400 Part 3 approach for beams with lateral restraints, a 
number of situations were considered. First, to clarify the principles involved, a pin-ended 
strut with springs providing lateral restraints was considered. The behaviour of this simple 
model, axially loaded and with an initial geometric imperfection, was compared to the 
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behaviour of an equivalent strut with no lateral restraints but the same elastic critical buckling 
load. Second, two practical situations where a reduction in capacity to BS 5400 Part 3 would 
be required due to differences between the half wavelength of buckling and the effective 
length were considered. These were a typical half-through bridge with U-frames and a steel-
concrete composite bridge during construction. 
 
3.1  Simple Strut Model  
 
Figure 5 illustrates two struts with identical elastic critical buckling loads; one with flexible 
intermediate transverse restraints and the other without. BS5400 Part 3 and BD 13/06 would 
predict the case with intermediate restraints to have the lower ultimate resistance (as distinct 
from elastic critical buckling load) because it has a ratio of le/lw < 1.0. The comparison of true 
ultimate strength in the two cases was examined. 
 
A 10 m long strut in S355 steel with springs at 1 m centres as shown in Figure 6 was 
considered. The strut was pinned at either end. The cross section was square with 100 mm 
sides and the springs had a stiffness of 10 kNm-1. 

 

Figure 5 – Equivalence of struts with and without flexible restraints in terms of elastic 
critical buckling load 

 
Without any lateral restraints, the elastic critical buckling load, Ncrit, of this strut is 173 kN. The 
presence of the springs increased this to 274 kN and the buckling mode remained in a single 
half-wavelength between end supports. From the Euler strut buckling equation, the effective 
strut length, le, to give this same value of Ncrit with no lateral restraints is 7.94 m. A pin ended 
model of length 7.94 m with no springs was therefore also set up. 
 

 
Figure 6 – Model of strut with lateral restraints 

Ncrit 

Ncrit 

lw
le

(a) (b) 
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The two models were analysed with geometric non-linearity to obtain the axial load at which 
first yield occurred. An initial imperfection having the shape of the first mode of buckling was 
applied to the models. The deflections were scaled so that the maximum imperfection offset 
was equal to lw/250 = 40 mm for model type (a) (Figure 5) with lateral restraints. L/250 is the 
imperfection recommended in BS EN 1993-1-1 for second order analysis of this particular 
strut geometry. Model type (b) was analysed twice, first with a maximum imperfection of le/250 
= 31.8 mm and then with the same imperfection of 40 mm as used in model (a). The first case 
represents the Eurocode approach of using buckling curves based on equivalent geometric 
imperfections appropriate to the effective length and the second case represents the BS5400 
approach using an imperfection factor appropriate to the half wavelength of buckling.  
 

Table 1 – Load at first yield for models (a) and (b) 

Model Imperfection 
(mm) 

N first yield 
(kN) 

(a) 40.0 245 

(b) 31.7 239 

(b) 40.0 231 
 
Table 1 shows the load at which the outermost fibre of the beam first yielded for each case. 
Model (a) represents the true resistance of the strut with intermediate restraints. It can be 
seen that the equivalent shorter strut without restraints represented by model (b) had a lower 
resistance even when the smaller imperfection based on le was used. This shows that the 
codified approach in BS EN 1993-1-1 is safe without the need to consider the ratio le/lw. 
 
It is easy to illustrate why model (a) produces the greatest resistance. The first order moment 
acting on model (b) is (N x a0) where a0 is the initial imperfection and N is the axial force. 
Where lateral restraints are present, the first order moment is lower than this because of the 
transverse resistance offered. A first order linear elastic analysis of model (a) gives M = (0.65 
x N x a0). In both models, the second order moment considering P-� effects can be obtained 

approximately by increasing the first order moment by a factor of 
crit/1

1
NN�

. If a0 is the 

same for both cases the smaller first order moment in the case with lateral restraints gives 
rise to a smaller second order moment and hence a higher ultimate buckling load. Using an 
imperfection based on the effective length in model (b) still gives a conservative buckling 
resistance as the first order moment (0.65 x N x a0) for the restrained strut is still less than 
that for the effective length strut of (N x a0 x le/lw) = (N x a0 x 0.794). This implies that actually 
the curves in BS EN 1993-1-1 become more conservative for cases of beams with 
intermediate restraint, rather than less conservative as implied by BS 5400 Part 3. 
 
The above result can also be demonstrated more generally by solution of the governing 
differential equation for a curved beam on an elastic foundation with axial force, but the 
reader is spared the mathematics here. 
 
3.2  Half-through bridge with U-frame restraint 

A specific case of a half-through bridge in S355 steel was investigated. The bridge is simply 
supported with a 36 m span and cross girders at 3 m centres. The transverse web stiffeners 
coincide with the cross girders. The dimensions of the case considered are given in Figure 7 
and is based on worked example 6.3-6 in the Designers’ Guide to EN 1993-24. The slender 
main girders are class 4 to EN 1993-1-1 (and non-compact to BS 5400 Part 3). The deck slab 
is composite with the cross girders but is not fixed to the main girders. 
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Figure 7 - Sketch of model reproduced from Designers’ Guide to EN 1993-2 

 
The bridge was modelled using shell elements in the finite element package LUSAS. The 
layout of the FE model is shown in Figure 8. For simplicity, the deck slab was not included 
explicitly in the model, other than in the rigidity of the cross members. To prevent relative 
longitudinal movement between main girders, plan bracing was added to the model at the 
ends and transverse supports were provided at each cross girder to prevent lateral buckling 
into the deck slab. Pinned vertical point supports were provided at the end of each girder and 
longitudinal movement was permitted at one end. In order to prevent local failure of the model 
at the point supports, the stiffener and web plate thicknesses at the end of the model were 
increased locally. Loading was applied uniformly distributed along the top of the cross girders.  
 
The model was first analysed linear elastically with vertical and lateral load cases to check 
that deflections and flexural stresses were as expected.  The true resistance of the bridge to 
uniform vertical loading was then determined from a materially and geometrically non-linear 
analysis. The non-linear material properties used were based on a material model given in 
EN1993-1-55 Appendix C. In this model yield occurs at a stress of 335 MPa and a strain of 
0.001595. To model limited strain hardening, the gradient of the stress-strain curve was then 
reduced from 210 GPa to 2.10 GPa up to an ultimate strain of 0.05. 
 

Figure 8 – Finite element model of half-through bridge 
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Non-Linear Analysis 
An initial deflected shape similar to the elastic buckling mode expected was generated by 
applying a point load to the top flanges of the main girders at midspan in a linear analysis. 
The deflected shape from this analysis was factored so that the inwards deflection at the start 
of the non-linear analysis had magnitude L/150 where L was taken as the distance between 
points of contraflexure in the flange. The value L/150 is taken from EN1993-1-1 Table 5.1 and 
accounts for allowable construction imperfections and residual stresses in the girders.  
 
After the initial analysis to failure, shown in Figure 9, a second non-linear analysis was 
performed using a modified shape of initial imperfection based on a scaled version of the 
deflections at failure from the first analysis. The deformed shape was scaled so that the 
horizontal deflection at the top flange was again L/150. This gave a moment of resistance of 
72340 kNm. 
 
Hand calculations for buckling resistance in accordance with BS EN 1993-26 gave a buckling 
moment of resistance as 54360 kNm (without any partial factors). The non-linear FE analysis 
therefore gave 33% more resistance than the code calculations. For comparison, the elastic 
moment resistance of the girder was 77988 kNm and the plastic moment resistance of the 
girder was 86373 kNm. 
 
In order to produce a more pronounced buckling failure, the cross bracing and stiffener 
spacing was increased to 6 m. The same analysis procedure as for the first model was 
repeated. The model failed at an ultimate applied moment of 62076 kNm. The hand 
calculations were repeated using the reduced stiffness of the U-frame. The new buckling 
moment was found to be 52252 kNm. This is 19 % lower than that found in the non-linear 
analysis. 
 

 

Figure 9 – Deflected shape at failure 
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The analyses both show that the non-linear FE models demonstrate considerably more 
strength than is predicted by the method in BS EN 1993-2 using the buckling curves in BS EN 
1993-1-1. The model with girders at 3 m centres gives 33% extra resistance and the model 
with girders at 6 m centres gives 19% extra resistance. Once again, the buckling curves of BS 
EN 1993-1-1 were found to be conservative and thus the BD 13/06 approach of using multiple 
curves to allow for the ratio le/lw is unnecessary
 
There are several reasons why the non-linear FE model gave higher predicted strength than 
the calculations to EN 1993. These include:  

1) The FE model shows partial plastification of the tension zone occurs, which gives 
extra resistance that is not accounted for in the hand calculations. 

2) The strain hardening included in the material properties allows the stresses in the 
model to increase beyond yield (by roughly 7%.) 

 
3.3  Paired beams during construction 
 
The composite bridge cases considered were a two span and a single span bridge with two 
steel plate girders braced together by cross bracing. The dimensions are representative of 
typical UK construction, being based on a recently constructed bridge. Figure 10 shows the 
geometry of the two span bridge and the FE model setup and Table 2 gives the dimensions of 
the girder. A uniformly distributed vertical load was applied to both girders in one span only, 
representing concreting of a single span. 

 
Figure 10 – Idealisation of two span braced plate girders 

 
Table 2 - Girder make-up 

SPAN 
GIRDER Width Depth fy 

(MPa) 
 PIER 

GIRDER Width Depth fy 
(MPa) 

Top Flange 600 40 345  Top Flange 600 59 345 
Web 16 1942 355  Web 16 1942 355 

Bottom 
Flange 810 33 345  Bottom 

Flange 810 59 345 

 
The bridge layouts were checked for lateral torsional buckling during construction using four 
different approaches:  
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a) The standard method set out in BD 13/06 9.6.4.1.2 was followed to obtain the 
slenderness �LT and then the resistance moment from its Figure 11.  

b) The alternative method permitted in clause 9.7.5 of BD13/06 was used to obtain �LT 
from a value of Mcr determined from an elastic critical buckling analysis using the FE 
model. The effective length was back-calculated from �LT using clause 9.7.2 and the 
resistance moment obtained from Figure 11 of BD 13/06. 

c) EN 1993-1-1 clause 6.3.2 was used to calculate the slenderness 

cr

y
LT

M
M

�� (where Mcr was obtained from an elastic critical buckling analysis and 

My was the first yield moment).  
d) Non-linear analysis. 

 
With a continuous bridge, redistribution of moment away from the span to the support is 
possible with a non-linear analysis when the mid-span region loses stiffness through buckling. 
This would make the conclusions from the comparison of ultimate load obtained for 
continuous spans with the code approaches in a) to c) above inapplicable to simply supported 
spans where such redistribution could not occur. The above approaches were therefore 
repeated for a single span model, with the same dimensions as half the two span bridge, but 
with the span girder properties used throughout. For the single span bridge, load was applied 
to both girders over the whole span. 
 
Elastic critical buckling analysis 
The lowest global mode of buckling for the one span model, corresponding to the attainment 
of Mcr, is shown in Figures 11 and 12. The girder pair is seen to rotate together over the whole 
span as illustrated in Figure 2. The second lowest mode is shown in Figure 13 and 
corresponds to lateral buckling of the compression flange between braces. At lower load 
factors than either of these modes, a number of local buckling modes such as that shown in 
Figure 14 were found. These typically correspond to buckling of the top of the web plate in 
compression or potentially to torsional buckling of the top flange and may be ignored for the 
purposes of determining Mcr; these buckling effects are considered in the effective section 
properties and flange outstand shape limits in codified approaches to BS 5400 Part 3 and BS 
EN 1993 so are taken into account when the overall resistance is determined. The values of 
Mcr determined were used to derive a total resistance moment for cases b) and c). 
 

