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Preface

This design manual is an outcome of the research project RFS-CR-03018 “Competitive Steel and
Composite Bridges by Improved Steel Plated Structures - COMBRI” [7] and the successive
dissemination project RFS2-CT-2007-00031 “Valorisation of Knowledge for Competitive Steel and
Composite Bridges - COMBRI+” which have been funded by the Research Fund for Coal and Steel
(RFCS) of the European Community. Within the RFCS research project essential knowledge has been
acquired to enhance the competitiveness of steel and composite bridges and this has been incorporated
in the design manual at hand which has been also presented in the frame of several seminars and
workshops. The manual is subdivided into two parts to provide the reader with clearly arranged and
concise documents:

» Part I: Application of Eurocode rules

In the research project the different national background of each partner how to apply and interprete
Eurocode rules was brought together and a European melting pot of background information and
general knowledge has been created. In order to maintain this valuable information two composite
bridge structures - a twin-girder and a box-girder bridge - are covered in this part of the COMBRI
Design Manual on the basis of worked examples for which the knowledge is written down in a
descriptive manner. The examples include references to current Eurocode rules.

P Part II: State-of-the-Art and Conceptual Design of Steel and Composite Bridges

The national state-of-the-art in bridge design can be different so that firstly bridge types of the project
partners’ countries - Belgium, France, Germany, Spain and Sweden - are introduced. They reflect the
current practice in those countries and common bridge types as well as unusual bridges intended to
solve special problems and some solutions being part of development projects are presented in Part II of
the COMBRI Design Manual [8]. Also, improvements which can be provided to the design of steel and
composite bridges are discussed and the possibilities and restrictions given by the current Eurocode
rules are highlighted.

Moreover, the features of software EBPlate [13] developed in the research project to determine the
elastic critical buckling stresses are presented in its contributive application for bridge design.

Finally, the authors of this design manual gratefully acknowledge the support and financial grant of the
Research Fund for Coal and Steel (RFCS) of the European Community.
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Notations

Notations

Small Latin letters

a

by

Cof

ﬁtk, 0.05

ﬁtk, 0.95

Jetm
Jem
ok
Ju
I
Jrd

ha,se_[}"
heg

Length of a web plate between adjacent vertical stiffeners (possible lower indices: p, w)
Width of the bottom flange

Width of the bottom flange of the beam

Effective width of the concrete slab

Actual geometric width of the slab associated to the main girder
Width of the top flange of the beam

Width of the panel

Thickness of the concrete slab

Width of each subpanel of the bottom flange

Center-to-center distance between the outside stud rows
Distance between webs of stiffener

Width of stiffener flange

Width of each stiffener web

Part of the bottom flange subject to compression

Part of the web subject to compression

Distance between the centroid of each lower longitudinal reinforcing steel layer and the
near free external surface

Distance between the cenroid of each upper longitudinal reinforcing steel layer and the
near free external surface

Thickness of the concrete slab

Design value of concrete compressive strength

Characteristic compressive cylinder strength at 28 days

5% fractile of the characteristic axial tensile strength

95% fractile of the characteristic axial tensile strength

Mean value of axial tensile strength

Mean value of concrete cylinder strength at 28 days

Yield strength of the reinforcing steel bars

Ultimate stress of the structural steel

Yield strength of the structural steel (possible lower indices: w, tf, tf1, tf2, tst, p)
Design yield strength (possible lower indices: w, tf, tf1, tf2, tst, p)
Height of the beam

Effective elastic neutral axis (ENA) of the structural steel part only

Effective elastic neutral axis of the composite cross-section
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hM/

hw,eﬁr
hwe],Z

hy

qmin
qmax
9 nom

Sir

Zna

Zpl

\

Height of the web of the beam

Effective height of the web in compression of the beam

Distribution of the effective height of the web in compression of the beam
Height of stiffener

Plate buckling coefficient for normal stress (possible lower indices: c, p, w, pw, pbf,
LT, op)

Plate buckling coefficient for shear stress

Plate buckling coefficient for shear stress for plate with longitudinal stiffeners
Torque loads due to distributed loads

Total number of steel reinforcement in lower layer

Structural steel / concrete modular ratio for short-term loading

Structural steel / concrete modular ratio for long-term loading

Number of stiffeners (equally spaced) of the bottom flange

Total number of steel reinforcement on in upper layer

Perimeter of the concrete slab

Eccentric distributed traffic loads

Characteristic value of the uniformly distributed load due to pedestrian and
cycle traffic

Minimum value of the line load due to bridge equipment
Maximum value of the line load due to bridge equipment

Nominal value of the line load due to bridge equipement (safety devices,
pavement, ...)

Spacing in lower layer of steel reinforcement of the concrete slab
Spacing in upper layer of steel reinforcement of the concrete slab
Plate thickness (possible lower indices: tf, tfl, tf2, p, w, st)

Time

Age of the concrete put in place at each construction phase
Thickness of the flange of the beam (possible lower indices: 1, 2)
Time at traffic opening

Thickness of the concrete slab

Thickness of stiffener

Equivalent thickness of stiffener web

Thickness of the web of the beam

Width of all traffic lanes

Abscissa of bridge

Position of the centre of gravity of the cross-section

Position of the centre of gravity of the composite cross-section

Position of the plastic neutral axis (PNA) of the composite cross-section



Notations

Capital Latin Letters

A, Cross-sectional area of the structural steel section

Ay Cross-sectional area of the bottom flange

Ao off Effective cross-sectional area of the steel structural part only

Aur Cross-sectional area of the top flange (possible lower indices: 1, 2)

A Cross-sectional area of the web

A, Total cross-sectional area of the concrete slab; Gross area of the bottom flange with
stiffeners neglecting parts supported by adjacent plate elements

Ac effioc Effective local area of the bottom flange with stiffeners

Ay Cross-sectional area of the concrete located under the lower layer of steel reinforcement
of the slab

Actur Cross-sectional area of the concrete located between the lower and upper layer of steel
reinforcement of the slab

Aeur Cross-sectional area of the concrete located above the upper layer of steel
reinforcement of the slab

Ay Effective cross-sectional area of the composite cross-section

Agyr Cross-sectional area of one steel reinforcement of the lower layer of the slab

A Cross-sectional area of the web stiffener

A Cross-sectional area of one steel reinforcement of the upper layer of the slab

Ao Gross cross-sectional area of the composite cross-section

Ajir Cross-sectional area of the total steel reinforcement of the lower layer of the slab

A ur Cross-sectional area of the total steel reinforcement of the upper layer of the slab

E, Elasticity modulus of structural steel

E., Elasticity modulus of concrete

E; Elasticity modulus of reinforcing steel

Gy Characteristic (nominal) value of the effect of permanent actions

Ghins Characteristic value of a favourable permanent action (nominal value of self-weight and
minimum value of non-structural equipments) taking account of construction phases

Gisup Characteristic value of an unfavourable permanent action (nominal value of self-weight
and maximum value of non-structural equipments) taking account of construction
phases

1 Second moment of area

Ly Effective second moment of area of the structural steel part

Loy Effective second moment of area of the cross-section

1, The St. Venant torsional stiffness

Lot Gross second moment of area of the composite bridge

1, Second moment of area (around a horizontal axis A located at the steel/concrete
interface)

L. Equivalent span length in the considered cross-section

Length of the span i

4l
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Ma,Ed
Mc,Ed
Mira

Mg,y

NCMV

N, clur

UDLy

Vira

Vijira

wa, Rd

VEa
VEd, proj
Via
Voira
Vpl, a,Rd

Vi

Design bending moment acting on the structural steel cross-section
Design bending moment acting on the composite cross-section

Design value of the plastic resistance moment of a cross-section consisting of the
flanges only

Design bending moment

Design value of the plastic bending moment resistance

Torque loads due to concentrated loads

Design value of the plastic normal force resistance of the structural steel cross-section
Design value of the plastic normal force resistance of the structural steel bottom flange
Design value of the plastic normal force resistance of the structural steel top flange
Design value of the plastic normal force resistance of the structural steel web

Design value of the plastic normal force resistance of the concrete slab in compression

Design value of the plastic normal force resistance of the concrete in compression
located under lower layer of steel reinforcement

Design value of the plastic normal force resistance of the concrete in compression
located above upper layer of steel reinforcement

Design value of the plastic normal force resistance of the concrete in compression
located between lower and upper layer of steel reinforcement

Design value of the plastic normal force resistance of the lower layer of steel
reinforcement

Design value of the plastic normal force resistance of the upper layer of steel
reinforcement

Eccentric concentrated traffic loads
Characteristic value of the leading variable action 1
Characteristic value of the accompagning variable action i

Envelope of characteristic values of internal forces and moments (or deformations) due
to concrete shrinkage

Gross first moment of area of the composite cross-section

Envelope of characteristic values of internal forces and moments (or deformations) due
to the vertical concentrated loads from Load Model no. 1 in EN 1991-2

Envelope of characteristic values of internal forces and moments (or deformations) due
to the vertical uniformly distributed loads from Load Model no. 1 in EN 1991-2

Design value of the shear resistance in case of shear plate buckling in the structural
steel web

Design value of the shear resistance of the flange in case of shear plate buckling in the
structural steel web

Design value of the shear resistance of the web in case of shear plate buckling in the
structural steel web

Design shear force

Projection of the design shear force in the direction of the web
Design value of the shear resistance

Design value of the plastic shear resistance

Design value of the plastic shear resistance of the structural steel cross-section



Notations

Small Greek letters

o

Ymo

ymi

Va2
7/ 'M,ser

s

A

< RN

Oubfu
Oubfl
Oufi

Oarfu

Oc¢

OFE
OFEd

Orsir

Factor; angle; compressed height percentage

Adjustment factor on concentrated load TS of LM1 on lanesi(i=1, 2, ...)
Adjustment factor on uniformly distributed load UDL of LM1 on lanes i (i =1, 2,...)
Adjustment factor on load model LM1 on the remaining area

Reduction factor for shear lag effect

Partial safety factor for resistance of concrete

Partial safety factor for resistance of structural steel

Partial safety factor for resistance of structural steel (Yielding, local instability)

Partial safety factor for resistance of structural steel (Resistance of members to
instability)

Partial safety factor for resistance of structural steel (Resistance of joints)
Partial safety factor for resistance of structural steel at Serviceability Limit State (SLS)

Partial safety factor for resistance of reinforcing steel

2
Strain; factor M (possible lower indices: tf, tf1, tf2, p, w, st)
\j y

Autogenous shrinkage strain

Drying shrinkage strain

Total shrinkage strain

Coefficient of the yield strength of structural steel

Ratio between applied stress and yield strength in a structural steel cross-section

Ratio between applied force and resistance in a structural steel cross-section

Incline angle of the web with reference to the vertical direction

Factor to take into account shear lag

Reduced slenderness (possible lower indices: ¢, p, w, pw, pbf, LT, op)
Moment of area

Poisson’s ratio

Stress at the upper edge of the bottom flange (possible lower indices: eff)
Stress at the lower edge of the bottom flange (possible lower indices: eff)
Stress at the lower edge of the top flange (possible lower indices: eff)
Stress at the upper edge of the top flange (possible lower indices: eff)
Longitudinal upper fibre tensile stress in the concrete slab

Elastic critical plate buckling stress

Elastic critical Euler’s stress

Design value of a direct stress in a cross-section

Stress in the lower reinforcement of the concrete slab (possible lower indices: eff)
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Oisur Stress in the upper reinforcement of the concrete slab (possible lower indices: eff)

Cup,reinf Maximal ULS Stress in the upper reinforcement of the concrete slab in the cracked
behaviour (sagging moment)

Yo, Reduction factor (£ 1,0) for effective area of a structural steel cross-section

P Reduction factor for effective” width

Ps Reinforcement ratio in a concrete cross-section

Tor Elastic critical shear buckling stress

TEd Design value of a shear stress in a cross-section

@ Creep function

o Diameter of the steel reinforcement of the concrete slab

i Diameter of the upper steel reinforcement of the concrete slab

Dur Diameter of the upper steel reinforcement of the concrete slab

x Reduction factor (< 1) for instability (possible lower indices: ¢, p, W)

7% Stress ratio between opposite edges of a structural steel plate (possible lower
indices: w)

WL Creep multiplier for modular ratio

Wo Factor for the combination value of a variable action

vy Factor for the frequent value of a variable action

W Factor for the quasi-permanent value of a variable action

0 Area bordered by the mid-planes of the internal elements of the box cross-section



Introduction and scope

1 Introduction and scope

1.1 Introduction

In the COMBRI research project [7], in which this design manual has its origin, the different national
background of each partner how to apply and interprete Eurocode rules was brought together and a
European melting pot of background information and general knowledge has been created. In order to
facilitate the implementation of Eurocodes EN 1993-1-5, EN 1993-2 and EN 1994-2 with regard to
plate buckling verifications, it was decided to cover two steel-concrete composite bridges - a twin-
girder and a box-girder bridge - in order to present the knowledge with the help of worked examples
and in a very descriptive manner. As the examples focus in detail on the application and interpretation
of Eurocode rules which are related to plate buckling verifications, the overall view on bridge design
cannot be covered. In this context, Figure 1-1 shows how many standards can be involved in the design
of a composite bridge. Here, we are mainly dealing with EN 1993-1-5 “Plated Structural Elements”, EN
1993-2 “Steel bridges” and EN 1994-2 “Composite bridges”.

Part1-11

EN 19@

Figure 1-1: Eurocodes to be used in a composite bridge design.

In some parts, this design manual introduces general assumptions e.g. on actions without aiming to
present the theoretical background or the modelling in detail. In addition to that, it is assumed that the
reader is familiar with general design and modelling issues of bridges because this design manual gives
a detailed view on plate buckling topics but it can of course not cover all other topics related to the
verification of the design. For further information to the aforementioned topics, the reader is referred to
e.g. [2], [4], [6], [32], [33], [34], [35], [36], [37], [39], [41]. However, this summary of references does
not attempt to provide a comprehensive overview on available literature so that much more excellent
work may exist which is not mentioned here.
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The design of steel and composite bridges according to the Eurocodes

For the design of steel and composite bridges the following Eurocodes are mandatory [3]:

EN 1990/A1
EN 1991-1-1

EN 1991-1-3

EN 1991-1-4

EN 1991-1-5

EN 1991-1-6

EN 1991-1-7

EN 1991-2

EN 1993-1-1

EN 1993-1-5

EN 1993-2
EN 1994-1-1

EN 1994-2

EN 1997-1
EN 1998-1

EN 1998-2

EN 1998-5

Eurocode: Basis of structural design — Application for bridges [14]

Eurocode 1: Actions on structures — Part 1-1: General actions -
Densities, self-weight, imposed loads for buildings [15]

Eurocode 1: Actions on structures — Part 1-3: General actions, Snow
loads [16]

Eurocode 1: Actions on structures — Part 1-4: General actions, Wind
actions [17]

Eurocode 1: Actions on structures — Part 1-5: General actions, Thermal
actions [18]

Eurocode 1: Actions on structures — Part 1-6: General actions, Actions
during execution [19]

Eurocode 1: Actions on structures — Part 1-7: General actions,
Accidental actions [20]

Eurocode 1: Actions on structures — Part 2: Traffic loads on
bridges [21]

Eurocode 3: Design of steel structures — Part 1-1: General rules and
rules for buildings [22]

Eurocode 3: Design of steel structures — Part 1-5: Plated structural
elements [23]

Eurocode 3: Design of steel structures — Part 2: Steel Bridges [24]

Eurocode 4: Design of composite steel and concrete structures —
Part 1-1: General rules and rules for buildings [25]

Eurocode 4: Design of composite steel and concrete structures —
Part 2: General rules and rules for bridges [26]

Eurocode 7: Geotechnical design — Part 1: General rules [27]

Eurocode 8: Design of structures for earthquake resistance —
Part 1: General rules, seismic actions and rules for buildings [28]

Eurocode 8: Design of structures for earthquake resistance —
Part 2: Bridges [29]

Eurocode 8: Design of structures for earthquake resistance — Part 5:
Foundations, retaining structures and geotechnical aspects [30]

Throughout the document, references to the Eurocodes used herein is given.
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1.2 Structure of the document

In the following, the worked examples are presented in a double-sided layout with comments,
background information and interpretation issues on the left-hand side and the example calculation on
the right. All relevant references to current Eurocode rules are provided. As mentioned above, the
examples are a twin-girder and a box-girder bridge which allows to look basically at a design without
and with longitudinal stiffeners.

In Chapter 2 the deck of the twin-girder and the box-girder bridge is described and the global analysis
of both bridges is introduced. For this purpose, an overview on the bridge geometry, material
distribution and construction sequences is given firstly. Secondly, a general section follows in which
common data such as material properties and actions as well as combinations thereof are given. Last but
not least, the global analysis is presented for both bridges and the relevant results - internal forces and
moments - are summarised for the verifications. Based on that, Chapters 3 and 4 look at the
verifications during the final stage and the execution stage. Here, each chapter is subdivided into a part
dealing with the verifications of the twin-girder bridge or the box-girder bridge.






Description of the deck and global analysis - Twin-girder bridge

2 Description of the deck and global analysis

2.1 Twin-girder bridge

2.1.1 Longitudinal elevation

The bridge is a symmetrical twin-girder composite structure with three spans of 50 m, 60 m and 50 m
(i.e. a total length between abutments of 160 m). This is a theoretical example for which a few
geometrical simplifications have been made:

e Straight horizontal alignment
e Flat top face of the deck
e Straight bridge

e Constant height of 2400 mm for the structural steel main girders

co @ P2 c3
50.00 m 60.00 m 50.00 m

] i r

7

Figure 2-1: Elevation of the twin-girder bridge.

2.1.2 Transverse cross-section

The bridge carries a two-lane traffic road.with two 3.5 m wide lanes, hard shoulders of 2 m width on
each side and a standard safety barrier (see Figure 2-2).

The transverse cross-section of the concrete slab and of the non-structural equipment is symmetrical
with reference to the axis of the bridge. The slab thickness varies from 0.4 m above the main girders to
0.25 m at its free edges, but it has been modelled as a 0.325 m deep rectangular cross-section.

The total slab width is 12 m. The centre-to-centre spacing between main girders is 7 m and the slab
cantilever on each side is 2.5 m.

2.1.3 Structural steel distribution
The structural steel distribution for a main girder is presented in Figure 2-4.

Each main girder has a constant depth of 2400 mm and the variations in thickness of the upper and
lower flanges face towards the inside of the girder. The lower flange is 1000 mm wide whereas the
upper flange is 800 mm wide.
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Description of the deck and global analysis - Twin-girder bridge

2.50 ‘

7.00

‘ 2.50

12.00

Figure 2-2: Cross-section with traffic data of the twin-girder bridge.

The two main girders have transverse bracings on abutments and on internal supports as well as every
8.333 m in side spans (CO-P1 and P2-C3) and every 7.5 m in the central span (P1-P2). Figure 2-3
illustrates the geometry adopted for this transverse cross-bracing on supports. In order to justify the
shear resistance of the internal support sections, vertical stiffeners are added at 1.5 m and at about 4 m

from the internal supports.

The optimisation of the stiffening will be discussed in Design Manual Part II [8], according to the
results of COMBRI research project [7].

2.00

3.50 2.00

2400

7000

Figure 2-3: Transverse cross-bracing on supports of the twin-girder bridge.
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Figure 2-4: Structural steel distribution for a main girder of the twin-girder bridge.
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EN 1994-2, 5.4.2.4, Stages and sequence of construction

(1)P Appropriate analysis shall be made to cover the effects of staged construction including
where necessary separate effects of actions applied to structural steel and to wholly or partially
composite members.

(2) The effects of sequence of construction may be neglected in analysis for ultimate limit states
other than fatigue, for composite members where all cross-sections are in Class 1 or 2 and in
which no allowance for lateral-torsional buckling is necessary.

EN 1994-2, 6.6.5.2(3)

(3) In execution, the rate and sequence of concreting should be required to be such that partly
matured concrete is not damaged as a result of limited composite action occurring from
deformation of the steel beams under subsequent concreting operations. Wherever possible,
deformation should not be imposed on a shear connection until the concrete has reached a
cylinder strength of at least 20 N/mm®.
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2.1.4 Construction phases

The assumptions regarding the construction phases are important for all the verifications during erection
of the structural steel structure of the deck and during concreting. They are also necessary to determine
the values of steel/concrete modular ratios (see Paragraph 2.3.3.3). Finally, the calculation of internal
forces and moments in the deck should take construction phases into account (EN 1994-2, 5.4.2 4).

The following construction phases have been adopted:

Erection of the structural steel structure by launching (see Section 4.1)
On-site pouring of the concrete slab segments by casting them in a selected order:

The total length of 160 m has been broken down into 16 identical 10-m-long concreting
segments. They are poured in the order indicated in Figure 2-5. The start of pouring the first
slab segment is the time origin (¢ = 0). Its definition is necessary for determining the respective
ages of the concrete slab segments during the construction phasing.

The time taken to pour each slab segment is assessed to three working days. The first day is
devoted to the concreting, the second day to its hardening and the third day to moving the
mobile formwork. The slab is thus completed within 48 days (EN 1994-2, 6.6.5.2(3)).

Installation of non-structural equipments:

It is assumed to be completed within 32 days, so that the deck is fully constructed at the date
t =48 + 32 =80 days.

Given these choices, Table 2-1 shows the ages of the various slab segments and the mean value of the
age t, for all the concrete put in place at each construction phase.

10.00 m

50.00 m 60.00 m 50.00 m

160.00 m

Figure 2-5: Order for concreting the slab segments of the twin-girder bridge.
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Description of the deck and global analysis - Box-girder bridge

2.2 Box-girder bridge

2.2.1 Longitudinal elevation

The bridge is a symmetrical box-girder composite structure with five spans of 90 m, 3 x 120 m and 90
m (i.e. a total length between abutments of 540 m). This is a theoretical example for which a few
geometrical simplifications have been made:

e Straight horizontal alignment

e Flat top face of the deck

e Straight bridge

e Constant height of 4000 mm for the structural steel box-girder

90.00 m 120.00 m 120.00 m 120.00 m 90.00 m

Figure 2-6: Elevation of the box-girder bridge.

2.2.2 Transverse cross-section

The bridge carries a four-lane traffic road. Each lane is 3.50 meter wide and the two outside ones are
bordered by a 2.06 meter wide safety lane. Standard safety barriers are located outside the traffic lanes
and at the middle of the slab width (see Figure 2-7).

The transverse cross-section of the concrete slab and of the non-structural equipment is symmetrical
with reference to the axis of the bridge. The 21.50 m wide slab has been modelled with a theoretical
constant thickness of 0.325 m. The centre-to-centre spacing between the webs in the upper part is
12.00 m and the slab cantilever on each side is 4.75 m.

‘ ‘ 2.06 3.50 3.50 ! 2.10 3.50 3.50 2.06 | ‘

Figure 2-7: Cross-section with traffic data of the box-girder bridge.

15
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Description of the deck and global analysis - Box-girder bridge

The concrete slab is connected to an open box section with the following features:
e total depth: 4.00 m
e centre-to-centre distance between the webs in the upper part: 12.00 m
e centre-to-centre distance between the webs in the lower part: 6.50 m
e width of upper flanges: 1.50 m
e width of lower flange: 6.70 m

2.2.3 Structural steel distribution
The structural steel distribution is presented in Figure 2-10.

The box-girder has a constant depth of 4000 mm and the variations in thickness of the upper and lower
flanges face towards the inside of the box-girder. The bottom flange is 6700 mm wide whereas the
upper flanges are 1500 mm wide. An additional upper flange is necessary around the intermediate
supports. It is located below the main upper flange, so that the total height of the box-girder is always
equal to 4000 mm. The width of this additional upper flange is 1400 mm.

An additional steel rolled I-girder, which is located along the longitudinal bridge axis of symmetry, has
been connected to the concrete slab. It helps during the concreting phases of the slab and participates in
the resistance of the composite cross-section as additional section for the upper steel flanges.

The box section has transverse frames on abutments and on internal supports as well as every 4.0 m in
side and central spans. Figure 2-8 illustrates the adopted geometry of this transverse cross-bracing on
supports.

In order to justify the shear resistance in the webpanels adjacent to an intermediate support, transverse
frames are added at 2.5 m from the internal supports.

I A

| _Axis of the brifge | [\ >449{

\N'nnnnnny/

Figure 2-8: Transverse cross-bracings on supports of the box-girder bridge.

Figure 2-9 illustrates the dimensions of the bottom flange longitudinal trapezoidal stiffeners. The
thickness is 15 mm for the webs and the flange of the stiffeners. They are continuous along the whole
bridge, whereas web longitudinal stiffeners are only used for the panels surrounding the intermediate
supports. The web longitudinal stiffeners have the same dimensions as the bottom flange longitudinal
stiffeners; they are located at mid-depth of the webs. They have been added to justify the shear
resistance of the web.

The stiffening design has been made following the recommendations of the COMBRI research project
[7], leading to dimensions which are bigger than the classical ones.

17
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EN 1993-1-10, Table 2.1

EN 1994-2, 5.4.2.4, Stages and sequence of construction

(1)P Appropriate analysis shall be made to cover the effects of staged construction including
where necessary separate effects of actions applied to structural steel and to wholly or partially
composite members.

(2) The effects of sequence of construction may be neglected in analysis for ultimate limit states
other than fatigue, for composite members where all cross-sections are in Class 1 or 2 and in
which no allowance for lateral-torsional buckling is necessary.

EN 1994-2, 6.6.5.2(3)

(3) In execution, the rate and sequence of concreting should be required to be such that partly
matured concrete is not damaged as a result of limited composite action occurring from
deformation of the steel beams under subsequent concreting operations. Wherever possible,
deformation should not be imposed on a shear connection until the concrete has reached a
cylinder strength of at least 20 N/mm®.



Description of the deck and global analysis - Box-girder bridge

0.20

g

0.015

0.50

0.50

Figure 2-9: Detail of a bottom flange longitudinal stiffener of the box-girder bridge.

NOTE]I: On the intermediate supports, an additional upper flange of 1400 mm x 90 mm is welded to the
main upper flange.

NOTE?: Different thickness ratios could be obtained by using S355 with quality M or ML around the
intermediate supports. Indeed, according to EN 10025-3, by using steel S355 N/NL the main upper
flange thickness is limited to 100 mm to keep a yield strength equal to 315 MPa, whereas according to
EN 10025-4 by using S355 M/ML the yield strength is equal to 320 MPa for up to 120 mm thick plates.
So a design in steel S355 M/ML allows a main 120 mm thick upper flange and an additional 70 mm
thick upper flange at intermediate supports. The choice of plate thickness should also fulfil the
requirements of EN 1993-1-10, Table 2.1.

NOTE3: An alternative design with a single upper flange made of S 460 is studied in Design Manual
Part 1, Chapter 3 [§].

2.2.4 Construction phases

The assumptions regarding the construction phases are important for all verifications during erection of
the structural steel structure of the deck and during concreting. They are also necessary to determine the
values of steel/concrete modular ratios (see Paragraph 2.3.3.3). Finally the calculation of internal forces
and moments in the deck should take construction phases into account (EN 1994-2, 5.4.2.4).

The following construction phasing has been adopted:
e Erection of the structural steel structure by launching (see Section 4.2);
e On-site pouring of the concrete slab segments by casting them in a selected order:

The total length of 540 m has been broken down into 45 identical 12-m-long concreting
segments. They are poured in the order indicated in Figure 2-11. The start of pouring the first
slab segment is the time origin (¢ = 0). Its definition is necessary to determine the respective
ages of the concrete slab segments during the construction phasing.

The time taken to pour each slab segment is assessed to three working days. The first day is
devoted to the concreting, the second day to its hardening and the third day to move the mobile
formwork. The slab is thus completed within 135 days (EN 1994-2, 6.6.5.2(3)).

e Installation of non-structural equipments:

It is assumed to be completed within 35 days, so that the deck is fully constructed at the date
t=135+35=170 days.

Given these choices Table 2-2 shows the ages of the various slab segments and the mean value of the
age t, for all the concrete put in place at each construction phase. For simplification reasons, no
allowance has been made to non-working days.

19
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Description of the deck and global analysis - Box-girder bridge

2

Segment length=12.00 m

TRE| o0z (a0 281314 15|16 |17 |18 |19 ]38 el Beal peal perll feech Do pral Belal Bl Rehiy Rl Roiel ROl RCIUl Be=l peich Ber
-3 -3 F-)
| 90.00 rn L 120.00 rn | 12000 m 120.00 L 90,00 rn |
‘ 540.00 m

Figure 2-11: Order for concreting the slab segments of the box-girder bridge.

Table 2-2: Age of concrete slab segments at the end of the construction phasing of the box-
girder bridge.

S - o O I B ol %g;gggﬁgg

gl g (2 [2 (2 ([3 (2 |2 22|22 |2 |2 |2 |5¢

pouring of the segment 1 | 0 0
pouring of the segment2 | 3 | 3 3
pouring of the segment 3 6|63 4.5
pouring of the segment4 | 9 | 9 | 6 | 3 6
pouring of the segment 5 | 12 (12 9 | 6 | 3 7.5
pouring of the segment6 | 15[ 1512 9 | 6 | 3 9
pouring of the segment 7 18181151219 |6 | 3 10.5
pouring of the segment 8 [ 21 [ 21|18 15|12 9 | 6 | 3 12
pouring of the segment 39 (114|114(111[108{105/102| 99 | 96 | 93 58.5
pouring of the segment 40 |117|117|114|111|108|105(102| 99 | 96 3 60
pouring of the segment 41 (120]120(117|114|111{108]105(102] 99 6|3 61.5
pouring of the segment 42 (1231123(120(117|114(111]108(105]102] .. 91613 63
pouring of the segment 43 (126]126(123(120|117|114|111{108]105( ... |12 9 | 6 | 3 64.5
pouring of the segment 44 (1291129(126(123|120{117|114|111]108( ... |15({12| 9 | 6 | 3 66
pouring of the segment 45 (1321132(129(126]123(120]|117(114]111 181151219 | 6 | 3 67.5
end of the slab hardening |135|135(132(129(126(123(120(117(114| ... [21 |18 |15|12] 9 | 6 | 3 | 69
superstructures 170|170(167|164|161[158(155(152(149( ... [ 56 [ 53 | 50 | 47 | 44 | 41 | 38 | 104
End of construction phasing |170|170[167|164|161|158(155(152(149( ... [ 56 [ 53 [ 50|47 | 44 | 41 | 38 | 104
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Description of the deck and global analysis - General common data

2.3 General common data

2.3.1 Reinforcement of the concrete slab

2.3.1.1 Description of the slab reinforcement

This report does not deal with the transverse reinforcement. Only longitudinal reinforcement is
described.

For the example dealt with herein, the cross-sections have been classified between span regions and
intermediate support regions for calculation of the longitudinal reinforcing steel. The lengths of these
regions are illustrated in Figure 2-12 and Figure 2-13.

e Span regions:

High bond bars with diameter @= 16 mm and spacing s = 130 mm in upper and lower layers
(i.e. in total p; = 0.96% of the concrete section)

e Intermediate support regions:

High bond bars with diameter @=20 mm and spacing s = 130 mm in upper layer; high bond
bars with diameter @= 16 mm and spacing s = 130 mm in lower layer (i.e. in total p, = 1.22%
of the concrete section)

40.00 m 22.0m 36.00 m 220m 40.00 m

Figure 2-12: Location of mid-span and support sections for longitudinal reinforcing steel of the
twin-girder bridge.

72.00 m 42.00 m 72.00 m 48.00 m 72.00 m 48.00 m 72.00 m 42.00 m 72.00 m

Figure 2-13: Location of mid-span and support sections for longitudinal reinforcing steel of the
box-girder bridge.

2.3.1.2 Modelling the slab to calculate the general longitudinal bending

For simplification reasons the actual slab cross-section of a half-deck (see Figure 2-15) is modelled by a
rectangular area with the actual width (i.e. 6 m). The height e of this rectangle is calculated so that the
actual and modelled sections have the same area. This gives e = 32.5 cm.
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The mechanical properties of the whole transverse cross-section of the slab are:
Twin-girder bridge
e Area: A4,=3.9m?
e Second moment of area (around a horizontal axis A located at the steel/concrete interface):
1,=0.137 m*

e Perimeter: p =24.65 m

g |
e !

|

od0]

!

—— —

1,000 |
\ 2.50 | 3.50 \

Figure 2-14: Modelling the concrete slab for the longitudinal global bending (twin-girder bridge).

Box-girder bridge
o Area: A4,=21.5-0.325=6.99 m?
e Second moment of area (around a horizontal axis A located at the steel/concrete interface):
Iy=215-0.325"/12+ 4, - (0.325/ 2)* = 0.246 m*
e Perimeter: p=(21.5+0.325)-2=43.65m

10.750

0.325

AN 6.000

4.000

3.250

Figure 2-15: Modelling the concrete slab for the longitudinal global bending (box-girder bridge).
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EN 1993-1-1, 3.2.6, Design values of material coefficients

(1) The material coefficients to be adopted in calculations for the structural steels covered by this
Eurocode Part should be taken as follows:

e modulus of elasticity E = 210000 N/mm?

E
e shear modulus G = ———— ~ 81000 N/mm?

2(1+v)
e Poisson’s ratio in elastic stage v= 0,3

e coefficient of linear thermal expansion o= 12.10° per K (for T < 100 °C)

NOTE: For calculating the structural effects of unequal temperatures in composite concrete-
steel structures according to EN 1994 the coefficient of linear thermal expansion is taken as
a=10.10° per K.