 
Figure 11 – Lowest global mode of buckling for single span beams 
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Figure 12 – Lowest global mode of buckling for single span beams – rotation of cross-

section 

 

 
Figure 13 – Second lowest global mode of buckling for single span beams 

 

 
Figure 14 – Typical local buckling for single span beams 
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Non-linear analysis 
The same FE models for single span and two span cases were analysed considering non-
linear material properties and geometry and including an initial deformation corresponding to 
the first global buckling mode. This was used to determine the collapse load. The magnitude 
of the initial deflection was taken as L/150 as required in EN 1993-1-1. The maximum 
moment reached and the moment at which first yield occurred were noted. Failure occurred 
by rotation of the braced pair over a span in the same shape as the elastic buckling mode of 
Figure 11. Figure 15 shows the load-deflection curve up to failure for the single span model. It 
indicates that the failure is reasonably ductile.  
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Figure 15 – Load-deflection curve for non-linear analysis of single span model 

 
The design resistance moments for the two span and single span models are given in table 3. 
The resistances are all factored up by the partial material factors �m and �f3 in BD 13 so that 
they are all directly comparable and, for the two span beam non-linear cases, are based on 
the original elastic bending distribution along the paired beams without allowing for any 
moment redistribution away from the span. (This was achieved by using the load factor at 
collapse to scale up the original elastic moments). The effective length used in the code 
calculations is also given. The ratio le/lw lies between 0.3 and 0.5 and Figure 3 shows that this 
will give a significant reduction in strength in the BD 13/06 calculations.  
 

Table 3 – Bending resistances obtained for the different methods 

Design Resistance Moment at mid-span 
(Including �m and �f3 on the resistance side) 

(kNm) Calculation Method 

Two Span  Single Span 

a) BD 13/04 9.6.4.1.2 6045 (le = 17.0m) 5260 (le = 18.9m) 
b) BD 13/04 9.7.5 (with FE) 7330 (le = 13.5m) 6085 (le = 16.0m) 
c) EN 1993-1-1 6.3.2 (with FE) 9231 7470 
d) Non Linear FE (maximum M) 12000 9591 
d) Non Linear FE (first yield) 9654 8170 

 
The non-linear analysis gave higher resistance moments, thus showing that methods a) to c) 
were all conservative with the methods of a) and b) based on BD 13/06 being the most 
conservative. This again indicates that the BD 13/06 approach of using multiple curves to 
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allow for the ratio le/lw is unnecessary. Again, there were several reasons why the non-linear 
FE gave higher predicted strength than the other code methods:  

1) Partial plastification of the tension zone is possible. 
2) Strain hardening can occur. 
3) For the two span model, redistribution of elastic moment is possible away from the 

span. 
 
4  Conclusions 
 
All the analyses demonstrate that the resistance curves and slenderness calculation used in 
Eurocode 3 are conservative. The analyses of the two simple strut cases show that applying 
the initial imperfection relevant to a length equal to the half wavelength of buckling, where this 
is greater than the effective length, is overly conservative. The curves in BD 13 and BS 5400 
Part 3 therefore need to be revised to remove the curves below that for le/lw = 1.0. The curves 
for le/lw = 1.0 can always be used safely, as is effectively the case in Eurocode 3.  
 
Non-linear analysis can be used to extract greater resistance from beams for a number of 
reasons which include benefit from: 

� partial plastification of the tension zone in non-compact sections 
� strain hardening 
� moment redistribution in statically indeterminate structures. 

 
The case for including the multiple buckling curves in BS 5400-3 and BD13 was challenged 
by the authors a little while ago and this eventually resulted in the Highways Agency and the 
BSI B/525/10 committee accepting that the lower le/lw curves were not appropriate. BSI does 
not intend to revise BS5400-3 but B/525/10 has agreed that the revision, removing the lower 
curves, can be published by SCI; the revision has now been published in the September 
issue of New Steel Construction (as Advisory Desk Note AD 326, available on www. 
steelbiz.org). 
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Synopsis
Many investigations have been carried out to date into the
behaviour of transversely stiffened web panels in bending and
shear and many different theories have been proposed.
Different code rules have been developed based on these
theories. The UK’s steel bridge code, BS 5400 Part 3, based its
design rules for transverse stiffeners on the work of Rockey et
al., while early drafts of Eurocode prEN 1993-1-5 were based
on the work of Höglund. The former’s tension field theory
places a much greater demand on stiffener strength than does
the latter’s rotated stress field theory. Due to a lack of
European agreement, EN 1993-1-5 was modified late on its
drafting to include a stiffener force criterion more closely
aligned to that in BS 5400 Part 3. The rules for stiffener design
in EN 1993-1-5 are thus no longer consistent with the rotated
stress field theory and lead to a greater axial force acting in
the stiffener. The rules for the design of the web panels
themselves in shear however remain based on Höglund’s
rotated stress field theory, creating an inconsistency.

Recent investigations by the authors have suggested that
the rules in BS 5400 Part 3 and, to a lesser extent, in the
current version of EN 1993-1-5 can be unduly pessimistic. This
paper investigates the behaviour of transversely stiffened
plate girders in bending and shear using non-linear finite
element analyses. It considers slender symmetrical steel
girders with and without axial force and also steel-concrete
composite plate girders, which are therefore asymmetric. It
discusses the observed web post-buckling behaviour,
compares it with the predictions of other current theories and
recommends modified design rules. It includes investigation
into whether a stiffness-only approach to stiffener design can
be justified, rather than a combined stiffness and force
approach. The shear–moment interaction behaviour of the
girders as a whole is also investigated and compared to the
codified predictions of BS 5400 Part 3 and EN 1993-1-5.

Notation
EC3-1-5 = Eurocode 3, Design of Steel Structures, Part 1.5:

Plated structural elements, EN 1993-1-5
a = clear width of web plate between stiffeners
d = clear depth of web plate between flanges
a/d = aspect ratio of web panel
t = thickness of web plate
Bf = flange width 
Tf = flange thickness
hst = stiffener height
tst = stiffener thickness
Ist = stiffener second moment of area
E = modulus of elasticity
fy = steel yield strength
τcr = critical shear stress
σ1 =axial stress in web in BS 5400 Part 3
τc = compression stress in web in Höglund’s rotated stress field

theory
θ = inclination of web stress field in Höglund’s rotated stress

field theory
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MEd = design bending moment in EN 1993-1-5
Mpl,Rd = design plastic moment of resistance of the cross-section

in EN 1993-1-5
Mel = design elastic moment of resistance of the cross-section in

EN 1993-1-5
MNL = bending moment obtained from numerical simulation

(NL: non-linear)
Mfp = plastic moment of the flange in Höglund’s rotated stress

field theory
NEd = design axial force in EN 1993-1-5
VEd = design shear force in EN 1993-1-5
Vcr = critical shear force
Vult = ultimate shear resistance
Vbw,Rd = contribution of the web to design shear resistance in EN

1993-1-5
Vbf,Rd = contribution of the flanges to design shear resistance in

EN 1993-1-5
Vu,w = resistance of the web in Höglund’s rotated stress field

theory
Vu,f = resistance of the flanges in Höglund’s rotated stress field

theory

Introduction
It was known since the 1930s that transversely stiffened web
panels in bending and shear had a post-critical resistance, but
only in the 1950s was the behaviour for the first time investi-
gated1,2. Since then, many investigations have been carried out
and many different theories have been proposed upon which
design rules have been written. 

The shear resistance theories behind most codes assume that
the web operates in pure shear until elastic critical buckling
occurs; subsequently, bands of tension form to carry further
increases in shear. What is not agreed at present is the role of
intermediate transverse stiffeners when these tension fields
develop and, in particular, the forces they attract.

Rockey’s tension field theory3-5 places a much greater demand
on stiffener strength than does Höglund’s rotated stress field
theory6. Rockey’s theory requires the stiffeners to play the role
of compression members in a truss, with the web plate acting as
the tension diagonals. Höglund’s theory does not require the
stiffeners to carry any load other than that due to the small part
of the tension field anchored by the flanges at collapse; no force
is induced in the stiffeners in mobilising the post-critical resist-
ance of the web. In the absence of a stiff flange to contribute to
the shear resistance, the stiffeners simply contribute to elevat-
ing the elastic critical shear stress of the web. This has led to
some European countries adopting a stiffness-only approach to
stiffener design in the past. Adequate stiffness is simply required
to ensure that the theoretical elastic critical shear resistance of
the panel is achieved, or at least very nearly achieved since no
stiffener can be completely rigid. 

Earlier drafts of prEN 1993-1-57 required web stiffeners to be
designed for a force loosely (but not exactly) based on Höglund’s
theory, together with a check for adequate stiffness. These early
drafts raised concern in the UK as the rules led to much smaller
forces in the stiffeners than would be derived from the tension

Numerical validation of simplified
theories for design rules of transversely
stiffened plate girders
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Fig 1. High shear test9 / Fig 2. Shear force carried by the web

2
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field theory approach traditionally used in BS 5400 Part 38. As a result, EN
1993-1-5 was modified late on its drafting to include a stiffener force criterion
more closely aligned to that in BS 5400 Part 3. The rules for stiffener design
in EN 1993-1-5 are thus no longer consistent with the rotated stress field
theory and lead to a significantly greater axial force acting in the stiffener, with
a consequent loss of economy. The rules for the design of the web panels
themselves in shear however remain based on Höglund’s rotated stress field
theory, creating an inconsistency.

Another difference between the two codes occurs in the treatment of coex-
isting axial stresses in the web. Axial stresses in the web, induced by either
external axial forces or asymmetry in the plane of bending, are assumed to
have no effect on the elastic shear buckling load of the plate panel in EN 1993-
1-5. In BS 5400 Part 3, however, coexisting axial stresses are assumed to
reduce the elastic critical shear buckling load of the plate panel. This leads to
a further disparity in predicted stiffener forces between the two codes, with
BS 5400 becoming very much more onerous in the presence of web net axial
force. Such considerations of the effects of web axial stress were rejected by
the drafters of EN 1993-1-5 on the basis that the stiffener forces produced
would lead to even greater increases in stiffener size compared to those
produced by other existing European standards.

It is undesirable that EN 1993-1-5 should contain a rule for stiffener design
that is incompatible with its rules for shear design. It is also undesirable to
have a rule that is unnecessarily conservative, particularly if employed to
assess existing structures, although it is noted that assessment is strictly
outside the scope of the Eurocodes. This paper therefore studies, with the use
of a non-linear finite element analysis package, the behaviour of transversely
stiffened plate girders and seeks to determine:

• the true mechanism for resisting shear and its interaction with moment;
• a prediction of the true forces generated in stiffeners and the potential

adequacy of a ‘stiffness-only’ approach to stiffener design, based on the stiff-
ness criterion already given in EN 1993-1-5;

• the effects of axial stresses in the web on the stiffener design;
• the effects of panel aspect ratio on the collapse load;
• the effects of the ratio M-V of bending moment to shear force on the collapse

load and comparison with moment–shear interaction diagrams produced
by Eurocode EN 1993-1-5;

• sensitivity of the collapse load to web and stiffener imperfections.

Tension field theories
Experimental studies have indicated that, when a thin walled plate girder is
loaded in shear, failure occurs when the web plate yields under the joint
action of the post-buckling membrane stress and the initial elastic buckling
stress of the web panel, and plastic hinges develop in the flanges, as shown
in Fig 1.

Different code rules have been developed based on these theories. The UK’s
steel bridge code, BS 5400 Part 3, based its design rules on the Cardiff tension
field theory by Rockey et al. The Stockholm rotated stress field theory devel-
oped by Höglund formed the basis of the simple post-critical design procedure
for predicting the ultimate shear resistance of stiffened and unstiffened plate
girders in ENV 1993-1-110 and now the basis of the shear design rules in EN
1993-1-5.

Cardiff tension field theory
According to the Cardiff tension field theory developed by Rockey et al.3-5,
transverse stiffeners have to fulfill two main functions. The first is to increase
the elastic critical buckling resistance, Vcr, of the web plate. The second is to
act as part of a truss when the web develops a diagonal tension field when
the shear force exceed Vcr. This effectively leads to the stiffener force being
equal to VEd – Vcr for a given shear loading VEd > Vcr. This theory is not
explained further here as it was not found to be a good predictor of stiffener
force or behaviour in this study.

Stockholm rotated stress field theory
The rotated stress field theory developed by Höglund6 forms the basis of the
design rules in EN 1993-1-5 for the calculation of the ultimate shear resist-
ance of plate girders.

The ultimate shear resistance Vult can be expressed as:

Vult = Vu,w + Vu,f ...(1)

where Vu,w is the load carrying resistance of the web due to its membrane
behaviour and Vu,f is the load carrying resistance of the flanges due to their
bending stiffness and strength.
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Fig 3. Shear force carried by truss action / Fig 4. Girder layout used in finite element modelling 
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In determining Vu,w the web panels are represented, in the post-buckling
stage, with a system of perpendicular bars in compression and in tension, as
shown in Fig 2. 

When the load increases, the stress σc in the compression bars is constant
and equal to the buckling stress τcr while the tension bars stress σt increases
when the angle θ decreases. This behaviour produces a net axial membrane
tension in the web. The value Vu,w is obtained when plasticity is reached at
the intersection between bars, according to the Von Mises yield criterion. 

At failure, four hinges form at the top and bottom flange, with an additional
tension stress field developed in the web as shown in Fig 3. The moment at
each hinge is assumed to be equal to the plastic moment of the flanges. 

The shear force Vu,f which is transmitted by the additional tension stress
field is obtained from the equilibrium of the flange portion c. This equation
gives: 

...(2)

where c is the distance at which plastic hinges form in the flanges. The
stronger the flanges, the greater the dimension c. The stiffener force is thus
equal to Vu,f. No force is produced in mobilising the post-critical resistance of
the web plate alone.

Design rules for transverse stiffeners in EN 1993-1-5
For the reasons discussed above, the design rules for transverse web stiffen-
ers in EN 1993-1-5 are based on the Cardiff theory, even though the basis for
its shear resistance rules is the Stockholm theory. Specifically, the stiffener
effective section must resist the force from shear tension field action accord-
ing to clause 9.3.3, together with any externally applied forces and moments.
The tension field force is essentially equal to the difference between the
applied shear and the elastic critical shear force VEd – Vcr, although a mate-
rial factor is introduced on Vcr.

An additional stiffness criterion is given to ensure that the panel bound-
aries are sufficiently stiff to produce very nearly the full elastic critical shear
resistance of a panel with pinned boundaries. This is that the stiffener effec-
tive section must have second moment of area Ist ≥ 1.5d3t3/a2 if a/d < √2 and
Ist ≥ 0.75dt3 if a/d ≥ √2. In the above requirement, hst is the stiffener height,
tst is the stiffener thickness, fy is the steel yield stress, a is the panel length, d

V c
M4

,u f
fp

=

is the panel depth, t is the web plate thickness, and Ist is the stiffener second
moment of area.

The remainder of the paper seeks to establish the true behaviour and to
relax the EN 1993-1-5 force criterion.

Finite element modelling
To investigate the true behaviour of stiffened plate girders in shear and
bending, a series of finite element models were set up using the software
package LUSAS. The basic girder layout modelled is shown in Fig 4. This
comprises an inverted simply supported beam with twelve square panels of
length (and height) equal to 2.5m, giving a total length of 30m. By using this
beam layout, the web panel aspect ratios a/d can easily be varied by remov-
ing stiffeners. Global lateral torsional buckling was restrained in the models
by providing adequate lateral restraint to the compression flanges. The geom-
etry was intended to simulate the moment and shear loading in a girder over
an internal support of a continuous bridge.

Two different beam geometries were considered: 
• Symmetrical steel girder: a bare steel plate girder with double-sided stiff-

eners (to eliminate bending effects in the stiffeners from asymmetry). Axial
force was also applied in some cases to examine the influence of axial force.

• Steel-concrete composite girder: a steel plate girder with a concrete slab
on top with single-sided stiffeners, representative of a real bridge beam. The
bending moment thus induces a net axial force in the web due to the eccen-
tricity of the neutral axis in the web.
In all cases, the intermediate stiffeners were sized such that they just met

the EN 1993-1-5 stiffness criteria but would generally not meet the EN 1993-
1-5 force criterion, the purpose being to test the conservatism of the force
requirements and investigate whether a stiffness-only approach to design
would suffice.

Imperfections
Four different initial imperfections were modelled to investigate the sensi-
tivity of the final collapse mode and load factor to imperfections. These were:
• web panel bows;
• stiffener bows;
• overall imperfection geometry based on elastic critical buckling modes;
• imperfection geometry based on a collapse mode from a previous analysis.

Geometric Key

Web
Top Flange
Bottom Flange
Stiffeners(Rigid)
Stiffeners(EC3-1-5)
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Fig 5. Material behaviour assumed in EN 1993-1-5 Annex C.6 / Fig 6. Original test girder TGV8-2 / Fig 7. Photograph of failure mode Test TGV8-2 / 
Fig 8. Lateral displacement contour at failure with initial ‘Imperfection 2’ (mm)
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The latter usually produced the lowest load factor, but load factors were
found not to be very sensitive to imperfections in general.

The modelled imperfections had a maximum amplitude of 12.5mm, which
is equal to the min{a/200, d/200}.

Material properties
The steel yield strength of the plate girder components was set at
355MPa. The material factor γM was taken as 1.0 for all finite element
model components, to enable comparison with code predictions using γM

=1.0. After yield, the steel stress–strain slope was set at E/100, in accor-
dance with the recommendations in EN 1993-1-5 Annex C.6, to model the
effect of some strain hardening. Fracture was assumed to take place at
a strain of 5% as shown in Fig 5.

Meshing
The webs, flanges and stiffeners finite element meshes were formed from
quadrilateral thick shell elements. Composite slabs were represented by a
non-linear beam element of equivalent area, stiffness and eccentricity (allow-
ing for cracking), rigidly connected to the tension flange of the girder. 

Loading
Vertical knife edge loadings were applied as distributed per unit length at mid-
span and at the ends of the beam, producing different ratios of bending
moment to shear force. This simulates the moment and shear loading devel-
oped in a girder over a continuous bridge support. For the bare steel beam case,
uniform compressive stresses were, in some cases, applied to the beam ends
to investigate their effect on stiffener forces. Net web compressive forces were
also obtained with the composite girder because of the eccentricity of the
neutral axis from mid-height of the web.

Non-linear finite element study
Calibration
Calibration of the non-linear modelling techniques proposed above was
achieved by modelling plate girders used in physical tests by Rockey et al5 in
1981. Tests TGV7-2 and TVG8-2 were modelled to establish if similar results
were predicted11. This was intended to gain confidence in the non-linear finite
element results for subsequent analyses. 

Calibration results of test TGV8-2 are briefly discussed here. The girder
dimensions are illustrated in Fig 6. Loadings and material properties used in
the finite element model were taken from the original paper. Post yield strain
hardening was included via the slope of E/100 in the stress/strain curve as
discussed above. A load of 180kN was applied at the midspan point of the
girder in the same manner as the original test.

The only necessary data absent from the original paper was the magnitude
of geometric imperfection present in the web plate and stiffener prior to
loading. Two different initial imperfections were therefore modelled to inves-
tigate the sensitivity of imperfection on the final buckling mode and buckling
load: stiffener bows (Imperfection 1) and web panel bows (Imperfection 2).

The photographed failure mode of test TGV8-2 is illustrated in Fig 7. The
failure mode predicted by the finite element analysis, shown in Fig 8,
compares well with the actual failure mode recorded in testing. Both predicted
failure modes involve the lateral bowing out of an intermediate stiffener.

The fact that a similar failure mode occurred for both ‘Imperfection 1’ and
‘Imperfection 2’ also helps to prove that the failure mode was not ‘forced’ by
the geometry of the initial imperfection.

To compare the finite element results to the tested results, all load deflec-
tion curves were plotted on Fig 9. This shows that there is a good correlation
between the load–deflection relationships calculated by the finite element
models and that recorded in the test output for TGV8-2, which gives confi-

6
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Table 1. Summary of results and usage factors for M, V and N based on the non-linear analysis

Girder Non-linear
analysis

Girder ultimate loads from non-linear
analysis

Stiffener design to EN1993-1-5
at girder ultimate loads 

case a/d d/t t 
(mm) 

Tf

(mm) 
Bf

(mm) 
hst × tst

(mm)
τcr

(N/mm2)  
imperfections MNL/MEC3-1-5

MSL

(kNm) 
VNL(kN) Mend

(KNm)
σ

(N/mm2)) 
stiffness

ratio 

shape
limit

(<10.5) 

strength
(U.F.)

aspect
ratio

web
thickness 

flanges 
thickness

flange
width

stiffener
height ×
thickness

simply
supported
boundaries

end
moments axial stress clause

9.3.3
clause
9.2.1

clause
9.3.3

1-1 1 131.58 19 90 1800 130 × 40 102.40 web 1.133 135135 9009 0 0 0.35 3.25 0.80

1-2 1 131.58 19 90 1800 130 × 14 102.40 web 1.108 132165 8811 0 0 1.00 9.29 1.38

2-1 1 178.57 14 78 1560 100 × 12.5 55.60 web 1.149 91800 6120 0 0 1.00 8.00 2.87

2-2 1 178.57 14 78 1560 90 × 9 55.60 web 1.149 91800 6120 0 0 1.85 10.00 4.25

3 2 131.58 19 74 1480 130 × 14 69.85 web 1.212 106920 7128 0 0 0.50 9.29 1.33

4 1 131.58 19 64 1280 130 × 14 102.40 web 1.170 64598 8613 –64598 0 1.00 9.29 1.32

5-1 1 131.58 19 90 1800 130 × 40 102.40 stiffener 1.108 132165 8811 0 0 0.35 3.25 0.76

5-2 1 131.58 19 90 1800 130 × 14 102.40 stiffener 1.083 129195 8613 0 0 1.00 9.29 1.32

9 1 131.58 19 68 1360 130 × 14 102.40** stiffener 1.077 89100 5940 0 25* 1.00 9.29 0.39

10 1 131.58 19 66 1320 130 × 14 102.40** stiffener 1.072 77220 5148 0 50* 1.00 9.29 0.11

11 1 131.58 19 66 1320 130 × 14 102.40** stiffener 1.045 69795 4653 0 75* 1.00 9.29 0.01

* constant during analysis
** EN1993-1-5 does not require the elastic critical shear buckling to be reduced in the presence of axial force

Fig 9. Load–deflection plots of finite element models and laboratory testing / Fig 10. Symmetrical steel beam section and loading / Fig 11. Section
dimensions / Fig 12. Vertical displacement at midspan versus total load factor
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Fig 13. Lateral displacement contour at failure (m) / Fig 14. Eurocode M-V interaction domain and result from non-linear analysis (simply supported
plates) / Fig 15. Investigated area and location of sections / Fig 16. Section S3: longitudinal stresses in the web (negative compression) 

dence in the accuracy of the output of subsequent FE models.
A check of the TGV8-2 stiffener capacity to EN1993-1-5 found that the stiff-

ener had inadequate stiffness when checked against the minimum stiffness
requirements of Clause 9.3.3, although it was only inadequate by 4%.
However, when the capacity of the girder was checked against the Eurocode
assuming a rigid intermediate stiffener the web shear capacity was critical
with a predicted failure shear force of 79.7kN. This shear force would be
generated by a central point load of 159.4kN ≅16.0 tons. From Fig 9, this
predicted shear capacity was safely achieved in girder TGV8-2 despite the code
failure of the intermediate stiffeners.

The check of the transverse stiffener to EN1993-1-5 Clause 9.3.3 predicted
a usage factor of 6.48 where ‘Usage factor’ = Load / Load Capacity. This failure
was largely a consequence of the axial force applied at the centre of the web
plate predicted by EN 1993-1-5 as discussed above.

If this girder was to be designed to the Eurocode a heavier stiffener section
would be required to comply with the above equation and the stiffness require-
ment would be satisfied. However, the results from the testing and FE model-
ling would show that the combined web-stiffener system used in test TGV8
is adequate for resisting the theoretical shear capacity of 79.7kN, although it
is noted from Fig 9 that the response is non-linear above a shear force of 69kN
(equivalent to a central point load of 138kN ≅ 13.8tons.)

Symmetrical steel girder
The layout used, shown in Fig 10, produces a high ratio of bending to shear
force. This leads to the provision of thick flanges to prevent premature failure
in flexure, which in turn gives rise to large boundary rotational restraint to
the web panel longitudinal edges. Adjustment of the bending/shear ratio was
conducted by applying moments at the beam ends. Most cases investigated
were carried out at high shear and relatively low flexural stress. 

The dimensions of the girders are given in Table 1 with a summary of the
results from the non-linear analyses. 11 different beams and/or load cases

were considered and for each case, stiffeners were checked according to EN
1993-1-5. The girder’s ultimate load was generally well in excess of that
predicted on the basis of stiffener failure to EN 1993-1-5. In Table 1, results
for EN1993-1-5 relate to stiffener failure only. Usage factors (U.F.) for web
failure are not quoted. Only one representative case (Case 2-1) is discussed
in detail below.

Case 2-1
The stiffener dimensions were the minimum allowed by the stiffness criterion
in EN 1993-1-5. The panel aspect ratio was a/d = 1 and the central point load
was applied without end moments. The elastic critical shear stress and force
are τcr = 55.6MPa and Vcr = 1946kN.The beam cross section is shown in Fig 11.