EN 1993-1-10 and EN 10164

EN 1992-1-1, Table 3.1, Strength and deformation characteristics for concrete

Strength classes for concrete Analytical relation
{ Explanation

fo (MPa)| 12 16 20 25 30 35 40 45 50 55 60 70 80 90

Fokc cube 15 20 25 30 37 45 50 55 60 67 75 85 95 105

(MPa)

fem 20 24 28 33 38 43 48 53 58 63 68 78 88 98 ferm = Tact8(MPa)
(MPa)

fetm 1,6 1.9 22 26 29 3,2 35 | 38 41 4,2 44 4,6 4.8 50 [un=0,30x£. <C50/60
(Mpa) fom=2,12-In(1+(f.'10))

= C50/60

fetk, 0,05 1.1 13 15| 18 20 22 25 | 27 2,9 3,0 31 3,2 34 3,5 | fowoos = 0.7%Fem

(MPa) 5% fractile

fe 005 2,0 25 | 28| 33 3,8 4.2 46 | 49 53 55 57 6,0 6.3 6,6 | facoss =1,3xFum

(MPa) 95% fractile
Ein 27 29 30 31 33 34 35 36 37 38 39 41 42 44 Eom= 22[(fer)10]°

(GPa) (fm N MPa)

GiCho) | 18| 18 | 20| 21 | 22| 225 | 23| 24 |245| 25 | 26 | 27 | 28 | 28 | seeFigure32
o1 (o e (o) =07 £ <28

Eeut (%o) 35 3,2 3,0 2,8 28 2,8 | see Figure 3.2

for fy 2z 50 Mpa
(1 (nn)=2 B+27[(98-.,)100T*
&ez (%o) 2,0 2,2 2,3 2,4 2,5 26 see Figure 3.3
<V for fu. = 50 Mpa
leca(*100)=2,0+0,085(f5-50)°%

Sz (%0) 35 31 | 29 | 27 | 26 | 26 see Figure 3.3
2 for fa. = 50 Mpa
lecua(%/a0)=2, B+ 35[(90-£.)/100])°

n 20 175 | 16 | 145 | 1.4 | 14 forfaz50Mpa
1=1,4+23 4[(90- £, /1001
&3 (%) 175 18 | 18 | 20 | 22 | 23 see Figure 3.4

for fxz 50 Mpa
leca("o0)=1,75+0 ,55[(fuy-50)/40]

Eeus (%o) 35 3.1 29 2,7 26 26 see Figure 3.4
for fu=50 Mpa
leuua(%lo0)=2,6+35[(90-F )/ 100]*
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Similarly, to model the reinforcing bars, each longitudinal reinforcement layer is replaced by a single
point-shaped bar with the same area and located in the plane of the main steel web. The reinforcing
steel areas are introduced into the numerical model as percentages of the total area of the concrete slab:

Table 2-3: Areas of the steel reinforcement.

P (%)

top layer 0.48

Mid-span cross-sections
bottom layer 0.48

top layer 0.74

Support cross-sections
bottom layer 0.48

The centroid of each longitudinal reinforcing steel layer has been assumed to be located at 60 mm away
from the closest horizontal face of the concrete slab. This value takes account of the concrete cover and
the fact that the transverse reinforcing bars are placed outside the longitudinal reinforcing bars (on the
side of the slab free surface).

2.3.2 Material properties

2.3.2.1 Structural steel

Steel grade S355 is considered for this bridge. The subgrades (also called quality) N or NL have been
adopted (depending on the plate thickness). The corresponding structural steel mechanical properties
are given in EN 10025-3.

Table 2-4: Decrease of f, and f, according to the plate thickness t.

> 16 > 40 >63 >80 > 100
t [mm] <16 <40 <63 <80 <100 <150
£, [MPa] 355 345 335 325 315 295
f, [MPa] 470 470 470 470 470 450

The structural steel has a modulus of elasticity £, = 210 000 MPa (EN 1993-1-1, 3.2.6). In order to
avoid any lamellar tearing, the steel has a though-thickness ductility quality Z15 for the main web
(when a transverse bracing is welded to it) according to EN 1993-1-10 and EN 10164.

2.3.2.2 Concrete

Normal concrete C35/45 is used for the reinforced slab. The main mechanical properties are as follows
(EN 1992-1-1, 3.1.2, Table 3.1):

e Characteristic compressive cylinder strength at 28 days: f., = 35 MPa

e Mean value of axial tensile strength: f.,,, = -3.2 MPa

o 5% fractile of the characteristic axial tensile strength: .05 = -2.2 MPa

o 95% fractile of the characteristic axial tensile strength: £, 095 = -4.2 MPa

e Mean value of concrete cylinder strength at 28 days: f.,, = fur + 8 =43 MPa
e  Modulus of elasticity: E.,, =22 000 (f.,,/ 10)0.3 =34 077 MPa
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EN 1992-1-1, 3.2 and Annex C, Reinforcing steel

EN 1994-2, 3.2(2), Reinforcing steel

(2) For composite structures, the design value of the modulus of elasticity £; may be taken as
equal to the value for structural steel given in EN 1993-1-1, 3.2.6.

EN 1992-1-1, 2.4.2.4, Partial safety factors for materials

EN 1993-2, 6.1 and Table 6.2, General

EN 1993-2, 7.3(1), Limitations for stress
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2.3.2.3 Reinforcement

The reinforcing steel bars used in this project are class B high bond bars with a yield strength f;; = 500
MPa (EN 1992-1-1, 3.2 and Annex C).

In EN 1992-1-1 the elasticity modulus of reinforcing steel is £, = 200 000 MPa. However, in order to
simplify the modulus used for the structural steel, EN 1994-2 allows the use of £, = E, = 210 000 MPa
which will be done in this project (EN 1994-2, 3.2(2)).

2.3.2.4 Partial safety factors for materials
For Ultimate Limit State (ULS) see Table 2-5.

Table 2-5: Partial safety factors for materials (ULS).

Design Yc s ™
situation | (concrete) | (reinforcing steel) (structural steel)

Tmo =1.0 Yielding, local instability
Persistent 15 115 Resistance of members
Transient ' ' ywn =11 to instability

yva =1.25 Resistance of joints
Reference EN 1992-1-1,2.4.2.4. EN 1993-2, 6.1 and Table 6.1

For Serviceability Limit State (SLS) see Table 2-6.

Table 2-6: Partial safety factors for materials (SLS).

Yc ¥s Y™, ser
(concrete) | (reinforcing steel) (structural steel)
1.0 1.0 1.0
EN 1992-1-1,2.4.2.4 EN 1993-2,7.3 (1)

2.3.3 Actions

In order to simplify the calculations, only six different load cases have been defined:

1.
2.

6.

A

Self-weight of the structural steel

Self-weight of the reinforced concrete slab (with construction phasing, so in fact 16 load cases
for the twin-girder bridges and 45 load cases for the box-girder bridge)

Self-weight of the non structural bridge equipments
Shrinkage

Creep

Traffic load LM1

Specifications to apply these loads on the bridge are explained below.
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EN 1991-1-1, Table A.4, Construction materials-metals

Materials Density
Y
[KN/m’]

metals
aluminium 27.0
brass 83,0 to 85,0
bronze 83,0 to 85,0
copper 87,0 to 89,0
iron, cast 71,0 to 72,5
iron, wrought 76,0
lead 112,0to 114,0
steel 77,0 to 78,5
Zinc 71,0 to 72,0

EN 1991-1-1, Table A.1, Construction materials-concrete and mortar

Materials

Density

/4
[KN/m’]

concrete (see EN 200)
lightweight

density class LC 1,0
density class LC 1,2
density class LC 1.4
density class LC 1,6
density class LC 1,8
density class LC 2,0
normal weight

heavy weight

mortar

cement mortar
gypsum mortar
lime-cement mortar
lime mortar

9.0 to 10,0 V?
10,0 to 12,0 V¥
12,0 to 14,0 V2
14,0 to 16,0 V%
16,0 to 18,0 V¥
18,0 to 20,0 V¥
24,02

_12)

19.0 to 23,0
12,0 to 18,0
18,0 to 20,0
12,0 to 18,0

2 3
)Increase by 1kN/m’ for unhardened concrete

T ) 3 T ;
)Increase by 1kN/m” for normal percentage of reinforcing and pre-stressing steel

NOTE See Section 4
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2.3.3.1 Permanent loads

Distinction is made for permanent loads between the self-weights of the structural steel girders, of
reinforced concrete slab and of non-structural equipments.

2.3.3.1.1 Self-weight

The density of the structural steel is taken as equal to 77 kN/m® (EN 1991-1-1, Table A-4). For
calculation of the internal forces and moments and the stresses for the longitudinal bending global
analysis, the self-weights are modelled as follows:

Twin-girder bridge

The self-weight of the in-span located transverse cross girders is modelled by a vertical uniformly
distributed load of 1300 N/m applied on each main girder (about 12% of the weight of this main girder).
Box-girder bridge

The self-weight of the in-span located transverse frames is modelled by a vertical uniformly distributed
load of 8000 N/m for the total width of the bridge (about 12.2 % of the weight of the full box-girder).

The density of the reinforced concrete is taken as equal to 25 kN/m® (EN 1991-1-1, Table A-1).

2.3.3.1.2 Non-structural equipment

The nominal value of the waterproofing layer is multiplied by £20% and the nominal value of the
asphalt layer by +40% / -20% for all spans (EN 1991-1-1, 5.2.3).

Table 2-7: Loads of the non-structural equipment (twin-girder bridge).

. L. Maximum | Minimum Gnom Gimax Gmin
Ttem Characteristics multiplier | multiplier | (kN/m) | (kN/m) | (kN/m)
Waterproofing layer 3 c¢m thick, 25 kN/m’ 1.2 0.8 4.2 5.04 3.36
Asphalt 8 cm thick, 25 kN/m® 1.4 0.8 11 15.4 8.8
Concrete support for | - 5 02 m, 25 kKN/m’ 1 1 25 25 25
the safety barrier
Safety barriers 65 kg/m 1 1 0.638 | 0.638 | 0.638
Cornice 25 kg/m 1 1 0.245 | 0.245 | 0.245
Total 18.58 | 23.82 | 15.54
Table 2-8: Loads of the non-structural equipment (box-girder bridge).
.. Maximum | Minimum Gnom Gmax Gmin
Ttem Characteristics multiplier | multiplier | (kN/m) | (kN/m) | (kN/m)
Waterproofing layer 3 cm thick, 25 kN/m3 1.2 0.8 7.66 9.19 6.13
Asphalt 8 cm thick, 25 kN/m3 1.4 0.8 20.22 | 28.31 | 16.18
Safety barrier ground| . 05 x 0.2 m, 25 kN/m3 1 1 250 | 250 | 2.0
girder
Safety barrier 65 kg/m 1 1 0.64 0.64 0.64
Cornice 25 kg/m 1 1 0.25 0.25 0.25
Total 31.26 | 40.88 | 25.68
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EN 1991-1-1, 5.2.3, Additional provisions specific for bridges

(1) The upper and lower characteristic values of densities for non structural parts, such as ballast
on railway bridges, or fill above buried structures such as culverts, should be taken into account
if the material is expected to consolidate, become saturated or otherwise change its properties,
during use.

NOTE: Suitable values may be given in the National Annex.
(2) The nominal depth of ballast on railway bridges should be specified. To determine the upper

and lower characteristic values of the depth of ballast on railway bridges a deviation from the
nominal depth of £30 % should be taken into account.

NOTE: A suitable value may be given in the National Annex

(3) To determine the upper and lower characteristic values of self-weight of waterproofing,
surfacing and other coatings for bridges, where the variability of their thickness may be high, a
deviation of the total thickness from the nominal or other specified values should be taken into
account. Unless otherwise specified, this deviation should be taken equal to + 20 % if a post-

execution coating is included in the nominal value, and to + 40 % and — 20 % if such a coating is
not included.

NOTE: Suitable specifications may be given in the National Annex.

(4) For the self-weight of cables, pipes and service ducts, the upper and lower characteristic
values should be taken into account. Unless otherwise specified, a deviation from the mean value
of the self-weight of + 20 % should be taken into account.

NOTE: Suitable specifications may be given in the National Annex. See also EN 1990, 4.1.2(4)

(5) For the self-weight of other non structural elements such as:
e hand rails, safety barriers, parapets, kerbs and other bridge funiture,
e joints/fasteners,
e void formers,
the characteristic values should be taken equal to the nominal values unless otherwise specified.

NOTE: Suitable specifications may be given in the National annex. An allowance for voids filling
with water may be made depending on the project.
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Figure 2-16 details the non-structural bridge equipment used for the example.

]

Safety barrier

Concrete support
for the safety barrier

8 cm thick asphat layer

Cornice

3 cm thick waterproofing layer

Figure 2-16: Non-structural bridge equipment details.

2.3.3.2 Concrete shrinkage

According to Eurocode 4, three different concrete shrinkage deformations should be considered in the
design. In order to simplify the analysis and because thermal shrinkage at early age is part of national
choices, it has been decided not to consider it in the calculations. Only autogenous and drying shrinkage
deformations (g = €., + €4 With notations from EN 1992-1-1, 3.1.4(6)) have been taken into account.
Two values of the total deformation €. have been then calculated:

Shrinkage deformation for persistent design situation at traffic opening
(for the twin-girder bridge date t;,; = 80 days, for the box-girder bridge date t;,; = 170 days)

Table 2-9 summarises the values of autogenous and drying shrinkage deformation for persistent design
situation at traffic opening for the twin-girder bridge and the box-girder bridge respectively.

Table 2-9: Shrinkage at traffic opening for the persistent design situation at traffic opening (ti.;).

twin-girder bridge box-girder bridge
Autogenous 4.88E-05 5.44E-05
shrinkage
Drying 1.36E-05 2.23E-05
shrinkage
Total 6.20E-05 7.67E-05

Shrinkage deformation for persistent design situation at infinite time

Table 2-10 summarises the values of autogenous and drying shrinkage deformation for persistent design
situation at infinite time for the twin-girder bridge and the box-girder bridge.
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EN 1994-2,5.4.2.2 (2), Creep and shrinkage

(2) Except for members with both flanges composite, the effects of creep may be taken into
account by using modular ratios #, for the concrete. The modular ratios depending on the type of
loading (subscript L) are given by:

ny = no (1 +y/y) (5.6)
where:
o is the modular ratio £, / E, for short-term loading;

Ecn is the secant modulus of elasticity of the concrete for short-term loading according to
EN 1992-1-1, Table 3.1 or Table 11.3.1;

(o} is the creep coefficient ¢ (,7)) according to EN 1992-1-1, 3.1.4 or 11.3.3, depending on
the age (7) of concrete at the moment considered and the age (7, ) at loading;

v is the creep multiplier depending on the type of loading, which be taken as 1.1 for
permanent loads, 0.55 for primary and secondary effects of shrinkage and 1.5 for
prestressing by imposed deformations
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Table 2-10: Shrinkage at infinite time.

t=infinite
Aut.ogenous 6.25E-05
shrinkage
Drying
shrinkage L7708
Total 2.40E-04

Finally for calculating the internal forces and moments for the persistent design situation at traffic
opening, a shrinkage deformation of 6.2-10” (for the twin-girder-bridge) and 7.67-10 (for the box-
girder-bridge) is applied to each slab segment following the concreting order. For the persistent design
situation at infinite time, a shrinkage deformation of 2.4-10 (for the 2 bridges) is applied to the whole
slab after finishing all concreting phases.

2.3.3.3 Creep — Modular ratios

2.3.3.3.1 Modular ratio for short-term loading

E, __ 210000 = 6.1625

Ecm f
22000| o
(10}

n, =

2.3.3.3.2 Modular ratio for long-term loading

For a given long-term loading L applied to the bridge when the mean age of concrete is equal to to, the
modular ratio is defined by the following equation for the calculations of the bridge at infinite time
(EN 1994-2, 5.4.2.2(2)):

n =n, (1 +y (ot ))

Table 2-11 and Table 2-12 summarise the intermediate values for the calculation of the creep factor
¢(,t,) and the modular ratio values n. used in the design of the twin-girder bridge and the box-girder

bridge. See Table 2-1 and Table 2-2 for further details on the ages t,.

Table 2-11: Modular ratio for long-term loading (twin-girder bridge).

Load case YL fo (days) (0t) n
Concreting 1.1 24 1.484 16.22
Shrinkage 0.55 1 2.683 15.25
Non structural bridge equipments 1.1 57.5 1.256 14.68
Table 2-12: Modular ratio for long-term loading (box-girder bridge).

Load case v fo (days) @(o0.ty) ny
Concreting 1.1 67.5 1.215 14.40
Shrinkage 0.55 1 2.674 15.23
Non structural bridge equipments 1.1 104 1.118 13.74
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EN 1991-2, 4.2.3, Divisions of the carriageway into notional lanes

(1) The carriageway width, w, should be measured between kerbs or between the inner limits of
vehicle restraint systems, and should not include the distance between fixed vehicle restraint
systems or kerbs of a central reservation nor the widths of these vehicle restraint systems.

NOTE: The National Annex may define the minimum value of the height of the kerbs to be taken
into account. The recommended minimum value of this height is 100 mm.

(2) The width w; of notional lanes on a carriageway and the greatest possible whole (integer)
number #; of such lanes on this carriageway are defined in Table 4.1.

Table 4.1: Number and width of notional lanes

Carriageway Number of Width of a Width of the
width w notional lanes notional lane wy; remaining area
w<354m n =1 3m w-3m

54m<w<6m =2 w 0
2
6m=< w w .
n, = Int| — 3m w=-3xmn
J
NOTE For example, for a carriageway width equal to 11m, ,, - Im[ﬁjz 3. and the width of the
3
remaining area is 11 - 3x3 =2m.

(3) For variable carriageway widths, the number of notional lanes should be defined in
accordance with the principles used for Table 4.1.

NOTE: For example, the number of notional lanes will be:
o [wherew<54m
o 2where54<w<9m
e 3where9m<w<12m, etc.
(4) Where the carriageway on a bridge deck is physically divided into two parts separated by a

central reservation, then:

(a) each part, including all hard shoulders or strips, should be separately divided into notional
lanes if the parts are separated by a permanent road restraint system ;

(b) the whole carriageway, central reservation included, should be divided into notional lanes if
the parts are separated by a temporary road restraint system.

NOTE: The rules given in 4.2.3(4) may be adjusted for the individual project, allowing for
envisaged future modifications of the traffic lanes on the deck, e.g. for repair.
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The hyperstatic effects (also called “secondary effects” in Eurocode 4) of creep are negligible compared
to the other action effects. So they have not been considered in the calculations (and the corresponding
modular ratio is not mentioned here).

2.3.3.4 Traffic loads

2.3.3.4.1 Adjustment coefficients

The definition of the LM1 vertical loads (consiting of the tandem system TS and the uniformly
distributed load UDL) includes a series of adjustment coefficients aqi, ag and ag. These coefficients
are given in the National Annex of each country. Only minimum recommended values are given in
EN 1991-2. Here, the following values have been assumed (coming from the French National Annex to
EN 1991-2, for a highway or motorway traffic category) (EN 1991-2, 4.3.2 (3)):

Table 2-13: Adjustment coefficients for LM1.

Lane no. agi (for TS) | ag; (for UDL) Oy
1 0.9 0.7 /
2 or more 0.8 1.0 /
Remaining area / / 1

2.3.3.4.2 Transverse positioning of LM1

UDL and TS are positioned longitudinally and transversally on the deck so as to achieve the most
unfavourable effect for the studied main girder (girder no. 1 in Figure 2-17) and for the box-girder.

Twin-girder bridge

A straight transverse influence line is used (see Figure 2-20 and Figure 2-22) with the assumption that a
vertical load introduced in the web plane of a main girder is entirely resisted by this girder. The
unfavourable parts of each longitudinal influence line are then loaded according to the transverse
distribution of the traffic vertical loads UDL and TS between the two main girders.

Axis of the modeled

main girder
|
| 1.00 AXA 0.50
3.00 3.00 3.00 2.00
Traffic lane np 1 Traffic lane no Zi Traffic lane no 3 Remaining area
| |
| |
| |
I — ‘
q)\
5
Girder no 1 g\ Girder no 2
sl
<
——— i ———
\
| 3.50 | 3.50 |

Figure 2-17: Traffic lanes positioning for calculating the girder no.1.
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The pavement width between the internal vertical faces of the concrete longitudinal supports of the
safety barriers reaches w = 11 m, centered on the deck axis. Three traffic lanes each 3 m wide and a 2 m
wide remaining area can be placed within this width. The traffic lanes are thus arranged in the most
unfavourable way for the studied girder no. 1 according to the diagram in Figure 2-20 (EN 1991-2,
4.2.3).

Box-girder bridge

A horizontal straight transverse influence line is used (see Figure 2-21 and Figure 2-23). It corresponds
to the assumption that sufficient stiffening is provided to prevent the deformation of the cross-sections.
The eccentric traffic loads Q (7S) and ¢ (UDL) are modeled by using centered loads with the same
values Q and ¢, and torque loads (M, for the concentrated one and m, for the distributed one, see Figure
2-18). Torque has been studied and its calculation is explained in Paragraph 2.3.3.5.

AN - 7 0= __ N _ | ] o+ N AN ]
¢ © £
Bending Torque
yC

Figure 2-18: Calculation of the box-girder for eccentric concentrated load.

The pavement width between internal vertical faces of the concrete longitudinal supports of the external
safety barriers reaches 20.22 m, centered on the deck axis. The safety barrier, which separates the two
ways of the road in the middle of the deck, has not been considered when applying the traffic load
model 1 on this 20.22 m wide pavement.

Six traffic lanes each 3.00 m wide and a 2.22 m wide remaining area can be placed within this 20.22 m
wide pavement. The transverse positioning of traffic lanes doesn’t matter for studying the effect of the
centered vertical loads Q and g, as each load is resisted equally by the two webs. This latter assumption
corresponds to the use of the horizontal transverse influence line in Figure 2-21 and Figure 2-23, with
the 0.5 imposed value at each main web location. On the contrary this transverse positioning of the
traffic lanes influences the results of the torque global analysis. Figure 2-19 shows the most
unfavourable lane distribution when studying torque.

f

1.11 !

3.00 3.00 3.00 3.00 3.00 3.00 2.22
Traffic lane no 1 Traffic lane no 2 Traffic lane no 3 Traffic lane no 4 Traffic lane no 5 Traffic lane no 6 Remaining
area
n
I\
L

Axis of the bridge

ANNANANAN

Figure 2-19: Traffic lanes positioning for calculating the box-girder.
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EN 1991-2, 4.3.2(1) (a), Load Model 1
(1) Load Model 1 consists of two partial systems:
(a) Double-axle concentrated loads (tandem system: TS), each axle having the following weight:
y Ok 4.1
where:
a, are adjustment factors.
- No more than one tandem system should be taken into account per notional lane.
- Only complete tandem systems should be taken into account.

- For the assessment of general effects, each tandem system should be assumed to travel
centrally along the axes of notional lanes (see (5) below for local verifications and
Figure 4.2b).

- Each axle of the tandem system should be taken into account with two identical
wheels, the load per wheel being therefore equal to 0.5¢;, Ox.

- The contact surface of each wheel should be taken as square and of side 0.40 m (see
Figure 4.2b).

(b) Uniformly distributed loads (UDL system), having the following weight per square metre of
notional lane:

A Gk 4.2)
where :
a, are adjustment factors.

The uniformly distributed loads should be applied only in the unfavourable parts of the influence
surface, longitudinally and transversally.

NOTE: LM1 is intended to cover flowing, congested or traffic jam situations with a high
percentage of heavy lorries. In general, when used with the basic values, it covers the effects of a
special vehicle of 600 kN as defined in Annex A.

(4) The characteristic values of ik O and ik ¢, dynamic amplification included, should be taken
from Tab 4.2.

Table 4.2: Load model 1: characteristic values

Location Tandem system 7§ UDL system
Axle loads O, (kN) ¢y (or gy ) (KN/m?)
TLane Number 1 300 9
Lane Number 2 200 2,5
Lane Number 3 100 2.5
Other lanes 0 2.5
Remaining area (g, ) 0 2,5
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Tandem System TS

Each axle of the tandem TS has to be centered in its traffic lane. The vertical load magnitudes per axle
are given in EN 1991-2, Table 4.2. Figure 2-20 indicates the transverse position of the three tandems
considered with respect to the main structural steel girders (EN 1991-2, 4.3.2(1) (a)).

LS

—

\\\\ ] TS 2 per axle : ‘
TS 1 per axle - - o 0.8 x 200 = 160 kN !
0.9 x 300 = 270 kN — . ! TS 3 per axle :
\TL\ 0.8 x 100 = 80 kN
I
i
) — | —
I I ke I —
| - | T
I | o' I
R1 (Reaction ! 5 ! ! R2
force in the 1 | (Reaction
0.50| girder no 1) } 100 <, 200 | force in the Transverse
‘ | . i : ‘ girder no 2) influence line

Figure 2-20: Tandem TS loading on the deck for the twin-girder bridge.

X

Transverse

Axis of the bridge

I
. ! influence line
TS 1 per ade TS 2 per axle : for longitudinal bending
0.9x300 =270 kN 0.8 x 200 = 160 kN \
I
TS 3 per axle : ‘
0.8x100=80kN
05 | 0.5
T
I
| R1 I ! !
‘ (Reaction ‘ ‘ R2 gReac_tiotr;1
! force in the 0.39 ' I orce in the
‘ web no 1) ‘ web no 2)
} 2.61 i i 3.39 i
I
I

Figure 2-21: Tandem TS loading on the deck for the box-girder bridge.

Each traffic lane can only support a single tandem TS in the longitudinal direction. The three used
tandem TS (one per lane) could not be necessarily located in the same transverse cross-section.
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Uniformly Distributed Load UDL

For the twin-girder-bridge, the traffic lanes are loaded with UDL up to the axis of girder no. 2 (see
Figure 2-22) i.e. the positive part of the transverse influence line. For the box-girder bridge, given the
transverse influence line, the whole pavement width is loaded with UDL The vertical load magnitudes
of UDL are given in EN 1991-2, Table 4.2 (EN 1991-2, 4.3.2(1) (b)).

s

\ I
Loadonlaneno 1: 1 )
Load on land no 2:
0.7x9x3=18.9kN/m T 10x25x3=75kN/m
T F Load on lane no 3:
- 0x25x3="7. m
- | 1.0x2.5x3=7.5kN/
LANE 1 e
9 LANE2~ | LANE3~
A g | b
f= \;;
| 3 | —
| | 5 |
! IR1 (Reaction ! E! ! Rz (Reaction
force in the ‘ 5‘ ‘ 0 forceinthe
b@ girder no 2) 100 | 2.00 grderno 2) Transverse
‘ ‘ ‘ ‘ influence line

Figure 2-22: UDL tranverse distribution on the bridge deck for the twin-girder bridge.

NOTE: that if lane no. 3 extended beyond the axis of main girder no. 2 it would only be partly loaded in
the positive zone of the transverse influence line.

Transverse

| influence line
‘ for longitudinal bending
I

Load on lane no 3: Lo%d on lane no 4: Load on lane no 5: Load on remaining area

Load on lane no 2: Load on lane no 6:
10x25x3=75kN/m 10x25x3=75kN/m 1.0x25x3=75kN/m 1.0x25x3=7.5kN/m/1.0x2.5x2.22 =5.55kN/m

1.0x25x3=7.5kN/m
0.5

Load on lane no 1:
0.7 x9x3=18.9kN/m
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[
LANE 1 |
INNE27 N AN N uaNEa N LaES T N LaNE 677/ |
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I (ngeaction 0.39 force in the
H force in the 3.38 web no 2)
web no 1) 039 0.39
| 2.99
| 2.61 3.39
I [

Axis of the bridge

Figure 2-23: UDL tranverse distribution on the bridge deck for the box-girder bridge.

2.3.3.4.3 Longitudinal positioning of LM1

The software used to calculate the internal forces and moments automatically moves along the bridge
the part of the traffic loads TS and UDL which transversally comes into the modelled girder no. 1 (the
most loaded one according to the analysis in the Paragraph 2.3.3.4.2, see Figure 2-30). It directly gives
the envelopes of bending moments and shear forces for:

the characteristic value of LM1 : 1.0-UDL + 1.0-TS
the frequent value of LM1 : 0.4-UDL + 0.75-TS

45



COMBRI Design Manual - Part |

46

EN 1994-2,5.4.2.2(11), Creep and shrinkage

(11) The St. Venant torsional stiffness of box-girders should be calculated for a transformed
cross-section in which the concrete slab thickness is reduced by the modular ratio nyg = G,/G.
where G, and G. are the elastic shear moduli of structural steel and concrete respectively. The
effects of creep should be taken into account in accordance with (2) with the modular ratio

niG = nog (1 + yLey).

EN 1994-2, 5.4.2.3(6), Effects of cracking of concrete

(6) The torsional stiffness of box-girders should be calculated for a transformed cross-section. In
areas where the concrete slab is assumed to be cracked due to bending and where membrane
shear stresses are so large that shear reinforcement is required, the calculation should be
performed considering a slab thickness reduced to one half, unless the effect of cracking is
considered in a more precise way.
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2.3.3.5 Torque
All the loads applied on the box-girder bridge are transversally symmetrical, except the traffic loads.

So the torque in the sections will be only produced by LM1. Considering the vertical loads applied on
the left hand side of the longitudinal axis of the deck:

e for TS, the torque moment (for one axle per tandem) is equal to:

270 kN x 8.61 m + 160 kN x 5.61 m + 80 kN x 2.61 m = 3431 kN.m
e for UDL, the linear torque moment is equal to:

18.9kN/mx 8.61 m+ 17.8 kN/m x 3.55 m =226 kN.m/m.

As already mentioned in Paragraph 2.3.3.4.2 for the longitudinal bending, the software automatically
moves along the bridge the traffic loads TS and UDL to calculate the most unfavourable torsional
moment in each section. The influence of the thickness variations on the location of the shear centre has
been neglected. So every section of the bridge is assumed having the same shear centre.

The St. Venant torsional stiffness of each box section has been calculated by using the following
formula:

B 40?2
ol
b,

Q) represents the area bordered by the mid-planes of the internal elements of the box cross-section.

1

t

For the concrete element, the thickness e is divided by the modular ratio nyg for short-term loading
according to EN 1994-2, 5.4.2.2 (11). If the section is located in a cracked zone of the global bending
analysis, the slab thickness is reduced to one half to take the effect of cracking into account (EN 1994-2
5.4.2.3 (6)).

For the section located in the middle of the bridge (x =270 m), it gives:

00512415 g4

1+ .
no, =n, Ve — 6162512 — 569
l+v, 1.2
lower flange: i = £= 60
e 0.025
each web: i = ﬁ= 266
e 0.018
0.75
each upper composite flange: — = =7.0
PPEFCOTP 8 T 0.05+0325/5.69
upper flange with only concrete: i = L=
pperTiang Y e 0325/5.69
/
= > ==990
e
2
Thus, this section gives: [, = 4Ql =5.96 m".
e
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EN 1990, 4.1.2, Characteristic values of actions

EN 1990, 6.4.3.2(3), Combinations of actions for persistent or transient design situations
(fundamental combinations)

(3) The combination of actions in brackets { }, in (6.9b) may either be expressed as:

Z 7/G,ij,j "+ "y P+ "7Q,1Qk,1 "+ "Z 7Q,i‘//0,iQk,z (6.10)

Jj=1 i>1

or, alternatively for STR and GEO limit states, the less favourable of the two following
expressions:

Z7G,ij,j "+"ypP"+ "7Q,1l//0,1Qk,1 "+ "27Q,il//0,iQk,f (6.10a)

=l i>1

D 876.5Ge ;" VeP 1Dy "D Yo W0 Os (6.10b)

Jj=1 i>1
where:

"4 implies "to be combined with"

Z implies "the combined effect of"

& is a reduction factor for unfavourable permanent actions G

EN 1990, Annex 2, Table A2.4(B), Design values of actions (STR/GEOQO) (Set B)

Persistent Permanent actions Prestress Leading Accompanymg Persistent Permanent actions Prestress Leading Accompanymng

and Tran- variable Vaiable actions (*) and Transient variable variable act

sient Desien | Unfavourable | Favourable action (*) Main Others Design Unfavourable [ Favourable action (*) Main Others

Situation (if any) Sifuanon (if any)

(Eq. 6.10) TerswCriow | oyniGiyar #P 101011 Yotk (Bq.6108) | JoyawGisse | Gt P %161 | 0.0k
(Eq.6.100) | EsonGuiaw | IonnsGhsine il 5101 Jo:V0Qhs

(*) Variable actions are those considered in Tables A2.1 to A2.3.

NOTE 1 The choice between 6.10, or 6.10a and 6.10b will be in the National Annex. In case of 6.10a and 6.10b, the National Annex may in addition modify 6.10a to include permanent actions only.

NOTE 2 The yand £ values may be set by the National Annex. The following values for yand £ are recommended when using expressions 6.10, or 6.10a and 6.10b :
p= 135"
1,00
when O represents unfavourable actions due to road or pedestrian traffic (0 when favourable)
n= when (0 represents unfavourable actions due to rail traffic, to sroups of loads 11 to 31 (except 16, 17, 26” and 277). load models TM71. SW/0 and HSLM and real trains, when consid-
ered as individual leading traffic actions (0 when favourable)
7 = 1,20 when Q represents unfavourable actions due to rail traffic, to groups of loads 16 and 17 and SW/2 (0 when favourable)
for other traffic actions and other variable actions %
£=0.85 (s0 that &), =0,85 X 135=115)
Y= = 1.20 in case of linear elastic analysis, and 1.35 1 case of non linear analysis, for design situations where actions due to uneven seftlements may have unfavourable effects. For design situa-
tions where actions due to uneven settlements may have favourable effects. these actions are not to be taken into account
See also EN 1991 to EN 1999 for yvalues to be used for imposed deformations
% = recommended values defined in the relevant design Eurocode

“)This value covers - self-weight of structural and non structural elements, ballast. soil, ground water and free water, removable loads, etc

*)This value covers * variable horizontal earth pressure from soil, ground water. free water and ballast, traffic load surcharge sarth pressure, traffic acrodynamic actions, wind and thermal actions, etc
“For rail traffic actions for groups of loads 26 and 27 ) = 1.20 may be applied to individual components of traffic actions associated with SW/2 and J, = 1.45 may be applied to individual compo-
nents of traffic actions associated with load models LM SW/0 and HSLM etc

NOTE 3 The charactenstic values of all permanent actions from one source are multiplied by J6.. if the total resulting action effect is unfavourable and 6 .r if the total resulting action effect 1s fa-
vourable. For example, all actions originating from the self weight of the structure may be considered as coming from one source ; this also applies if different materials are involved. See however
A23.1(2)

NOTE 4 For particular verifications, the values for J; and ), may be subdivided into 3 and j and the model uncertainty factor j4q. A value of % in the range 1.0 - 1.15 may be used in most common
cases and may be modified in the National Annex.

NOTE 5 Where actions due to water are not coverad by EN 1997 (e.g. flowing water). the combinations of actions to be used may be specified for the individual project.
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2.3.3.6 Thermal gradient

To simplify the study, the thermal gradient is not addressed in this report. Taken the thermal gradient
into account would have had an influence on:

e the value of the stresses at Serviceability Limit State (SLS) due to primary effects of the
gradient — but this Design Manual focuses on the ULS buckling phenomena.

e the amplitude of the concrete stress envelope which would have been wider, and consequently
the cracked zones of the global analysis, too.

2.3.4 Combinations of actions

2.3.4.1 Design situations
The bridge should be verified for the following design situations:
e Transient design situations:
- for the structural steel alone under its self-weight (launching steps),

- during and after concreting of each slab segment (16 or 45 situations for the example
following the bridge),

e Permanent design situations:
- at traffic opening,
- at infinite time.
The transient design situations, i.e. launching of the structural steel part, are studied in Chapter 4.

Both permanent design situations will be included in the global analysis (through the use of two sets of
modular ratios). The verification of the bridge will then be performed once, considering the final
envelopes of internal forces and moments.

2.3.4.2 General remarks
The notations used are those of Eurocodes:

®  Gyyp : characteristic value of an unfavourable permanent action (nominal value of self-weight
and maximum value of non-structural equipments) taking account of construction phases

e Gyinr: characteristic value of a favourable permanent action (nominal value of self-weight and
minimum value of non-structural equipments) taking account of construction phases

e §: envelope of characteristic values of internal forces and moments (or deformations) due to
concrete shrinkage

e UDLy : envelope of characteristic values of internal forces and moments (or deformations) due
to the vertical uniformly distributed loads from Load Model no. 1 in EN 1991-2

e TS : envelope of characteristic values of internal forces and moments (or deformations) due to
the vertical concentrated loads from Load Model no. 1 in EN 1991-2

An envelope calculation with Gy s, and Gy iy is necessary for the permanent loads, only because of the
variability of the deck surfacing load. The nominal value of the self-weight is considered (EN 1990,
4.1.2).

The combinations of actions indicated below have been established using EN 1990 and its normative
Annex A2 "Application for bridges”.

The shrinkage is not taken into account if its effect is favourable.
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EN 1990 Annex 2, Table A.2.1, Recommended values of y factors for road bridges

Action Symbol ¥ w1 ¥
grla TS 0.75 0.75 0
(LM 1+pedestrian or | UDL 0.40 0.40 0
cycle-track loads) 1) [ Pedestrian+cycle-track loads 0.40 0.40 0
grlb (Single axle) 0 0.75 0
Traffic loads gr2 (Horizontal Forces) 0 0 0
(see EN 1991-2. 13 (Pedestrian loads) 0 0 0
Table 4.4)
grd (LM4 — Crowd loading)) 0 0.75 0
o5 (LM3 — Special vehicles)) 0 0 0
Wind forces E
Wk
. . . . 0.6 0.2 0
- Persistent design situations
. = 0.8 - 0
- Execution
T+ - _
By 1.0
Thermal actions T: 0.63) 0.6 0.5
Snow loads Os, ; (during execution) 0.8 - -
Construction loads O, 1.0 - 1.0

1) The recommended values of ¥, . ¥ . w» for grla and grlb are given for roads with traffic corresponding to
adjusting factors Qi - i - Ygr and fy equal to 1. Those relating to UDL correspond to the most common
traffic scenarios. in which an accumulation of lorries can occur. but not frequently. Other values may be envis-

aged for other classes of routes, or of expected traffic. related to the choice of the corresponding « factors. For
example, a value of ¥ other than zero may be envisaged for the UDL system of LM1 only, for bridges sup-

porting a severe continuous traffic. See also EN 1998.

2) The combination value of the pedestrian and cycle-track load, mentioned in Table 4.4a of EN 1991-2. is a
"reduced" value. ¥ and 4 factors are applicable to this value.

3) The recommended 4 value for thermal actions may in most cases be reduced to 0 for ultimate limit states
EQU. STR and GEO. See also the design Eurocodes.

EN 1990, Annex 2, A2.4.1, General

(1) For serviceability limit states the design values of actions should be taken from Table A2.6
except if differently specified in EN 1991 to EN 1999.

NOTEI: y factors for traffic and other actions for the serviceability limit state may be defined in
the National Annex. The recommended design values are given in Table A2.6, with all y factors
being taken as 1.0.

Table A2.6: Design values of actions for use in the combination of actions

Combination Permanent actions Gy Prestress Variable actions O,
Unfavourable Favourable Leading Others
Characteristic Gy sup Gigins P Ok W Ok ;
Frequent Gl sup Giging P Y110 ¥ O
Quasi-permanent Gy up Gy int P ¥y 10c1 v, O

NOTE 2: The National Annex may also refer to the infrequent combination of actions.

(2) The serviceability criteria should be defined in relation to the serviceability requirements in
accordance with 3.4 and EN 1992 to EN 1999. Deformations should be calculated in accordance
with EN 1991 to EN 1999, by using the appropriate combinations of actions according to
expressions (6.14a) to (6.16b) (see Table A2.6) taking into account the serviceability
requirements and the distinction between reversible and irreversible limit states.

NOTE: Serviceability requirements and criteria may be defined as appropriate in the National
Annex or for the individual project.
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2.3.4.3 ULS combinations other than fatigue
1.35 Gk,sup (OI' 1.0 ijmf) + (10 or 00) S+1.35 { UDLk + TSk }

The above-mentioned combination of actions corresponds to Equation (6.10) in EN 1990, 6.4.3.2.
Equations (6.10 a) and (6.10 b) have not been used. The y values have been taken from Table A.2.4 (B)
of Annex A2 to EN 1990. The y factors used for defining the combination value of a variable action
have been taken from Table A.2.1 of Annex A2 to EN 1990.

2.3.4.4 SLS combinations
According to A2.4.1 of Annex A2 to EN 1990, the following combinations should be considered:
e Characteristic SLS combination:
Gisup (OF Gijng) + (1.0 0r 0.0) S + UDLy + TS
e Frequent SLS combination:
Gisup (o Giing) + (1.0 0r 0.0) S+ 0.4. UDLy + 0.75. TSk
e Quasi-permanent SLS combination:

Gk,sup (Or Gk,inf) + (10 or OO) S
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EN 1994-2, 5.4.2.3(2), Effects of cracking of concrete

(2) The following method may be used for the determination of the effects of cracking in
composite beams with concrete flanges. First the envelope of the internal forces and moments for
the characteristic combinations, see EN 1990, 6.5.3, including long-term effects should be
calculated using the flexural stiffness Fa /1 of the un-cracked sections. This is defined as “un-
cracked analysis”.

In regions where the extreme fibre tensile stress in the concrete due to the envelope of global
effectsexceeds twice the strength fctm or flctm , see EN 1992-1-1, Table 3.1 or Table 11.3.1, the
stiffnessshould be reduced to Fa 12, see 1.5.2.12. This distribution of stiffness may be used for
ultimate limit states and for serviceability limit states. A new distribution of internal forces and
moments, and deformation if appropriate, is then determined by re-analysis. This is defined as
“cracked analysis”.
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2.4 Global analysis

2.4.1 General

The global analysis is the calculation of the whole bridge to determine the internal forces and moments
and the corresponding stresses in all its cross-sections. This is calculated by respecting the defined
construction phases and by considering two particular dates in the bridge life — at traffic opening (short
term situation) and at infinite time (long-term situation).

According to Eurocode 4, the global analysis of a two-girder bridge is a first order linear elastic
analysis, taking into account the construction phases and the cracking of concrete around intermediate
supports.

2.41.1 Concrete cracking

For the example, it has been chosen to calculate the cracked lengths around internal supports instead of
using the simplified “15%-method”. This is achieved by two successive global analysis (EN 1994-2,
5.4.2.3(2)):

e In a first global analysis - called ,,uncracked analysis* - the concrete is considered as uncracked
for calculating the cross-sectional properties of all the cross-sections in the modelled main
girder;

e In a given cross-section if the longitudinal upper fibre tensile stress o, in the concrete slab is
higher than -2-f., (= -6.4 MPa in the example) under characteristic SLS combination of actions,
then the concrete of this cross-section should be considered as cracked in the second global
analysis. This criterion thus defines cracked zones on both sides of the intermediate supports;

e In a second global analysis - called ,,cracked analysis“ - the concrete slab stiffness in the
cracked zones is reduced to the stiffness of its reinforcing steel. The internal forces and
moments - as well as the corresponding stress distributions - of this cracked analysis should be
used to verify all the transverse cross-sections of the deck.

See also the chart in Figure 2-28.

2.41.2 Shear lag in the concrete slab

The shear lag in the concrete slab is taken into account by reducing the actual slab width to an
“effective” width. It thus influences the cross sectional properties of the cross-sections which are used
in the global analysis (EN 1994-2, 5.4.1.2).

See also Paragraph 2.4.2.2 for the calculation of effective widths in this project.
2.4.2 Internal forces and moments — Stresses

2.4.2.1 Numerical model

24.21.1 Twin-girder bridge

To analyse the global longitudinal bending, the deck is modelled as a continuous line of bar elements
which corresponds to the neutral fiber of the modelled main girder and which is simply supported on
piers and abutments. With respect to a fixed reference (which can be attached e.g. to the final
longitudinal profile of the pavement) this neutral fiber changes throughout the calculation according to
the cross sectional properties (areas and second moments of area) allocated to the bar elements in the
model. This is due to the different modular ratios to be considered and to the fact that a given cross-
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EN 1994-2, 5.4.1.2(5), Effective width of flanges for shear lag

At mid-span or an internal support, the total effective width b , see Figure 5.1, may be
determined as:

betr = bo + 2bei (5.3)
where:
by 1s the distance between the centres of the outstand shear connectors;

b is the value of the effective width of the concrete flange on each side of the web and
taken as L ( but not greater than the geometric width b; . The value b; should be taken
as the distance from the outstand shear connector to a point mid-way between adjacent
webs, measured at mid-depth of the concrete flange, except that at a free edge b; is the
distance to the free edge. The length L. should be taken as the approximate distance
between points of zero bending moment. For typical continuous composite beams,
where a moment envelope from various load arrangements governs the design, and for
cantilevers, L. may be assumed to be as shown in Figure 5.1.
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section could be composite or not, with a cracked concrete or not, following the phases of the global
analysis. In addition to the cross-sections on internal and end supports and at mid-spans, some particular
cross-sections are worthy of being at the bar element ends:

e at the quarter and three-quarters of each span (to define the effective widths of the slab to
calculate the stress distribution, see also Paragraph 6.2.2),

e at the ends of every slab concreting segment,
e at the thickness changes in the structural steel distribution.

e in order to have a good precision of the cracked zone length, the bar element length is limited to
1.5 m in the central span and to 1.25 m in the end spans.

Every load case is introduced into the numerical model with the corresponding mechanical properties of
the cross-sections.

2.4.21.2 Box-girder-bridge

Global analysis of the bending moment

The box-girder is modelled as a twin-girder bridge whose bottom flange width is half of the bottom
flange of the box-section. A half box-girder is studied (i.e. the equivalent of one girder for a twin-girder
bridge).

Major differences are the traffic lane positioning and the transverse influence line, already described in
Paragraph 2.3.3.4.

To analyse the global longitudinal bending, the deck is modelled as a continuous line of bar elements
which corresponds to the neutral fiber of the modelled half box-girder and which is simply supported on
piles and abutments. With respect to a fixed reference (which can be attached, for example, to the final
longitudinal profile of the pavement) this neutral fiber changes throughout the calculation according to
the mechanical properties (areas and second moments of area) allocated to the bar elements in the
model. This is due to the different modular ratios to be considered and to the fact that a given cross-
section could be composite or not, with a cracked concrete or not, following the phases of the global
analysis.

In addition to the cross-sections on internal and end supports and at mid-spans, some peculiar cross-
sections are worthy of being at the bar element ends:

e at the quarter and three-quarters of each span (to define the effective widths of the slab to
calculate the stress distribution, see also Paragraph 2.4.2.2),

e at the ends of every slab concreting segment,

e at the thickness changes in the structural steel distribution.
Every load case is introduced into the numerical model with the corresponding mechanical properties of
the cross-sections.
Global analysis of the torque

The first model is a 2D model and only represents a half deck. The torque study requires a 3D model
with the definition of the torsional stiffness all along the bridge and of the whole box cross-section of
the deck.

2.4.2.2 Effective width

2.4.2.21 Twin-girder bridge

In a given cross-section of one of the main girder, the effective width of the concrete slab is the sum of
3 terms (see Figure 2-24):

besr = bo + Biber + B2bex (EN 1994-2,5.4.1.2 (5))
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EN 1994-2, 5.4.1.2(6), Effective width of flanges for shear lag

The effective width at an end support may be determined as:

betr = bo + 23, bei (5.4)
with:
B£i=(0,55+0,025 L. / b)) < 1,0 (5.5)
where:
be; 1s the effective width, see (5), of the end span at mid-span and L. is the equivalent
span of the end span according to Figure 5.1.
? -t
A R
,/:\q | / beff Key: ‘
- —= <_ew b bez 1| 1 L=085L, for b,
TT~—_ T 2 L=025(L; + Ly) for beg»
L Ly |1 3 L= 0,70 Ly for beg,
Lo, Lyl2 | Lyi4 Lol4 i Ly/2 i Lo/4 1 4 L="2L; for busa
J
I/befr.o bett 1 Ibeﬂ.2 ber1 b

Figure 5.1: Equivalent spans for effective width of concrete flange
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with

by (= 650 mm for the example), the center-to-center distance between the outside stud rows;

bei = min {L./8 ; b;} where L. is the equivalent span length in the considered cross-section and
where b; is the actual geometric width of the slab associated to the main girder;

pi=p =1 except for the -cross-sections on end supports CO and C3 where
£ =0.55+0.025.L/b; < 1.0 with b,; taken as equal to the effective width at mid-end span
(EN 1994-2, 5.4.1.2 (6)).
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Figure 2-24: Effective slab width for a main girder in a given cross-sectionof the twin-girder
bridge.

The equivalent spans are:

Le;=0.85-L; =0.85-L; = 0.85-:50 = 42.5 m for the cross-sections located in the end spans C0-P1
and P2-C3 and for the cross-sections located on end supports CO and C3 (EN 1994-2, Figure 5.1);

Ly =0.7-L, =0.7-60 = 42 m for the cross-sections located in the central span P1-P2;

Le;=0.25- (L + Ly) = 0.25- (50+60) = 27.5 m for the cross-sections located on internal supports
P1 and P2.

As L/8 is always greater than b; for the example it is deduced that the effective width is equal to the
actual width except for the cross-sections on end supports CO and C3 where the factor £ has an impact:

S =0.55+0.025L¢1/be; = 0.55 + 0.025-42.5/3.175 = 0.88 < 1.0,

£ =0.55+0.025-L1/be; = 0.55 + 0.025-42.5/2.175 = 1.04 but as 5>1 S =1 is retained

The slab width will therefore vary linearly from 5.634 m on end support CO to 6.0 m for the abscissa
0.25-L; = 12.5 m in the span CO-P1 (EN 1994-2, Figure 5.1). Afterwards it will be constant and equal to
6.0 m up to the abscissa 2-L; + L, —0.25:L; =147.5 m and then it will vary linearly from 6.0 m to
5.634 m on end support C3.
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EN 1994-2, 5.4.1.2(4), Effective width of flanges for shear lag

When elastic global analysis is used, a constant effective width may be assumed over the whole
of each span. This value may be taken as the value b.s; at mid-span for a span supported at both
ends, or the value b, at the support for a cantilever.

EN 1994-2, 5.4.1.2(5), Effective width of flanges for shear lag

At mid-span or an internal support, the total effective width b , see Figure 5.1, may be
determined as:

betr = bo + 2bei (5.3)
where:
by 1s the distance between the centres of the outstand shear connectors;

b.; is the value of the effective width of the concrete flange on each side of the web and
taken as L ( but not greater than the geometric width b; . The value b; should be taken
as the distance from the outstand shear connector to a point mid-way between adjacent
webs, measured at mid-depth of the concrete flange, except that at a free edge b; is the
distance to the free edge. The length L. should be taken as the approximate distance
between points of zero bending moment. For typical continuous composite beams,
where a moment envelope from various load arrangements governs the design, and for
cantilevers, L. may be assumed to be as shown in Figure 5.1.

EN 1994-2, 5.4.1.2(6), Effective width of flanges for shear lag
The effective width at an end support may be determined as:

bere= by + 2.3 bei (5.4)
with:

Li=(0,55+0,025 L./ bej) < 1,0 (5.5)
where:

b is the effective width, see (5), of the end span at mid-span and L. is the equivalent
span of the end span according to Figure 5.1.

2 4
— 3 ‘._l_.

| ‘ \ .
‘ i Key:
//\\l |/ : beff v
: : e1 0 beZ ‘ 1 LE: Oqgs Ll for beff.l
T~~~ 77T 2 Le=025(L; + Ly) for bega
Ly Lo Ly 3 L=0,70 L, for besr,
Ly, Ly2 Ly Lyl i Lp/2 i Ly/4 4 L=2 Ls for bus
P
b,
I/beff,o et Ibeﬁlz = b

Figure 5.1: Equivalent spans for effective width of concrete flange



Description of the deck and global analysis - Global analysis

This variable effective width is always taken into account to calculate the longitudinal stress
distribution.

To calculate the internal forces and moments with a linear elastic global analysis, constant widths have
been used for each span by considering the values at mid-span (EN 1994-2, 5.4.1.2(4)). For the example
this means that the calculation can be performed with the actual slab width over the entire bridge length.

= beff: 6m
2.4.2.2.2 Box-girder bridge

Effective width of the concrete slab

In a given cross-section of one of the main girder, the effective width of the concrete slab is the sum of
3 terms (see Figure 2-25):

best = bo + Prrbe1 + Prbe (EN 1994-2,5.4.1.2 (5))
with:
by (= 1250 mm for the example), the center-to-center distance between the outside stud rows;

bei = min {L./8 ; b;} where L. is the equivalent span length in the considered cross-section and
where b; is the actual geometric width of the slab associated to the main girder;

pPi=p=1 except for the cross-sections on end supports CO and C5 where
£i=0.55+0.025-L/be; < 1.0 with b.; taken as equal to the effective width at mid-end span
(EN 1994-2, 5.4.1.2 (6)).

—

beff
ol |
3 ‘ B1 bet by B2 be2
|
| [TENEET | XYYV
ol
kel
g
£
Gl
§
|
ANNNNN by=125m
b1=53750m b, =4.1250m

Figure 2-25: Effective slab width for a main girder in a given cross-section of the box-girder
bridge.

The equivalent spans are:

Le; =0.85-L; =0.85-L; = 0.85-90 = 76.5 m for the cross-sections located in the end spans C0-P1
and P4-C5 and for the cross-sections located on end supports CO and C5 (EN 1994-2, Figure 5.1);

Ly =0.7-L,=0.7-120 = 84 m for the cross-sections located in the central spans P1-P2, P2-P3 and
P3-P4;

Le;=0.25- (L + Ly) = 0.25- (90+120) = 52.5 m for the cross-sections located on internal supports
P1 and P4.

Les=0.25 (L, + Ly) = 0.25- (120+120) = 60 m for the cross-sections located on internal supports
P2 and P3.
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EN 1993-1-5, 3.3 (1), Shear lag at the ultimate limit states

(1) At the ultimate limit states shear lag effects may be determined as follows:

a) elastic shear lag effects as determined for serviceability and fatigue limit states,

b) combined effects of shear lag and of plate buckling,

c) elastic-plastic shear lag effects allowing for limited plastic strains.

NOTE]I: The National Annex may choose the method to be applied. Unless specified otherwise in
EN 1993-2 to EN 1993-6, the method in NOTE: 3 is recommended.

NOTE2: The combined effects of plate buckling and shear lag may be taken into account by
using Aoy as given by:

Aeﬂ = Ac,efﬁﬂult (33)
where A,y is the effective’ area of the compression flange due to plate buckling (see 4.4 and
4.5);

Pur is the effectives width factor for the effect of shear lag at the ultimate limit state,
which may be taken as f determined from Table 3.1 with a, replaced by:

A4 .
* c.eff
a, = |—= 3.4
= o (3.4)
tris the flange thickness.

NOTES3 Elastic-plastic shear lag effects allowing for limited plastic strains may be taken into
account using A as follows:

Actr = Acetr-B* > Acer B (3.5)
where f and k are taken from Table 3.1.

The expressions in NOTE: 2 and NOTE: 3 may also be applied for flanges in tension in which
case A e should be replaced by the gross area of the tension flange.

Table 3.1: Effective” width factor 8

K verification B — value
k <0,02 B=1.0
1
sagging bending B=P=——"—%
== = 'l+64%°
0,02 <x<0.70 1
] ) p= Bz = -
hogging bending 1+6,0| k- +1,6 %7
2500 x
. . 1
sagging bending B=PB, =
59«
> 0,70 1
hogging bending B = Bz =—
wE " 8,6 ¥
all k end support Bo= (0,55 + 0,025/ x) B;, but Bo < 4
all © cantilever B = B, at support and at the end
| A
K=dobo/Le with o, = / 1+ —=
\ b,t
in which Ay 1s the area of all longitudinal stiffeners within the width b, and other
symbols are as defined in Figure 3.1 and Figure 3.2.




Description of the deck and global analysis - Global analysis

As L/8 is always greater than b; for the example it is deduced that the effective width is equal to the
actual width except for the cross-sections at end supports CO and C5 where the factor £ has an impact:

L1 =0.55+0.025-L¢1/be; = 0.55 + 0.025-76.5/5.375 = 0.906 < 1.0,
P =0.55+0.025Lei/be; = 0.55 + 0.025-76.5/4.125 = 1.01 > 1.0 then 5 =1

The slab width will therefore vary linearly from 10.24 m at end support CO to 10.75 m for the abscissa
0.25-L; =22.5 m in the span C0-P1 (EN 1994-2, Figure 5.1). Afterwards it will be constant and equal to
10.75 m up to the abscissa 2-L; + 3-L, — 0.25:L; = 517.5 m and then it will vary linearly from 10.75 m
to 10.24 m at end support C5.

This variable effective width is always taken into account to calculate the longitudinal stress
distribution.

To calculate the internal forces and moments with a linear elastic global analysis, constant widths have
been used for each span by considering the values at mid-span (EN 1994-2, 5.4.1.2(4)). For the example
this means that the calculation can be performed with the actual slab width over the entire bridge length.

= beff: 10.75 m

Effective width of the box-girder bottom flange
Global analysis

For the box-girder bridge global analysis, shear lag is taken into account by an effective width of the
steel bottom flange each side of the web which is equal to the smallest of the values between the actual
total half width of the steel bottom flange and L/8 (on each side of the web), where L is the span length.

In this design example, given the fairly large span lengths, the shear lag effect does not reduce the width
at all for the bottom plate.

A bottom flange with a half-width b, = 3250 mm gives:

e for the end spans, b = min (by ; L1/8) = by with L; = 90 m,
e for the central spans, begr = min (b ; L,/8) = by with L, = 120 m.

Section analysis
Distinction is made between the shear lag effects for calculating stresses at SLS and at fatigue ULS on
one hand, and the shear lag effects for calculating stresses at ULS on the other hand.

ULS stresses are calculated with gross mechanical characteristics (without considering shear lag in the
bottom flange and reductions for buckling). Shear lag in the bottom flange is nevertheless described
below.

ULS stresses:

At ULS three methods of calculating the effective width for shear lag are proposed in EN 1993-1-5, 3.3,
to be chosen by the National Annex. The method recommended in NOTE: 3 of EN 1993-1-5, 3.3(1), is
adopted here. The shear lag is then taken into account at ULS via the reduction factor #* . Factors j3
and k are given in EN 1993-1-5 Table 3.1.

This method gives values of " nearly equal to 1 (higher than 0.97 in every section).
SLS stresses:

Shear lag is taken into account at SLS via the reduction factor £, which values are around 0.7 for cross-

sections located near the intermediate supports. The corresponding SLS stresses have not been
systematically calculated as they do not govern the design of the cross-sections and they are not the
objective of this Design Manual.
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Description of the deck and global analysis - Global analysis

2.4.2.3 Determination of the cracked zones around internal supports

Firstly, a global uncracked analysis is performed for the example. The internal forces and moments as
well as the longitudinal stresses o in the concrete slab are calculated by considering the concrete
participation in the bending stiffness of all the cross-sections. Figure 2-26 and Figure 2-27 show the
stresses thus obtained under SLS characteristic combination of actions as well as the zones where this
stress exceeds 2:f.m in the upper fibre of the concrete slab.

/ N

20 40 6 0 100 120 1 0

YAIRSN

-6 -

Stresses in the upper fiber of the concrete
slab (MPa)
o

-8
—concrete slab upper fiber

-10 I I I
section x (m)

Figure 2-26: Cracked zonesof the twin-girder bridge used in the global analysis.
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Figure 2-27: Cracked zones of the box-girder bridge used in the global analysis.
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EN 1994-2, 5.4.2.2(8)

(8) In regions where the concrete slab is assumed to be cracked, the primary effects due to
shrinkage may be neglected in the calculation of secondary effects.
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Description of the deck and global analysis - Global analysis

The observed discontinuities in these envelope curves correspond to the end cross-sections of the
concreting slab segments and to the cross-sections in which the thicknesses of the structural steel
change. Although the bending moment is equal to zero in the cross-sections at the deck ends, the
corresponding tensile stresses are not because their values include the self-balancing stresses due to the
shrinkage (called “primary effects” or “isostatic effects” in EN 1994-2).

In practical terms, this gives:

Twin-girder bridge

e a cracked zone around P1 which starts at the abscissa x = 47.5 m (i.e. 5.0% for the cracked
length in the left end span) and which ends at the abscissa x = 53.0 m (i.e. 5.0% for the cracked
length in the central span);

e a cracked zone around P2 which starts at the abscissa x =109.1 m (i.e. 1.5% for the cracked
length in the central span) and which ends at the abscissa x =112 m (i.e. 4.0% for the cracked
length in the right end span).

Box-girder bridge

e a cracked zone around P1 which starts at the abscissa x = 83.1 m (i.e. 7.7 % for the cracked
length in the left end span) and which ends at the abscissa x = 98.1 m (i.e 6.7 % for the cracked
length in the central span);

e a cracked zone around P2 which starts at the abscissa x = 183.5 m (i.e. 22.1 % for the cracked
length in the central span) and which ends at the abscissa x =217.8 m (i.e. 6.5 % for the
cracked length in the central span).

e a cracked zone around P3 which starts at the abscissa x =304.1 m (i.e. 21.6 % for the cracked
length in the central span) and which ends at the abscissa x =338.8 m (i.e. 7.3 % for the
cracked length in the central span).

e a cracked zone around P3 which starts at the abscissa x =444.4 m (i.e. 4.7 % for the cracked
length in the central span) and which ends at the abscissa x =457.8 m (i.e. 8.7 % for the
cracked length in the right end span).

Most of these cracked zones are smaller than 15% of the span lengths, as it would have been directly
considered by using the alternative simplified method of EN 1994-2.

They are assymmetric due to the choice made for the order for concreting the slab segments (see Figure
2-5 and Figure 2-11).

2.4.2.4 Shrinkage and cracked zones

During the second step of the global analysis, the cracked zones modify the introduction of the concrete
shrinkage in the numerical model.

In fact the isostatic (or “primary”) effect of shrinkage (N, = E.n. &5.4» Which is applied to the center of
gravity of the concrete slab) is no longer applied in the cross-sections located in the cracked zones
around internal supports (EN 1994-2, 5.4.2.2 (8)).

The « hyperstatic » or « secondary » effect of shrinkage is finally considered as the difference between
the internal forces and moments calculated in the continuous girder by the elastic linear analysis under
the action of the isostatic effects of shrinkage, and the isostatic effects themselves (see Figure 2-29).

2.4.2.5 Organisation of the global analysis calculations

Figure 2-28 shows the sequence considered for the longitudinal bending calculations in the example.
This especially includes the changes of cross sectional properties of the cross-sections following the
successive introduction of the load cases into the model with respect to the adopted construction phases.
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Description of the deck and global analysis - Global analysis

2.4.2.6 Results

2.4.2.6.1 Twin-girder bridge

Figure 2-29 to Figure 2-32 present a few results of internal forces and moments coming from the global
analysis of the twin-girder bridge.
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N
=
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-6 -« LT hyper shrinkage
—=LT iso+hyper shrinkage
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\
-8

Section x (m)

Figure 2-29: Isostatic and hyperstatic bending moments due to the long-term concrete
shrinkage for the twin-girder bridge.
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Figure 2-30: Bending moments under the uniformly distributed load and tandem traffic load
(frequent and characteristic LM1) for the twin-girder bridge.
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Description of the deck and global analysis - Global analysis
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Figure 2-31: Bending moments under the fundamental ULS and characteristic SLS
combinations of actions for the twin-girder bridge.
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Figure 2-32: Shear forces under the fundamental ULS and characteristic SLS combinations of
actions for the twin-girder bridge.
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Description of the deck and global analysis - Global analysis

2.4.2.6.2 Box-girder bridge

Figure 2-33 to Figure 2-37 present a few results of internal forces and moments coming from the global
analysis of the box-girder bridge.
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Figure 2-33: Isostatic and hyperstatic bending moments due to the long-term concrete
shrinkage for the box-girder bridge.
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Figure 2-34: Bending moments under the uniformly distributed load and tandem traffic load
(frequent and characteristic LM1) for the box-girder bridge
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Description of the deck and global analysis - Global analysis
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Figure 2-35: Torque under characteristic LM1 for the box-girder bridge.
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Figure 2-36: Bending moments under the fundamental ULS and characteristic SLS
combinations of actions for the box-girder bridge.
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Description of the deck and global analysis - Global analysis
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Figure 2-37: Shear forces under the fundamental ULS and characteristic SLS combinations of
actions for the box-girder bridge.
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Cross-section verifications - Twin-girder bridge

3 Cross-section verifications

3.1 Twin-girder bridge

3.1.1 General

According to the location of the vertical stiffeners of the twin-girder bridge (see Figure 3-1) and the
shape of the bending moment and shear diagrams at ULS (see Figure 2-31 and Figure 2-32), the

different critical sections to check are displayed in Figure 3-2:

e At the end support CO, see Section 3.1.2

e At mid-span CO-P1, see Section 3.1.3

e At mid-span P1-P2, see Section 3.1.4

e At the internal support P2, see Section 3.1.5

50.00 m 60.00 m 50.00 m
8.333m 1.5/m 75m 1.5m
o HH -+

Figure 3-1: Position of vertical stiffeners of the twin-girder bridge.

For each critical section, the verification is done on a panel which is located between two vertical
stiffeners. For the internal support P2, the three subpanels shown in Figure 3-3 must be checked.

i T 7
50.00 m 60.00 m 50.00 m
co CO-P1q P1-P2T F27
N N yll N
| | 1 | ] | I | [ | 1 | I | | I | 1 1 | | =
\_/ \_

Figure 3-2: Checked sections of the twin-girder bridge.
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Cross-section verifications - Twin-girder bridge at the end support CO

P 7.5m i 8.333 m -
- P 4m 4P 4m o "
1.5m ([ _1.5m
Sub-
panel | Sub-panel 2 Sub-panel 3
1

Figure 3-3: Different subpanels on the internal support P2.

3.1.2 Check of cross-section at the end support C0

3.1.21 Geometry

At end support CO at ULS the concrete slab is in compression over its whole height. Its contribution is
therefore taken into account in the cross-section resistance.

btr = 800 mm
e =325 mm m ¢ur =16 mm sur = 130 mm ‘
¢ - '
...... T N AN
cir = 60 mm tr = 40 mm W st =130 mm
tw =19 mm
h =2400 mm hw=2320 mm
tt =40 mm
bos = 1000 mm
b1 = 2500 mm b2=3500 mm
ber = 6000 mm

Figure 3-4: Cross-section at the end support CO.
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Cross-section verifications - Twin-girder bridge at the end support CO

General properties of the twin-girder bridge
in cross-section C0

Main areas of the different parts of the
composite section

L;=50m
a=28333m

h =2400 mm
ty = 19 mm
b= 800 mm
byr= 1000 mm
tr= 40 mm
hy=h—-2t:=232m
e=32.5cm
Oy = 16 mm

¢ = 16 mm

Sur = 130 mm
sy = 130 mm

Cur = 60 mm

¢ = 60 mm

ber= 6 m
b,y

n, =——=46.154
K

ur

b
n, =—L =46.154
Sy

V

A, =t,b, =0.032
A, =t,h, =0.044 m*
Ay =t,b,, =0.04 m°

A=A, + A, + A, =0.107

2
A, =" 5011 cnp
' 4
A, =n,A4, =92.816 cm?
2
A, =T 5011 e
A, =n,A4, =92.816 cm?
Acur = Curbeﬂ' = 036 m2
A, = (e—cw —c,r)beﬁ. =123 m?
A, =c¢,b,; =036 m?
A =eby =4, +4,, +4,=195m’

(see notation and Figure 3-4)

3.1.2.2 Material properties

Structural steel

Jfow= 345 N/mm? because 16 mm < t;= 19 mm < 40 mm (see Table 2-4)

2
£ = /—235];/’"’" —0.825

S = 345 N/mm? because 16 mm < ty =40 mm < 40 mm (see Table 2-4)

2
g = /M ~0.825
f}ff'

S = & =345 N/mm?
MO

Soar = ﬁ =345 N/mm?
. MO

E,=210000 N/mm?
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EN 1994-2, 5.5.2(1), Classification of composite sections without concrete encasement

A steel compression flange that is restrained from buckling by effective attachment to a concrete
flange by shear connectors may be assumed to be in Class 1 if the spacing of connectors is in
accordance with 6.6.5.5.