Owing to the size of the flanges provided in the model, the web panels are
significantly restrained against out-of-plane rotation and their critical stresses
are higher than assumed in codified rules, which are based on pinned bound-
aries. The elastic critical stress and force, when calculated for a plate with
built-in edges12, becomes τcr = 86MPa and Vcr = 3010kN.

The load–deflection curve obtained from the finite element analysis is illus-
trated in Fig 12. The analysis showed an almost linear behaviour up to a load
factor of approximately 0.7, after which it shows a gradual loss of stiffness
culminating in a failure at the load factor of 0.85.

The lateral deflections of the web at failure is illustrated in Fig 13, where
it can be seen that the girder failed by the web bowing out laterally and yield-
ing, while stiffeners twisted in sympathy but did not themselves cause the ulti-
mate failure.

The M–V interaction domain from EN 1993-1-5 and the results obtained
from the non-linear analysis are illustrated in Fig 14. The girder showed an
extra resistance of about +15% when compared with the Eurocode. The inter-
action curve was built according to EN 1993-1-5 clause 7.1(1) and does not
account for the reduction of moment along the web panel. This domain was
built considering a τcr value derived for a simply supported plate loaded in

13 14

15 16
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shear. A closer match to EN 1993-1-5 is obtained if the rotational restraint
offered by the flanges is considered when determining τcr but some care is
needed following this approach because the reduction factor curve itself makes
some allowance for flange rotational restraint.

The location of the sections taken through the girder at various stages in
the analysis to establish the distribution of internal forces are illustrated in
Fig 15.

From Fig 16 it can be seen that for load increments 1 to 3, the longitudinal
stresses in the web vary more or less linearly as expected from elastic beam
theory. Tension field effects appear beyond increment 3 at which the mean
shear stress is about 72MPa, compared with a critical stress of 86MPa (for
fully clamped edges) and 55MPa (for simply supported edges); it is therefore
consistent with theory. Beyond this increment, a membrane tension develops,
which modifies the distribution of direct stress in the girder. This gives rise
to a net tension in the web, balanced by compressive forces in the flanges
which add to the flexural compressive stress in one flange and reduce the flex-
ural stress in the tension flange as shown in Fig 17. Web stresses either side
of the stiffener are very similar, indicating that the web tension field stresses
carry through the intermediate stiffener with little transfer of stress to it.

Fig 18 illustrates in a simplified way how the total web stress is influenced
by the membrane stress, assuming a parabolic distribution of membrane
tension. A means of estimating the magnitude of this membrane stress is
provided in literature13.

The stiffener forces given in Fig 19, at mid-height of the stiffener, are
plotted against the load factor. These were obtained by integrating the verti-
cal stress over either the stiffener outstands alone (which gave 428kN) or the
stiffener effective section defined in EN 1993-1-5 clause 9.1(2) (which gave
1030kN). The figure illustrates how critical the choice of area is in calculat-
ing the force.

There are clearly very significant flexural stresses also attracted to the stiff-
ener as shown in the vertical stress profiles at mid-height across the stiffener

in Fig 20. This implies that care is needed with the use of a force criterion
because it may not be a very good predictor of overall stress level on its own.
To check this, the stiffener effective section was considered as a pin-ended
strut with axial force equal to 1030kN as calculated above and with an initial
imperfection as given in clause 9.2.1 of EN 1993-1-5. Second order effects were
included in the calculation and the resulting stress distribution is shown as
the hatched line on Fig 20. Whilst this gives a reasonable prediction of the
actual stress variation across the stiffener, it underestimates the extreme fibre
stress from the non-linear analysis. A slightly larger fictitious axial force
would be required to recreate this peak stress and the proposal made below
satisfies this.

The stiffener force predicted by EN 1993-1-5, calculated as the difference
between the observed ultimate shear force (6120kN) and the elastic critical
shear force (1946kN), amounts to 4174kN compared with a value derived from
the observed stresses of about 1030kN for the effective area at mid-height of
the stiffener. If the above second order calculation is repeated for the stiffener
using the force from the design standard, it leads to a predicted stiffener
extreme fibre stress of over 1000MPa which is far in excess of that predicted
by the non-linear model (and indeed yield) and implies that the Rockey
approach is very conservative.

Results for some of the other model cases are shown in Table 2. The stiff-
ener forces derived from the non-linear analyses were compared to those
predicted by EN 1993-1-5, which assume that the forces equate to the
observed ultimate shear forces minus the critical shear forces, Vult – Vcr. Also
shown in Table 2 are the predicted stiffener forces calculated in accordance
with Höglund’s theory6, which are those based solely on the final part of the
shear resistance mobilised by the flange contribution Vbf,Rd. Also based on
Höglund’s theory is a proposed design value of Vult – Vbw,Rd which allows for
the fact that the shear carried in the non-linear analysis exceeded the codi-
fied shear resistance. For design in accordance with EN 1993-1-5, Vult – Vbw,Rd

≤ Vbf,Rd, unlike in Table 2.

Fig 17. Section S3: longitudinal forces in the flanges versus load factor (negative compression) / Fig 18. Stress distribution under bending and shear at
the ultimate load away from the internal support

Table 2. Forces in stiffeners in kN

Case

Vult Vcr Vbw,Rd Stiffener force according to: Stiffener force ratios: 

FE
Model

simply
supported

boundaries
EN1993-1-5 Vult –Vcr Vbf,Rd

6
Vult – Vbw,Rd

(authors’
proposal)

FE
Model

FE Model
Vult –Vcr

FE Model
Vbf,Rd

FE Model
Vult–Vbf,Rd

1-1 9009 4864 6306 4145 1665 2703 425 0.10 0.26 0.16

1-2 8811 4864 6306 3947 1665 2505 175 0.04 0.11 0.07

2-1 6120 1946 3750 4174 1545 2370 1030 0.25 0.67 0.43

2-2 6120 1946 3750 4174 1545 2370 1075 0.26 0.70 0.45

4 8613 4864 6306 3749 1048 2307 290 0.08 0.28 0.13

11 4653 4864 6306 0* 0** 0** 130 – – –
* Vult <Vcr

** Vult < Vbw,Rd
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It can be seen that the approach used in EN 1993-1-5 gives high values for
the forces in the stiffeners compared to the ones obtained from the non-linear
analyses. In order to get a better correlation with the FE results, an alterna-
tive criterion is required. From the evidence that the tension field passes
through the stiffeners after elastic buckling has occurred, it appears reason-
able to base the stiffener forces on the difference between the applied shear
force and the shear strength of the web Vbw,Rd. The force in the stiffener,
applied in the plane of the web, can then be expressed as follows:

FEd = VEd – αVbw,Rd ≥ 0 ..(3)

which contrasts with a value of VEd – Vcr as implicit in the EN 1993-1-5
approach. The enhancement factor α was intended to allow for secondary
compatibility bending stresses that develop in the stiffeners due to their func-
tion of keeping the panel straight along its boundaries. For this purpose, it
would be expected that α would be less than unity. However, all the results
except those for case 11, indicate that α is greater than unity and can conser-
vatively be taken as unity. The reason for the greater than unity value of α is
likely to result from an underestimate of Vbw,Rd in EN 1993-1-5 and the bene-
ficial effects of strain hardening. The lack of conservatism of the proposal for
case 11 is mitigated by the additional stiffness criterion in EN 1993-1-5 which
would not be met if a stiffener was designed for the very small force predicted
by the FE model.

An extreme situation was also investigated. The Case 2-1 girder arrange-

ment was modified, and ‘Stiffener A’ in Fig 15 was removed and replaced with
a line support vertically down the web plate at its location, which prevents
out of plane movement along the line but allows vertical movement, as shown
in Fig 21. This is effectively a transverse stiffener with no capacity to carry
axial force but with a rigid out of plane bending stiffness.

It is interesting to note that the non-linear analysis stops when it fails to
find equilibrium beyond a load factor 0.88, which is slightly larger than the
load factor obtained when a transverse stiffener with the minimum EN 1993-
1-5 stiffness was provided. The load factor in that case was 0.85 and the
failure was by panel yield rather than by stiffener buckling. This means that
the girder still achieves a shear of Vbw,Rd to EN 1993-1-5 even if the stiffener
cannot carry any axial force in a truss mechanism and that out of plane
bending stiffness is more important than axial resistance. The mechanism
predicted by Rockey does not actually occur and the development of stiffener
axial force in a truss behaviour is not necessary for loading beyond Vcr.

Steel–concrete composite girder
A typical cross-section from an existing UK bridge was considered (see Fig 22).
The concrete was assumed to be cracked in flexure and hence only the rein-
forcement was modelled. The girder’s shear-moment behaviour and the result-
ing stiffener forces were examined, together with the effect of varying the
strength and stiffness of the stiffeners. Stiffeners were again designed to
comply with the EN 1993-1-5 stiffness criterion, but not the force criterion.
Despite this, in no case did the stiffener cause the ultimate failure.

Fig 19. Section S8: vertical forces in the stiffener versus load factor (negative compression) / Fig 20. Section S8: vertical stresses in the stiffener outstand
(negative compression) / Fig 21. Girder section at stiffener location and line support along web plate / Fig 22. Section dimensions 
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To investigate different ratios of bending moment to shear force, ends
moments were applied. In particular, to obtain low ratios of M–V at midspan,
the end moments were generally bigger than those at midspan and so to avoid
a premature failure at beam ends, the girder was ‘strengthened’ in the model
there.

Several cases were studied for shear-moment resistance and a graphical
summary is shown in Fig 23 for the case with no imposed axial force. The
results are there compared with the predictions of EN 1993-1-5 where, once
again, the effect of moment reduction along the panel was ignored. Only one
representative case (Case 1) is discussed in detail below.

Fig 23 shows the interaction curve for bending and shear according to EN
1993-1-5 and the results from the non-linear analyses for different M–V
ratios. It is evident that the rules are conservative for both bending and shear.
For low shear, the resistance to bending moment is close to the EN 1993-1-5
prediction. It is interesting to note that the bending resistance increases
slightly when a small shear force is added. Similar results were obtained in
other studies14. The increase can be attributed to the moment gradient
applied. In girders with low shear the moment gradient is small and this leads
to a longer plastic zone than in a beam with a steeper moment gradient. For
low bending moment, the resistance to shear is much higher than predicted.
This could be partially attributed to boundary rotational restraints of the
panel not considered in the construction of the interaction domain to EN 1993-
1-5. The interaction is in any case very weak except at very high shear.

Case 1
Stress distributions in the girder web and stiffeners were determined in the
same way as for the bare steel beams. They are not shown here but are
similar to those for the bare steel beams. As discussed for the bare steel
girder, in all cases there was a development of a web membrane tension, which
passed through the intermediate stiffener inducing much smaller forces in the
stiffeners than assumed in EN 1993-1-5 and BS 5400 Part 3. There was also
a reduction in tension flange force and increase in compression flange force
as discussed above and illustrated in Fig 18.

For this case, several analyses were run in order to investigate the influ-
ence on resistance of the stiffness of the stiffener, stiffener imperfections,
girder axial force and panel aspect ratio. These are documented in Table 3.
The stiffness ratio is defined as the ratio of the minimum stiffness required
in accordance with clause 9.3.3 (3) of EN 1993-1-5 and the actual stiffness of

the stiffener. Three different stiffeners were used: Rigid (stiffness ratio =
0.75), EC3-1-5 (stiffness ratio = 1.00) and 0.5 × EC3-1-5 (stiffness ratio = 2.00).

The results in Table 3 are graphically represented in Fig 24. The interac-
tion curve is the prediction of EN 1993-1-5 for a case of zero axial force and a
panel aspect ratio equal to 1. For these cases the ratio MNL/MEC3-1-5 gives a
numerical comparison between the results of the non-linear analysis and the
corresponding values on the interaction curve. On the same graph, results
from analyses with axial force and with panel aspect ratio equal to 2 are also
represented. For the latter a ratio MNL/MEd is defined which can be used for
comparison, while to define the ratio MNL/MEC3-1-5 other interaction curves
should be built, and the results are shown only for be compared using
MNL/MEd. The values MEd and VEd represent only the initial load applied to the
model and do not represent the point actually on the EN 1993-1-5 interaction
curve or the ultimate load from non-linear analysis.

For the case with stiffener type 0.5 × EC3-1-5 the girder failed by the web
plate and intermediate stiffener bowing out laterally. This was the only case
with stiffener failure. Even though the intermediate stiffener did not possess
adequate stiffness (as required by the Eurocode EN 1993-1-5 clause 9.3.3), the
girder was still able to attain the theoretical web panel failure load to EN1993-
1-5 (being the result outside the interaction curve).

A comparison can be made using the ratio MNL/MEd for cases with stiffener
type EC3-1-5, no imperfection, panel aspect ratio 1:1 and axial forces NEd equal
to zero, 3550kN (50MPa), 7100kN (100MPa) and 14200kN (200MPa). From
Table 3 the ratios are equal to 1.70, 1.49, 1,35 and 0.88 respectively. This shows
that the axial force reduces the final resistance of the girder as expected, but
although the interaction is built for zero axial force applied, only result for
200MPa lies inside the EN 1993-1-5 domain. This shows EN1993-1-5 domain
is conservative and also the direct stress had little effect in promoting stiff-
ener failure, unlike prediction of BS 5400.

As for the symmetrical steel girder cases, the forces derived from the non-
linear analyses results were compared to those predicted by BS 5400 Part 3
and EN 1993-1-5 as shown in Table 4. Once again, it can be seen that the
approach used in EN 1993-1-5 gives high values for the forces in the stiffen-
ers compared to the ones obtained from the non-linear analyses. It can also
be noted that the proposed approach of basing the stiffener forces on the differ-
ence between the applied shear force and the shear strength of the web as
above leads to smaller forces in the stiffeners and a better agreement with the
non-linear analysis.

Fig 23. Eurocode M-V interaction domain and result from non-linear analyses / Fig 24. Eurocode M-V interaction domain and results from non-linear
analyses (Table 3)

23 24 *different interaction curve should be built
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to get a better correlation with the finite element results: FEd = VEd – Vbw,Rd

≥ 0; 
• the effects of different M–V ratios were investigated and compared with the

moment-shear interaction diagram predicted by EN 1993-1-5. The results
of EN1993-1-5 were found to be conservative;

• the girder behaviour under shear and moment is well described by
Höglund’s theory;

• the girder resistances were relatively insensitive to initial imperfections in
the stiffeners and web panels;

• evidence was produced for the adequacy of designing the stiffeners for a
stiffness-only criterion, but this requires further investigation before such
a proposal could be made.

PAPER

Conclusions
• The finite element modelling for both steel and composite girders

showed that in no case was the overall failure due to local stiffener
failure, as long as the stiffener’s stiffness was in accordance with the
minimum required by EN 1993-1-5 and its yield strength was the
same or greater than that of the web panel. Failures were located in
the web panel and the Eurocode prediction for overall girder strength
was always safe;

• the axial stress, considered in some of the analyses, had an influence on the
final load bearing resistance of the girder as one would expect, but had
limited effect on the stiffener forces;

• a revised proposal for the design force in a stiffener has been made in order
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Table 3. Results from non-linear analyses shown in Fig 20

Aspect
ratio Case

Load applied Stiffener design EN1993-1-5 Non-linear analysis

NEd (kN) MEd (kNm) VEd [kN] hst × tst

(mm)
stiffness

ratio
shape limit

(<10.5)
strength
(U.F.) type Imperfections MNL/MEd MNL/MEC3-1-5

1:1 1 – 13740 3500 110 × 40 0.75 2.75 1.96 RIGID no 1.73 1.59

1:1 1 – 13740 3500 110 × 27 1.00 4.07 2.17 EC3-1-5 no 1.70 1.57

1:1 1 – 13740 3500 110 × 27 1.00 4.07 2.17 EC3-1-5 yes 1.68 1.55

1:1 1 3550 13740 3500 110 × 27 1.00 4.07 2.17 EC3-1-5 no 1.49 –

1:1 1 7100 13740 3500 110 × 27 1.00 4.07 2.17 EC3-1-5 no 1.35 –

1:1 1 14200 13740 3500 110 × 27 1.00 4.07 2.17 EC3-1-5 no 0.88 –

1:1 1 – 13740 3500 110 × 11.3 2.00 9.73 3.57 0.5 × EC3-1-5 no 1.60 1.46

1:2 1 – 13740 3500 – – – – – no 1.46 –

Table 4. Forces in stiffeners in kN

Case

Vult Vcr Vbw,Rd Stiffener force according to: Stiffener force ratios:

FE model
simply

supported 
boundaries

EN1993-1-5 Vult –Vcr Vbf,Rd
6

Vult – Vbw,Rd

(authors’
proposal)

FE model
FE model
Vult –Vcr

FE model
Vbf,Rd

FE model
Vult – Vbw,Rd

1 5950 1925 3750 4025 65 2200 430 0.11 6.61 0.19

3 2200 1925 3750 275 0 0** 95 0.35 – –

6 6289 1925 3750 4364 250 2539 965 0.22 3.86 0.38

** Vult < Vbw,Rd

Further reading
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Abstract. This paper proposes a model for the analysis of the construction sequences of steel-concrete 
composite decks in which the slab is cast-in-situ for segments. The model accounts for early age shrinkage, 
such as thermal and endogenous shrinkage, drying shrinkage, tensile creep effects and the complex sequences 
of loading due to pouring of the different slab segments. The evolution of the structure is caught by suitably 
defining the constitutive relationships of the concrete and the steel reinforcements. The numerical solution is 
obtained by means of a step-by-step procedure and the finite element method. The proposed model is then 
applied to a composite deck in order to show its potential.

Keywords: steel-concrete composite decks; fractionated casting; construction sequence; shrinkage 
and creep effects; finite element method. 

1. Introduction 

In the construction of long continuous steel-concrete composite viaducts, the slab is poured in segments. 

A simple and rapid technique often used consists of leaning the pre-fabricated reinforcements on 

longitudinal steel girders and then concreting on formworks travelling on the unpropped steel girders 

(Dezi and Niccolini 2003).

During construction, the pouring of new slab segments not only modifies the geometry of the 

resistant cross section, which becomes composite only after concrete end-setting, but also the dead-load 

distribution on the structure. In fact, at time of pouring (tp) the slab weight and the travelling formwork 

weight induce a stress state on the existing structure (Fig. 1a). Subsequently, during setting, the concrete 

heats up due to the hydration of the cement and then, after end-setting (t ≥ tes), the concrete rapidly 

cools thus reducing the volume (thermal shrinkage). At the same time, an endogenous shrinkage 
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component develops during concrete hardening due to the chemical reactions in the cement. Thermal 

shrinkage has a duration of about one week while endogenous shrinkage develops for few months after 

end-setting. Such early shrinkage components are restrained by the steel beams and the reinforcements 

and generate significant tensile stresses in the concrete that has not yet reached the final tensile strength 

(Fig. 1b). Successively, when the formwork is removed, the deck section is unloaded. From this instant 

(t
s
), the drying shrinkage component adds to the other components (Fig. 1c), growing in time. 

As a consequence of the construction phases and the early shrinkage, significant tensile stresses may 

arise in the young concrete that may crack because of its low tensile strength. The phenomenon of early 

cracking was pointed out in American and European reports (Krauss and Rogalla 1996, SETRA 1995, 

Ducret and Lebet 1999) where the results of monitoring carried out on a large number of bridges during 

the constructive phases were presented. In many cases patterns of full depth cracks were observed 

during construction even on the sagging regions where the concrete is usually considered to be 

uncracked. 

Despite the importance of the problem, few models studying the effects of the slab casting sequence, 

are available in literature. Marì (2000) proposed a numerical model for the non-linear and time 

dependent analysis of both concrete and steel-concrete composite frames which takes into account the 

effects of the changes of the longitudinal scheme and the cross section during the construction process. 

Kwak et al. (2000) developed a model for the non-linear and time dependent analysis of steel-concrete 

composite girders evaluating the effects of the slab casting sequences and of the drying shrinkage in 

composite bridge decks. Such models permit following the time dependent behaviour of the structure in 

a very sophisticated manner accounting for concrete cracking. This is crucial for the prediction of the 

behaviour of bridges since concrete cracking may deeply affect the deformability and the stress 

distributions. Marì et al. (2003) proposed a study on the effects of construction process and slab 

prestressing on the serviceability behaviour of composite bridges. Four kinds of deck casting were 

studied for a short span continuous bridge but attention was focused almost exclusively on the long 

term behaviour while the behaviour of the deck during construction was not investigated accurately. 

The authors have recently discussed the problem of the time-dependent behaviour of continuous 

composite decks with fractionated slab casting taking into account the flexibility of the shear 

connection and early-age shrinkage (Dezi et al. 2003). They focused attention on the tendency of the 

concrete slab to undergo early cracks by also showing that the slab longitudinal normal stresses are 

always tensile stresses. This suggests the use of a suitable creep function for time-dependent analyses. 

The aim of this paper is to propose a model to investigate the causes of premature slab cracking, 

Fig. 1 Construction sequences: actions during to the construction of one slab segment
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Construction sequence modelling of continuous steel-concrete composite bridge decks 125

namely early concrete shrinkage and the slab casting sequence, and to design practical methods to 

prevent (or at least minimize) such early cracking. A finite element model for the analysis of the 

construction sequences in steel-concrete composite bridges is proposed. An analytical treatment of the 

problem and a relevant numerical procedure, based on the finite element method and a step-by-step 

procedure, are presented. The procedure is based on constitutive linear elastic relationships for the steel 

and linear viscoelastic relationships of the concrete; concrete cracking is disregarded. This is a 

limitation of the model that furnishes only a rough approximation of the structure behaviour when the 

slab is cracked. Nevertheless, in the case of optimised sequences of casting, for which the concrete does 

not reach the tensile strength, the model furnishes precious information on the behaviour of the bridge 

during construction. 

Finally, an application to a real bridge is proposed in order to show the potential of the model which 

allows following the complex time history of the stresses due to the progressive loading of the structure, 

as well as the development of shrinkage and creep redistributions. 

2. Analytical model 

Reference is made to the composite deck shown by Fig. 2, with a tapered steel beam. In order to 

analyse the slab casting sequences, the girder is subdivided into nbs sections each characterised by its 

own instant of concrete pouring (tp). The reference frame {0; X, Y, Z } is chosen as in Fig. 2, with the co-

ordinate plane XZ at the beam-slab interface. 

The kinematical model of a composite beam with flexible shear connection, proposed by Newmark 

et al. (1951), is adopted; in other words, the preservation of the plane cross section is considered 

separately for the concrete slab and the steel beam while the same vertical displacement is assumed for 

the two parts. By neglecting the shear deformability of the beam and the slab, the two conditions are 

translated mathematically by the following equations 

(1)

(2)

(3)

v x y z;t, ,( ) v
0

z;t( )=

w
s

x y z;t, ,( ) w
s0 z;t( ) yv0

′ z;t( )–=

w
c

x y z;t, ,( ) w
c0 z;t( ) yv0

′ z;t( )–=

Fig. 2 Beam geometry and reference system frame
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where t is the generic instant of the analysis, v0 is the vertical displacement of the composite cross 

section and w
s0 and w

c0 are the longitudinal displacements of the steel beam and of the concrete slab 

measured at the points positioned on the beam-slab interface, respectively. Consequently, the 

interface slip Γ between the slab and the beam assumes the following expression: 

(4)

It is important to note that the analytical description of the problem in question, characterized by 

concrete slab sections having different casting times, requires a geometrical domain which includes all 

the slab sections, even those which have not yet been poured and the slab displacement field is defined 

even where the steel beam is alone. Consequently, while the structural continuity of the steel beam 

implies the regularity of the two functions ws0 and v0, wc0 is discontinuous at the interface cross sections 

between the adjacent slab segments. In these cross sections only the increments of all the functions are 

regular after concrete end-setting of the adjacent slab segments. 

Finally, from Eqs. (1-3) the following non-zero components of the strain tensor can be calculated: 

(5)

(6)

2.1. Constitutive relationships

Linear constitutive relationships are considered for the various elements (steel beam, shear 

connectors, concrete and reinforcements) because during construction the yield limits of the materials 

should not be exceeded. Furthermore, concrete cracking is disregarded because it does not affect the 

results in the cases in which optimised sequential castings are considered. In fact, as will be shown in 

the following sections, in those cases during construction the concrete stresses are lower than the 

concrete tensile strength. This is obviously a limitation for the model because it cannot correctly predict 

the behaviour when concrete cracking occurs as in the case of continuous casting. Also, the model 

cannot describe the behaviour of the deck under service conditions where traffic loads and drying 

shrinkage induce concrete cracking. However, as already stated, the spirit of this research is to propose 

a model capable of catching the effects of the concrete rheology at early ages in order to properly 

optimise the slab casting sequence. 