EN 19%4-2, 6.6
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Cross-section verifications - Twin-girder bridge at the end support CO

Concrete

fer =35 N/mm?

/.

£, =29 =23.333 N/mmp?
2

E., = 34077 N/mm?

Reinforcement

fae =500 N/mm?

£, =d% — 434734 Nimm2
Vs

E,=E,=210000 N/mm?

3.1.2.3 Internal forces and moments

The internal forces and moments in this cross-section are (see Figure 2-31 and Figure 2-32):
Mg, = 26.156 MNm (at the end of the panel a = 8.333 m: x = 8.333 m)
Vea= 3.977 MN (at the support CO: x =0 m)

3.1.2.4 Determination of the cross-section class
e Bottom flange is in tension: no buckling problem

e Top flange is composite and connected to the slab following the recommendations of
EN 1994-2, 6.6: Class 1

e To classify the steel web, the position of the Plastic Neutral Axis (PNA) is determined as:
o Design plastic resistance of the concrete in compression:
N,=0.85.4, Ju =38.675 MN
Ve
o Design plastic resistance of the structural steel top flange:

Ty
Ymo

N,

atf:A

L —L-=11.04 MN

o Design plastic resistance of the structural steel web:

N, = Aawh =15.208 MN
Ymo

o Design plastic resistance of the structural steel bottom flange:

=4y s

Yuo

N =13.8 MN

abf

o Design plastic resistance of the structural steel:

N,=N, +N,, +N,, =40.048 MN
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Relations to find the location of the Plastic Neutral Axis (PNA) under
positive moment Mp rq

RELATIONS

PNA LOCATION

Nabf 2> Naw + Natf + Nc

PNA in the bottom flange

Nabs T Naw = Nag + Ne and Nape < Naw + Nae + Ne | PNA in the web

Na 2 NC and Nabf + Naw < Natf + NC

PNA in the top flange

Na > Ncur + Nclur and Na < Nc

PNA in the slab under lower reinforcements

Na + Nsl > Ncur and Na+ Nsl < Ncur + Nclur

PNA in the slab between reinforcements

Na+ Nsl + Nsu < Ncur

PNA in the slab above upper reinforcements
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EN 1994-2, 6.2.1.2(1), Plastic resistance moment MpLRd of a composite cross-section

(1) The following assumptions should be made in the calculation of Mj gy :

a) there is full interaction between structural steel, reinforcement, and concrete;

b) the effective area of the structural steel member is stressed to its design yield strength fi4 in
tension or compression;

c) the effective areas of longitudinal reinforcement in tension and in compression are stressed to
their design yield strength f,y in tension or compression. Alternatively, reinforcement in

compression in a concrete slab may be neglected;

d) the effective area of concrete in compression resists a stress of 0.85 fi4, constant over the
whole depth between the plastic neutral axis and the most compressed fibre of the concrete,

where .4 is the design cylinder compressive strength of concrete.

Typical plastic stress distributions are shown in Figure 6.2.

Nt
Nol.a ) My
—>

| Dett |
' ' 0,85 fea
fya
| Pet I
| |
* o LR ) Ly T . T
1

Figure 6.2: Examples of plastic stress distributions for a composite beam with a solid slab

R

fyd

and full shear connection in sagging and hogging bending




Cross-section verifications - Twin-girder bridge at the end support CO

Design plastic resistance of the concrete in compression located above upper
reinforcements:

N, =085.4, L% —714MN
Y.

Design plastic resistance of the concrete in compression located between
reinforcements:

o

c

N,

clur

=0.85.4,, 2% =24.395 MN

Design plastic resistance of the concrete in compression located under lower
reinforcements:

N, =085.4, 1% =714 MN
Y.

Design plastic resistance of the lower steel reinforcements:

tslr

N,=4 Ju =4.035 MN
4

s

Design plastic resistance of the upper steel reinforcements:

NS

u — “sur

A S =4.035 MN
e

s

Location of the Plastic Neutral Axis (PNA):
N, =40.048 MN > N.=38.675 MN
and Ny + N,y = 29.008 MN< N,y + N, = 49.715 MN.

Thus, the PNA is deduced to be located in the top flange at a distance z, from the
extreme lower fibre of the bottom flange. Writing the force equilibrium around the
PNA:

z,=h—e L=2.398m

; _
, 0.85b,, 1.,

As the PNA is located in the top flange, the whole web is in tension and therefore in
Class 1.

Conclusion: the cross-section at the external support C0 and C3 is in class 1 and is checked by a
plastic section analysis.

3.1.2.5 Plastic section analysis

3.1.2.5.1 Bending resistance check

The design plastic resistance moment is calculated from the position of the PNA:
My ra=57.597 MNm
Reinforcement in compression in the concrete slab is neglected according EN 1994-2, 6.2.1.2(1).

Mpgq=26.156 MNm < M, g, = 57.597 MNm

Bending resistance is verified!
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EN 1993-1-5, 5.1(2)

Plates with hy/t greater than %5 for an unstiffened web, or 2;;"\/E for a stiffened web, should
n

be checked for resistance to shear buckling and should be provided with transverse stiffeners at
235

the supports, where ¢ = |——.
= fy[N/mmz]

EN 1994-2-5, 6.2.2, Resistance to vertical shear

EN 1993-1-5, 6.2.6, Shear

(2) In the absence of torsion the design plastic shear resistance is given by:

AJ,
Vo =~
B

where A is the shear area.

(3) The shear area 4 may be taken as follows:
d) for welded I, H and box sections, load parallel to web : 4, = nZ(hth)

where £ is the depth of the web; #, is the web thickness.

EN 1993-1-5, 5.2(1), Design Resistance

For unstiffened or stiffened webs the design resistance for shear should be taken as:

o 5.1

V3

in which the contribution from the web is given by:

V;;,Rd = wa,Rd + be',Rd <

v _ wa:vwhwtw
bw,Rd \/5 }/M 1

and the contribution from the flanges Vg, is according to 5.4.

(5.2)

Comments on the assessment of k.- k. is the critical coefficient giving the critical shear stress of
the plate through the relation:

o E t

7. =k, O with: Op= —————
¢ A=)

k. an be assessed by several ways, assuming the plate supported and free to rotate at its four
edges:

o using Kloppel und Sheer charts
o using EBPlate software
o using the Annex A of EN 1993-1-5 as follows



Cross-section verifications - Twin-girder bridge at the end support CO

2.50 3.50 N
+0.85 f
Yo
PNA [~ e £ . B
£ . i
E oo Mo
o
D
o~
_ fyw -
Ymo
fr
o

Figure 3-5: Design Plastic resistance moment at external support C0.

3.1.2.5.2 Shear resistance check
The web should be checked in terms of shear buckling if:

° h—” > ng for an unstiffened web

ZW' 77

° h—W > —g \/7 for a stiffened web
n

t,

In this example, the web is stiffened by intermediate vertical stiffeners.

The stiffening considered here above is provided by intermediate stiffeners.

Comments:
Longitudinal stiffeners are not considered. The web is stiffened at supports.

A beam stiffened by vertical stiffeners only at its supports should be considered as
having an unstiffened web to apply this previous criterion.

The vertical stiffeners at the bracing transverse frames which border the webpanel adjacent to the
support CO and located in span CO-P1, are assumed to be rigid (to be checked by using Section 9 of

EN1993-1-5). They are equally spaced by a = 8.333 m.

k., =0 because there is no longitudinal stiffeners

alh, =3.592>1
h 2

k, =534+ 4(ij +k,, =5.65
a

by _ =122.105> —5 \/— 50.679 then the web should be checked in terms of shear buckling.
n

w

The maximum design shear resistance is given by Vig = min (Vi ra' Vyiara)

2

ht, bt it

where ¥, ., =V, o + Vi o = Zuloid | bty 1- (MEd J MM g 578 MN
\/_}/Ml cyMl Mf,Rd \/gyMl

1 o gt 210,536 MN

Vla d —
ret \/7]/M0

where n = 1.2 for steel grades up to and including S460
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EN 1993-1-5, Annex A3, Shear buckling coefficients

(1) For plates with rigid transverse stiffeners and without longitudinal stiffeners or with more
than two longitudinal stiffeners, the shear buckling coefficient £, can be obtained as follows:

2
k, =5.34+4(&j +k,, when a/h, >1

a

2
k, =4+5.34(h—wj +k,, when a/h, <1

a

2
where k., =9 b, 4 3[” 21 3 L
a t°h, t \\ A,

a is the distance between transverse stiffeners (see Figure 5.3);

3
j but not less than k_, =

1 is the second moment of area of the longitudinal stiffener about the z-axis, see
Figure 5.3 (b). For webs with two or more longitudinal stiffeners, not necessarily
equally spaced, /;; is the sum of the stiffness of the individual stiffeners.

e s
LA 1 i

'~ 3\

j=—B
j—B

2

B-B

1
S

d,

11

(b)

Rigid transverse stiffener
Longitudinal stiffener
Non-rigid transverse stiffener

ozt
[
QN
[

G

Figure 5.3: Web with transverse and longitudinal stiffeners

EN 1993-1-5, 5.3(3)

(3) The slenderness parameter 4, may be taken as follows (for transverse stiffeners at supports
and intermediate transverse or longitudinal stiffeners or both):

R —
" 37416 k.

EN 1993-1-5, 5.3(1)

(1) For webs with transverse stiffeners at supports only and for webs with either intermediate
transverse stiffeners or longitudinal stiffeners or both, the factor y,, for the contribution of the
web to the shear buckling resistance should be obtained from Table 5.1.

Table 5.1: Contribution from the web 7, to shear buckling resistance

Rigid end post Non-rigid end post
hw < 0,83/ n n
0,83/ < Aw < 1,08 0.83/ hw 0,83/ hw
how 2 108 137/(0,7 47 0.83/ o
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Cross-section verifications - Twin-girder bridge at the end support CO

Contribution of the web Vbw,Rd

V _ Z wﬁ*whwtw
bw,Rd — [~
\/§7 M1

A h =1.664 >1.08

T 374rc 37416, k.

N 137 o579

A (07+/1 )

w

Z w fyw hw tW

Vg =
bw,Rd \/§7M1

=4.625 MN

Contribution from the flanges Vi r,

) 2
oo bt fy 1| M
bfRd
CVn M, ri

fiR

brand t,are taken for the flange which provides the least axial resistance,
bsbeing taken as not larger than 15-¢-¢-on each side of the web,

The lower flange of the cross-section is a structural steel section whereas its upper flange is a composite
section (structural steel + concrete slab + eventually reinforcing steel bars). The formulae for
calculating Vjzzs should be used with the lower steel flange properties.

EN 1993-1-5, 5.4(1), Contribution from flanges

(1) When the flange resistance is not completely utilized in resisting the bending moment
(Mgq < M;rq), the contribution from the flanges should be obtained as follows:

2 2

v _ bft.f fJff 1— MEd (5.8)

bf.Rd — °
CYm M_/',Rd

brand t; are taken for the flange which provides the least axial resistance,
be being taken as not larger than 15¢tf on each side of the web,

M,
k . . . .o
M, = —L£ = is the moment of resistance of the cross-section consisting of the area
MO

of the effective composite flanges only,

1.6b,t
c=a| 025+ LS
hwjpyw
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EN 1994-2, 6.2.2.5(2)

(2) For the calculation of Mg, in EN 1993-1-5, 7.1(1) the design plastic resistance to bending of
the effective composite section excluding the steel web should be used.

Relations to find the location of the Plastic Neutral Axis (PNA) under
positive moment Mpj rq

RELATIONS PNA LOCATION

Naps = Naw + Nage + Ne PNA in the bottom flange

Nabs T Naw = Nas + N and Nape < Naw + Nae + N | PNA in the web

Na >N, and Ngpr + Naw < Nar + Ne PNA in the top flange

Na > Neur + Newr and N, <N, PNA in the slab under lower reinforcements
N, + Ng = Neor and N+ Ng < Neor + Netur PNA in the slab between reinforcements
Na+ Ng + Ngy < Neur PNA in the slab above upper reinforcements

92

EN 1993-1-5, 7.1(1), Interaction between shear force, bending moment and axial force

(1) Provided that 77, (see below) does not exceed 0,5, the design resistance to bending moment

and axial force need not be reduced to allow for the shear force. If 77, is more than 0,5 the
combined effects of bending and shear in the web of an I or box-girder should satisfy:

M M
7+ 1-—L2 27, —1T <1 for 77, > —L4 (7.1
i 73 Ui

pl,Rd PI,Rd

where Mg, is the design plastic moment of resistance of the section consisting of the effective
area of the flanges;

M, ra 1s the design plastic resistance of the cross-section consisting of the effective area of the
flanges and the fully effective web irrespective of its section class.

—_MEd .77_ VEd

1 > 3
MPI,Rd I/bw,Rd

In addition the requirements in sections 4.6 and 5.5 should be met.

Action effects should include global second order effects of members where relevant.



Cross-section verifications - Twin-girder bridge at the end support CO

The design plastic bending resistance My, of the cross-section consisting of the flanges only (structural
steel flange + concrete slab + eventually reinforcing steel bars) should be first calculated. Mg, is
calculated as M, zs neglecting the web contribution.

To calculate M;r4, the position of the Plastic Neutral Axis (PNA) is determined (by using the same
definition than in Paragraph 3.1.2.4) as:

Nabf+ Na(f+ Ng[ =28.875 MN > Ncur =7.14 MN
and Ny + Nyyp+ Ny = 28.875 MN < Nyt Neyy = 31.535 MN

Thus the PNA is deduced to be located in the concrete slab between reinforcements at a distance z,
from the extreme lower fiber of the bottom flange. Writing the force equilibrium around the PNA:

The design plastic resistance moment of the flanges only is calculated from the position of the PNA:
M;ra=38.704 MNm.

1.6b,47 1.,
— L J=2.25m

wJ yw

c= a[0.25+

bf Rd —

2
bt 1y 1_( M,

2
=0.121 MN
CYun M,

SR

The contribution of the flanges Vyzq is negligible compared to contribution from the web. Then the
contribution of the flanges may be neglected.

77f w hw[w

\/§7Ml

VRd = min (Vb,Rd; Vp[}g)Rd) = m11’l(4746, 10536) =4.746 MN

v, =9.578 MN

b,Rd

=V, ps + Vi rg =4.625+0.121 = 4.746 MN <

Cross section verification
The verification should be performed as follows:
Viea =3.977 MN < Vg, = 4.746 MN
v,
n, =—£=0.838<1

Rd

= Shear resistance is verified!

3.1.2.5.3 M-V-interaction
Via =3.977 MN > 0.5 Vz;=2.373 MN
Therefore the M-V-interaction should be checked.
&z 0.676 <1; Vka

f.Rd bw,Rd

=0.86<1

Mpq < Mggq so that according to EN 1993-1-5, 7.1(1), there is no interaction. It means that the flanges
are enough to resist alone the bending moment so that the entire web can be used for the resistance to
the shear force.

Then flanges of the steel girder take the bending moment and web of the steel beam takes shear force.

= There is no interaction.
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Further explanations on the determination of the cross-section class

See Paragraph 3.1.2.4, page 85f.

Further explanations on the bending resistance check
See Paragraph 3.1.2.5.1, page 87f.

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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Cross-section verifications - Twin-girder bridge at mid-span C0-P1

3.1.3 Check of cross-section at mid-span C0-P1

3.1.3.1 Geometry

The geometry is the same as for the check of cross-section at external support CO (see Paragraph
3.1.2.1)

At mid-span CO-P1 at ULS the concrete slab is in compression over its whole height. Its contribution is
therefore taken into account in the cross-section resistance.

The effective width of the slab is the same as for the check of cross-section at external support CO (see
Paragraph 3.1.2.1).

= beff: 6 m

3.1.3.2 Material properties
See Paragraph 3.1.2.2.

3.1.3.3 Internal forces and moments

The bending moment and shear force in this cross-section are (see Figure 2-31 and Figure 2-32):
Mg,= 39.314 MNm (at a distance of 25 m of the external support CO: x =25 m)
Via= 1.952 MN (at a distance of 20 m of the external support CO: x =20 m)

The check is realised on the third panel located at mid-span CO-P1 (see Figure 3-2). In a safe way,
maximum values of internal forces acting on this panel are used to check it.

3.1.3.4 Determination of the cross-section class

The Class of section is the same as for the check of cross-section at external support CO (see Paragraph
3.1.2.1)

Conclusion: the cross-section at mid-span C0-P1 and P2-C3 is in class 1 and is checked by a
plastic section analysis.

3.1.3.5 Plastic section analysis

3.1.3.5.1 Bending resistance check

As the geometry of the section at mid-span C0-P1 is the same as in CO, M, g, does not change:
My ra=57.597 MNm

Reinforcement in compression in the concrete slab is neglected according to EN 1994-2, 6.2.1.2(1).

Mgy =39.314 MNm < M,;zs = 57.597 MNm

= Bending resistance is verified!

3.1.3.5.2 Shear resistance check
As the geometry of the section at mid-span CO-P1 is the same as in CO, V},, r; does not change:
wa, Rd— 4.625 MN

On the contrary, as Vjy zq is a function of Mg, and because M, changes:
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Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93.
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Cross-section verifications - Twin-girder bridge at mid-span P1-P2

. MEd _ nf:vwhwtw
M; rg=38704 MN = —=-=1.016 > 1= Vj; pg= 0 MN < ——=——=9.578 MN
Mf,Rd \/§7M1

Then:
Vra = Vi, ra = 4.625 MN

Cross-section verification
The verification should be performed as follows:
Viea = 1.952 MN < Vg = min (4.625; 10.536) = 4.625 MN is verified.
vV,
ny = FE=0422<1

Rd

= Shear resistance is verified!

3.1.3.5.3 M-V-interaction
VEd =1.952 MN < O.S'VRd =2.318 MN

= There is no need to check the M-V-interaction.

3.1.4 Check of cross-section at mid-span P1-P2

3.1.4.1 Geometry

At mid-span P1-P2 at ULS the concrete slab is almost in compression over its whole height. Its

contribution is therefore taken into account in the cross-section resistance. The values in bold are the
values which only change compared to the check of the cross-section at external support CO, see

Section 3.1.2.
brr = 800 mm J<
1

el i ur = 16 mm sur = 130 mm |
—e =325 mm | I I
e o o o ode ¢ ¢ o 4 e 4 e ¢ e o e e ¢ ¢ ¢ v e 4 e ¢ e s e + e o D e e v o v ¢ v & o
...... R O R N
cir = 60 mm tr =35 mm ¢ = 16 mm / sir= 130 mm
tw = 19 mm
h =2400 mm hw=2330 mm
tt =35 mm
bor = 1000 mm
b1 =2500 mm bz =3500 mm
beft = 6000 mm

Figure 3-6: Cross-section at mid-span P1-P2.
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Cross-section verifications - Twin-girder bridge at mid-span P1-P2

General properties of the twin-girder bridge Principle areas of the different part of the
in cross-section P1-P2 composite section
L,=60m Amf = ttszf =0.028 m?
a=75m
A, =t h, =0.044 m?
h =2400 mm
t, =19 mm Auy = tyby =0.035 m*
b= 800 mm A, = Amf +A4, + Aabf =0.107 m?
bpr= 1000 mm
o nd?.
tr=35 mm A, = YR 2.011 cm?
hw=h_2tf=2.33 m
A, =n,A, =92.816 cm?
e=32.5cm
_ d?
¢ur =16 mm Aslr = 72-41!‘ =2.011 cm?
o = 16 mm
Sur = 130 mm Atslr = nerslr =92.816 cm?
s = 130 mm A4, = cwbeff =0.36 m?
Cur = 60 mm
A, = (e -c, —C, )beff =123 m?
¢ = 60 mm
b= 6 m A, =¢,by =036 m?

A =eby=A,+4

clur

+A4, =195 cm?

ur (see notation and Figure 3-6)

3.1.4.2 Material properties

Structural steel

Jfow= 345 N/mm? because 16 mm < t;= 19 mm < 40 mm (see Table 2-4)

2
- 235N/ mm 0825
S

Jfyr = 345 N/mm? because 16 mm < t;= 35 mm < 40 mm (see Table 2-4)

2
g = 235N/ mm 0825
-

Sraw = Sow =345 N/mm?
MO

Srar :Q:345 N/mm?
Vmo

E,=210000 N/mm?
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Further explanations on the determination of the cross-section class

See Paragraph 3.1.2.4, page 91f.

100



Cross-section verifications - Twin-girder bridge at mid-span P1-P2

Concrete

See Paragraph 3.1.2.2.

Reinforcement

See Paragraph 3.1.2.2.

3.1.4.3 Internal forces and moments
The internal forces and moments in this cross-section are (see Figure 2-31 and Figure 2-32):

Mg, = 30.17 MNm (at mid-span of the second span L, panel: x = 80 m)
Vea= 2.152 MN (at a distance a = 7.5 m of the mid-span of the second span L,: x = 87.5 m)

3.1.4.4 Determination of the cross-section class
e Bottom flange is in tension: Class 1

e Top flange is composite and connected to the slab following the recommendations of EN 1994-
2, 6.6: Class 1

e To classify the steel web, the position of the Plastic Neutral Axis (PNA) is determined as:

o Design plastic resistance of the concrete in compression located above upper
reinforcements of the slab:

cur

N, =085.4, 7% 714 MN
7

c

o Design plastic resistance of the concrete in compression located between upper and
lower reinforcements of the slab:

clur clur

N, =0.854 Ju =24.395 MN
e

c

o Design plastic resistance of the concrete in compression located under lower
reinforcements of the slab:

N, =0854, Ju =7.4 MN
Ve
o Design plastic resistance of the concrete in compression:
N, =N, +N,, +N, =38.675 MN

o Design plastic resistance of the total upper reinforcements:

N ur Atsurf;d :4035 MN

o Design plastic resistance of the total lower reinforcements:

N, =4,f,=4035MN

o Design plastic resistance of the structural steel top flange:

N, = Aatf & =9.66 MN
Vmo

o Design plastic resistance of the structural steel web:

N, =4, & =15.273 MN
Ymo
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Relations to find the location of the Plastic Neutral Axis (PNA) under

positive moment Mpj rq

RELATIONS PNA LOCATION

Nabf = Naw + Nar + Ne PNA in the bottom flange
Nabs + Naw > Nag + N, and Nypr < Ny, + Nye + Ne | PNA in the web

N, >N, and Nypr + Naw < Nae + Ne PNA in the top flange

Na > Ncur + Nclur and Na < Nc

PNA in the slab under lower reinforcements

Na + Nsl > Ncur and Na+ Nsl < Ncur + Nclur

PNA in the slab between reinforcements

Na+ Nsl + Nsu < Ncur

PNA in the slab above upper reinforcements

Further explanations on the bending resistance check

See Paragraph 3.1.2.5.1, page 87f.

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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Cross-section verifications - Twin-girder bridge at mid-span P1-P2

o Design plastic resistance of the structural steel bottom flange:

Ny = Ay & =12.075 MN
~ Ymo
o Design plastic resistance of the structural steel :

N,=N, +N,, +N,, =37.008 MN

o Location of the Plastic Neutral Axis (PNA):
N,=37.008 MN > N, + Ny = 31.535 MN
and N, =37.008 MN < N. = 38.675 MN

Thus, the PNA is deduced to be located in the slab in the lower reinforcements at a
distance z, from the extreme lower fiber of the bottom flange. Writing the force
equilibrium around the PNA:

Z, :h+e—L:2.414 m
0.85b,; /.4

As the PNA is located in the slab below lower reinforcement, the whole web is in
tension and therefore in Class 1.

Conclusion: the cross-section at the mid-span P-P, is in class 1 and is checked by a plastic section
analysis.

3.1.4.5 Plastic section analysis

3.1.4.5.1 Bending resistance check
The design plastic resistance moment is calculated from the position of the PNA:
M,y ra=53.532 MNm
Reinforcement in compression in the concrete slab is neglected according EN 1994-2, 6.2.1.2(1).

MEd =30.17 MNm < Mpl,Rd =53.532 MNm

= Bending resistance is verified!

3.1.4.5.2 Shear resistance check

The web should be checked in terms of shear buckling if:

. };—W > ng for unstiffened web
w7

. il—” > 2gw\/z for stiffened web
w 77

In this case, the web is stiffened by vertical stiffeners.

% =122.632> ﬂaw\/kj =51.019 then the web should be checked in terms of shear buckling.
w n

The maximum design shear resistance is given by:

Via = min (Vi ray Vpiara)
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Cross-section verifications - Twin-girder bridge at mid-span P1-P2

=V, =9.62 MN

bw,Rd

+V,

where V. o Rd = \/57/ o
M1 M1

b,Rd —

2
wa;zwhwtw bftf yf 1— MEd < Uf‘ywhwtw
M \/57 M1

SRd

Vot ara M ht =10.582 MN
\/_7 MO

where 1 = 1.2 for steel grades up to and including S460

Contribution of the web V), ry

v _ wa:vwhwtw
bw,Rd \/§7M1

The vertical stiffeners at the bracing transverse frames which border the webpanel located in span P1—
P2, are assumed to be rigid (to be checked by using Section 9 of EN 1993-1-5). They are equally spaced
by a =8.333 m.

k., =0 because there is no longitudinal stiffeners

alh,=3219>1

h 2
k, =534+ 4(ij +k_, =5726
a

— h,

7 = 1.66>1.08

" 374%5”\/’

N Py __ 137 s

N (07+/1)
ht

Vyons = Zji o — 4653 MN
7/M1

Contribution from the flanges V4

) 2
v bty fy 1| M
bf Rd — IY;
CYun f.Rd

brand trare taken for the flange which provides the least axial resistance,
bybeing taken as not larger than 15¢#, on each side of the web,

The lower flange of the cross-section is a structural steel section whereas its upper flange is a composite
section (structural steel + concrete). The formulae for calculating Vjzs should be used with the lower
steel flange properties.

The design plastic bending resistance M;g, of the cross-section consisting of the flanges only should be
first calculated. Mg, is calculated as M, z; but neglecting the web contribution.

To calculate Mgy, the position of the Plastic Neutral Axis (PNA) is determined (by using the same
definition than in Paragraph 3.1.2.4) as:

Napy+ Nyg+ Ny = 25.77 MN > N, = 7.14 MN
and Nypr+ Nyg+ Ny = 25.77 MN< N+ Ner = 31.535 MN

Thus, the PNA is deduced to be located in the concrete slab between reinforcements at a distance z,
from the extreme lower fiber of the bottom flange. Writing the force equilibrium around the PNA:
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Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93.
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Cross-section verifications - Twin-girder bridge at the internal support P2

Nabf' +Natf+Nsl
z, =h+e—— —~2.508 m
0.85.b,; 1.4

The design plastic resistance moment of the flanges only is calculated from the position of the PNA:
M;rs=34.281 MNm

2
1.6b,22 f,
2

wJ yw

c=a[0.25+ J= 1.989 m

bf ,Rd

2
bt
=1 ff” 1- My, =0.035MN
CYn Mf,Rd

The contribution Vg, of the flanges is negligible.

Viia =Vowra +Vyna = 4.667 +0.035 = 4.688 MN

VRd = min (Vb,Rd; Vpl,a,Rd) = mzn(4688, 10582) =4.688 MN
Cross-section verification
The verification should be performed as follows:

Viqa=2.152 MN £ Vg, = 4.688 MN

m, :@:O.4S9S1

Rd

= Shear resistance is verified!

3.1.4.5.3 M-V-interaction
Via =2.152 MN £ 0.5 Vs = 2.344 MN

= There is no need to check the M-V-interaction.

3.1.5 Check of cross-section at the internal support P2

Two vertical stiffeners are added to reduce the length a of each webpanel located at each side of the
interal support P2. According to Figure 3-3, at each side of the internal support P2, these two vertical
stiffeners divide the panel in three parts: denoted subpanel 1, 2 and 3.

NOTE: Here a subpanel denotes a longitudinally unstiffened webpanel which is only bordered by
flanges and transverse stiffeners on each side.

3.1.5.1 Subpanel 1 - Geometry

At internal support P2 at ULS the concrete slab is in tension over its whole height. Its contribution is
therefore neglected in the cross-section resistance.
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Cross-section verifications - Twin-girder bridge at the internal support P2

b = 800 mm

¢ur =20 mm

or=16 mm /

tw=19 mm

h =2400 mm hw=2210 mm

tr =95 mm

bue = 1}

00 mm

b1 =2500 mm

b2 =3500 mm

betr = 6000 mm

Figure 3-7: Cross-section at the internal support P2.

General properties of the twin-girder bridge
in cross-section P2

Main areas of the different parts of the
composite section

L,=L;=50m, L, =60m

a=15m

h =2400 mm

ty = 19 mm

b= 800 mm

byr= 1000 mm
tr=95 mm
hy=h—-2t=221m
e=325cm

¢y =20 mm

o = 16 mm

Sur = 130 mm
s = 130 mm
Cyr = 60 mm
¢ = 60 mm
ber=6 m

b ..
n, =—2 =46.154
N

ur

b
n, =—1-=46.154
Si

”

A, =t,b, =0.076 m*

ai

A =t h, =0.042 n?

Ay =t,,b,, =0.095 m®
Aa = Aa(/' + Aaw + Aalz/' = 0213 m2
2
2T 314 e
4
A =n A =144.997 cm®
d2
Aslr = u =2.011 cm?
A, =n A, =92.816 cn’
Acur = curbejf = 036 m2
A, = (e— ¢, —¢C, )beﬂ. =123 m?

A, =c,b,; =036 m?

A =eby=A, +4

clur

+4, =195 cm?

(see notation and Figure 3-7)
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EN 1993-1-1, Table 5.2 (sheet 2 of 3), Maximum width-to-thickness ratios for compression
parts

Outstand flanges
.C, c c |
| [ t T ]
t i T =
| I
Rolled sections Welded sections
Class Pat subject to compression _ Part sublec.r to bending and compression
Tip 11 COMPrassion Tip in fension
Stress oc ot
distribution — +
n parts | S - -
( N | " -
|\cmn%)l1¢5_.s1on I i }-—-‘ i ‘ J ] i i . ,
positive) [—C 4 [  P—E—
. o 9 9
1 c/t< 9 c/t< €/t L e
o o/ e
o 10e . 10e
2 c/t=10s clts— c/t<—=
o o o
Stress
distribution . —_— I -
i parts 2 c i il
- . | 1
(compression i H }_—_{C A I_—_IC
positive) ' ‘ ' I
e/t<2lek_
3 c/t<lde "N Re
For ky see EN 1993-1-5
.= ,"I235- ' £ 235 275 355 4_10 460
v ’ £ 1,00 0,92 081 075 0,71
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Cross-section verifications - Twin-girder bridge at the internal support P2

3.1.5.2 Subpanel 1 - Material properties

Structural steel

Jfow= 345 N/mm? because 16 mm < t;= 19 mm < 40 mm (see Table 2-4)

2
£ = /—235]; fmm? _.825

Sy =315 N/mm? because 80 mm < t= 95 mm < 100 mm (see Table 2-4)

2
g = /M —0.825
f}ff'

S = Sow =345 N/mm?
MO

Srar =Q=315 N/mm?
' MO

E,=210000 N/mm?

Concrete

See Paragraph 3.1.2.2.

Reinforcement

See Paragraph 3.1.2.2.

3.1.5.3 Subpanel 1 - Internal forces and moments

The internal forces and moments in this cross-section are (see Figure 2-31 and Figure 2-32):
MEgs= 65.44 MNm (at the internal support P2: x = 110 m)
VEes= 6.087 MN (at the internal support P2: x =110 m)

The maximum value of bending moment and shear force is in the internal support P, (see Figure 2-31 and
Figure 2-32). Figure 2-31 and Figure 2-32 are not perfectly symmetric.

3.1.5.4 Subpanel 1 - Determination of the cross-section class
e The top flange is in tension: Class 1

e The bottom flange is in compression :

Gy _by—t, _ ,
= =5.163 < 9¢ = 7.774 therefore in Class 1

t, 2tf

e The web is in tension in its upper part and in compression in its lower part. To classify the steel
web, the position of the Plastic Neutral Axis (PNA) is determined as follows:

o Design plastic resistance of total reinforcements of the slab:

Nw+Nsl:(A +A

tsur tslr

)5 210,339 MN
%

s

o Design plastic resistance of the structural steel top flange:
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Relations to find the location of the Plastic Neutral Axis (PNA) under

negative moment Mp; rq

RELATIONS PNA LOCATION

Nabt > Naw + Nagg + Ny + Ny, PNA in the bottom flange
Nabf + Naw = Nae + Ny + Ny PNA in the web

and Nape < Naw + Ny + N + Ny

Na > Ny + Ny and Nypr + Now < Nagr + N+ Ny | PNA in the top flange

Ng + Now > N, PNA in the slab

EN 1993-1-1, Table 5.2 (sheet 1 of 3), Maximum width-to-thickness ratios for compression

parts
Internal compression parts
_‘ TC - - jc - ¢ - - C _ Axis of
bending
t Q t. J fodle t’{t
I$
t
[ L *I *
't [ *t i — Axis of
C C c .
- - 1 - - - — bending
C
L 1 [ ] [ 1 ! u
Class Part sub_}ect t© Part subj setto Part subject to bending and compression
bending COMPIEssion =
f f, f
Stress — — —
dicl,‘[ributiou + + + | |ac
in parts c c c
(compression - .
positive) £ fl?— i
. 396
when o >0.5: ¢/t = e 81
1 c/t=72s c/t=33¢ %Ga B
., _ 36g
when o <0,5: ¢/t=
o
) 456
when o > 0.5: ¢/t =
2 c/t<83 c/t<38e flci_l
., 415e
when o <0,5: ¢/t=
o
f,
Stress — f ’
distribution
in parts + c C
(compression
positive) -
v,
o 42¢
wheny >-1: ¢/t ———m—
3 c/t<124¢ c/t<42e 0.67 +0.33y
when v = -17: c/t= 62e(1 — w4/ (—w)
e— [235/F £ 235 275 355 420 460
VT 5 1.00 0,92 0,81 0,75 0,71
*) y < -1 applies where either the compression stress o < f, or the tensile strain g, > f,/E
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Cross-section verifications - Twin-girder bridge at the internal support P2

fyf

Vmo

N, =23.94 MN

at/:A

atf’

o Design plastic resistance of the structural steel webassumed to be entirely in

compression:
S
N, =4, —=14487 MN
Vumo
o Design plastic resistance of the structural steel bottom flange:
Ly
Ny = Ay =29.925 MN
Vumo

o Design plastic resistance of the structural steel :

N,=N, +N,, +N,, =68.352 MN

o Location of the Plastic Neutral Axis (PNA) :
Nabf + Naw =44.412 MN > Natf + Nsl + Nsu =34.279 MN
and Napr=29.925 MN < N,,, + Ny + Ny + Ny, = 48.766 MN

Thus, the PNA is deduced to be located in the steel web at a distance z, from the
extreme lower fiber of the bottom flange. Writing the force equilibrium around the

PNA:
2hb, f,+N_ +N,-N
z, = ydy * N ¥ Ny Ny 1.532 m
2b Sy
More than half the web height is in compression:
z, —t
a:(”'h—f):o.65 >0.5

Therefore the limiting slenderness between Class 2 and Class 3 is given by:

S 116316 5> 0%

w w

=50.492
3a—1

The steel web is at least in Class 3 and reasoning is now based on the elastic stress distribution at ULS
given by the global analysis which taken into account the history of the construction (erection phasing:
see Paragraph 2.1.4):

o . =-276.93 N/mm?

abfit
O,n =265.58 N/mm?

And the elastic stress disrtibution at ULS:

O —266.71
G 265.58

v, = —-1.043<1

Therefore the limiting slenderness between Class 3 and Class 4 is given by:

Sv = i’— =116.316 > 62¢(1-y, )y/-w, =106.737

It is deduced that the steel web is in Class 4.

Conclusion: the cross-section at the internal support P1 and P2 is in Class 4 and is checked by a
elastic section analysis.
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EN 1993-1-5, 4.6(3)

(3) The plate buckling verification of the panel should be carried out for the stress resultants at a
distance 0.4a or 0.5b, whichever is the smallest, from the panel end where the stresses are the
greater. In this case the gross sectional resistance needs to be checked at the end of the panel.

EN 1993-1-5, 4.4, Plate elements without longitudinal stiffeners

(1) The effective” areas of flat compression elements should be obtained using Table 4.1 for
internal elements and Table 4.2 for outstand elements. The effective’ area of the compression zone
of a plate with the gross cross-sectional area Ac should be obtained from:

Ac,ej]': P Ac (4 1)
where p is the reduction factor for plate buckling.
(2) The reduction factor p may be taken as follows:

e internal compression elements:

=10 for /1p <0,673
A,—0,055(3+y) —
p= E <1 for 4,> 0,673, where (3 +y) 20
P
e outstand compression elements:
=10 for /1p <0,748
A,-0,188 _
p= — <1 for1,> 0,748
/117
where A = Sy bt

" No, 284sk,
v is the stress ratio determined in accordance with 4.4(3) and 4.4(4)

b is the appropriate width to be taken as follows (for definitions, see Table 5.2 of EN
1993-1-1)

b,, for webs;

b for internal flange elements (except RHS);

b - 3 t for flanges of RHS;

¢ for outstand flanges;

h for equal-leg angles;

h for unequal-leg angles;

k, is the buckling factor corresponding to the stress ratio y and boundary conditions. For
long plates k, is given in Table 4.1 or Table 4.2 as appropriate;
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Cross-section verifications - Twin-girder bridge at the internal support P2

3.1.5.5 Subpanel 1 - Elastic section analysis

3.1.5.5.1 Bending resistance check

The section is in Class 4 so that its effective cross-section under bending moment has to be calculated
according to section EN 1993-1-5, 4.4.

Bottom flange in compression

kabf =0.43 (see Table 4.2 of EN 1993-1-5, 4.4: outstand elements)

by —t,
Foo bl 2 o3y<074
"o284e\k,  28,4e, k. '
= Py =1 there is no reduction of the width of the bottom flange. The full bottom flange is
effective.
Web in bending

Stresses at the end of the web are given by global analysis:

G, =-276.93 MPa
O s =265.58 MPa
(o)
w,=—" =.1043<1
O-abfu

k,, = 5.98(1 - 1//)2 =24.953 (see Table 4.1 of EN 1993-1-5, 4.4: internal compression elements)

h,
- b/t t
A= = = =0.993 >0.673
" 284ek,  28,4e, .k,
4, —0.0553+y,) . . .
= p, =—2 = 0.898; there is a reduction of the height of the steel web

72
/IP
Then the effective height of the web in compression can be calculated:

ph,
h , =—22_=0971
vl (l_lr//w) "

And this effective height of the web can be distributed as show in Table 4.1 of EN 1993-1-5:
h,,=0.4h,, =0.388 m

weff

h 0.6h,,, =0.583 m

we2 — I+ weff

Final mechanical properties of the effective structural steel twin-girder section
(only flanges and web)

The effective cross-sectional properties can be calculated:

A

ey = Ay + Ay + By +h,—h 1)1, =021 m?
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EN 1993-1-5, 4.4, Table 4.2, Outstand compression elements

Stress distribution (compression positive)

Effective® width b.g

befr' - 1= W = 0:
_ ‘.
Ty beg=pc
Lt
bt bc w < 0:
Ty
ber=pb.=pec/(l-y)
T2
beff
w:G_—;."IGl -1 1:‘4]7_3
Buckling factor k, 0.43 0,85 0,57 - 021w + 0,07y"
T
ff -~ 0
1>y>0:
G T
| Gz beg=pc
S
beff
v =0:
0
. ber=p be=pc/(1-y)
b, by
¥ = 62/01 1 1>y=>0 0 0=wy>-1 -1
Buckling factor k, 0.43 0,578 / (w + 0,34) 1,70 1.7 -5y + 17.1y° 23,8
EN 1993-1-5, 4.4, Table 4.1, Internal compression elements
Stress distribution (compression positive) Effective’ width b.g
=1:
o [T = =
bei |, |, bez ber=p b
A 5 A
bel =0.,5 beff be] =0.5 beff
l=y=0:
3 I B
” beg=p b
L Det ,‘\’ n|/ De2 | 2
bel = beff be] = beﬁ"' bel
d—y
, be b W< 0:
Ty I —
b b an ber=pb.=p b/ (1-y)
el e2 =
=k
b ber = 0.4 bes ber = 0.6 ber
W = ga/oy 1 l>y=>0 0 0=w=>-1 -1 -l =y =-3
Buckling factork, | 4.0 8.2/(1.05+w) 7.81 7.81 - 6,29y + 9,78y’ 23.9 5,98 (1 - qf)2
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Cross-section verifications - Twin-girder bridge at the internal support P2

The effective elastic neutral axis (ENA) must be determinated from the extreme lower fiber of the

bottom flange:
t t h
f f we
A, S +4,, [h - 2] +h,,t, (tf + % ! j

Moy +h, —h +1,

2

we?2

(B +h, —h 41, )2, [h —t, -
h

aseff = 4
a.eff

J=1.106m

And it can be deduced, the effective second moment of area of the cross-section:

b, £ t,Y bt t ’
_ b f S v f f
Ia.e]f - 12 + Aabf [ha.seﬁ" - ?J + 12 + Aazf (h - ? - ha.seﬂ‘j

2
th h
Wl 2“’61 hweltw (haseﬂ ‘5‘31 Zf i j

—h,+3t,
2

+(h

hwe2 + hw ’ 4
we2 + hw - hs + tf )tw h - - ha.sc{f/‘ =024l m

Final mechanical properties of the effective composite twin-girder section
(structural steel and reinforcements)

The effective cross-sectional properties can be calculated:

Aeﬁ.:A +

tsur slr

+ Ay + Ay (B +h,—h o+t )2, =0233 02

The effective elastic neutral axis (ENA) must be determinated from the extreme lower fiber of the
bottom flange:

Ay % +4, (h —Zj + Ay, (h+c,)+ A4, (h+e—c,)

hwe hweZ + hw B hS + tf
, +hweltw (tf + 21j + (hwe’Z + hw - hs + t/ )ZW [h - tf N 2 .

seffk 4
eff

j: 1.257 m

And it can be deduced, the effective second moment of area of the cross-section:

bt t,Y b1 t ?
_ Dyly s ity s
1, = B +Aabf[hsgff—3j + B +Amf[h—5—hmﬂ.j

2
t h h
wl 2“’6] hwel tw (h%’ff ' erl tf i j

By +h, —h +3t, ’
2 - sefff

+(Byy + b, —h, +tf)tw[h—

wA,, (hve,~hy ) +4,, (h+e—c, —h,) =0.288m*

off
The stress in the upper reinforcement of the concrete slab is given by the global analysis:

o,, =-185.85 MPa

tsur
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EN1993-1-1, 6.2.1(9)

(9) Where all the compression parts of a cross-section are Class 3, its resistance should be based
on an elastic distribution of strains across the cross-section. Compressive stresses should be
limited to the yield strength at the extreme fibres.

NOTE: The extreme fibres may be assumed at the midplane of the flanges for ULS checks. For
fatigue see EN 1993-1-9.
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Cross-section verifications - Twin-girder bridge at the internal support P2

Final mechanical properties of the gross composite twin-girder cross section
(structural steel and reinforcement)

The cross-sectional properties can be calculated:

A=A, + A4y + A4, + Ay +4, =0237Tm?

tsur tslr

The elastic neutral axis (ENA) must be determinated from the extreme lower fiber of the bottom flange:

t t
Ay Ef + 4, (h —é] +4,, (tf + hzw) + A, (h+c,)+ A4, (h+e-c,)
ho=

: =1.247m
A

And it can be deduced, the effective second moment of area of the cross-section:

b _t3 y 2 b t; ‘. 2 3 2
AT A A PR [ LS
2 Tt 2) 2 )12 ‘

2 2

+A4,, (h+c, —hs)2 + A4, (h+e-c, —hs)2 =0.29 m"
The bending moment taken by the composite twin-girder section (structural steel and reinforcements):
1
M, =—Zswl 38224 MNm
’ h+e—c, —h,

The bending moment taken by the structural steel twin-girder section (only flanges and web):

M, =M, — M, ,, =-6544+38224=-27216 MNm

Then, the stress on each level of the cross-section can be easily determinated:

_Ma ha.se f _Mc hse i
oy = I’Ed L B 2291.511 Nmm? < £, =315 N/mm?
a.eff eff’
M . (h . —t,) -M . (h  —t
ey = it Posey 7U) | TMoraCor 1) o6 10 Nmme
e I I,
a.eff eff
< min(fydf;fydw) =315 N/mm?
M . (h—t, —h M . (h—t,—h
Oy = ittty “ o) Mol Zher) 04 465 Ny
o Lo Ly
< min(f,; £, ) = 315 N/mm?
M . (h—h ) M. . (h—h
O i = it (h o) + cesh = hep) -297.788| N/mm? < £, =315 N/mm?
a.eff eff
M. . (h+c —h_
O eyt = et - v her) |-159.674| N/mm? < f., =434.783 N/mm>
eff
M, ., (h+e-c, —hveﬁ.)
O e = — = 1-186.873| N/mm? < £, =434.783 N/mm?
I

eff

The bending moment resistance is governed by the resistance of the top flange:

O . .
n = _0.945< 1

ydf

The cross-section at subpanel 1 on the internal support P2 is therefore checked for bending at ULS.
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Further explanations on the shear resistance check
See Paragraph 3.1.2.5.2, page 89ff.
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Cross-section verifications - Twin-girder bridge at the internal support P2

The verifications are here performed with the stresses in the extreme fibres of the structural steel
flanges. Remember that the use of the stresses in the mid-plan of the flanges is also allowable.

= Bending resistance is verified!

3.1.5.5.2 Shear resistance check

The web should be checked in terms of shear buckling if:

. il—w > ng for unstiffened web
w

° };—W > ﬂgw\/kj for stiffened web
w7

In this case, the web is stiffened by vertical stiffeners.

% =116.316> 2gw\/k_, =84.188 then the web should be checked in terms of shear buckling.
w 77

The maximum design shear resistance is given by Vig = min (Vi ra, Vpiara)

5 2
wa;fwhwtw + bftf yf 1— MEd < Uf‘ywhwtw
CJ/MI M \/§7Ml

where V. =9.124 MN

brd = Vowra T be,Rd = \/*
37/ M1 f.Rd

v _ S
l,a,Rd
! \/57//140

where 1 = 1.2 for steel grades up to and including S460

h,t,=10.037 MN

Contribution of the web V), ry

V — Z‘t’f:vvyvh“/twy
bw,Rd \/g 7/M 1

The vertical stiffeners at the bracing transverse frames which border the webpanel adjacent to the
support P1 and located in span P1-P2, are assumed to be rigid (to be checked by using Section 9 of EN
1993-1-5). They are equally spaced by a = 7.5 m or 8.33 m, depending on the span. Near the support
P2, the first subpanel has a length a = 1.5 m.

beff = bgmss Be
f
R A A
RN NN S t_‘ —
,,,,,,,,,,,,,, :L”WWW - L I
PN A for M;gg ! fyf N fyf
= 0 ; Ty
€ ! Yo Yo
w0 i
A [}
- i
::
[}
[}
[}
i}
[}
:
i
i L fe

MO

Figure 3-8: Design Plastic resistance moment M;4 of the flanges only at internal support
support P2.
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Cross-section verifications - Twin-girder bridge at the internal support P2

k., =0 because there is no longitudinal stiffeners

a/h,=0.679 < 1

2
k, =4+ 5.34(ﬁj +k,, =15.592
a
083 =0.692 < ,Tw = o h 0.954 <1.08
n 37.4t,,\Jk,
0.83
ZW ﬂw
ht,
y L HelwMle 663N

e \/57 M1

Contribution from the flanges V4

) 2
v _ bftff}f 1- M Ed
bf ,Rd M

byand trare taken for the flange which provides the least axial resistance,

bybeing taken as not larger than 15-¢-#, on each side of the web,

The lower flange of the cross-section is a structural steel section whereas its upper flange is a composite
section (structural steel + reinforcing steel). The formulae for calculating Vg, should be used with the
lower steel flange properties.

The design plastic bending resistance M z; of the cross-section consisting of the flanges and the
reinforcing steel should be first calculated. Mg, 1s calculated as M, r; neglecting the web contribution.

To calculate M4, the position of the Plastic Neutral Axis (PNA) is determined as:

o Design plastic resistance of total reinforcements of the slab:

tsur

N, +N, =(A4,, + Am,,,)ﬁz 10.339 MN
v

5

o Design plastic resistance of the structural steel top flange:

.&:23.94 MN

Vmo

N,

atf:A

atf

Design plastic resistance of the structural steel bottom flange:

Ny =4, Q =29.925 MN
Vo
Location of the Plastic Neutral Axis (PNA):
Napr+ Ny = 53.865 MN > N, + Ny, = 10.339 MN
and Ny =29.925 MN < N+ Ny, + Ny, = 34.279 MN

Thus, the PNA is deduced to be located in the top flange at a distance z, from the extreme
lower fiber of the bottom flange. Writing the force equilibrium around the PNA deduced:

2hbf Nsu+Ns _Na _Na
Zpl: i)y 2b]i bf .tf:2.314m
oI
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The design plastic resistance moment of the flanges only is calculated from the position of the PNA:
M;ra=71.569 MNm
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Cross-section verifications - Twin-girder bridge at the internal support P2

EN 1993-1-5, 9.3.5, Welds

(1) The web to flange welds may be designed for the nominal shear flow Vgq / hy, if Vg does not
exceed y, f,.ht / (\/§7M1 ) For larger values Vgq the weld between flanges and webs should be

designed for the shear flow 7 f, ¢ / (\BVM] ) .

(2) In all other cases welds should be designed to transfer forces along and across welds making
up.

EN 1993-1-5, 9.3, Shear

EN 1993-1-5, 5.5, Verification
(1) The verification should be performed as follows:
773 — h < 1

b,Rd

where Vg4 is the design shear force including shear from torque.

EN 1994-2, 6.2.2.4(1)

(1) Where the vertical shear force Vg exceeds half the shear resistance Vgq given by Vpirg in
6.2.2.2 or Vyrq in 6.2.2.3, whichever is the smaller, allowance should be made for its effect on
the resistance moment.

Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93.

EN 1994-2, 6.2.2.4(3)

(3) For cross-sections in Class 3 and 4, EN 1993-1-5, 7.1 is applicable using the calculated
stresses of the composite section.

EN 1993-1-5, 7.1(2)

(2) The criterion given in (1) should be verified at all sections other than those located at a
distance less than h,/2 from a support with vertical stiffeners.
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1.6bftj .
2

c=a[0.25+ bl J=o.545 m

wJ yw

2
bt f.
= fffyf 1—{ My, J =0.621 MN

f.Rd

In this case, the contribution of the flanges Vs is not negligible compared to contribution from the
web and represents 8.6 % of the design shear buckling resistance.

nf;’w'h“/tw'
Vira =Vowra Vs ra =6.613+0.621 =7.234 MN< ————
’ \/§7M1

VRd = min (Vb,Rd; Vpl,a,Rd) = mzn(7234, 10037) =17.234 MN

=9.124 MN

The following checks should also be performed:
Mo,

7/1\41\/g "

e The tranverse stiffeners along the webpanel edges (and possibly the longitudinal stiffeners)
should act as rigid end post;

e The web to flange weld should be designed for the shear stress per unit length of

The flanges are not completely used for resisting to bending moment (i.e. Mgg £ Mg pq Which is verified
in the example: Mg = 65.44 MNm < M; g = 71.569 MNm
Cross-section verification
The verification should be performed as follows:
Vea = 6.087 MN < Vi, = min (7.234; 10.037) = 7.234 MN
|4
7y = FE=0841<1

Rd
= Shear resistance is verified!
3.1.5.5.3 M-V-interaction

Via = 6.087 MN > 0.5 Vz;=3.617 MN
Therefore the M-V-interaction should be checked.

My =0.914<1
f.Rd

Ve =0.893<1
bw,Rd

Mpq < Mygq so that according to EN 1993-1-5, 7.1 (1), there is no interaction. It means that the flanges
are enough to resist alone the bending moment so that the entire web can be used for the resistance to
the shear force.

Then flanges of the steel girder take the bending moment and web of the steel beam takes shear force.

= There is no interaction.
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the determination of the cross-section class

See Paragraph 3.1.5.4, page 1171f.

Further explanations on the bending resistance check

See Paragraph 3.1.2.5.1, page 87f. and Paragraph 3.1.5.5.1, page 121ff.
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3.1.5.6 Subpanel 2 - Geometry
Follow the same procedure as for subpanel 1 (see Paragraph 3.1.5.1)

At internal support P2 at ULS the concrete slab is in tension over its whole height. Its contribution is
therefore neglected in the cross-section resistance.

The geometry of the cross-section of the subpanel 2 is totaly the same as the geometry of the cross-
section of the subpanel 1. Only the length of the panel change (a =2,5 m)

3.1.5.7 Subpanel 2 - Material properties
See Paragraph 3.1.5.2.

The material properties of the cross-section of the subpanel 2 are identical to the material properties of
the cross-section of the subpanel 1.

3.1.5.8 Subpanel 2 - Internal forces and moments

The internal forces and moments in this cross-section are (see Figure 2-31 and Figure 2-32):
Mgy = 58.222 MNm (at the internal support P2: x =111.5 m)
VEes= 5.843 MN (at the internal support P2: x = 111.5 m)

3.1.5.9 Subpanel 2 - Determination of the cross-section class
See Paragraph 3.1.5.4.

As the geometry of the cross-section does not change compared to subpanel 1, the cross-section class is
the same for subpanel 2.

3.1.5.10 Subpanel 2 - Elastic section analysis

3.1.5.10.1 Bending resistance check

The plate buckling verification of the panel should be carried out for the stress resultants at a distance
0.4-a or 0.5'b: min(0.4-a ; 0.5-b) = min(1 ; 1.105) =1 m

Then the value of the bending moment becomes: Mg, (min(0.4a ; 0.5b)) = 53.659 MNm
The stress on each level of the cross-section can be easily determined:
-M_ ..h M

o M, h,
Oy = <2 =259 181 N/mm? < f,,, =315 N/mmp?

]a»fff I‘fff

_ _Ma,Ed (haAse/f - t/) _Mc,Ed (hse/]' - t/)
Oavfuesy = 7 + 7
a.eff eff

< min(fydf;fydw) =315 N/mm?

=238.478 N/mm?

Ma,Ed (h - tf - ha.so{f]') n Mc,Ed (h - tf

o =
atfleff
I a.eff [“ff

< min(f,,: f,, ) =315 N/mm?

_ Ma,Ed (h - ha,sejf') Mc,Ed (h B h~"€ff)
O atfucty = 7 + Ji
a.eff eff

—h,, :
.scff) = |—243132| N/mm?

=[-263.835| N/mm’ < f,,, =315 N/mm?
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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M h+c, —h_,
e = (B ¥ ~hiy ):|-145.378|N/mm2§ f., =434.783 N/mm?

IEf/'

M. . (h+e—c, —h
cra o ”ff)=|-170.141|N/mmzs ", =434.783 N/mm?

O-tsttrq{f' = 7
eff

The bending moment resistance is governed by the resistance of the top flange:

o .
n = 0.838< 1

1
ydf

= Bending resistance is verified!

3.1.5.10.2 Shear resistance check

The web should be checked in terms of shear buckling if:

h _ 116.316 > ﬂgw\/kj =62.035 so that the check is necessary.
t, n

The maximum design shear resistance is given by#

Via = min (Vi ray Vpiara)

'whwtw
where Ve =Vowra +Vi ﬂﬁ

-

=10.037 MN

=9.124 MN

plaRd

where 1 = 1.2 for steel grades up to and including S460

Contribution of the web V), rq

V _ lwf:vwhwtw
bw,Rd — [~
\/57 M1

The vertical stiffeners at the bracing transverse frames which border the webpanel adjacent to the
support P2 and located in span P1-P2, are assumed to be rigid (to be checked by using Section 9 of EN
1993-1-5). They are equally spaced by a = 7;5 m. Near the support P2, the second subpanel has a length
a=25m.

k_, =0 because there is no longitudinal stiffeners

a/h,=1.131>1

2
k., =534+ 4(ﬂj +k,, =8.466
a

2, = =1.295>1.08
Y3 4tugu\/—
=y =3 0687
(0.7+2,)
Vyone == 5221 MN
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93 and Paragraph 3.1.5.5.3, page 131.
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Contribution from the flanges Vi r,

The design plastic resistance moment of the flanges only is calculated from the position of the PNA (see
Paragraph 3.1.5.5.2): M; gs=71.569 MNm

1.6b.£2f.,
1y J: 0.909 m

wJ yw

c= a[0.25 +

2

btif

Vipra =21 1- M| - 0.769 MN
CYn Mf,Rd

In this case, the contribution of the flanges Vx4 is not negligible compared to the contribution from the
web and represents 12.8 % of the design shear buckling resistance.

nf:vw hth

\/§7M1

VRd = min (Vb,Rd; Vpl,a,Rd) = mln(599, 9124) =5.99 MN

Vna =Vowra + Vo pa =5:221+0.769 = 5.99 MN < =9.124 MN

The flanges are not completely used to resist the bending moment (i.e. Mgq £ Mg pq Which is verified in
the example: Mggq = 58.222 MNm < Mg gq = 71.569 MNm
Cross-section verification
The verification should be performed as follows:
Viq = 5.843 MN £ Vi, = min (5.99; 10.037) = 5.99 MN
n,=—2=0975<1

Rd

NS

= Shear resistance is verified!

3.1.5.10.3 M-V-interaction
Via = 5.843 MN > 0.5 Vg, = 2.995 MN
Therefore the M-V-interaction should be checked.
My =0.814<1; Vka

f.Rd bw,Rd

=0.975<1

Mg < Mygq so that according to EN 1993-1-5, 7.1 (1), there is no interaction. It means that the flanges
are enough to resist alone the bending moment so that the entire web can be used for the resistance to
the shear force.

Then flanges of the steel girder take the bending moment and web of the steel beam takes shear force.

= There is no interaction.

3.1.5.11 Subpanel 3 - Geometry
Follow the same procedure as for sup-panel 1 (see Paragraph 3.1.5.1)

At internal support P2 at ULS the concrete slab is in tension over its whole height. Its contribution is
therefore neglected in the cross-section resistance.

The geometry of the cross-section of the subpanel 3 is totaly the same as the geometry of the cross-
section of the subpanel 1. Only the length of the panel change (a =4.333 m)
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the determination of the cross-section class

See Paragraph 3.1.5.4, page 1171f.

Further explanations on the bending resistance check

See Paragraph 3.1.2.5.1, page 87f. and Paragraph 3.1.5.5.1, page 121ff.
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3.1.5.12 Subpanel 3 - Material properties
See Paragraph 3.1.5.2.

The material properties of the cross-section of the subpanel 3 are identical to the material properties of
the cross-section of the subpanel 1.

3.1.5.13 Subpanel 3 - Internal forces and moments

The internal forces and moments in this cross-section are (see Figure 2-31 and Figure 2-32):
Mgy = 47.188 MNm (at the internal support P2: x =114 m)
Ves= 5.435 MN (at the internal support P2: x = 114 m)

3.1.5.14 Subpanel 3 - Determination of the cross-section class
See Paragraph 3.1.5.4.

As the geometry of the cross-section does not change compared to subpanel 1, the cross-section class is
the same for subpanel 3.

3.1.5.15 Subpanel 3 - Elastic section analysis

3.1.5.15.1 Bending resistance check

The plate buckling verification of the panel should be carried out for the stress resultants at a distance
0.4-a or 0.5'b: min(0.4-a ; 0.5-b) = min(1.733 ; 1.105) = 1.105 m

Then the value of the bending moment becomes: Mg, (min(0.4a ; 0.5b)) = 42.707 MNm

The stress on each level of the cross-section can be easily determinated:

M, by M b,
O = ———o 2l B 909,739 N/mm? < f,, =315 N/mm?
M,y —1,)  —M, gy (b —t
Oy =ty 1) M ors By Z1) _ 193 05 N
- I I

a.eff eff
< min(f,,: f,, ) =315 N/mm?
M=ty —h ) Mo (h—t, —hy)

O upiey =
Ia eff [eﬁ

< min(fvdf;fydw) =315 N/mm*
Ma,Ed (h - hascﬁ/f) + MC,Ed (h B hseff)

=|-195.141] N/mm?

O ey = 7 7 =[-211.828| N/mm? < f . =315 N/mm?
a.eff eff
M, ., (h+c,—h,
ey = e - v M) =[-123.815| N/mm? < f, =434.783 N/mm?
eff
Mc Ed(h+e_cur _h\‘eﬁ')
O oy =—— —— =|-144.905| N/mm? £ f,, =434.783 N/mm?
tsureff ] sd

off

The bending moment resistance is governed by the resistance of the top flange:

o .
n =2 _0672<1

ydf

= Bending resistance is verified!
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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3.1.5.15.2 Shear resistance check

The web should be checked in terms of shear buckling if:

h, 31 . .

—=116.316> —gw\/k—, =53.856 then the web should be checked in terms of shear buckling.
n

w

The maximum design shear resistance is given by
Vra = min (Vi ra; Vpiara)
p

n .fyw hw tw

where V, o =V, 0 *Vipra S—=——=9.124 MN
\/§7M1
Vo = }fw #.=10.037 MN
370

where m = 1.2 for steel grades up to and including S460

Contribution of the web V), ry

k., =0 because there is no longitudinal stiffeners

a/h,=1.961>1
h 2

k, :5.34+4(ij +k,, =6.381
a

7 hw

A =—"" _ =1492>1.08
" 37416k,
=T o2
(0.7+4,)
Vyora == 4753 MN

Contribution from the flanges V4

The design plastic resistance moment of the flanges only is calculated from the position of the PNA (see
Paragraph 3.1.5.5.2): M; ps=71.569 MNm

1.6b,t
= a(0.25 i J 1.576 m

2

wJ yw

2
b,t;
Vipra =222 1- M | |=0742 MN
Y M,
The design plastic resistance moment of the flanges only is calculated from the position of the PNA:
M;ga=71.569 MNm

In this case, the contribution of the flanges Vj.zs 1s not negligible compared to contribution from the
web and represent 13.5 % of the design shear buckling resistance.

4753 +0.742 = 5.494 MN < oMb g o4 N

bf ,Rd = \/’7/
M1

VRd = min (Vb,Rd; Vpl,a,Rd) = mll’l(5494, 10037) = 5.494 MN

Vb,Rd = wa,Rd +V,
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Cross-section verifications - Twin-girder bridge at the internal support P2

Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93 and Paragraph 3.1.5.5.3, page 131.
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Cross-section verifications - Box-girder bridge

The flanges are not completely used for resisting to bending moment (i.e. Mgq £ Mg g Which is verified
in the example: Mgg =47.188 MNm £ M; g = 71.569 MNm

Cross-section verification

The verification should be performed as follows:

Via = 5.435 MN £ Vg = min (5.494; 10.037) = 5.494 MN

7y =B 0,989 < |

Rd

Therefore the cross-section at support P2 is checked under shear force.

3.1.5.15.3 M-V-interaction
Via = 5.435 MN > 0.5 Vg, = 2.747 MN

Therefore the M-V-interaction should be checked.
&:0.6599 ; i:1.10621 ; h:0.989£1

f,Rd bw,Rd b.Rd

Mpq < Mygq so that according to EN 1993-1-5, 7.1 (1), there is no interaction. It means that the flanges
are enough to resist alone the bending moment so that the entire web can be used for the resistance to
the shear force.

Thus, the flanges of the steel girder take the bending moment and web of the steel beam takes shear
force.

= There is no interaction.

3.2 Box-girder bridge

3.2.1 General

According to the shape of the bending moment and shear force diagrams at ULS (see Figure 2-36 and
Figure 2-37), the two different critical sections to check are displayed in Figure 3-9:

e At mid-span P1-P2, see Section 3.2.2

e At the internal support P3, see Section 3.2.3

P1-P2 P3
® ® . Ty ® g ‘ . ® ®
90.00 m l_ 120.00 m ‘ 120.00 m l_ ‘ ‘ 120.00 m 90.00 m
N/ N L
I I T I

Figure 3-9: Checked sections of the box-girder bridge.

For each critical section, the verification is done on a panel which is located between two vertical
stiffeners.
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

3.2.2 Check of cross-section at mid-span P1-P2

3.2.2.1 Geometry

At mid-span P1-P2, at ULS the concrete slab is almost in compression over its whole height. Its
contribution is therefore taken into account in the cross-section resistance.

tslab = 325 mm

12000 mm 4750 mm
h =4000 mm 1 tst=15 mm
b1 = 500 mm | st = 500 mm
H —
b2=200 mm bsub, = 500 mm tw =18 mm
JANAY
]
1 tp =25 mm
bp = 6500 mm
6700 mm

Figure 3-10: Cross-section of the box-girder bridge at mid-span P1-P2.

General properties of the box-girder bridge in
cross-section P1-P2

Main areas of the different parts of the
composite section

Li=L,=120m

a=4m

h=4m

p=8 T =) 463
cos(@,)

ty = 18 mm

b, = 6500 mm

t, =25 mm

tsap = 32.5 cm

Oy = 16 mm

¢ = 16 mm

Sur = 130 mm
s = 130 mm
Cur = 60 mm
¢y = 60 mm

bslab =21.5m

A,y =t,b, =0.075 m?
A =t h, =0.086 m>
A =2h t +b,_ t =184.451 cm’

St.w St.wTst.v.w 2.st.w”st.w

Ay =t,b, =0.163 m*

2
A4, = 7, _ 2.011 cm?
Atsur = nl,,ASW. =332.525 cm?
d2
A, ="% 22011 e
4
Alslr = nlI‘ASlr = 332525 sz

A =t,,b,, =6987 m’

(&

(see notation and Figure 3-10)
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

3.2.2.2 Material properties
Structural steel
fy (1) = 345 N/mm? because 16 mm < t,, = 18 mm < 40 mm (see Table 2-4)

_ |235N/mm?
/@)

v (t,) = 345 N/mm? because 16 mm < t, = 25 mm < 40 mm (see Table 2-4)

2
et,)= 235N /mm> _ ) 055
5,@,)

Sy (ty = 335 N/mm? because 40 mm < t= 50 mm < 63 mm (see Table 2-4)

&(t,) =0.825

2
et,) = 235N /mm> _ o exe

1,@)
Sy (tseny) = 315 N/mm? because tyy = 15 mm < 16 mm (see Table 2-4)

2

o(t,,) = [N 814

f:v (t.YZAW )

t t
Sa(t,)= M =345 N/mm?, f,(¢,) = M =345 N/mm?,

MO MO

t L

fralty)= L) 335 N/mm?, f,,(t,,) = L) 355 N/mm?
) MO Vo

E,=210000 N/mm?

Concrete

fer =35 N/mm?

f, = S~ 93 333 N

Ve
E., = 34077 N/mm?

Reinforcement

fse = 500 N/mm?

fou = & =434.734 N/mm2

Vs
E;=E,=210000 N/mm?

3.2.2.3 Internal forces and moments

The internal forces and moments are obtained from the design model at ULS based on the cracked
global analysis (see Section 2.4.2.6.2) and, considering the construction steps, they are as follows for
the whole box section (see Figure 2-36 and Figure 2-37):
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Further explanations on the determination of the cross-section class

See Paragraph 3.1.5.4, page 117{f.
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

Mg;=2-150.411 MNm = 300.822 MNm for the whole cross-section
Viq = 2:2.697 MN = 5.394 MN
V

Ed

Ed.proj — m o~
=2 2c0s(6,)

Le. =3.273 MN in each steel web by taking its inclination into account

b
£)=0.602 =34.509°

where 6, = atan(
2h

3.2.2.4 Reduction due to shear lag effect
Verification if shear lag effect has to be taken into account:
Bridge span: L,=120mand L,= 120 m
Effective length: L.=0.7L,=84 m
Considered width: by=by/2=325m
= by < L¢/50 requirement not fulfilled! Shear lag effect has to be taken into account.