As stated in the previous section, the slab and the relevant reinforcements are considered 

geometrically even when the slab has not yet been poured and the change of the structural scheme is 

introduced by suitably defining the concrete constitutive law. For the concrete slab the following 

constitutive relationship is considered: 

(7)

where H (t - t
es

) is the Heavyside function (zero for t < t
es

 and equal to one for t ≥ t
es

) and ε
c
 (t

es
) is 

the concrete strain at the end-setting time t
es

. This last term plays the role of a fictitious non 

mechanical strain so that the stress state is related only to the strain that develops after concrete end-

Γ z;t( ) ws0 z;t( ) wc0 z;t( )–=

εs x y z;t, ,( ) ws0
′ z;t( ) yv0

″ z;t( )–=

εc x y z;t, ,( ) wc0
′ z;t( ) yv0

″ z;t( )–=

σc t( ) H t tes–( )
εc t( ) εc tes( )– ε t( )–[ ]
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Construction sequence modelling of continuous steel-concrete composite bridge decks 127

setting. Furthermore,  is the cumulative strain due to endogenous, thermal and drying shrinkage. 

Finally, Jp is the creep function of the concrete poured at time tp, namely the strain at time t due to 

a unit stress applied at time and maintained constant in time. Notice that, according to this standard 

definition, Jp (t,t)-1 is equal to the concrete Young’s modulus at time t of the concrete poured at time 

tp and thus Eq. (7) permits catching the variability in time of the concrete Young modulus and the 

effects of instantaneous loadings. 

Analogously, the stress in the reinforcing steel is given by 

(8)

where Er is the relevant Young modulus. 

For the steel beam and the shear connection, which is considered spread along the beam, the classic 

linear elastic relationships hold 

(9)

(10)

where Es is the steel Young modulus and ρ is the stiffness per unit length of the shear connection. 

2.2. Equilibrium condition

The solving equilibrium condition is obtained by the Virtual Work Theorem valid for three-

dimensional bodies 

(11)

where S is the Cauchy symmetric stress tensor, δu is the variation of the displacement field,  is 

the gradient operator, b and f are the body and the surface forces applied to the structure, respectively.

By taking into account the displacements, and the strains previously defined (Eqs. 1-6) as well as 

the constitutive relationships (7-10), the integrals in Eq. (11) may be written as the summation of 

various terms each related to a homogeneous section. In particular, as a consequence of the 

displacement field chosen (Eqs. 1-3), the integrals can be carried out on the cross section leading to 

the equation

Ds(t) � Dδsdz

p(t)·H δs+H(t − tes)[Ecp(t) (t) + (Kc(t) + Kr)Ds(tes) � Dδs dz

(12)

where  is the vector of the unknown displacements,  is the 

concrete Young modulus at time t of the concrete poured at time tp and Ks, Kc and Kr are the 

ε
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stiffness matrix components. The first refers to the steel beam and the shear connection, the second 

to the concrete and the third to the reinforcements; these are given by the relations 

(13,14,15)

Furthermore,  is the vector grouping the stress resultants in the concrete,

 is the vector grouping terms related to the shrinkage and 

is the vector of the resultants of the applied external forces. Finally  D  and  H are the formal differential

operators defined as

D
T       H T (16, 17)

  

In the previous expressions A, S and I denote the area and the first and second moment of area, 

calculated with respect to the X axis, of the concrete part (c), the reinforcing steel (r) and the steel beam 

(s). 

As earlier stated, Eq. (12) is written as the summation of the contributions given by the different 

homogeneous beam sections. The Heavyside function permits catching the evolution of the structure 

during construction by switching the contributions of the slab for the instants after concrete end-setting. 

3. Numerical solution

The problem is defined in a time-space domain and the numerical solution of (12) must be sought 

accordingly by introducing a double discretization, the first for the time domain and the second for the 

beam axis. In the following sections the numerical procedures will be illustrated. 

3.1. Time integration

Thanks to the time discretization, the time integrals can be approximated with the trapezoidal rule 

according to the formula 

(18)
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Construction sequence modelling of continuous steel-concrete composite bridge decks 129

where G is the generic function of t. 

With reference to the n-th instant of the time discretization, the Virtual Work Theorem provides 

Ds � Dδ sdz =

(19)

    pn·H δs+H(tn − tes) Ecn  + (Kcn + Kr)Dses � Dδs dz    

where 

(20, 21)

are fictitious elastic constants of the concrete. In the expression, subscript n indicates quantities 

calculated at time tn and Kcn=Kc(t)Ecn/Ecp(t). Eq. (19) governs a sequence of pseudo-elastic problems 

which, thanks to a step-by-step procedure, gives the solution of the original problem for a finite 

number of instants (time mesh). The solution at each time depends on the current value of the 

external loads and on the non-mechanical strain of the concrete slab constituted by three 

components: shrinkage strain, strain developed before the end-setting of the slab, and creep strain 

due to the complete history of the concrete stresses. In particular the resultants of the concrete 

stresses are calculated by means of the recursive formula 

fci = KciD(si − ses) (22)

It is worth noting that each slab segment is characterised by its own times of pouring (tp) end-setting 

(tes) and formwork removal (ts) and the deck construction is regulated by the sequence of such events. 

The time mesh adopted must be chosen by subdividing each of the time intervals defined by two of 

these events into a number of sub intervals (nt). In order to catch the evolution in time of the stresses, 

which is characterised by a high rate just after the application of the loads, the time mesh should be 

suitably refined. To obtain good results, the first step of analysis should be about 10
-2

 days while a 

geometrical sequence can be adopted for the other time intervals. In practice, the mesh of each time 

interval between two consequent events tA and tB can be obtained by the following numerical sequence: 

ϑ0 = tA (23a)

ϑ1 = ϑ0 + 0.01 (23b)

ϑi = ϑ0+10r(ϑi-1−ϑ0)      for i = 2,..., nt (23c)

where r = [log(tB − tA)−log(ϑ1−ϑ0)]/(nt−1).

3.2. Spatial integration 

Thanks to the discretization of the beam axis, the finite element method can be used to solve the 

sequence of pseudo-elastic problems represented by Eq. (19). By subdividing the girder into a finite 

Ks H tn tes–( ) Kcn Kr+[ ]+{ }
L

i

∫
n
bs

∑

 
L

i

∫
n
bs

∑ ⎝
⎛

ε n − fci
Ecn
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number of sub-domains (finite elements), the solution can be sought by approximating the unknown 

displacement functions according to the well known formula 

(24)

where N
e
 is the matrix which groups the shape functions and d

e
n

 is the vector of the element nodal 

displacements at time t
n
. In this case a refined 10 dof element (Fig. 3a) is adopted in which the 

displacement field is described by the vector 

(25)

which groups the end vertical displacements, the end rotations, the axial displacements of the steel 

beam and of the concrete slab measured at the beam ends and at an intermediate node. The following 

interpolating polynomial of degree 3 is used for the vertical displacement v0, while interpolating 

polynomials of degree 2 are used for the longitudinal displacements w
c0 and w

s0 (Fig. 3b). 

(26a,b)

(26c,d)

(26e,f,g)

in which L
e
 is the finite element length while λ = z/L

e 
is the non-dimensional abscissa. The matrix 

grouping the shape functions becomes 

(27)

It is worth underlining that measuring the longitudinal displacements of the slab and of the steel beam 

at the beam-slab interface is a particularly appropriate choice for the analysis of decks with steel beams 

having variable geometry. This element in fact permits solving problems in which the steel beam 
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Fig. 3 10-dof finite element for composite beam with flexible shear connection: (a) nodal displacements; 
(b) interpolating functions
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undergoes sudden variations of the plate thickness and of the flange width without introducing artifices 

(i.e., the definition of rigid body constraints) in assembling the stiffness matrix of the entire structure.

In order to catch the discontinuity of the functions describing the axial slab displacements, twin nodes 

are introduced at the cross sections separating the nbs girder sections (Fig. 4). The longitudinal 

displacements of the slab, measured at the two nodes, will not depend on each other for instants before 

the concrete end-setting in both the adjacent slab sections. For the subsequent times, the displacement 

increments will be constrained (Fig. 4b). It is worth noticing that the constraint is applied to the 

displacements, and not to their increments. This is done by imposing that the difference of the 

displacements of the twin nodes be constant in time and equal to the relative displacement obtained at 

the time at which the constraint has become effective. 

By substituting Eq. (24) into Eq. (19) the following equilibrium condition is obtained: 

(28)

where dn is the following vector grouping the unknown nodal displacements at time tn: 

(29)

where d is the assembling operator of the nodal displacement which operates on the elements of the 

same homogeneous girder section and b is the operator which constrains the degrees of freedom of 

the joints at the interface between the adjacent homogeneous girder sections as previously described.

The global stiffness matrix Kn is obtained by assembling the element stiffness matrixes according to 

the relation 

Kn=  (DNe)
T[Ks+H(tn − tes)(Kcn+Kr)](DNe)dz (30)
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Fig. 4 Constraint between adjacent homogeneous sections: (a) between two sections before the end-setting; 
(b) between two sections after the slab end-setting
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where A is the operator which assembles the element of the i-th homogeneous section while C is 

the operator which condenses the stiffness matrix according to the constraint between the adjacent 

homogeneous sections. Notice that the Heavyside function acts as a switch for the concrete slab and 

the steel reinforcements for the times t
n 
− t

es
. Furthermore, while components K

s
 and K

r
 are the same 

for each step of the analysis, K
cn

 needs to be updated at each step. 

Finally,  and f
n

r are the components of the nodal force vector and are related to the 

external loads, shrinkage, the non-mechanical strain accounting for the time evolution of the structural 

geometry, the concrete creep effects and the constraint applied to the relative displacement of the twin 

nodes, respectively. They assume the following expressions: 

(31)

(32)

(33)

(34)

(35)

Similarly to the previous cases, a is the assembling operator of the elements of the same 

homogeneous section and c is the operator which condenses the nodal forces dual of the constrained 

degrees of freedom. Once again, the Heavyside function switches the contributions of the slab for times 

subsequent to the end-setting of the concrete. Finally, vector r appearing in Eq. (35) groups the slab 

relative displacements, between the twin nodes placed at the interface of the different homogeneous 

sections, which are constrained to be constant in time as previously described. In particular its 

components are all null except those corresponding to the displacement already constrained.

The numerical procedure makes it possible to catch the evolution of the complex static scheme due to 

the constructive phases and permits following the complete time evolution of displacements, stresses 

and shear flow at the beam-slab interface. The results may be organised in diagrams such as envelopes 

of maximum stresses obtained in the slab during construction or the stresses in each slab section for a 

fixed age of concrete. This gives a ready interpretation in order to establish the cracking tendency of the 

concrete slab. 

The proposed method was validated by comparing the results with those furnished by models already 

proposed by the authors who studied the long-term behaviour of composite decks in a number of cases 

of practical interest (e.g., Dezi and Tarantino 1993, Dezi et al. 1995). The results of such analyses are 

not reported in this paper for the sake of brevity because curves obtained in the cases examined are 

perfectly superimposed and do not add any interesting information for the reader. However, the method 

was successfully applied to study the optimal sequential castings of composite bridge decks recently 

constructed in Italy (Dezi and Niccolini 2003). 
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Construction sequence modelling of continuous steel-concrete composite bridge decks 133

4. Application to a real deck

The model presented is applied to a realistic four span composite deck (70-100-100-70 m) with slab 

width of 24 m (Fig. 5). The two steel beams have a depth varying from a minimum of 2.00 m, at the end 

cross sections, to a maximum of 4.55 m over the two central supports, and 2.50 m at the intermediate 

spans, according to parabolic profiles as shown in Fig. 5(b). The web and flange thicknesses are also 

shown in Fig. 5(b). The slab has a constant thickness of 0.22 m and a geometric reinforcement ratio of 

1%, in the span sections, and 2% in the inner support sections. 

The slab is poured by means of travelling formworks having a self-weight of 540 kN. Two casting 

schemes are considered: a continuous sequence in which the formwork travels from one end to the other 

end of the deck (Fig. 6a) and an optimised scheme following the casting sequences shown by Fig. 6(b).