Shear lag parameters:

o2 _ 0,05
K=o 0T = U.
Le
Bur:= |1 if x <002
1
1 if 0.02< k<07
146 k- + 1.6
2500
otherwise
8.6
Byl = 0.795
Byit = 0.989

3.2.2.5 Determination of the cross-section class

The web is in tension in its upper part and in tension in its lower part. As the upper flange is perfectly
connected to the slab, it is a Class 1 element. To classify the steel web, the position of the Plastic

Neutral Axis (PNA) is determined as follows:

e Design plastic resistance of the bottom flange

Nmbf = (nst |:tsrf‘yd (ZstAW)(bZ + 2b3) + tpfvyd (tp )(bl + bsub):| + tpf:Vd (tp )(02m + bsub ))ﬂl;t = 95967 MN

e Design plastic resistance of the 2 webs

N, =2[(h=t, ~1,)1,,/,,(,) ]| = 59.158 MN
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Relations to find the location of the Plastic Neutral Axis (PNA) under

positive moment Mpjrq

RELATIONS PNA LOCATION

Naps = Naw + Nagr + Ne PNA in the bottom flange
Nt + Naw > Nag + N, and PNA in the web

Nabs < Naw + Nag + N

N. >N, and PNA in the top flange
Nabs + Naw < Nar + N

N > Naps + Naw + Nat PNA in the slab

Further explanations on the bending resistance check

See Paragraph 3.1.2.5.1, page 87f.

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

e Design plastic resistance of the 2 structural steel top flange 1

Najf = Zb[ftg/‘f:‘,d (t[/f) = 59158 MN

e Design plastic resistance of the concrete slab in compression

N, =0.85,,b,., [ =138.585 MN

e Location of the Plastic Neutral Axis (PNA)
Nabt T Naw + Nar = 206.484 MN > N, = 138.585 MN
and Nypr + Ny = 156.234 MN <N, + N, = 188.835 MN

Thus, the PNA is deduced to be located in the top flange at a distance z, from the extreme
lower fiber of the bottom flange. Writing the force equilibrium around the PNA gives:

4hb, f,.(t,)+N,-N,,.,—N,, —N,,
z, = Sy )+ Ne = Nosy =N =Ny 5 g
4D, fra ()

Thus, the whole web is in tension.

Conclusion: the cross-section at mid-span P1-P2 is in Class 1 and is checked by a plastic section
analysis.

3.2.2.6 Bending resistance verification

The design plastic resistance moment is calculated from the position of the PNA
(see Paragraph 3.2.2.5):

t h—t,+t ¢
M, =N, (zpl _EPJ +N, szl —%J +N. [h + % - zplj

(h—zp,)2 (h—tf—zpl)2
2

=524.044 MNm

b L) +

> bytu(ty)

Reinforcement in compression in the concrete slab is neglected according EN 1994-2, 6.2.1.2(1).

MEd =300.822 MNm < Mpl,Rd = 524.044 MNm

Bending resistance is verified!

3.2.2.7 Shear resistance verification

3.2.2.7.1 Shear in the box-girder webs
The box-girder web is transversally stiffened on both sides at mid-span P1-P2 (a,, = 4 m).

Stiffened webpanel

To evaluate the shear buckling coefficient of the stiffened webpanel, the second moment of area of the
longitudinal stiffener must be calculated according to EN 1993-1-5, Figure 5.3:

b
15¢(1,)t, =0.223 m < IT =0.25m

The elastic neutral axis of the web stiffener with the width 15&(7, )¢, on both sides of the stiffener is:
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

+
Zhst wtsr v.ow [}Mj + b2 st WtS[ w (hst w + th
z,, = =2 =0.158m
. 2hsz‘,wt.¥z‘,v.w + bZ.St.wtsr.w + 4 ' 158 (tw )tw

The second moment of area of the web stiffener is:

oo h
IS[.W = [sl.w = bzni‘l.thl_w(hSl.W - ZSLW)Z + 2 {% + t‘lew'hAX‘lAlv( Sgw - ZXIAW)Z :| + 4 . lsg(tw)twthszlw
=9.829-10* m*

According to EN 1993-1-5, Annex 3(2), as there is only one stiffener in the web and the aspect ratio is

w

a, = % =0.84 < 3, the shear buckling coefficient is:

w

6,3+ 0,18—1;;;’ -
k= 41—l o oy te g 587
- a”/' tH/'h]/V

The transverse stiffeners of the bracings frames bordering the webpanel close to mid-span P1-P2 are
assumed to be rigid.
h

7“43—53:264-617 > 2Lk, = 115383
n

Thus, the stiffened webpanel must be checked against shear buckling.
The reduced slenderness of the stiffened webpanel:
= h

ﬂ, i — W
" 3746t )Wk,

NOTE: Alternatively, the reduced slenderness can be calculated by another way which gives the same
results.

=1.584

The elastic critical shear buckling stress is given by:

t,. =k, 0, =79.384 MPa

: Et
with o, =—~—*__=2.711 MPa
12(1-v*) R}
I Ny LGOS

Web subpanels

It is possible that one or both of the two web subpanels are more critical than the stiffened webpanel.
Thus, the two web subpanels must be also checked. As the longitudinal stiffeners is located at the
middle of the height of the web, the two webs subpanels have the same width and the same reduced

slenderness.

According to EN 1993-1-5, Annex 3(1), as the aspect ratio is ¢, = @y :%: 1.984 > 1, the shear

buckling coefficient is: b, 2.01

b 2
k =5.34+4(ﬂj =6.356

T.W.5p a
w
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EN 1993-1-1, 6.2.6, Shear

(1) The design value of the shear force V, at each cross-section should satisfy:

V
—£_<1,0 (6.17)
c,Rd
where 'V ;. is the design shear resistance. For plastic design V_, is the design plastic shear

resistance V., as given in (2). For elastic design V ;, is the design elastic shear
resistance calculated using (4) and (5).

(2) In the absence of torsion the design plastic shear resistance is given by:
A4,(£,143)
V ipgg=——————= (6.18)

pl,Rd —
Vmo

where A, 1s the shear area.

EN 1993-1-5, 5.5, Verification

(1) The verification should be performed as follows:

773 :hgl

Vi ra

where Vgq is the design shear force including shear from torque.
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Cross-section verifications - Box-girder bridge at mid-span P1-P2

b,
Doy 2016 _ 112.015> ﬂg(tw)‘/kr L, =53.754

t, 18 n '
Thus, the web subpanels must be checked against shear buckling.
The reduced slenderness of the web subpanel:

— bw s,
T = » =1.439
T 374,00k, .,

Shear resistance verification

Thus, it is the stiffened webpanel which is critical: A, =max(4,,4, ) =1.584

w2 w.sp

As the webpanel close to mid-span P1-P2 is assumed to be rigid and 1.08 < /TW, the reduction factor is:

1.37
Y =0.6
(

0.7+/Tw)

The maximum design value of the shear resistance is given by
Vra = min (Vpra; Vpiara) With Vi rg = Viwra

neglecting the flange contribution to the resistance:

v

bw,Rd

— min[ Zw-ij (tﬂ/')h\/vtw' . n-f}7 (tvl/)h\/vtw'
\/37 M1 \/57/ M1

_ nf;l (tW )hH/'tW’

J=9.312 MN

=————=20.493MN
pl,a,Rd \/g}/MO
so that 7, =@=ﬁ=0.351 <1
V. 9312

Shear resistance is verified!

Addition of torsional effect

The maximum torque on the box-girder bridge at mid-span P1-P2 is equal to Mt = 1.35.8.774 MNm =
11.845 MNm (see Figure 2-35).

The area inside the median line of the cross-section of the box-girder bridge is:
(5 +bp)£h +’12b) (12+ 6.5)(4 - j
S = = =38.503 m’
2 2

The shear stress in the web is given by the Bredt formula:

0.325

M
g Towes = ﬁ =8.545MPa

The shear force in the web due to torque is:

t,h,=0.733 MN

VEd,T,web = TEd,T,web w'w

Thus, the verification of shear including torsional effects gives:

151



COMBRI Design Manual - Part |

Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93.
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Cross-section verifications - Box-girder bridge at the internal support P3

3 Via + V51
VRd

3.273+0.733
9312

,web

1,

=0.43<1

Shear resistance inluding shear from torque is verified!

3.2.2.8 Interaction between bending moment and shear force

7= B 043205

bw,Rd

=

There is no need to check the M-V-interaction.

3.2.3 Check of cross-section at the internal support P3

3.2.3.1 Geometry

As the concrete slab is in tension around the internal support P3, the strength is not taken into account
for checking the cross-section. Only the longitudinal slab reinforcement is considered.

ap
21504 mm
btfl = 1500 mm S —
¢Gur =20 mm _
bitp = 1400 njm \ | sur =130 mm
tslab =325 mm][ [ Lo flo.oneneflerneiennnieninneninennn 1( ...... ‘i'. ...............................................................................
ti= 100 mm \$ir ¥ 16 mm sir= 130 mm T clr = 60 mm
22 =90 mm| 12000 mm ‘ P
h=4000 mm f tst =15 mm
b1< 500 mm hst =500 mm
b2 =200 mm| bsub = 500 mm tw =27 mm
A NN NN
tp =75 mm
bp = 6500 mm
6700 mm

Figure 3-11: Cross-section of the box-girder bridge at the internal support P3.

General properties of the box-girder bridge in
cross-section P3

Main areas of the different parts of the
composite section

Li=L,=120m
a=25m
h=4m
L= Bt a7l _ g s33
cos(8,)
ty =27 mm
b, = 6500 mm
t, =75 mm
toap = 32.5 cm

Aat/’.l = tzf.lbtf,l = O 15 m2
Aatf.z = tgf'lgb,f'z =0.126 m?

A =t h, =0.122 7

A =184.451 cm’

St.w

A

abf’

=2h, t

Sst.wTst.v.w

=1 b, =0.488 m?

+b,  t

2.st.w"st.w

2
— ﬂ.dur

=3.142 cm?

sur
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Cross-section verifications - Box-girder bridge at the internal support P3

General properties of the box-girder bridge in | Main areas of the different parts of the

cross-section P3 composite section
¢ur = 20 mm A4, =n,A4, =519571 cm?
d)lr = 16 mm d2

A, =25 ~2011 e

slr

Sur = 130 mm

sy = 130 mm Ay =n, A, =332.525 cm?
Cur = 60 mm Ac = tslabbslab =6.987 mz
¢ = 60 mm

(see notation and Figure 3-11)
bslab =21.5m

3.2.3.2 Material properties

Structural steel

Jy(t) = 345 N/mm? because 16 mm < t,, = 27 mm < 40 mm (see Table 2-4)

2
et,) = 235N/ mm? _ 0.825
f;/ (Zlv)
v (t,) =325 N/mm? because 63 mm < t, = 75 mm < 80 mm (see Table 2-4)
2
£(tp)= 235N /mm 085
1,@,)
Sy (ty1) = 315 N/mm? because 80 mm < ti; = 100 mm < 100 mm (see Table 2-4)
2
£(t,,) = 235N Tmm? _ g64
' Sty )
Jy (ty2) = 315 N/mm? because 80 mm < ti> = 90 mm < 100 mm (see Table 2-4)
2
£t )= 20N Tmm®_, g64
' S (ty2)
Sy (L) = 355 N/mm? because tg,, = 15 mm < 16 mm (see Table 2-4)
2
o(t, )= |PNImmE_ o g14
()
t t t,
£t = L) s N/mn, f,(t,) _L) s N/mn?, f,(t,,)= Lol 315 N
’ Y mo MO ' MO
) Zf ) tStJV
fyd (ttfz) = M =315 N/mm??, fyd ()= fy () =355 N/mm?

MO Vmo

E,=210000 N/mm?

Concrete

See Paragraph 3.2.2.2

Reinforcement
See Paragraph 3.2.2.2
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Cross-section verifications - Box-girder bridge at the internal support P3

3.2.3.3 Internal forces and moments

The internal forces and moments are obtained from the design model at ULS based on the cracked
global analysis (see Section 2.4.2.6.2) and, considering the construction steps, they are as follows for
the whole box section (see Figure 2-36 and Figure 2-37):

Mgy =2--369.889 MNm = -739.778 MNm for the cross-section
Via =2-16.617 MN = 33.234 MN for the whole cross-section
V

Ed

Ed.proj —
=% 2c0s(6,)

Le. =20.165 MN in each steel web by taking its inclination into account

b
£)=0.602 = 34.509°
2h

The maximal ULS stress in the upper reinforcement in cracked behaviour (hogging moment) given by
the global analysis is:

o =-144.598 MPa

sup.reinf

where 6, = atan(

The bending moment M, g, applied to the composite box section (structural steel part + reinforcement)
is:

M _ Gsup.reinfltot _ 321 654 MN
c,Ed — - . m
’ h + tslab - Cur - Zna

The bending moment M, applied to the structural steel is:

M, =M, —M,,, =-739.778 MNm - (-321.654 MNm) = - 418.124 MNm

Thus, the bending moment Mg, is the sum of the moment M, ;= -418.124 MNm applied to the box
section (structural steel part only) as long as it behaves as a pure structural steel structure (before the
concreting step of the slab segment which includes the studied box section) and of the bending moment
M. ga=-321.654 MNm applied to the composite box section (structural steel part + reinforcement).

3.2.3.4 Mechanical properties of the gross cross-section
The mechanical properties of the composite box section (structural steel part and reinforcement) are:

e Area

Atot = Arsur + Al + 2-(bee 1t 1 + Oegateen) + 2 (M- te g — e — ) twh + Astw ] -
+ nst-[tst-(bz + 2-b3) + tp-(bl + bsub)] + (bsub + 0.2m)-tp

2

e First moment of area
Sha = Atsur'(h + Lglab ~ Cur) + Atslr'(h + Clr)

L1 ttf2
+ 2 byp -t h - - )t bpotero| h =t — )|

h—tip g —tfp —t h—tig g —tipp +t
# 2 (0=t~ o _tp)'tW-h'( : 2 2 * Astw : 2 : p}
+ [ngetse (b2 + 2:b3) + ty(by + bgyp)] + (bsub + 0.2m)ty] 741 1
S, = 3.081:m>
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Cross-section verifications - Box-girder bridge at the internal support P3

¢ Distance between the center of gravity and the lower face of the bottom flange
S0 on
Zna = =2.011m
Atot

e Second moment of area

Lot = Atsu_r’(h +l5lab~ Cur ~ Zna)2 + Atslr‘<h T~ Zna)2

3 3
bee 1t 1 tf.1
+2'T+(btf.1'ftf.1)' h=—== -7 |~

3 3
bero-tif tf 2
L ra— +(bepatie )| Dt 5 " 7na) | -

3
tw.h (D=t —tro — h—tip g —tfp—t
20 ( - " (=g _ttf.2_tp)'( -
h=te1 42+t ?
+2:Ag 5 “Zpa

+ [nst'[tst'(b2 + 2'b3) + tp’(bl + bsub)] + (bsub + 0'2m) tp] '(Zna %l 1)2 + gl

4

3.2.3.5 Effective area of the bottom flange

3.2.3.5.1 General

In the following, the ultimate resistance of the longitudinal stiffened bottom plate is determined

according to EN 1993-1-5, Section 3, Section 4 and Annex A.
3.2.3.5.2 Plate parameters

Geometry of the panel

Number of stiffeners (equally spaced): ng=6(23!)
Length of panel: a,=4.0m
Width of panel: b,=6.5m
Thickness of panel: t, =75 mm
Geometry of the trapezoidal stiffeners
Distance between webs of stiffener: b;=0.5m
Width of stiffener flange: b,=02m
Height of stiffener: hy=0.4925 m
Thickness of stiffener: t¢= 15 mm
b, b,
t‘ ¥
st b3
Ip 7"\ \ teq j \ lh“
"] b | by | b |

Figure 3-12: Geometry of the trapezoidal stiffeners.
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EN 1993-1-5, 4.5.1, General

(1) For plates with longitudinal stiffeners the effective® areas from local buckling of the various
subpanels between the stiffeners and the effective® areas from the global buckling of the stiffened
panel should be accounted for.

(2) The effective® section area of each subpanel should be determined by a reduction factor in
accordance with 4.4 to account for local plate buckling. The stiffened plate with effective”
section areas for the stiffeners should be checked for global plate buckling (by modelling it as an

equivalent orthotropic plate) and a reduction factor p should be determined for overall plate
buckling.

(3) The effective® area of the compression zone of the stiffened plate should be taken as:
Ac,e_‘[f = pc : Ac,e_{f,loc + Zbedge,eﬁ" -t (45)

where A 1o 1S the effective” section areas of all the stiffeners and subpanels that are fully or
partially in the compression zone except the effective parts supported by an adjacent plate
element with the width begge etr, Se€ €xample in Figure 4.4.

(4) The area A efr10c Should be obtained from:

Ac,eﬁ,loc = As[,e/f + z ploc ’ bc.e/f 'l (46)

where 2, applies to the part of the stiffened panel width that is in compression except the
parts begge err, €€ Figure 4.4;

A, 5 is the sum of the effective” sections according to 4.4 of all longitudinal

stiffeners with gross area A, located in the compression zone;
b.i,. 1s the width of the compressed part of each subpanel;
Ploc is the reduction factor from 4.4(2) for each subpanel.
b T
bl,(’dge,(f)ff = 12p L Aceffioc /73,(?(1.20.,(’ﬂ

AC o b 1
bl,ezlg(’,{f)‘ - 5

)

W

2
—
S
S
S
©
—
S
DN
(9%}

o]

ol
S
=
Lo
Tﬁ
L

Figure 4.4: Stiffened plate under uniform compression

NOTE: For non-uniform compression see Figure A.1.
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Cross-section verifications - Box-girder bridge at the internal support P3

Resulting parameters

Width of each subpanel:
_ bp — gt

sub (nst + 1)

b =05m

Width of each stiffener web:

‘ ) (P15’
by = [hy”+| — = 0.515m

Equilvalent thickness of stiffener web:
b3

-— = 15.68-mm
hgt

t

tst.eq = st

3.2.3.5.3 Effective® cross-section of subpanels and stiffeners
Stress distribution:

y=1
Buckling factor for internal compression elements:

ks =4

Slenderness of analysed plate:

Reduction factor for internal compression elements:
Plocal(b>t) = |1 if Ajpeq1(b, 1) < 0.673

xlocal(b ,t) —0.22

5 otherwise
7“100211(b 2

Geometry of local panels and resulting effective” width due to local buckling:

Table 3-1: Resulting effective® width of subpanels and stiffener plates.

Panel b t Mocal Plocal D
1 0.5m 75 mm 0.138 1.000 0.5
2 0.2 m 15 mm 0.289 1.000 0.2

3 0.515m 15 mm 0.743 0.948 0.488
sub 0.5m 75 mm 0.138 1.000 0.5

Effective local area (without edges):

Ac.effloc = nst'I:tst'(bZeff + 2'b3.eff) + tp'(bl.eff + bsub.eff)] = 0.556m’
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EN 1993-1-5, Annex A, Calculation of critical stresses for stiffened plates

A.1 Equivalent orthotropic plate

(1) Plates with at least three longitudinal stiffeners may be treated as equivalent orthotropic
plates.

(2) The elastic critical plate buckling stress of the equivalent orthotropic plate may be taken as:
O-cr,p = ko‘,p : O-E (Al)

7’ E-t°
12(1-v°)-b’

where o, =

2
_ 190000&) in [MPa]

Ko p is the buckling coefficient according to orthotropic plate theory with the
stiffeners smeared over the plate;

b is defined in Figure A.1;
t is the thickness of the plate.

NOTEI: The buckling coefficient k), is obtained either from appropriate charts for smeared
stiffeners or relevant computer simulations, alternatively charts for discretely located stiffeners
may be used provided local buckling in the subpanels can be ignored and treated separately.

NOTE2: o), is the elastic critical plate buckling stress at the edge of the panel where the
maximum compression stress occurs, see Figure A.1.

NOTE3: Where a web is of concern, the width b in equations (A.1) and (4.2) should be replaced
by h,.

NOTEA4: For stiffened plates with at least three equally spaced longitudinal stiffeners the plate
buckling coefficient k), (global buckling of the stiffened panel) may be approximated by:

2ive?) +7-1)
k, = if a <4 (A.2)
T adl(w+1)(1+6) U
4(1+y)
=" if >4
"y +1)(1+06) Jr
I, >A
with l//=220,5; y=-=L, §="2L; a2320,5
o, I » Ap b
where: I is the second moment of area of the whole stiffened plate;
. . bt’ bt’
I, is the second moment of area for bending of the plate = ;

12(1=v?) 10,92
YAy is the sum of the gross areas of the individual longitudinal stiffeners;

. is the gross area of the plate = bt;

o) is the larger edge stress;

(o)) is the smaller edge stress.
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Cross-section verifications - Box-girder bridge at the internal support P3

Gross area (without edges):

A =gty (by + 2b3) + 1 (b} + by J] = 0561 m”

3.2.3.5.4 Effective® cross-section of the whole bottom flange

Determination of the elastic critical plate buckling stress (global buckling)

Plate parameters:

t,—t
p st
nst { hgt +t st eq st (hst + 5 j'tst'b2:|

zq) = A, = 63.674-mm
2 3
-t h ty ‘b
st st. Tt steq st st Y2 2
Ig1= thytspeq| 5 %) | T + b2'tst'(hst - Zsl)
2 12
p1z btz Iy = 1.048 x 10%-cm*
3
b, -t
Ip = % — 2,511 x 10*-cm*
12-(1 -V )

A= ngytgg-(by + 2:b3) = 1107 x 107-mm”

e 5 2
Ap = bp tp = 4.875 x 107 -mm

Isl
y = = 41724
p
Ag]
o= E =0.227
o = % =0.615 = 05
p
2
2
a[f N
kgp = 2(”)” it o<y
a (g +1)-(1+93)
4.(1
(;\/7) otherwise
(y+1)-(1+9)
kgp = 91.732
Euler stress:
TEZ'E't 2 P
OF = 5 5 = 25.269-N-mm
12-(1 -V )-bp
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EN 1993-1-5, 4.5.2, Plate type behaviour

(1) The relative plate slenderness p 1 of the equivalent plate is defined as:

_ . A .
ﬂ,p _ ﬂA,c fy . ﬁA = c,eff Jloc (47)
o ’ A
cr,p c
where A, is the gross area of the compression zone of the stiffened plate except the parts

of the subpanels supported by an adjacent plate, see Figure 4.4 (to be multiplied by
the shear lag factor if shear lag is relevant, see 3.3);

Aceriloc 18 the effective area of the same part of the plate (including shear lag effect, if
relevant) with due allowance made for possible plate buckling of subpanels
and/or stiffeners.

(2) The reduction factor p for the equivalent orthotropic plate is obtained from 4.4(2)
provided A, is calculated from equation (4.7).

NOTE: For calculation of o, see Annex A.

EN 1993-1-5, 4.5.3, Column type buckling behaviour

(1) The elastic critical column buckling stress o, of an unstiffened (see 4.4) or stiffened (see
4.5) plate should be taken as the buckling stress with the supports along the longitudinal edges
removed.

(2) For an unstiffened plate the elastic critical column buckling stress o, may be obtained from

2 2
- E-t
e =RV G

(3) For a stiffened plate 6., may be determined from the elastic critical column buckling stress
o5 Of the stiffener closest to the panel edge with the highest compressive stress as follows:

7 E-I,,
Cpe=""—"7— 4.9
A, -a
where I, is the second moment of area of the gross cross-section of the stiffener and the
adjacent parts of the plate, relative to the out-of-plane bending of the plate;
Ag1  1s the gross cross-sectional area of the stiffener and the adjacent parts of the

plate according to Figure A.1.
NOTE: o... may be obtained from o

compressed edge of the plate, and by, and b. are geometric values from the stress distribution
used for the extrapolation, see Figure A.1.

=0, b./by,, where o, is related to the

cr,ce

(4) The relative column slenderness A is defined as follows: [...]

ﬂ:, = /M for stiffened plates (4.11)
Gcr,c

Ay,
with B, =—"IL . Ay, is defined in 4.5.3(3);

s, 1

Ase1efr 18 the effective cross-sectional area of the stiffener and the adjacent parts of
the plate with due allowance for plate buckling, see Figure A.1.
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Cross-section verifications - Box-girder bridge at the internal support P3

Elastic critical plate buckling stress of equivalent orthotropic plate:

Serp = Kgp o = 2318 x 10 N-mm™

Plate type behaviour

Reduction factor Ba .:

Ac effloc

Bpgim——— = 0991
Ac

Relative slenderness of the equivalent plate:

/BA 'fi ’
Ao = 'C—ytp:()‘373
p c

cr.p

Reduction factor for internal compression elements:

ppi= |1 if 2, < 0.673 =1

}‘p -0.22

*p

otherwise

Column type buckling behaviour

Effective gross-section of stiffener:

b1sl = (bsub + bl) =1m

Ag1 = tpe(by + 2b3) + by g = 9.345 x 10" mm”

t,—t
p~ st
(hst + tp)tst.eq hge + [hst + 2 )'tst'bZ

Z41 = As1 1 = 63.674-mm
3 2 3

] hgy 'tst.eq hgt tst by 2

L1 =2 1 + hst'tst.eq' B Zgl1 ] |t B + b2'tst'(hst - Zsl.l)

3
bl sl't

SLp 2 9 4

+ S +b1.sl'tp'zs1.1 I 1 = 1.718 x 10" -mm

Effective net cross-section of stiffener:
by steff = (Dsubeff + b1 eff) = Im

4 2
Agl1.eff = tst'(D2.eff + 2:D3 off) + th D] gl eff = 9-264 x 10 -mm
p

Elastic critical bucking stress for an equivalent column:

2
n -E-Igq

Aql.1 ‘ap2

Cersl = = 2382 10°-N-mm 2
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EN 1993-1-5, 4.5.3, Column type behaviour

(5) The reduction factor y. should be obtained from 6.3.1.2 of EN 1993-1-1. For unstiffened
plates o = 0,21 corresponding to buckling curve a should be used. For stiffened plates its value
should be increased to:

with

0,09
a,=a+—— (4.12)
ile
. ISK,I
1=
AS(Z,]
e = max (e, €,) is the largest distance from the respective centroids of the plating

and the one-sided stiffener (or of the centroids of either set of stiffeners when
present on both sides) to the neutral axis of the effective column, see Figure A.1;

o = (0.34 (curve b) for closed section stiffeners;

= 0.49 (curve c) for open section stiffeners.

EN 1993-1-5, 4.5.4, Interaction between plate and column buckling

(1) The final reduction factor p. should be obtained by interpolation between ¥, and p as follows:

where

166

p.=(p-2.)E-&)+ 4. (4.13)

O-cr
E=—CL [ but 0<E<]

cr,c

(s is the elastic critical plate buckling stress, see Annex A.1(2);

Ouc  1s the elastic critical column buckling stress according to 4.5.3(2) and (3),
respectively;

e is the reduction factor due to column buckling.

o is the reduction factor due to plate buckling, see 4.4(1).



Cross-section verifications - Box-girder bridge at the internal support P3

Reduction factor Ba:

 ASLLeff
AsL1

Bac : = 0.991

Relative column slenderness:

BA.c. fylt
he = |——LPL 0368
Ocr.sl

. L1
1:= =0.136 m

1.1

&

el =

tp hst(tst.eq'hst + tst'bZ)
2

+ = Zg1 1 = 260.127 -mm
(2tst.eq hgy + ts‘c'b2)

€ =71 = 63.674-mm
e:= |ep if €1 2 €
€ otherwise

Imperfection factor o.:

0.09

o i=og+ = 0.513

e
Reduction factor for column buckling:

1e(®) = |1 if 2, <02

1
- /4’2—%2

¢ = 0.5-[1 +og(he = 02) + xcz} = 0.611

otherwise

Ao = xc(d) =0911

Interaction between plate and column buckling

Weighting factor &:
c
- crp !
Secr.sl
£=0

Final reduction factor p.:

pe = (Pp—xc) & (2— &)+ = 0911

167



COMBRI Design Manual - Part |

168



Cross-section verifications - Box-girder bridge at the internal support P3

Effective® area of compression zone:

5 2
Aceff = Pc Ac.effloc + Psub.eff tp = 5-437 x 107 -mm

3.2.3.5.5 Parameter study

Figure 3-13 summarises the results of the above performed design calculation for a variation of number
of stiffeners ny and thickness of bottom plate t,. From the diagram the following conclusions can be
drawn:

1. With increasing bottom plate thickness t,, the critical buckling stress o, and thus the reduction
factor p. decreases. This is due to the fact that with increasing plate thickness and with constant
stiffener-geometry the stiffening effect of the stiffeners decreases. = Decreasing of the
continous lines (utilisation level 1).

NOTE: The parameter study has been performed with the hand-calculation formulae of
EN 1993-1-5, Annex A. This effect can be minimized by using EBPlate with discrete stiffeners.

2. With increasing bottom plate thickness t,, the characteristic value of the yield strength f
decreases. In conclusion the slenderness A increases. = slight non-linearity of the behaviour
described in 2. (continous lines are not straight).

3. With increasing plate thickness t, the effective area A, and thus the maximum axial force in
the bottom plate increases (broken lines).

4. Apart from case [t, = 35; ny = 3] there is no reduction due to local buckling of the bottom plate.

5. From the A..sfunction it can be seen that by increasing the thickness t, about 8 mm the
number of stiffeners can be decreased down to four stiffeners. This would mean a benefit with
regard to number of welds and amount of labour.

<& 1.00 1.00 &
X E
<& 095 090 %
n ! i o
o 0.90 L ‘ | 080 <
0.85 0.70
0.80 — = 0.60
-
0.75 _— — 0.50
— == =
0.70 — = — 0.40
— 1
0.65 =1 —nst=6 || 539
nst =5 JI.
0.60 st =4 0.20
0.55 nst =3 | 0.10
0.50 . . . . . ‘ ‘ 0.00
35 40 45 50 55 60 65 70 75 80 85
tp [mm]

Figure 3-13: Utilisation level (left ordinate) and effective” area (right ordinate) of bottom plate in
function of bottom plate thickness t,; curve parameter = number of stiffeners ng;.

169



COMBRI Design Manual - Part |

EN 1993-1-5, 3.1, General

(1) Shear lag in flanges may be neglected if by < L./50 where by is taken as the flange outstand or
half the width of an internal element and L. is the length between points of zero bending
moment, see 3.2.1(2).

EN 1993-1-5, 3.2.1, Effective width

(1) The effectives width b for shear lag under elastic conditions should be determined from:
bey= B by 3.1)

where the effectives factor f3 is given in Table 3.1.

This effective width may be relevant for serviceability and fatigue limit states.

(2) Provided adjacent spans do not differ more than 50% and any cantilever span is not larger than
half theadjacent span the effective lengths L. may be determined from Figure 3.1. For all other
cases L. should betaken as the distance between adjacent points of zero bending moment.

B Le=0,25 (Ly+Ly) Bile=2L4

B L=085L, | BiL=ooL, | \\

Li/4 Ly/2 Li/4| Ly/4 Lp/2 Ly/4

&%E By B By B B

Figure 3.1: Effective length L. for continuous beam and distribution of effective’ width

Table 3.1: Effective® width factor

K Verification S — value
K <0,02 B=10
1
sagging bending B=B= m
0,02<x<0,70 1
’ - B=p=
hogging bending 1460 k- +1L6 K
2500 x
ing bendi p=p=—a
sagging bending ' T350x
>0,70 1
hogging bending B=p,= 3.6k
all k end support Po=(0,55+ 0,025/ k) p), but fy < pi
all x Cantilever S = > at support and at the end
. A,
K=agby/ L. with ¢, =_|1+—
byt

in which Ay is the area of all longitudinal stiffeners within the width b, and other
symbols are as defined in Figure 3.1 and Figure 3.2.

EN 1993-1-5, 3.3, Shear lag at the ultimate limit state

NOTE3: Elastic-plastic shear lag effects allowing for limited plastic strains may be taken into
account using Ay as follows

Ae{[f = Ac.eﬂﬁk 2 Aceffﬁ (31)

where [ and x are taken from Table 3.1.
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Cross-section verifications - Box-girder bridge at the internal support P3

3.2.3.5.6 Reduction due to shear lag effect
Verification if shear lag effect has to be taken into account:
Bridge span: L,=120mand L,= 120 m
Effective length: L.=0.25(L;+L,)-120 m =60 m
Considered width: by=b,/2=325m
= by < L¢/50 requirement not fulfilled! Shear lag effect has to be taken into account.

Shear lag parameters:

Bue:= |1 if x <002

1

1
146 x— + 1.6
25001

otherwise

if 0.02<1x<0.7

8.6

Byt = 0.754

3.2.3.5.7 Effective area of the stiffened plate

Effective area of compression zone taking into account effects of plate buckling and shear lag:

k 2
AeffEP = Aceff Pyl = 0.535m

3.2.3.5.8 New mechanical properties of the cross-section

The new mechanical properties of the cross-section are then calculated by replacing the gross area of
the bottom flange by its effective area.

The web has been stiffened by a longitudinal closed stiffener located at mid-depth due to shear
verifications. For simplification reasons, this stiffener is not considered in the bending verification.