For each slab section the following external actions are considered: at the instant of concrete pouring, 

the slab and the formwork weights are applied to the steel beams; subsequently, after 1.5 days, a 

negative load is applied to the composite cross section to simulate the removal of the formwork. In 

order to remove the formwork after such a short time, a concrete with a strength of 20 MPa at 1 day is 

required. This means that, according to the relationship suggested by the CEBFIB (1988) Model Code 

1990, strength at 28 days should be fck = 45 MPa. 

Fig. 5 Deck geometry: (a) cross section; (b) longitudinal view of the steel beam and sheet thickness scheme 
(in mm)

Fig. 6 Slab casting schemes: (a) continuous casting; (b) optimised sequential casting
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The time-dependent analysis is performed by considering the creep and drying shrinkage functions 

suggested by the CEB-FIP (1988) Model Code 1990 assuming RH = 75%. Endogenous shrinkage is 

disregarded while thermal effects due to cement hydration are estimated on the basis of available 

laboratory test results (Ducret and Lebet 1999). In particular, a reduction in temperature of 20 oC is 

considered over a period of 6 days (Fig. 7) according to a linear law. 

Fig. 8 shows the envelops of the stresses, measured at the concrete slab mid-plane, produced by 

continuous casting and by optimised casting during the construction of the slab. All the slab sections 

are affected by tensile stresses both in the case of continuous and optimised casting. This confirms 

the crack patterns that have been observed to develop along the whole concrete slab of many newly 

constructed bridges (Krauss and Rogalla 1996, SETRA 1995). The optimised casting nevertheless 

produces much lower tensile stresses than those produced by continuous casting especially at the 

hogging regions.

Fig. 9 shows the time evolution of the concrete slab for the cross sections over the first support (cross 

section 1) and for the cross section of the first span at which the maximum tensile strength is achieved 

in the case of optimised casting (cross section 2). The curve superimposed to the diagrams, showing the 

evolution of the tensile strength, is obtained by the relationship.

Fig. 7 Concrete cooling after end-setting

Fig. 8 Concrete stresses during constructive phases: envelopes of the maximum values
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Construction sequence modelling of continuous steel-concrete composite bridge decks 135

(36)

derived with the CEB-FIP (1988) Model Code 1990 by considering the same time evolution of the 

concrete compression strength. In the case of continuous casting the stress exceeds the concrete 

strength in both the cross sections while for optimised casting the tensile strength is not reached. 

Since the concrete tensile strength is exceeded by stresses, the case of continuous casting is not 

completely realistic because the model cannot catch concrete cracking; it may nevertheless be stated 

that in the cross sections where the stress is higher than the tensile strength there is a very high 

probability of crack formation during construction. By taking into account that the concrete tensile 

strength at 28 days is fctm = 3.8 MPa, it is possible to say that in the case of continuous casting there is a 

high probability that cracking will develop during construction in wide regions of the slab, as can be 

observed in Fig. 8.

 fctm t( ) 0.3fck e
2 3⁄ 0.20 1

5.3

t
0.5
-------–

⎝ ⎠
⎛ ⎞

=

Fig. 9 Time evolution of concrete stresses: (a) cross section 1; (b) cross section 2

Fig. 10 Concrete stresses at the end of constructive phases
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Fig. 10 shows the stress diagram in the concrete slab a few weeks after complete slab pouring; on this 

residual stress state, additional stresses due to the pavement weight and traffic loads will be 

superimposed. It is evident that the reduction of the tensile stresses over the support obtained with 

optimised casting is particularly important to control cracking caused by the external loads which 

induce negative moments. 

This is confirmed by Fig. 11 that shows the stress diagram in the concrete slab after the laying of the 

pavement. In the case of continuous casting the stress state augments by about 20% over the supports. 

Vice versa, in the case of optimised casting, the stress level augments only over the supports, so that the 

final distribution is almost uniform and the maximum values are similar to those of Fig. 10. 

5. Conclusions

A model for the analysis of the constructive phases of continuous composite steel-concrete decks, in 

which slab segments are cast-in-situ by using travelling formworks leaning on un-propped steel beams, 

is proposed. The model catches the evolution of the structure that undergoes complicated changes of 

geometry during construction. It accounts for the following aspects:

- thermal shrinkage caused by the reduction in volume after the rise in temperature due to concrete 

  setting and endogenous chemical shrinkage;

- drying shrinkage caused by the loss of humidity of the hardened concrete;

- concrete creep under tensile stresses;

- loading phases during the various construction stages of the slab (weight of the fresh concrete and 

  formworks, removal of formworks);

- deformability of the shear connectors.

The model describes the behaviour of tapered steel beams and/or steel beams with varying geometry 

due to the changes of the steel sheets. The materials are considered in the linear range and concrete 

cracking is disregarded. These assumptions do not introduce approximations when studying optimised 

sequences of casting for which the concrete usually does not undergo cracking. Conversely, this 

represents a limitation of the model that is not reliable in predicting the behaviour of the structure in the 

long term, when concrete cracking occurs due to traffic loads and drying shrinkage. 

Fig. 11 Concrete stresses after the application of the dead load
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The numerical solution was obtained with the finite element method and a step-by-step procedure. 

This makes it possible to follow the complex time evolution of the stress state due to the various actions 

and to the stress redistribution that develops as a consequence of the concrete creep. 

The proposed model was applied to a real bridge deck, having variable-depth steel beam, in order to 

show its potential. Two different casting schemes, namely a continuous sequence from one end to the 

other end of the deck, and an optimised scheme where the slab sections in the spans are poured before 

those over the inner supports, were considered.

The following conclusions may be drawn from the application: 

- the model catches the tensile stress patterns that develop during construction when the concrete 

tensile strength has not reached its maximum value; this result confirms the cracking tendency of 

concrete slabs during construction observed by Krauss and Rogalla (1996), SETRA (1995) and 

Ducret and Lebet (1999);

- the choice of the slab casting sequences assumes a fundamental role in limiting tensile slab stress 

during the construction phases; 

- by using an optimised casting sequence, the tensile stresses on the concrete slab are much lower 

than those produced by a continuous sequence; stress reduction is more significant over the inner 

supports where additional tensile stresses are produced by the application of dead and service 

loads. 
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Notation

In the sequel, the main symbols used in this paper are reported. 
A : area 
b : body force 
de : vector of nodal displacements
D, H : differential operators
E : Young’s modulus
Ecn, cni : Fictitious elastic constants for the concrete
f : surface force
fc : vector of the stress resultant in the concrete part; 
H : heavyside function
I : second moment of area
J : creep function
K : stiffness matrix
Ne : matrix of the shape functions
m : moment
n : number of time step
p : vector of the external loads
py : vertical load
pzc : longitudinal load on the slab 
p
zs

: longitudinal load on the steel beam
q : shear flow at beam slab interface
S : first moment of area
S : Cauchy’s stress tensor
s : generalised displacements vector
t : generic time
u : displacement vector
v : vertical displacement
r : coefficient defined in Eqs. (23)
v0 : vertical displacement of the composite cross section
w : longitudinal displacement
wc0, ws0 : longitudinal displacements of the concrete slab and the steel beam at the beam-slab interface
x, y, z : coordinates
Γ : slip between steel beam and concrete slab

: gradient
δ : variation
ε : longitudinal strain

: time of the discretization of the interval between two events
: cumulative strains due to shrinkage
: vector grouping terms related to shrinkage

ρ : stiffness per-unit-length of the shear connection
σ : longitudinal stress
τ : variable in the superposition integrals

Subscripts 
c : concrete
e : finite element
es : end setting
i : index of time instant 
n : index of time instant 
p : pouring 
r : reinforcements 
s : steel

CC

Ê

∇

ϑ
ε
ε
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1 SUSTAINABILITY BY LIFECYCLE DESIGN OF BRIDGES 

Looking at bridges under a sustainable view not only the construction stage must be taken into 
account but the entire lifecycle of 100 years. These long-living structures are facing different 
degradation processes during the years. Degradation can be divided into several processes such 
as fatigue, corrosion and carbonation having an impact on various details. The structural func-
tion of the details, and therefore the structure itself, can be preserved and improved by mainte-
nance and/or renewal actions concerning defects discovered during inspection, see Figure 1.  

 

CONSTRUCTION END OF LIFE

degradation processes
fatigue / corrosion / carbonation

BRIDGE LIFECYCLE

inspection / maintenance / repair / renewal

PRODUCTION OF
RAW MATERIAL

DEMOLITION

Figure 1. Schematic representation of the lifecycle of a bridge 

Sustainability assessment to Steel-Composite Bridges  

Prof. Dr.-Ing. Ulrike Kuhlmann 
University of Stuttgart, Institute of Structural Design, Stuttgart, Germany 
u.kuhlmann@ke.uni-stuttgart.de 

Philippa Maier 
University of Stuttgart, Institute of Structural Design, Stuttgart, Germany 
Philippa.Maier@ke.uni-stuttgart.de 

ABSTRACT: Bridges are of indispensable importance in the worldwide infrastructure network.
This high significance leads to a request of long-living structures being cost-effective, environ-
mentally friendly and overall sustainable. The lifecycle of bridges usually should cover a span 
of more than 100 years and its management needs to consider the whole bridge life from the 
planning and construction stage, during operation and till the end of life. In view of the fast 
growing traffic volume on bridges a lifecycle oriented design taking maintenance, rehabilitation 
and renewal into account seems promising. A holistic approach is investigated in a running 
European research project by combining analyses of Lifecycle Assessment (LCA), Lifecycle 
Cost (LCC) and Lifecycle Performance (LCP). For steel-composite bridges innovative solutions 
are elaborated to give alternatives to concrete bridges. Throughout the project the approach is 
applied to three realistic case studies representing standard situations of steel-composite bridges. 
Variations and optimizations are performed in a second step. By improving the durability of de-
tails affected by degradation and reducing lifecycle costs the sustainability of composite bridge 
structures is increased.  
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The lifecycle performance of steel-composite bridges is analysed from the production of raw 
materials and the construction over the operation of the bridge (including maintenance etc.) till 
the demolition at the end of life. In the frame of the running European research project SBRI 
(see also Kuhlmann, U.; Maier, P.; 2011) under the participation of scientists, bridge owners, 
consultants and industry the lifecycle performance of steel-composite bridges is analyzed with a 
holistic approach as described in the following.  

2 HOLISTIC APPROACH  
2.1 General 
Lifecycle analysis with the aim at sustainable bridge structures is divided into three main cate-
gories of consideration, see Figure 2. First, the environmental quality represents the analyses of 
emissions within the lifecycle assessment (LCA). Parallel, the economical quality comprises 
costs occurring during the entire lifecycle (LCC). The social and functional quality is involved 
as the third main category of lifecycle analyses. Applying this holistic approach to the entire 
lifecycle of bridges influences affecting the structure at all stages are captured and no focus is 
put on a single design criterion.  

 

Social and 
functional quality

Lifecycle analyses

Economical quality
Environmental 

quality

Lifecycle Assesment
(LCA)

Lifecycle Costs 
(LCC)

Lifecycle Performance (LCP)

Functionality 
analyses 

 
Figure 2. Holistic approach to lifecycle analyses 

 
The description of the lifecycle performance (LCP) of the structure and its details is the all-

embracing condition to determine any measurement during operation needed to guarantee a 
functional structure. Possible effects of degradation and renewal actions may lead to additional 
emissions (LCA), costs (LCC) and restricted social and functional quality.  

The application of this holistic approach promises to point out the advantages of steel-
composite bridges compared to concrete bridges regarding construction time, durability and ex-
ploration of material properties in an efficient way.  

2.2 Lifecycle assessment LCA 
The framework adopted for lifecycle assessment (LCA) follows EN ISO 14040 and 14044. As 
shown in Figure 3 four phases are to be conducted.  
 

 
Figure 3. Scheme of lifecycle assessment according to EN ISO 104040 

L i f e c y c l e  A s s e s s m e n t  
L C A  

Definition of  
Goal and Scope 

Inventory 
Analysis

Impact  
Assessment

Interpretation
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During the definition of the scope system boundaries are to be set. Here, all stages of the life-
cycle are considered and additionally transportation of materials and equipments are taken into 
account. An evaluation of potential environmental impacts is made possible by associating in-
ventory data to so call impact categories. These categories represent issues of concern and need 
to be selected carefully. See (Gervásio 2010) for more detailed information on LCA and its ap-
plication to bridges.  

2.3 Lifecycle costs LCC 
The analysis of lifecycle costs of bridges differs from other engineering structures as bridges are 
part of a network and influences not only occur on the structure itself. Therefore a division into 
agency, user and third-party costs is made where the agency costs is the sum of initial construc-
tion costs, operation costs (including inspection, maintenance, repair and renewal) and demoli-
tion costs. Costs resulting from traffic restrictions include driver delay costs and additional ve-
hicle operating costs and are regarded as user costs. As third-party costs can be regarded costs 
such as socio-economic losses and health-care due to accidents.  

Costs arise during the lifecycle at different stages and to achieve the current worth of future 
values a discount rate needs to be applied. Choosing an appropriate discount rate decisively in-
fluences the results as a high rate may give favour to a costly end-of life.  

User costs are related to the traffic volume (see also Hauf, G.; Maier, P.; Kuhlmann, U.; 
2010). Over the years an increasing volume has to be assumed and a feasible scenario should be 
defined. An increase with a fixed annual increment over ten years and a following stagnation in 
order to not exceed the road capacity is a first approach.  

2.4 Strategies to manage lifecycle performance 
Structural safety of bridges needs to be assured by bridge authorities even though different de-
gradation processes and growing traffic volume have to be faced. Different maintenance strate-
gies can be followed by assuming structural conditions at which the bridge is strived to be main-
tained at. Based on such strategies lifecycle scenarios are developed and taken as a basis for 
analyses of environmental and economic aspects.  

Allocating a regular maintenance keeps the structure in constantly good condition and almost 
no deterioration is permitted. This so called preventive strategy is the opposite to the so called 
“permitted deterioration strategy” where only a minimum of maintenance is pursued. During the 
lifecycle only few interventions and repair actions are undertaken and the end of life reached in 
bad condition. An intermediate way to manage the lifecycle of bridges is to follow a reactive 
strategy by combining maintenance actions in an efficient way. By postponing and scheduling 
ahead of actions a reduction of interferences is reached in order also to remediate detected de-
fects.  

3 CASE STUDIES 
3.1 Selection of bridge types 
To apply the holistic approach to realistic steel-composite road bridges the experience of in-
volved research partners was followed and typical bridges selected. A complete design and cal-
culation is performed for the representative bridges. In order to achieve a reasonable compara-
bility the bridges were divided into three types according to their functionality and span lengths.  

Small motorway bridges spanning around 50 to 60 meters are considered as bridges of Type 
A. Bridges of Type B are crossings of motorways. Span lengths up to 120 meters are reached by 
big motorway bridges and are assigned to Type C, see Figure 4. 

For achieving an optimization of the sustainable behaviour over the lifecycle variations are 
analysed throughout the case studies. Material properties will be changed in Case A2 and an 
allowance for increased traffic volume is given by an additional lane on the cross section in 
Case A3. A comparison between integral abutments, a standard two-span bridge and a clamped 
centerspan by two outer spans is made in Case B. Innovative solutions are applied to enhance 
the structural capacity and improving fatigue details of the box girder composite section in Case 
C.  
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3.2 Analyses of bridges of Type A  
A small motorway bridge built as a continuous twin girder cross-section and prefabricated slab 
was looked at and the holistic approach applied. The span distribution is shown in Figure 5.  

 

 
It is assumed that the bridge was built according to current standards and that no failure 

should occur until the end of service life of each component. Based on this assumption a lifecy-
cle scenario was elaborated with data and information compiled in the German Bridge-
Management-System (BMS). Following the way of the reactive maintenance strategy and in 
terms of cost-effectiveness interventions are merged by postponing and scheduling ahead of 
measures. As Figure 6 shows, major maintenance actions are needed every 25 years and various 
measures are organized simultaneously.  

 

Type A 
 

 
 

Type B 
 

 
 

Type C  

 

 
Figure 4. Bridge Types  

 
Figure 5. Span distribution of bridge Type A 
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Structural element 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 
Main structure  

Safety barriers                                   

Concrete slab                   

Steel beams protection                                   

Equipment  

Replacing exp. joints                                   

Replacing bearings                                   

Replacing railing                                    

Replacing gutter                                   

Others  

Repl. waterproof layer                                    

Replacing asphalt layer                   

Combined measure (CM) 1  2  3   4   5 6 7  8    
Maintenance actions 

(MAs) 1  2  3   4   1 5 2  1    

  
Figure 6. Maintenance strategy 
 

The environmental impact during the entire lifespan of the bridge is looked at and the main-
tenance strategy as shown in Figure 6 is taken into account during the operation stage. During 
the material production stage the main impact is caused by the production of concrete and steel. 
During the construction stage the transportation of material and construction equipment are con-
sidered. The combined measures of maintenance during the operation stage are taken into con-
sideration as well as traffic interferences. At the end of life a closed-loop for reuse of steel is as-
sumed and during demolition and sortation of materials the emissions of equipment regarded. 
Figure 7 shows the results per stage in the eight analysed impact categories.  

 

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Material production stage

Construction stage

Operation stage

End‐of‐life stage

Abiotic depletion Acidification

Eutrophication Global warming  100a

Ozone layer depletion steady state Human toxicity 100a

Terrestrial ecotoxicity 100a Photochemical oxidation (high NOx)
 

Figure 7. Proportional contribution of impact categories per stage 
 

For the lifecycle cost analyses the bill of materials for bridge A1 (without any variations) is 
taken and unit costs assumed based on French values. As shown for bridge A1 in Figure 8 (a) 
the superstructural steel tends to represent more than half (61%) of the total construction costs. 
For estimating correct values for maintenance costs the yearly discount rate has a big influence. 
Assuming a rate of 2% the combined measures applied after 25 years show the maximum of 
maintenance costs, see Figure 8 (b). A higher discount rate leads to increasing percentages for 
the combined measures allocated early in the lifecycle and therefore decreases the influence of 
expensive actions by the end of life. 
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(a) (b)

max.      
after 25 
years

Figure 8. Share of bridge elements on construction costs (a) and share of combined measures on
maintenance costs (b) for bridge Type A0
 

The variation A2 of bridge Type A foresees the 
use of high strength steel. In the longitudinal view, 
compare Figure 5, the flanges of the main girders 
are built with S460 instead of S355 over the length 
of 1.5m at the supports of both piers. This leads to 
a reduction of 15% of steel for the main girders 
but goes along with a 2% increase of steel S355 
steel for the bracing frames. A total decrease of 
13% is therefore achieved compared to the basic 
design. 

Instead of the use of the emergency lane a third lane of traffic is analysed in case A3. Look-
ing at the steel quantity an increase of only 4% is needed then. However the increased flexibility 
for future traffic developments is obvious.  

3.3 Outlook on further bridge types 
Looking at crossings of motorways, here bridges of Type B, not only the influence of traffic on 
the bridge but also the traffic of the motorway passing underneath has to be considered. Here 
the influence of an integral abutment and an omission of the pier in the middle division are in-
vestigated.  

Large spans give a chance to steel-composite bridges with box-girder-section. A close look is 
given to the influence of possible fatigue details and improvements by innovations such as post-
weld treatment. 

4 LIFECYCLE PERFORMANCE AND OPTIMISATION OF INSPECTION INTERVALLS  

4.1 Lifecycle performance 
Steel-composite bridges are affected by various 
degradation processes such as carbonation, cor-
rosion and fatigue, see Figure 10. For each bridge 
component the long term behavior must be de-
scribed to be included in LCA and LCC analyses. 
A scheduling of inspections and maintenance ac-
tions should be done based on a detailed descrip-
tion of the lifecycle performance of the affected 
details. Lifecycle costs and emissions can be re-
duced thereby.  
Intervals of bridge inspections can also be opti-

mized by the knowledge of the adequate non-destructive testing methods to early detect defects. 
A comparison of these methods is done during fatigue tests on a standard detail of steel girders, 
the transverse stiffener.  
 

Figure 9. Type A3 allowing for 3 traffic lanes 

carbonation
concrete deck plate

fatigue + corrosion
reinforcement deck plate
fatigue 
shear connection 

fatigue
steel girder

Figure 10. Degradation processes 

Workshop on Eurocode 4-2, Composite Bridges 
                Stockholm, March 17th, 2011

286



4.2 Fatigue tests and non-destructive testing on steel girders 
The detail of transverse stiffeners is a typical 
decision detail to guarantee the safety of steel 
and steel-composite bridges, especially in re-
gard of fatigue. An optimization of this detail in 
regard of a long-living structure is to be 
achieved. To extend the service life of welded 
details under fatigue loading promising results 
have been gained by Dürr (2006) with the ap-
plication of ultrasonic impact treatment as post-
weld treatment method. Therefore the lifetime 
of the welded detail is investigated in tests ap-
plying post-weld treatment. By this high fre-
quent hammering on one hand the geometry at 
the weld transition is improved and on the other 
hand the notch effect is reduced by introduction 
of compressive stresses at the surface. In a test 
series of 2 standard girders and 2 girders with 
improved detail the fatigue behavior of trans-
verse stiffeners is compared to existing data in 
the commentary to EN 1993-1-9. The set-up of 
the fatigue tests is shown in Figure 10. For the 
standard girders (T1 and T2) a number of cycles N = 500,000 was calculated and post-weld 
treatment by high frequent hammering was expected to double the number of cycles (T3 and 
T4). With N1= 520,200 and N2= 702,000 cycles the test reproduced well the tests found in the 
commentary to EN 1993-1-9 (3_4_NCL 16 – 18). The weld of T3 was improved by high fre-
quent hammering, here pneumatic impact treatment was used [PITec], lead to a breakthrough of 
the flange after N3= 1,929,000. After N4= 4,500,000 cycles the test of T4 had to be stopped 
without any fatigue occurring at the transverse stiffeners. Figure 11 illustrates in the S-N curve 
of the transverse stiffener the improved fatigue behavior of T3 and T4 due to the post-weld 
treatment.  
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Figure 11. Test results compared with S-N curve EN 1993-1-9 (m=3 and ΔC=80N/mm²) 
 
 

 
 

Figure 10. Test set-up for fatigue tests 

bearing plate transverse stiffener
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Cracks due to fatigue may result in the loss of structural capacity and may cause costly main-
tenance actions if they are not detected in time. Inspection intervals are closely linked to the 
probability of detection of defects and thus influence the sustainability analysis. Non-destructive 
testing methods (NDT) were applied to the steel girders during the fatigue tests in order to de-
tect cracks and compare the methods regarding application to conditions such as coating. Cracks 
were made visible with magnetic particle testing (MT) comparing the use of a black suspension, 
a red powder and fluorescent particles under ultraviolet light. Penetration testing (PT) was per-
formed with a red colour and yellow fluorescent colour under ultraviolet light. An optimization 
of detection was performed by applying the innovative solution of ultrasonic testing by phased 
array technique.  

 

 

 

Figure 12. Crack detection with Phased Array Figure 13. Crack detection with PT and MT 
 
It was shown that by the method of phased array (Figure 12) it is possible to detect cracks 

earlier than by the common methods. For the penetration testing the crack has to be open to-
wards the surface to enable any penetration. An idea of the crack depth due to the amount of ink 
leaking out was gained, see Figure 13 at the top. Especially the magnetic particle testing under 
ultraviolet light showed cracks in a very precise and thin way. Its limitation was reached with 
the coating as no detection was possible there, see Figure 13 at the bottom.  

These first results will be introduced to the improved lifecycle performance of the fatigue de-
tail and just be one of the analysed detail throughout the project.  

5 CONCLUSIONS AND OUTLOOK 

From the performed analysis in the frame of a running European research project it can be seen 
that bridges need to be optimized in a holistic way combining the environmental aspects, costs 
and social and functional factors throughout the entire lifecycle. Assumptions were made for the 
lifecycle scenario and maintenance actions. These influence not only the lifecycle assessment 
but also lifecycle and user costs. Optimized crack detection during inspections results in mini-
misation of maintenance needed.  

 These items are of great importance in order to come along with the future demands on 
bridge structures resulting from the ever increasing traffic volume within the European road 
network. The research work therefore aims to point out all the benefits of steel-composite road 
bridges regarding sustainability. 

The authors as project coordinators express their gratitude to the Research Fund for Coal and 
Steel of the European Commission for the project funding. They also like to underline that the 
presented results are based on the work of the whole project team and like to thank the partners 
coming form the University of Coimbra, Dillinger Hütte, Arcelor Mittal, Laboratoire Central 
des Ponts et Chaussees, Rambøll Denmark, Brisa Engenharia e Gestão, SETRA and BASt for 
their collaboration. 
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