New mechanical properties of the steel part of the box-section
The new mechanical properties of the steel part (structural steel only) of the box section are:

e Area:
Atotacff = AefiEp + 20—t 1 — tir2 — tp) twh + 2(Oef 1 e 1 + Oer2 tef2)

2
Atot.aeff = 1.331m
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Cross-section verifications - Box-girder bridge at the internal support P3

e First moment of area:

4.1 4f.2
Sama = 2| b1 b1 | h -7 [+ b Gea| Rt - | -

h=tif) —tf2 +1p
2ty (b=t g~ tpn — tp)- > + AeffEP Zsl.1

3
Sana = 2:666-m

e Distance between the center of gravity and the lower face of the bottom flange:

Sana
Atot.a.eff
e Second moment of area:

3 2
AR bf 1
liot.a.eff =2 12 + (btf.l 'ttf.l)' h - 5 “otana | | -

b 3 ’
tf.2 tf.2 tf.2
+2- T + (btf.z 'ttf.2>. h - ttf.l - ) - Ztot.a.na

h—tey —tf +1p
+ 2ty h '(h LT Y tp)' > ~ Ztot.a.na

twh(D—te1 — b2 ~ tp)3
12

+

2
+ AeffEP'(Ztot.a.na - Zsl.l) +ngeIg)

4
Liot.aeff = 4308 m

New mechanical properties of the composite box-section
The mechanical properties of the composite box section (structural steel part and reinforcement) are:

e Area:

2
Atot.eff = Arot.a.eff T Atsur + Aslr = 1-416m

e First moment of area:

3
Sha = Sana* Atsur'(h + §lab cur) + Atslr'(h + Clr) =3.023-m
e Distance between the center of gravity and the lower face of the bottom flange:
S

na

Atot.eff

Ziotna == =2.134m
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EN 1993-1-1, Table 5.2 (sheet 1 of 3), Maximum width-to-thickness ratios for compression
parts

Internal compression parts
_‘ TC - - jc - 1 ¢ _ _ c __ Axisof
bending
t H t- J t o t'{t
Ii
t
[ ' [ iI *
't il 't h — Axis of
C C C .
- - i - - - — bending
C
[ 1 [ ] C 1 ; u
Class Part snb_]ect o Part subj setto Part subject to bending and compression
bending compression =
f f, f
Stress — — —
distribution + + + | g
in parts c c c
(compression - .
tive)
positive) £ f'—}. i
. 396
when o >0,5: ¢/t < e 81
. . o—
1 c/t=72¢ ¢/1=33¢ 36¢
when o £0,5: ¢/t=-
a
) 456¢
when o >0,5: ¢/t <
2 c/t <83 c/t<38e :31625_1
when a0 <0,5: ¢/t=——
o
f,
Stress — f ’
distribution
in parts + c C
(compression
positive) -
A
o 42¢
whenwy >-1: ¢/t —————
3 c/t<124e c/t<42e 0.67 +0.33y
when v = -17: c/t<62¢(1- Wl (—w)
c= [235/¢ f, 235 275 355 420 460
N g 1.00 0.92 0.81 0,75 0.71

*) < -1 applies where either the compression stress o < f, or the tensile strain &, > f,/E
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Cross-section verifications - Box-girder bridge at the internal support P3

e Second moment of area:

2 2
Lioteff = Atsur'(h + Iglab ~ Cur ~ Ztot.na) + Atslr'(h O Ztot.na)

i 3 2
bif 1t e 1
+2- B + (btf.l 'ttf.l)' h - 5 “otna | | -

b 3 2
tf.2 "1tf2 tf.2
LRl e (ber2 tegn)| D~ teg g — — " Ztotna | | -

2
h=tip) — b2 +1p
+ 2 twh '(h —hf1 ~ 2~ tp)' 5 ~ Ztot.na

twh (D= te1 ~ o ~ tp)3
12

+

2
+ AeffEP'(Ztot.na - Zsl.l) +nglgp g

4
Liot.efr = 4.69m

3.2.3.6 Effective area of the web

3.2.3.6.1 General

From the values of the bending moments M, and M. (see Paragraph 3.2.3.3) and of the mechanical
properties in Paragraph 3.2.3.5, the normal extreme stresses in the web at ULS are as follows:

o M (Zawna =1,) oM (e =ty) _ 328.263 MPa

abfu
Itot.aAej/f Itr)t.eﬂ'

M, (h —lpy =l — Ztut,a.na) N M, (h —lpy =l — Ztat.na) — 290.373 MPa
I 1

tot.a.eff’ tot.eff

Oun =

3.2.3.6.2 Determination of the cross-section class

The bottom flange is already a class 4 element due to the webs of the stiffeners, so that the whole
section is already classified (elastic analysis should be performed). Thus, it has to be only determined if
the web is a Class 3 or Class 4 panel in order to eventually reduce it.

Reasoning is based on the elastic stress distribution at ULS given by Paragraph 3.2.3.6 which takes into
account the effects of plate buckling and shear lag:

G, =328.263 N/mm?
&,y =-290.373 N/mm?

And the elastic stress distribution at ULS:
o
w, =—2 =.0.885> -1
O v
Thus, the limiting slenderness between Class 3 and Class 4 is given by:

S _h _ 167872> — ¢ _91681
¢ ¢ 0.67+0.33 -y,

w w

It is deduced that the steel web is in Class 4.

175



COMBRI Design Manual - Part |

EN 1993-1-5, 4.4 Table 4.1, Internal compression elements

Stress distribution (compression positive) Effective’ width b g
wv=1:
be1 | L bez beff= P b
A p
bgl = 0.5 beff be] =0.5 bgﬁr
l=y=0:
a i B
%2 ber=p b
| Det AL ﬂ[, be2 | 2
bel == beff Doz = begr - beg
J—y

beg=pb.=p b/ (1-w)

& be2 2
bet
L’El O-“l bei’f be = 0.6 l!eﬁ'-‘

W= G2/G1 1 1= u > 0 0 0=wz=-1 -1 -1 = W= -3
Buckling factor k, | 4.0 8.2 /(1,05 +w) 7.81 7.81 - 6,29y + 9,78y 23.9 5,98 (1 - q/)2

EN 1993-1-5, 4.4 Table 4.2, Outstand compression elements

Stress distribution (compression positive) Effective? width bg
Des B l=w=0:
— .
G2 beg=pc
. ¢
b[ bc w = 0:
Ty
beg=pbe.=pc/(1-y)
G2
beﬂ
W = Gy/0p 1 0 -1 1=zy=-3
Buckling factor k, 0.43 0.57 0.85 0.57 - 0.21v + 0.07y”
| Der
eff 1=w=0:
1=wy=U
o T
2 beff —pc
S ¥
beﬁ
w=0:
Oy
. ber=p be=pe/ (1-y)
b, by
W= ag12/o1 1 l=w=0 0 0= v = -1 -1
Buckling factor k, 0.43 0,578 / (w + 0,34) 1,70 1.7 - 5y + 171y 23.8

EN 1993-1-5, 4.4(3)

(3) For flange elements of I-sections and box-girders the stress ratio ¢ used in Table 4.1 and
Table 4.2 should be based on the properties of the gross cross-sectional area, due allowance
being made for shear lag in the flanges if relevant. For web elements the stress ratio y used in
Table 4.1 should be obtained using a stress distribution based on the effective area of the
compression flange and the gross area of the web.
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Cross-section verifications - Box-girder bridge at the internal support P3

Conclusion: the cross-section at the internal support P1, P2 and P3 is in Class 4 and is checked by a
elastic section analysis.

The web is in Class 4, so that its effective cross-section under bending moment has to be
calculated according to EN 1993-1-5, 4.4.

Web in bending

k,, =5.98(1- 1/1)2 =21.027 (see EN1993-1-5, 4.4, Table 4.1, Internal compression elements)

h,
- b/t t
A = = =1.562 > 0.673
™ 28,4s\Jk,  28,4e k.,
2y =0,055(3 +y,) . : .
= P, = e = 0.593; There is a reduction of the height of the steel web
pw
Thus, the effective height of the web in compression can be calculated:
=2 1425 m
) (1 - l//w )

And this effective height of the web can be distributed as shown in EN1993-1-5, Table 4.1:

h,, = [1_"””' j -, +0.6h,,, =2.127+0.855=2.983 m
-y,

h,,,=04h,, =057m

we2

weff’

NOTE:The effective area of the box section webs is determined after that of its stiffened bottom flange.
The reverse calculation would not lead to the same effective area of the cross-section at P3 and it
would not comply with EN 1993-1-5.

3.2.3.6.3 Effective mechanical properties of the box section

The final effective mechanical properties of the cross-section are calculated by replacing the gross area
of the bottom flange and web by their effective areas.

Final mechanical properties of the steel part of the box-section

The final mechanical properties of the effective steel box section (structural steel only) of the box
section are:

e Area:

2
Aeffw = (hw.el + hw.e2)'tw = 0.096m

2
Aotacif = AcffEP + 2-Acfrw + 2(bif.1 4.1 + bef2 Gf2) = 1278m

e First moment of area:

b1 £
Sama = 2| b1 be1 | h =7 | b beo| Mot — 5 ||+ AeffEP %L -

hy e1-cos (qw) hyy e -cos (qw)
T 2thyhyer | Potpr ki - 2w w5

3
Sana = 2.613-m

a
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Cross-section verifications - Box-girder bridge at the internal support P3

e Distance between the center of gravity and the lower face of the bottom flange:

Sa.na

Atot.a.eff

ZtOt.a.l‘la = = 2.044111

e Second moment of area:

3 2
| b1t 4f.1
liota.eff =2 12 + (btf.l 'ttf.l)' h - 5 “totana | |

b 3 ’
(.2 ttf2 tf.2
+2 = * (b2 tee2) | b el — =~ ~ Zotana | | -

tWh (hwel .COS (qw)) hwel -COS (qW)
+2. 5 +twhwer | h—te1 —tfo - - 5 Ztot.a.na

3 2
tWh (hwe2 .coS (qw)) hwez -COS (qW)
+ 3 +tywhye2| Ztotana = tp~ 2

2
+ AeffEP'(Ztot‘a.na - Zsl.l) +ngelg)

4
Liot.a.eff = 4-244m

Final mechanical properties of the composite box-section

The final mechanical properties of the composite box section (structural steel part and reinforcement)
are:

e Area:

2
Atot.eff = Atotaeff T Atsur T Agslr = 1-364m

First moment of area:

3
Sha = Sana* Atsur‘(h + L§lab — Cur) + Atslr'(h + Clr) =297'm
Distance between the center of gravity and the lower face of the bottom flange:
Sha
— =2.178m
Atot.eff

Second moment of area:

Ztot.na -~

2 2
Lioteff = Atsug'(h + lab ~ Cur ~ Ztot.na) + Atslr'(h R Ztot.na)

b 3 2
tf.1 tf.1 ttf]
+ 2' 12 + (btfl .ttfl). h - 2 - ZtOt.na

b 3 )
tf.2 %2 L2
+2: D + (btf.2 'ttf.2)' h—tey - 5 “totma | |

tw.h(Dw.e1-cos(a Pw.e1 cos\d
. W ( w 6112 ( W)) + tw'hw.el .(h —4r1 Yo — %(W) - Ztot.na]

.(h . 3 h ) 2
+ wh ( w.elzchS(qw)) + tw.hw,ez'(ztot.na - e ZOS(qW)j

2
+ AeffEP'(Ztot.na - Zsl.l) +ngelg g

4
Liot.eff = 4.61m
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EN 1993-1-5, 4.6(1)
Member verification for uniaxial bending should be performed as follows:

Ng, My, + Ngey
n = + <1,0 (4.14)
: f?iﬁ fﬂ“ﬁ

Vmo Vmo

Where Agr is the effective cross-section area in accordance with 4.3(3);
en is the shift in the position of neutral axis, see 4.3(3);
Mggq is the design bending moment;
Ngg is the design bending moment;
W is the effective elastic section modulus, see 4.3(4);
MO is the partial safety factor, see application parts EN 1993-2 to 6.
NOTE: For members subject to compression and biaxaial bending the above equation 4.14 may

be modified as follows:

n = Ny, M vEd + NEdey,N + M, gy +Nge. y
L=
fyAe[f' fy v.eff fy z.eff

Vmo Vumo Y mo

<1,0 (4.15)

M, ga, M. pq are the design bending moments with respect to y and z axes respectively;e,y, e.y are
the eccentricitieswith respect to the neutral axis.

Further explanations on the shear resistance check

See Paragraph 3.1.2.5.2, page 89ff.
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Cross-section verifications - Box-girder bridge at the internal support P3

3.2.3.7 Bending resistance verification

From the values of the bending moments M, and M, (see Paragraph 3.2.3.3) and of the mechanical
properties in Paragraph 3.2.3.6, the normal extreme stress at ULS are:

— _Ma (Ztot.a.na ) + _Mc (Ztot.na )

Oyt = =353.374 MPa
A Itot.ax;[/ tot.eff’
M (h—t, —t,,—z -M_ (h—t, —t,,—z
Taup2r = o=ty Zhya = Zaa) | Ml Zhya = Z) _ g7 08 Mpa
. Itor.a.e[f' [tOf»Ciff
M h-t, —z M (h—t,, —z
Cupit = o 71 otana) + At 7.1 o) =-302.954 MPa
]zolAa.e/]' [tr)t.eff'
M (h- -M (h-
Oupi = "~ Ziraa) + = Zina) =-319.783 MPa
. Itotﬂx?[/' [fOt!i[f
-M_ (h+t,, —c, —
e " €~ Zuns) _ 145,599 MPa

tot.eff

It is then clearly verified that:

(t
sans £)=) 35 MPa Sy g = 10875 1.0
MO
(2,
Caif21 > fvd(ttf',z) = f}( l/AZ) =315MPa = N1, athh = 0914<1.0
o MO
(7
san> £t ) =2 315 MPa =y un=0.962 < 1.0
' M0
(7
Gt > fyd(tgf_l)zwzms MPa = 1 an=1.015>1.0
MO
Osreinf > ](sd = fsk =434.783 MPa = N1, s.reinf — 0.335<1.0
Vs

The effective box section has been checked here with the calculated bending moment in the cross-
section at support P3. The stress in the lower flange and in the upper flange is too high (n; > 1.0). The
calculation should normally be carried out with a lower value calculated in the cross-section located at
the distance min [0.4-a; 0.5-h,,] from the support P3. Moreover, the stresses can be checked at mid-
depth of the flanges. By doing this, the stresses should decrease under the limit value (n; = 1.0).

NOTE: The bending moment resistance does not take into account in the calculation the presence of the
web stiffener.
3.2.3.8 Shear resistance verification

3.2.3.8.1 Shear in the box section webs

The box section web is transversally stiffened on both sides at the internal support P3 (a,, = 2.5 m).

Stiffened webpanel

To evaluate the shear buckling coefficient of the stiffened webpanel, the second moment of area of the
longitudinal stiffener must be calculated according to EN 1993-1-5, Figure 5.3:
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EN 1993-1-5, 4.6(3)

The plate buckling verification of the panel should be carried out for the stress resultants at a
distance 0.4-a or 0.5-b, whichever is the smallest, from the panel end where the stresses are the
greater. In this case the gross sectional resistance needs to be checked at the end of the panel.

EN 1993-1-5, Annex A3, Shear buckling coefficients

(1) For plates with rigid transverse stiffeners and without longitudinal stiffeners or with more than
two longitudinal stiffeners, the shear buckling coefficient £, can be obtained as follows:

2
k, =5.34+4(£j +k,, when a/h, >1
a

, (A.5)
k, =4+ 5.34(}[—””) +k,, when a/h, <1
a
nY (1, ) 2,1 |(1
where £, = 9(—Wj 4 (3—"J but not less than k,, = =3 (—"j
a th, t L
a is the distance between transverse stiffeners (see Figure 5.3);
1 is the second moment of area of the longitudinal stiffener about the z-axis, see Figure
5.3 (b).

For webs with two or more longitudinal stiffeners, not necessarily equally spaced, /; is the sum of
the stiffness of the individual stiffeners.

NOTE: No intermediate non-rigid transverse stiffeners are allowed for in equation (4.5)

z Z
e : 115€t

1 1 1
* 4 ~ 3N N +hw r 1158t

Rigid transverse stiffener
Longitudinal stiffener
Non-rigid transverse stiffener

by

AFSY

Figure 5.3: Web with transverse and longitudinal stiffeners

(2) The equation (A.5) also applies to plates with one ort wo logitudinal stiffeners, if the aspect

ratio o == satisfies o > 3. For plates with one ort wo longitudinal stiffeners and an aspect ratio

w

o < 3 the shear buckling coefficient should be taken from:

6,3+0,18 [
ko= 41+ ! W+2’2i/ s (A.6)

a £h

w



Cross-section verifications - Box-girder bridge at the internal support P3

15¢(t, )1, =0.334m > blé’w 0.25m

The elastic neutral axis of the web stiffener with the width 15&(z,, )¢, on both sides of the stiffener is:

t h t
2h t w +2 st.w + b t v(hst.w +

st.wost.v.w 2.st.w” st.w 2

_ J =0.111
Zyy, h 1 +b (2 155( )t +b1ww)w m

st.w"st.v.w 2.5t.w vl w

The second moment of area of the web stiffener is:

" h,
Ist.w = [sl.w = 2 St.w .Sl w (h .St w ) + 2[% + [st.whst.w( ZW - Zst.w) :| [2 158(t )[ + L.st.w ]tu _Szt w

=1.215.10” m*
According to EN1993-1-5, Annex A3(2), as there is only one stiffener in the web and the aspect ratio is

a, =% -0552< 3, the shear buckling coefficient is:

w

6,3+0,18 e

t Islw
k., =41+ ————""+2,23 =38.119
’ o £

w wiw

The transverse stiffeners of the bracings frames bordering the webpanel close to support P3 are assumed
to be rigid.

i’_ =_4§33 ~167.872> 241, ) k.., =131.636
n

Thus, the stiffened webpanel must be checked against shear buckling.

The reduced slenderness of the stiffened webpanel:

A, =
"37.4, g(tw)ﬂ/

Web subpanels

=0.881

It is possible that one or both of the two web subpanels are more critical than the stiffened webpanel.
Thus, the two web subpanels must be also checked. As the longitudinal stiffeners is located at the
middle of the height of the web, the two webs subpanels have the same width and the same reduced

slenderness.

According to EN 1993-1-5, Annex A3(1), as the aspect ratio is «,, _ Ay 25 1.24 > 1, the shear

buckling coefficient is: b, 2.016

T.W.5p
aw

b 2
k 534+4( ””] =7.942

b,
e =_22;6 = 74.677> 2 o(1, )|k, =60.085
77

Thus, the web subpanels must be checked against shear buckling.
The reduced slenderness of the web subpanel:

b
L =0.858

A
T 37 4y et Jk [
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EN 1993-1-1, 6.2.6, Shear

(1) The design value of the shear force V, at each cross-section should satisfy:

Ve <1,0 (6.17)
c,Rd
where V g, is the design shear resistance. For plastic design V_, is the design plastic shear

resistance V blRd A8 given in (2). For elastic design V g, is the design elastic
shear resistance calculated using (4) and (5).

(2) In the absence of torsion the design plastic shear resistance is given by:

| M (6.18)
pl,Rd Vuro .

where A is the shear area.

EN 1993-1-5, 5.5, Verification
(1) The verification should be performed as follows:

773:@S1

v,

b,Rd

where Vg4 is the design shear force including shear from torque.

EN 1993-1-1, 6.2.7(9), Torsion

(9) For combined shear force and torsional moment the plastic shear resistance accounting for

torsional effects should be reduced from Voira® Viitra and the design shear force should satisfy:
o <1 (6.25)
Vpl,T,Rd

in which V .., ;may be derived as follows:

e for a structural hollow section:

TLEd

Vpl,T,Rd = 1_(fy/\/§)/7/M0 Vp/,Rd

where Vp

(6.28)

Lra1S glven in 6.2.6.
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Cross-section verifications - Box-girder bridge at the internal support P3

Shear resistance verification

Thus, it is the stiffened webpanel which is critical: /Tw =max(4 ,A )=0.881

w3 w.sp
As the webpanel close to support P3 is assumed to be rigid and 0.8 <1 <1.08, the reduction factor is:

0.83
)

w
W

The maximum design value of the shear resistance is given by
Viea=min (Vs ra; Vprara) With Vg = Vi ra

neglecting the flange contribution to the resistance:

_ le_:V (ZM/ )hH/tW
bR —
\/§7/ M1

. 77f (ZH/ )hth
Vb,Rd = mln(wa,Rd ;i/——
37w

V _ ﬂf;z (tw)hw[w
LaRd —
g \/57 Mo

so that 7, _ Vi _ 20.165

V., 20.881

=20.881 MN
j =20.881 MN

=29.251MN

=0.966<1

Shear resistance is verified!

Addition of torsional effect

The maximum torque on the box-girder bridge at the internal support P3 is equal to Mt = 1.35-:20.761
MNm = 28.027 MNm (see Figure 2-35).

The area inside the median line of the box-girder bridge:

(5 +bp)(h +”2b) (12+6.5)(4+ 0325

S = = 2 j =38.503 m’
2 2

The shear stress in the web is given by the Bredt formula:

M, _ 13.48MPa
28t

w

z-Ed, T ,web =

The shear force in the web due to torque is:

t,h, =1.65MN

VEd,T,web = z-Eal,T,wrzb w'w
Thus, the verification of shear including the torsional effect gives:

V. +V,
7= £a Ve _ 20.165+1.65 1045 >]
Ve 20.881

n, > 1, but the maximum torque value is combined with the maximum design value of the shear
resistance which do usually not appear at the same time.
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EN 1993-1-5, Annex A3, Shear buckling coefficients

(1) For plates with rigid transverse stiffeners and without longitudinal stiffeners or with more than
two longitudinal stiffeners, the shear buckling coefficient k.can be obtained as follows:

2
kr =534+4(h_wj +kl'sz When a/hw 21
a

e (A.S5)
k.=4+ 5.34(¢j +k,, when a/h, <1
a
2 3
where £, = 9(}1—”) 4 31—" but not less than &, = 210 L
‘ a th, ‘ t .
a is the distance between transverse stiffeners (see Figure 5.3);
1 is the second moment of area of the longitudinal stiffener about the z-axis, see Figure
5.3 (b).

For webs with two or more longitudinal stiffeners, not necessarily equally spaced, I is the sum of
the stiffness of the individual stiffeners.

NOTE: No intermediate non-rigid transverse stiffeners are allowed for in equation (A.5)

z Z
— ¢ 115812

1 1 1
* b o EN N * - 1”“

‘ e .
( D j—B >hw2

B-B
» d, _ a, - a, -
i o A, 2
a b
(@) 1 Rigid transverse stiffener (b)
2 Longitudinal stiffener
3 Non-rigid transverse stiffener

Figure 5.3: Web with transverse and longitudinal stiffeners
(2) The equation (A.5) also applies to plates with one ort wo logitudinal stiffeners, if the aspect

ratio o = satisfies o > 3. For plates with one ort wo longitudinal stiffeners and an aspect ratio

w

o < 3 the shear buckling coefficient should be taken from:

6,3+0,18i

th / 1
v 42,23 A.6
2 t3hw ( )

k.= 41+
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Cross-section verifications - Box-girder bridge at the internal support P3

Shear verification including torsional effect

The shear area of the box section:

A =ht =0.122 m

The design plastic shear resistance:

, AU

pl.Rd —
Ymo

=29.251 MN

The reduced design plastic shear resistance:

Vong =| 1m— |y =27.272 MN

p (4,/33) 7

Thus, the verification in shear including torsional effect gives:

V.  20.165

= =0.739<1
27.272

%

pl.T.Rd

Shear resistance inluding shear from torque is verified!

3.2.3.8.2 Shear in the stiffened bottom flange of the box section

Calculation of the shear stress in the bottom flange

The shear stress in the bottom flange varies from Tgqmin = 0 in the vertical symmetry axis of the cross-
section to Tgqmax at the junction of the bottom flange with the main web. Tg4max 1S calculated considering
the construction phases and using the initial gross cross-section.

The shear force Viq = 33.234 MN at support P3 is broken down into:

=

VEga = 19.675 MN applied to the structural steel box section only (I, = 4.588 m*,
Znaa = 1.882 m) and which corresponds to a shear stress in the bottom flange equal to:

Lete e _ 5625 MPa
t

tot.a P

Z-Ed,a

where |, is the moment of area of the botton flange with respect to the elastic neutral axis of
the cross-section:

b
u, ="tz =0459m’

2 p“na.a

Vg = 13.559 MN applied to the composite box section (I, = 5.015 m*, z,,. = 2.01 m) and
which corresponds to a shear stress in the bottom flange equal to:

TEd,C -

= —Vl'fd £ie 17,674 MPa

tot P

b
where 1, =7ptpzm =049 m’

7’-Ed,max = TEd,a + TEd,c = 43924 MPa

The shear stress due to torsion should be added to this value by using the same way than in previous
Paragraph 3.2.3.8.1.
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Cross-section verifications - Box-girder bridge at the internal support P3

The shear stress in the web is given by the Bredt formula:

M
TEd,T,lzf' = ﬁ =4.853MPa

p

= Tiamax = Vida * Teae T Coarsy = 48.776 MPa

Shear stress check in the global stiffened bottom flange

The bottom flange is transversally stiffened on both sides at the internal support P3 (a, = 2.5 m) and
longitudinally stiffened every by, = 0.5 m by six closed-section stiffeners equally spaced.

To evaluate the shear buckling coefficient of the stiffened bottom flange panel, the second moment of
area of the bottom flange stiffener must be calculated according to EN 1993-1-5, Figure 5.3:

155( )t _0957m>bl§w =0.25 m and 155( )z =0.957 m > b2 =0.25m

Then the elastic neutral axis of the web stiffener with the widthng(t ) )t » (with the upper limit bg,/2 or
b1 stw/2) on both sides of the stiffener is:

t +h t —t
P st.w P st.w
2hstszstAvAw 2 + b2AstszstAw (hstw + \J
Zst.p = 63.674 mm
Zhsﬁwtsﬁww + b2 st.w st w (bsub + bl st. w)

The second moment of area of one bottom flange stiffener is:

[bsub + bl st.w ]
12

S vwhs3 w hs w
[S’»P = 2.5t.w Atw(htw Atw) +2|:#+tst.whst.w( :tz _ZSLIJ) :| [béub +bl stv»] w .Sl‘p +

I,,=1718.10"m"

The second moment of area of the six bottom flange stiffeners is:

I1,,=6I,, =001m

According to EN 1993-1-5, Annex A3 (2), as there are six stiffeners in the bottom flange and the aspect

ratio a, = % =0.385 < 1, the shear buckling coefficient is:
P

b 2
k., = 4+5.34[—”j +k,,, =204.342
. . ,

b Y (1, Y 21
where k., = 0| = | 4 =22 | =164243 > == ~3.265
a, tpbp Z, bp

The tranverse stiffeners of the bracings frames bordering the bottom flange panel close to support P3
are assumed to be rigid.
6500

b 31
L =" =86.667< —&(t ).k, =314.015
t 75 77 (p) T.p

p

Thus, the bottom flange must not be checked against shear buckling. It is therefore deduced that no
global plate buckling occurs due to shear stress in the bottom flange.

nf,@,)
7/1\41\/g

= Tpgm /2= 48.776 MPa/2 = 24388 MPa < 7, =

=204.697 MPa (with n = 1.2)

Tt o | 2
= n,=—tm = =0.119< 1

189



COMBRI Design Manual - Part |

EN 1993-1-1, 6.2.6 (4)

(4) For verifying the design elastic shear resistance V g, the following criterion for a critical

point of the cross-section may be used unless the buckling verification in EN 1993-1-5, Section 5
applies:

Tkd <1.0 (6.19)
fy / \/g Vmo
: VS
where 1, may be obtained from: 7, = T (6.20)
where V., is the design value of the shear force
S is the first moment of area about the centroidal axis of that portion of

the cross-section between the point at which the shear is required and
the boundary of the cross-section

| is second moment of area of the whole cross-section
t is the thickness at the examined point

NOTE: The verification according to (4) is conservative as it excludes partial plastic shear
distribution, which is permitted in elastic design, see (5). Therefore it should only be carried out
where the verification on the basis of V_, according to equation (6.17) cannot be performed.

Further explanations on the M-V-interaction

See Paragraph 3.1.2.5.3, page 93.

EN 1993-1-5, 7.1(2)

(2) The criterion given in (1) should be verified at all sections other than those located at a distance
less than h,,/2 from a support with vertical stiffeners.

EN 1993-1-5, 7.1(5)

(5) A flange in a box-girder should be verified using 7.1(1) taking M, = 0 and 7., taken as the
average shear stress in the flange which should not be less than half the maximum shear stress in
the flange and 1); is taken as 1; according to 4.6(1). In addition the subpanels should be checked
using the average shear stress within the subpanel and y, determined for shear buckling of the
subpanel according to 5.3, assuming the longitudinal stiffeners to be rigid.
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Cross-section verifications - Box-girder bridge at the internal support P3

Shear stress check in each subpanel of the bottom flange

The longitudinal stiffeners are assumed to be rigid. In the bottom flange they define subpanels of the
size a, = 2500 mm and by, = 500 mm. These subpanels should be individually checked for shear
resistance. The verification is only performed in the most loaded subpanel, namely the one bordering
the main steel web of the box section where the average shear stress reaches.

(Tt = Tt ) oo /2 (4.853—48.776)500/2

Ty =T + =48.776 + =45.398 MPa
T b,/2 6500/2
According to EN 1993-1-5, Annex 3(2), as the aspect ratio «,, = %4 =5 > 1, the shear buckling
coefficient is: sub

a

w

2
k., = 5.34+4[b‘r—“}’] +k., =335

where £k 0

rst.sub

The transverse stiffeners of the bracings frames bordering the bottom flange panel close to support P3
are assumed to be rigid.

Dup 300 _ ¢ 667 < e, )k,
t 75 n

P

=51.517

sub

Thus, the subpanels of the bottom flange must not be checked against shear buckling. It is therefore
deduced that no local buckling occurs in the bottom flange due to shear.

t
= 1=45398MPa<r,,, = 1,0 _ 504,697 MPa (with = 1.2)
7’/\41\/g
= _fm _og2<i
1, =—L-=0.
Th.Ra

Shear resistance is verified!

3.2.3.9 Interaction between bending moment and shear force

3.2.3.9.1 M-V-interaction in the box-girder webs

The section to be verified is located at a distance h,/2 = 2.266 m from support P3. In this section
Mgy =-670.487 MNm and Vgq = 18.932 MN (considering the inclination of the web).

_ V"

7, =—"-=0914>0.5

bw,Rd

The M-V-interaction should be checked by justifying the following criterion in the box section webs:

M
7 {1— LA }[2773—1]2 <lif =

pl,Rd

Ed

My o M
Pl,Rd MP[,Rd

The plastic bending moment resistance of the section, as well as the plastic bending moment resistance
of the flanges only, is calculated with the effective cross-sections of the flanges (taking into acccount
the shear lag effect and the possibility of plate buckling).

The web is in tension in its upper part and in compression in its lower part. To calculate M¢gy the
position of the Plastic Neutral Axis (PNA) is determined as follows:
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Relations to find the location of the Plastic Neutral Axis (PNA) under

negative moment Mp rq

and Nape < Naer1 + Naro + Ng + Ny

RELATIONS PNA LOCATION
Nabe > Naee1 + Naero + Ny + Ny PNA in the bottom flange
Nabs + Natr2 = Nage1 + N + Ny PNA in the top flange 2

Nabf + Natf.2 + Natf.l > Nsl + Nsu
and Nape + Naero < Nyer + Ng + Ny

PNA in the top flange 1

Nsl + Nsu > Nabf+Natf.1 + Natf.2

PNA in the slab
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Cross-section verifications - Box-girder bridge at the internal support P3

e Design plastic resistance of the bottom flange:

NaAbf = I:nst [tstﬁrd (txt.w)(bzg[] + 2b3Aef]') + tpf:vd (tp )(ble/f + bxub_e[/' ):| pc + tpfjvd (tp )(02m + bsub.e[/')]lgt:;t =
=181.359 MN

e Design plastic resistance of the two structural steel top flanges 1:
Natf1 = 20 e g Tyt 1) = 945 MN

e Design plastic resistance of the two structural steel top flanges 2:
Natf2 = 2:bieo tign fya(teen) = 7938 MN

e Design plastic resistance of the upper steel reinforcement:

Ngy = Aq yr fsq = 2259 MN

e Design plastic resistance of the lower steel reinforcement:

NSI = AS.II"de = 14.458 MN

e Location of the Plastic Neutral Axis (PNA)
Nabt + Nar2 = 275.857 MN > Ny + Ny + Ny, = 131.548 MN
and Nabf =181.357 MN < Natﬁ] + Na[f'z + Nsl + Nsu =210.928 MN

Thus the PNA is deduced to be located in the top flange 2 at a distance z, from the extreme
lower fiber of the bottom flange. Writing the force equilibrium around the PNA deduced:

- 4(h _tzf.1)bzf.2fyd(tzf.2)+Na.gf.l +Nsu +Nsl _Na.bf _Naffz —387m

" 4btf.2fyd (ttf.Z)

The design plastic resistance moment of the flanges only is calculated from the position of the PNA:

Mf,Rd :N€u(h+tslab_c _Zp1)+Ny[(h+clr_Zpl)

ur

2
h—t, —z
. !
+ % 2b;f.2fyd (tgf.Z ) +

t t
+Na'tf'1 (h —%— Z, j + Na_bf (Zpl —Epj

As | Mgy | =709.513 MNm < M¢rq = 714.623 MNm, there is finally no need to verify the interaction
criteria.

fra(ty) =714.623 MNm

2
(h A zp,) b
2 if.2

3.2.3.9.2 Interaction M-V in the bottom flange of the box section

The value n; = 0.119 has already been calculated in Paragraph 3.2.3.8.2. Thus, n; < 0.5.

= There is no need to check the M-V-interaction.
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Verifications during erection - Twin-girder bridge

4 \Verifications during erection

4.1 Twin-girder bridge

4.1.1 General

The construction phasing of the twin-girder bridge is done according to the following scheme: firstly,
the steel superstructure of the twin-girder bridge is erected by the incremental launching technique.
Secondly, the concrete slab is cast in-situ according to the order already described in Section 2.1.4.
Finally, the non-structural equipment is installed. During erection, usually each cross-section has to be
verified at every construction stage which cannot all be part of this section. Thus, in the following, the
verifications during erection focus on the patch loading resistance of the steel girders during launching.

The bridge is launched from one side (abutment CO) only. In order to recover and to reduce the
deflection of the cantilever part when approaching a support, a launching nose is used. The launching
nose has a length of 11.75 m and its total weight decreases from 18 kN/m at the cross-section connected
to the bridge girders to 12 kN/m at its free end. A provisional wind bracing is added between the two
steel girders for the launching process. At the supports, sliding skates with a loading length of s,=1.5 m
are used.

The determination of the patch loading resistance is done both according to Section 6, EN 1993-1-5 in
Section 4.1.2 and according to Section 10, EN 1993-1-5 in Section 4.1.3. However, initially the most
unfavourable launching situation has been determined as shown in Figure 4-1 which corresponds to a
location of the steel girders at a position of x = 111.75 m.

111.75 m
I ) S A I

P 5. 5. 51 ||
s

2589

mmﬂmﬂﬂ']];mw,w__ .

mmﬁrﬁ]fjﬂllllﬂﬂﬂllmﬂ] Iﬂm [II[J:EIﬂﬂmmm;

.72

Bending moments

_ __,_,ﬂmmlllﬂlmﬂm

e Shear forces

____;__________3_____________

Figure 4-1: Most unfavourable launching situation.

The dimensions of the studied panel at the decisive cross-section are given in Figure 4-2. The web is
longitudinally unstiffened and the spacing of the vertical stiffeners is based on the verifications against
lateral torsional buckling, i.e. 3.5 m here. On the safe side, additional stiffeners which may have been
added for shear verification are not considered.
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Verifications during erection - Twin-girder bridge

3.5 0.8 ;
DEE——
(o]
(o]
o
o
<
AN
ol _l_ 0019
(e}
o
o
ss=1.5
‘\\\\\\\\\\\\\\\‘ S
b10 |
1.0 0.75 | 0.75 1.0 - -

Figure 4-2: Dimensions of the studied panel in [m].

From the global analysis, the internal design forces (for use with Section 6, EN 1993-1-5) are given
below for one main steel girder.

Mga=-19.26 MNm

VEdma: = 0.73 MN

Vidappiica = Vidmax —Fea/2 =0 MN
Fpys=1.46 MN

The resulting stress field (for use with Section 10, EN 1993-1-5) acting at the studied panel is shown in
Figure 4-3.

Ox,Ed,top — -96.1 MPa

i 1=0MPa
|
OxEdbot = 79.7 MPa FFrTrffrt

OzEd = 45.3 MPa

Figure 4-3: Stress field acting at the studied panel.
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Buckling value kg

the critical load F. because the reduction curve ¥ .(Ar) has been calibrated based on this

The formula given for the buckling value kr must be ﬁ(gclysively used for the determination of
formula for kg.
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Verifications during erection - Twin-girder bridge

4.1.2 Verifications according to Sections 6 and 7, EN 1993-1-5

In the following, the patch loading resistance according to Section 6, EN 1993-1-5 is determined. The
interaction between transverse force and bending moment is checked according to Section 7, EN 1993-
1-5.

Determination of the critical load F,

2
hW
3
tW
Fer = 0.9-kg 210000MPa-—— Fop = 3.99MN
w

Determination of the yield load F,

fyf~bf
my = my = 48.05
fyw'tw
hy, )
my = 0.02:] — my = 10.82
te
ly =sg+ 2-tf-(1 + /ml + m2)
ly. = ly if lyﬁ a
a if 1y> a ly:3148mm
Fy = ly'tw'fyw Fy = 20.63 MN
Determination of the slenderness parameter X F
F
7\.F = —y 7\.F = 227
Fer

Here, the slenderness parameter is larger than Ar = 0.5 which is a precondition to use the above
formula for m,. For Ar < 0.5, m, should be set to zero according to Paragraph 6.5(1), EN 1993-1-5.

Determination of the reduction factor

0.5
—— if Ap> 05
rp F A = 0.22
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Improved resistance to transverse forces

In the COMBRI research project and in [31] it has been shown that in case the value m, is set to
zero and, due to the changed definition of the yield load, the reduction curve is recalibrated, not
only the resistance to transverse forces can be improved but also the scatter of the resistance
model becomes smaller. For details, see the COMBRI Final report [7].

Interaction between transverse force and bending moment
In Section 7.2(1), EN 1993-1-5, the interaction should be determined as follows:
n, +0.8-n, <14

If n; = 1.0 is assumed, it can be shown that the influence of bending moment must be taken into
account only for n; > 0.5.



Verifications during erection - Twin-girder bridge

Determination of the patch loading resistance

Lefr = 2F'ly Logp = 691.9mm
] ny'Leff Tw
FRa="—"—"— Frq = 412MN
M1
Fgq
Ny = —— N, = 0.353
Frd

Interaction between transverse force and bending moment

Here, n; = 0.265 < 0.5 so that the interaction with bending moment is not decisive.

However, in the following the calculation according Section 7, EN 1993-1-5 is shown:
n,+08mn, < 14

Here n, =0.270 and n, =0.353, so that the interaction verification becomes

0.353+0.8:0.270=0.569 < 14

4.1.3 Verifications according to Section 10, EN 1993-1-5
In the following, the patch loading resistance according to Section 10, EN 1993-1-5 is determined.

Determination of o,

The determination of the minimum load amplifier a., for the design loads to reach the elastic critical
load of the plate under the complete stress field can be either determined

e for each component of the stress field (e.g. by a hand-calculation)

2

t

o = 189800MPa.| — o = 14.03MPa
hW

Elastic critical longitudinal stress acc. to Table 4.1, Section 4.4, EN 1993-1-5

K 8.2 1 0
= | — if 1> y>
X 705 + vy v
2 .
7.81 =629y +9.78y  if 02> y > -1
5.98-(1-y)* if 1>y > -3 kg x = 29.08
Ocrx =Ko xOF Oorx = 407.95MPa
. Ocr.x
Qerx = Oerx = 5.12
O x.Ed.bot
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Verifications during erection - Twin-girder bridge

Elastic critical transverse stress with k = 2.08 acc. to Table 8.12 [38]

1
GCI‘.Z = k-cE-a~Tth GCI‘.Z = 60.43 MPa
S
Ocrz
Uopp = 1.33

Qerz =
Gz Ed

Elastic critical shear stress acc. to Eq. (A.5), Annex A.3, EN 1993-1-5

2
hy, a
ke = 1534 +4.00 — if — >1
a hW
2
hy . a
4.00 + 5.34-(—) if —<1
a hy, k; =6.93

Tor = k,E'GE Tor = 97.29 MPa

e
Oert =" Oerg. =
TEd
Minimum load amplifier acc. to Eq. (10.6), Section 10, EN 1993-1-5
1
Oer = 3
1+ 1 1+ 1 1- 1
LA + LA + vy .
4oy 20y doerx 20, 2:0l x2 ooy TZ

o = 1.276

for the complete stress field (e.g. by using appropriate software)

[ ]
In case e.g. software EBPlate is used, the minimum load amplifier can be determined in a single

step as o, = 1.259.

In the following calculations, the value o, = 1.276 is further used.

Determination of otk

2 2 2
Oeq = \/Gx.Ed.bot +G6,Ed ~ Ox.Ed.bot CzEd T 3"TEd Oeq = 09-26 MPa

fyw
o ultk = 4.98

Qyltk = 7 3 >
J Ox.Edbot T CzEd ~ Ox.Ed.botCzEd* 3"TEd
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Elastic critical column-buckling stress ;..

The determination of o, in the transverse direction should take into account the nonlinear stress
distribution in the web for which no hand-calculation method exists at the moment. Instead, a
common approach is to assume a linearly varying stress distribution for a pin-ended strut which
is zero at one end and which can be calculated acc. to DIN 4114 as follows: 6. = 1.88-Gp.

It should be noted that this simplification may lead to unsafe results because o is
underestimated and in turn the ratio G p/Ger, 1S Overestimated so that column-like behaviour is
not detected correctly. The shorter the loading lengths is, the larger this deviation is.

Reduction curve for transverse stresses, column-like behaviour and interpolation function

In the COMBRI project it has been shown that the interpolation function acc. to Eq. (4.13),
Section 4.5.4, EN 1993-1-5, which takes into account column-like buckling, is not appropriate
for patch loading stresses in the transverse direction. Moreover, the ratio of G p/Gerc, for which
column-like buckling needs to be considered, should be 2.7 (and not 2.0 as given in Eq. (4.13)).

Basically, either a new interpolation function is required or a reduction curve should be used
which can be used with the existing interpolation function. A new interpolation function has been
derived e.g. by Seitz [40] and this method is introduced in the COMBRI Final report [7].
However, e.g. for the new German DIN-Fachbericht 103 [12], it has been decided to use the
reduction curve of Annex B, EN 1993-1-5, for transverse stresses because this approach complies
well with current Eurocode rules and could be easier implemented. Thus, for a welded girder
Table B.1, Annex B.1, EN 1993-1-5 gives:

hpo = 0.80 o, =034 bp. =051+ ap'(}"p - }"pO) +2p)]

which is to be used in
1

p =
bp. Ty 4’13.2 ~p

This reduction curve is used on the right hand-side instead of Eq. (4.13), Section 4.5.4,
EN 1993-1-5.
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Verifications during erection - Twin-girder bridge

Determination of the slenderness parameter A,

o
PO L A = 1976
p " p
Cr

Determination of the reduction factors

The determination of the reduction factors for the design loads to reach the elastic critical load of the
plate under the complete stress field can be either determined

e using different buckling curves

Longitudinal stress acc. to Eq. (4.2), Section 4.4, EN 1993-1-5
hp = 0.055-(3 + y)

2
kp

Py = px = 0.481

Check of column-like behaviour in the longitudinal direction

Column-like buckling in the longitudinal direction for plates should be checked according to
Section 4.4(6), EN 1993-1-5, for panel aspect ratios a < 1.0. Therefore column-like behaviour is
not calculated in detail here.

Transverse stress acc. to Annex B.1, EN 1993-1-5

Pz. = 3 with ¢, = 1.688 p, =0.381

Check of column-like behaviour in the transverse direction

Due to the nonlinear distribution of transverse stresses in the web, the determination of the
critical column-buckling stress has been done here most accurately based on the energy method
which takes into account the nonlinear stress distribution.

O cre = 28.55MPa
o o

T2 o2 £=—Z £=1.12
Ocr.c Ocr.c

Because & > 1.0, column-like behaviour does not have to be considered acc. to the definition in
the existing Section 4.5.4, EN 1993-1-5.

Shear stress acc. to Table 5.1, Section 5.3, EN 1993-1-5 with n = 1.2.

Aw = | 1.0 if A < ) Aw = 0420
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Use of a corrected interpolation function instead of the reduction curve acc. to Annex B.1,
EN 1993-1-5

For comparison, the use of the newly derived interpolation function acc. to Seitz [40] would
give:

n Seitz = 0.477

For comparison with Section 4.1.2 “Application of Section 6, EN 1993-1-5”, the pure patch
loading resistance leads to Frq = 3.13 MN. This also shows that the application of existing
Section 10, EN 1993-1-5 [23] in combination with Section 4, EN 1993-1-5 overestimates the
patch loading resistance by 22.4% (Frq = 3.83 MN). In contrast to this, results from the newly
derived interpolation function (Frq = 3.13 MN) and from the buckling curve based on Annex B.1,
EN 1993-1-5 (Frq = 3.17 MN) correspond well with a difference of about 1.3 %.
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Verifications during erection - Twin-girder bridge

e using a single buckling curve

According to Table B.1, Annex B.1, EN 1993-1-5

7‘p0 =0.80 Op = 0.34

—o0sl O _ 1
dp. =051 +a, (xp xpo) 2]
op. = 1.688

pi=
[ 2 p =038l
bp.+y0p. ~2p

Determination of the patch loading resistance

e using different buckling curves

2 2 2
Ox.Ed.bot . OzEd Ox.Ed.bot Oz Ed i3 TEd
M diff = - : |4
£ o o o fw
pX'_ pZ'_ pX'_ pZ._ XW._
T™1 ™1 ™1 ™1 TM1

n diff = 0472

For comparison with Section 4.1.2 “Application of Section 6, EN 1993-1-5”, the pure patch
loading resistance leads to Frq=3.17 MN.

e using a single buckling curve

P Qyk
Arq =

1
gy =1.727 Nyingie = —— = 0.579

Ywmi OlRa

For comparison with Section 4.1.2 “Application of Section 6, EN 1993-1-5”, the pure patch
loading resistance leads to Frq=3.17 MN.
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Verifications during erection - Twin-girder bridge

4.1.4 Results

In Figure 4-4 the distribution of the patch loading resistances is summarised along the whole bridge
length. It can be shown that the most unfavourable launching situation (Fgg = 1.456 MN) can be easily
verified not only with the cross-section near the support P2 (x = 111.75) but also with other cross-
sections in the span region.

Z 100 -

= - ——Section 6

2 r — = Section 10

W 8.0+

© i

e i Pier P1 Pier P2

E 6.0 | ier

0 r

b i

9 L

o 4.0 ’j—'_'_,—l__h|_|_‘—'_'_,_l_—|_|_|_‘—

£ r I N PR

-O 7_ -------- — i I T T G — p—- ] e ke e m o m om —

S 20+ Fedmax = 1.456 MN

< i N

2 - T == ———

S 00— e
0 20 40 60 80 100 120 140 160

Bridge axis x [m]

Figure 4-4: Distribution of patch loading resistances according to EN 1993-1-5 along the bridge
length.
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Verifications during erection - Box-girder bridge

4.2 Box-girder bridge

4.2.1 General

The construction phasing of the box-girder bridge is done according to the following scheme: firstly,
the steel superstructure of the box-girder bridge is erected by the incremental launching technique.
Secondly, the concrete slab is cast in-situ according to the order already described in Section 2.2.4.
Finally, the non-structural equipment is installed. During erection, usually each cross-section has to be
verified at every construction stage which cannot all be part of this section. Thus, in the following, the
verifications during erection focus on the patch loading resistance of the steel girders during launching.

The bridge is launched from one side (abutment CO) only. In order to recover and to reduce the
deflection of the cantilever part when approaching a support, a launching nose is used. The launching
nose has a length of 28 m and its total weight decreases from 57 kN/m at the cross-section connected to
the bridge girder to 28 kN/m at its free end. A provisional wind bracing is added between the upper
flanges for the launching process. At the supports, sliding skates with a loading length of s, = 3.0 m are
used.

The determination of the patch loading resistance is done both according to Section 6, EN 1993-1-5, in
Section 4.2.2 and according to Section 10, EN 1993-1-5, in Section 4.2.3. In the following, the different
launching situations which will be checked are introduced. In all diagrams the internal forces and
support reactions are given for one half of the box-girder.

The most unfavourable launching situation for maximum bending has been determined as shown in
Figure 4-1 which corresponds to a location of the steel girder at a position of x = 448 m.

X =448 m

Bending moments

Shear forces

Figure 4-5: Launching situation “1” (most unfavourable both for maximum bending and pier
cross-section).
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Verifications during erection - Box-girder bridge

The most unfavourable launching situation for the weakest cross-section has been determined as shown
in Figure 4-6 which corresponds to a location of the steel girder at a position of x =484 m.

X =484 m

Co P P, P; P,

09,3220

Bending moments

[

Shear forces

i et L
2.25282

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
251904 |
;
|
|
|
|
|
|
|
|
|
|
|
|

Figure 4-6: Launching situation “2” (most unfavourable for weakest end-span cross-section).

The most unfavourable launching situation for unequal shear distribution has been determined as shown
in Figure 4-7 which corresponds to a location of the steel girder at a position of x =408 m.

x =408 m

Co P, P, P; P,

i
506245 |
1
| 10,8017

i

Bending moments

Shear forces

Figure 4-7: Launching situation “3” (most unfavourable for weakest mid-span cross-section).

The dimensions of the studied panel at the decisive cross-sections are given in Table 4-1 and Figure
4-2. The web is longitudinally stiffened at 0.2-h,, with reference to the neutral axis of the stiffener,
which is an efficient stiffener position in case of patch loading and might not necessarily be in
accordance with the choice of stiffener position in the other sections of this document, and the spacing
of the vertical stiffeners is based on the verifications against lateral torsional buckling, i.e. 4.0 m here.
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Verifications during erection - Box-girder bridge

bf,top ) tf,top

bQ h,,

Bebot * thpot

with Iy, = 154894 cm4

Figure 4-8: Notations of the studied panel in [mm)].

Table 4-1: Dimensions of the studied panels in [mm].

Launching situation
“1” «“2” “3”
bt op [mm] 1500 1500 1500
ttop [mm] 184 70 50
hy, [mm] 4539.4 4726.2 4762.6
ty [mm] 27 20 18
b bot [mm] 1015.3 527.1 405.1
tebot [mm] 75 35 25
b, [mm] 657.9 695.2 702.5

From the global analysis, the internal design forces (for use with Section 6, EN 1993-1-5) are given
below. In case of internal forces and support reactions the values are given for each web.

Table 4-2: Internal design forces.

Launching situation
“1” «“2” “3”
Mgq [MNm] -217.93 -99.35 -50.62
VEdmax [MN] 4.25 3.17 2.16
VEdapplied = VEdmax - FEa/2  [MN] -0.83 -0.29 -0.83
Frq [MN] 8.37 5.69 4.92
Fed.web [MN] 10.15 6.91 5.97
FEdpottom plate [MN] 5.75 3.91 3.38

The calculations in Section 4.2.2 showed that the negative bending moment has an influence on the
patch loading resistance only for launching position “1”. In all cases, the additional shear force is
almost negligible. For these reasons, the calculation for launching situation “1” is given in detail in
Section 4.2.2.1 whereas for launching situations ‘“2” and “3”, which are relevant for the mid- and end-
span verifications, only results are presented in Sections 4.2.2.2 and 4.2.2.3.
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Determination of the critical load F,,

In EN 1993-1-5 the determination of the critical load of a longitudinally stiffened web is based
on the lowest buckling value kg. In the diagram below buckling values for different panel aspect
ratios and stiffener positions are given. Based on that, the formula in EN 1993-1-5 describes only
the increasing branch and is therefore limited to a range of application b;/hy, < 0.3.

0.0 < —1 Buckling mode,
range of : lower subpanel
application
02
T 04 —o—alhw=1
= —o—alhw =2
= —o—alhw=4
0
06 .
08 1
0 5 4 16 Buckling mode,
10 4 . | — . upper subpanel

Buckling coefficient k. [-]

Thus, according to a EN 1993-1-5 calculation, the most advantageous stiffener position is at
bi/hy, = 0.3 although this might be not true in reality. In general, the patch loading resistance
increases with decreasing distance between stiffener and loaded flange. In the COMBRI project,
this paradox has been solved within the COMBRI project, see [7] as well as [5] and [9].

Improved resistance to transverse forces

In the COMBRI research project and in [5], [9] it has been shown that in case the value my is set
to zero and, due to the changed definition of the yield load, the reduction curve is recalibrated,
not only the resistance to transverse forces can be improved but also the scatter of the resistance
model becomes smaller. Whereas the work in [5] is related to the improved resistance model for
longitudinally unstiffened girder according to [31], the work of [9] can be used with current
Eurocode rules. For this reason, in the German National Annex to EN 1993-1-5 [11] the proposal
of [9] has been adopted for the national choice of the patch loading resistance model for
longitudinally stiffened girders. For details, see also the COMBRI Final Report [7].

On the following page, the example calculation according to [9] is shown.
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Verifications during erection - Box-girder bridge

4.2.2 Verifications according to Section 6, EN 1993-1-5

4.2.2.1 Launching situation “1”

In the following, the patch loading resistance according to Section 6, EN 1993-1-5 is determined. The
interaction between transverse force and bending moment is checked according to Section 7, EN 1993-
1-5.

Determination of the critical load F,

109 Ls11
Yo =109 vg = 188.96
hy, ty
R ’ 210+ 0.3 il
A W B Y smin = 3736
. Ls11 .
v = |10.9- if ¥s. < Ys.min
hy, ty
a 3 bl .
13 — | +210- 03 - — | if Ys. ” Ys.min
hy a -
vg = 37.36

hy, )2 b
w 1
kg = 6 + 2(7} + (5.44-? - 0.21j-,/vS kg = 12.76

¢ 3

W
Fer = 0.9-kg-210000MPa-— Fop = 10.46 MN
w

Determination of the yield load Fy

fyf-bf
my = my = 3542
fo -t
YW W
h 2
my = 0.02-(—Wj my = 73.26
te
ly = Ss + 2tf(1 + [ml + mz)
/]’}\:: ly if 1y <a
a lf ly > a ly = 4000mm
Fy = Ity Fy = 3726 MN
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Example calculation based on the procedure according to Davaine [9]

Determination of the critical load F;

Fop = 10.46 MN

Sg + 2tf a ' .
kpo =]08: ——— [+0.6|| —
F2 a [blj kpp =712

3
t
W
FCI‘.2 = kF_2-189800MPa-? FCI‘.2 = 40.41 MN
P 1:cr.l 'Fcr.2 F 831 MN
cr. = cr. — %
Fcr.l + 1:cr.2

Determination of the yield load Fy

The factor m, has to be set to zero in this procedure.

my = 0
ly. =sg+ 2-tf-(1 + /m1>
/éyw\:: ly if ly <a
a lf ly > a ly = 4000mm
Fy =1y ty fyw Fy =37.26MN
Determination of the slenderness parameter 7_\,1«‘
F
Ap o= | = Ap = 2.12
Fer,
Determination of the reduction factor
¢ = 0.5{1+0.21(Ag - 0.80) + Ag] b = 156

1

P = > p = 0436
¢+, /07 —Lp

Determination of the patch loading resistance

L =p-l
eff. ‘= Ply. Logr = 17447 mm
f o Lope -t
ff,
Fpq = o ——— Fpq, = 1477MN
YM1
F
Ed.web
FRrd.
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Verifications during erection - Box-girder bridge

Determination of the slenderness parameter Ar

Api= [— Ap =189
F F
For
Here, the slenderness parameter is larger than Ar = 0.5 which is a precondition to use the above
formula for m,. For Ar < 0.5, m, should be set to zero according to Paragraph 6.5(1), EN 1993-1-5.

Determination of the reduction factor yr

xp= |10 if Ap<05

0.5
— if Ap> 05
g F %p = 0.26
Determination of the patch loading resistance
Legr = xF-ly Logp = 1059.6 mm
] fyw'Leff ‘ty
FRe=—""—"— FRrq = 897 MN
™1
FEd.web
Ny = ———— ny = 1132
Frd

As M = 1.132 > 1.0 the patch loading verification can not be fulfilled and thus also the interaction cases
are not fulfilled. Instead they are shown for the sake of completeness using the value of the patch
loading resistance according to Davaine [9].
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Example calculation based on the procedure according to Davaine [9] (cont.)

Based on the recommended procedure in EN 1993-1-5, the patch loading verification can not be
fulfilled and a solution would be to increase the web thickness t,, to 30 mm. When using EN
1993-1-5, another stiffener position or longer loading length would not increase the calculated
resistance decisively. However,the design models developed in [9] and [S] which are summarised
in [7] allow to asses the existing higher patch loading resistance without using numerical
simulation tools. Here, the procedure acc. to [9] has been shown to improve the patch loading
resistance with regard to the drawbacks described in the remark to the determination of the
critical load F,.

Interaction between transverse force and bending moment
In Section 7.2(1), EN 1993-1-5 , the interaction should be determined as follows:
n, +0.8-n, <14

If n, = 1.0 is assumed, it can be shown that the influence of bending moment must be taken into
account only for n; > 0.5.

Interaction between transverse force and shear force

In the frame of the COMBRI project, experimental and numerical studies on steel plated girders
have been conducted in order to review and to propose an interaction equation for combined
shear and patch loading. From the investigations, it is obvious that the interaction between shear
and patch loading is not negligible. Although the interaction might appear severely at first sight,
the specific conditions during bridge launching have to be taken into account. For this reason, the
figurebelow shows two relevant construction stages: a) when the bridge girder is about to arrive
at the support and a cantilever is existent; b) when the bridge girder has reached the pier. In stage
a) the introduced patch load is almost equally equilibrated resulting in a pure patch loading
situation where the shear is already considered in the patch load model.

\
o '4‘;'\ shear force V= 0.5-F
]
\

b) stage “pier reached”



Verifications during erection - Box-girder bridge

Interaction between transverse force and bending moment

Here, n; = 0.580 > 0.5 so that the interaction with bending moment has to be considered.

Mgq
Ox Ed -~
Wbot
Sx.Ed
np =
Iy
™0

Gy Bd = 189.42MPa

ny = 0.58

1‘|2 + 081’]1 = 1.60

Wy takes into account the effects of plate buckling in the bottom flange and in the webs.

Interaction between transverse force and shear force

Although the considered panel is subjected to an additional shear force of Vgq = 0.83 MN which is not
induced by the patch loading, this interaction is not taken into account in EN 1993-1-5.
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Interaction between transverse force and shear force (cont.)

In stage b) the maximum internal shear force approximates the value of the applied patch load
which leads to an asymmetric patch loading condition. For this situation the interaction becomes
relevant, however, the average will result in reductions of around 10%, see interaction diagram

below.

(V-0.5F)Vy [-]

a b
Interaction equation proposed in [7]: [V_gJ] {F_] <
R

1.8
1.6
14
1.2

0.8
0.6
0.4
0.2

T

unstiffened &

stiffened (global failure) o
stitfened (local failure) o

equation (3)

‘c’?
s W TERS I .
. g.ght‘bﬁ & o Q
a 4G 0, @
adptLN000 o ] o i
Y rYy >
| e dia 9g0%,0% ¢ | relevant for
as i2s i, bridge
" 4 a%.® ¢ o |launching
A | a a L o]
2. a ‘6 o
At Ata, & ;
S N o 2. 3

L

-l

02 04 06 08

1

12 14 16 18 2

FlFg []

F

1.0 with

R

this example with the patch loading resistance according to [9]:

0.83
20.71
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14.77

16
j +(£) = 0.01+0.67

0.68 < 1.0

a=1.6

b=1.0

which gives in



Verifications during erection - Box-girder bridge

4.2.2.2 Launching situation “2”

The results for launching situation “2” are summarised below:

Fop = 4.19MN Fy = 27.60 MN
FRq = 489 MN N, = 1413
N = 0.456

Here, n; = 0.456 < 0.5 so that the interaction with bending moment is not considered.

The cross-section cannot be verified for launching situation “2”, see also Figure 4-4 of the summary.

4.2.2.3 Launching situation “3”

The results for launching situation “3” are summarised below:

F = 3.05MN Fy = 24.84 MN
FRq = 3.96 MN ny = 1.510
ny = 0.294

Here, n; = 0.294 < 0.5 so that the interaction with bending moment is not considered.

The cross-section cannot be verified for launching situation “3”, see also Figure 4-4 of the summary.
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Verifications during erection - Box-girder bridge

4.2.3 Verifications according to Section 10, EN 1993-1-5

4.2.3.1 Webpanel (Launching situation “1” only)

In the following, the patch loading resistance according to Section 10, EN 1993-1-5 is determined. For
this example launching situation “1” has been chosen. The resulting stress field acting at the studied
panel is shown in Figure 4-3.

Ztop,w

upper subpanel ,,12

Ztop,st
Zst

Zpot,st

lower subpanel ,,11°
Ox,Ed Zbot,w

OzEd

Ox,Ed
Figure 4-9: Stress field acting on the studied panel.

The moment of inertia of the gross steel section at position x = 448 m is I, = 4.524-10° cm®. Shear lag
does not have to be considered because by < L./50, cf. EN 1993-1-5, Section 3.1, so that the values
according to Table 4-3 have been determined directly.

bp = 6.5m L3 :=92m
bp
bO = 7 bO =325m
Le
L.:=2-L — =368 m
(& 3 50

Table 4-3: Values of the studied panel, see Figure 4-3 (compression is taken as positive).

Position [Index] | z-axis [mm] | W [cm’] oxrd [IMPa] | 6,k [MPa]
“top,w” -1906.3 | -1186573 -183.7 0.0
“top,st” 880.5 | 2569047 84.8 72.9
“st” 1086.5 | 2081882 104.7 81.7
“bot,st” 1292.5 | 1750027 124.5 87.7
“bot,w” 1834.7 | 1232880 176.8 98.4
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Verifications during erection - Box-girder bridge

From section 4.2.1 the following dimensions are already known.
Subpanel widths: b1 =b; =657.9 mm
b, =3381.5 mm
Subpanel widths up to centreline of stiffener: b4 =907.9 mm
bias = 3631.5 mm
The value of additional shear stress is tpq = 0.6 MPa.

The stress ratios can be determined from Table 4-3:

Overall: Yoy =-1.04
Lower subpanel “11”: v = 0.70
Upper subpanel “12”"; Y =-2.17

In the following verification procedure, the subpanels “11” and “12” and the longitudinal stiffener are
verified individually.

4.2.3.1.1 Verification of subpanel “11”

The subpanel aspect ratio is a;; = 6.1.

Determination of o,

The determination of the minimum load amplifier o, for the design loads to reach the elastic critical
load of the plate under the complete stress field can be either determined

e for each component of the stress field (e.g. by a hand-calculation)

tw 2
11

Elastic critical longitudinal stress acc. to Table 4.1, Section 4.4, EN 1993-1-5

8.2
k - — if 1> >0
ox.11 105+ v Vi1
2 .
2 .

598 (1 -y ) if -12yqy> -3 ko 1] = 4674

Oerx.11 =Ko x11'CE.11 Ocrx.11 = 1494.2MPa
' Serx.11

0LCI’.X.ll = OLCI‘.X.I] = 8.453

Sx.Ed.bot.w
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Verifications during erection - Box-girder bridge

Elastic critical transverse stress acc. to EBPlate

Because of the large subpanel aspect ratio of o = 6.1, the determination of the elastic critical
transverse stress is not possible by a hand-calculation. Thus, in this case software EBPlate has

been used:

Gorgp ] = 360.7MPa

_ %crzll
Lerzdl T Qo g 1] = 3-67
GzEd
Elastic critical shear stress acc. to Eq. (A.5), Annex A.3, EN 1993-1-5
2
b} a
k,[:112= 534 +4.00-| — if —2>1
2
bt} a
4.00 + 534 — if — <1
a bll k’C.ll = 5.448

Ter11 =Ke119E11 Ter1] = 1741.8MPa

~ Terdl

%er.t 1l = Oerg.1] = 3162.6

TEd

Minimum load amplifier acc. to Eq. (10.6), Section 10, EN 1993-1-5
_ 1

Qer1l = 3

I+wvy 1 I+wvy 1 I-wvy 1

2 + > + 2 + > + > + 5
(04 o (04 o
cr.x.11 cr.z.11 crx.11 cr.z.11 2.0 erx 11 Oorr11

aCI’.ll = 2.638

e for the complete stress field (e.g. by using appropriate software)

In case e.g. software EBPlate is used, the minimum load amplifier can be determined in a single

step as o, = 3.490.

In the following calculations, the value a., = 2.638 is further used.
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Elastic critical column-buckling stress G

The determination of o in the transverse direction should take into account the nonlinear stress
distribution in the web for which no hand-calculation method exists at the moment. Instead, a
common approach is to assume a linearly varying stress distribution for a pin-ended strut which
is zero at one end and for which the buckling length sy can be calculated acc. to DIN 4114 as
follows:

O zEd.bot.st S bot.st

" 6 Z.Ed'(S st2:t f)
S = .
k=711 1.88

1+0.88-

It should be noted that this simplification may lead to unsafe results because o is
underestimated and in turn the ratio G p/Ger, 1S Overestimated so that column-like behaviour is
not detected correctly. The shorter the loading lengths is, the larger this deviation is.

Reduction curve for transverse stresses, column-like behaviour and interpolation function

In the COMBRI project it has been shown that the interpolation function acc. to Eq. (4.13), Section
4.5.4, EN 1993-1-5, which takes into account column-like buckling, is not appropriate for patch
loading stresses in the transverse direction. Moreover, the ratio of G../Gec, for which column-like
buckling needs to be considered, should be 2.7 (and not 2.0 as given in Eq. (4.13)).

Basically, either a new interpolation function is required or a reduction curve should be used which
can be used with the existing interpolation function. A new interpolation function has been derived
e.g. by Seitz [40] and this method is introduced in the COMBRI Final report [7]. However, e.g. for
the new German DIN-Fachbericht 103 [12], it has been decided to use the reduction curve of
Annex B, EN 1993-1-5, for transverse stresses because this approach complies well with current
Eurocode rules and could be easier implemented. Thus, for a welded girder Table B.1, Annex B.1,
EN 1993-1-5 gives:

hpo = 0.80 o, =034 bp. =051+ ap'(}“p - }"pO) +2p)]

which is to be used in
1

pi=
bp.+y ¢p-2 ~Ap

This reduction curve is used on the right hand-side instead of Eq. (4.13), Section 4.5.4,
EN 1993-1-5.
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Verifications during erection - Box-girder bridge

Determination of oux

2

2 2
Oeq.11 = \/Gx.Ed.bot.w +0,Ed ~ Ox.Ed.bot.w CzEd T 3TEd Oeq.11 = 153.4MPa

fyw

Ayltk.11 = \/ Ayltk.11 = 2-249

2 2
Ox Edbotw T OzEd ~ Ox.Edbotw CzEd* 3 TEd

Determination of the slenderness parameter A,

Cultk.11
— Ap.11 = 0.923

Qer 11

Determination of the reduction factors

The determination of the reduction factors for the design loads to reach the elastic critical load of the
plate under the complete stress field can be either determined

e using different buckling curves
Longitudinal stress acc. to Eq. (4.2), Section 4.4, EN 1993-1-5

pan - 0.055(3 +y 1)
Px.11°= 5 Px.11 = 0.844

Ap.11

Check of column-like behaviour in the longitudinal direction

Column-like buckling in the longitudinal direction for plates under pure bending is only
relevant for panel aspect ratios o < 0.15. Therefore column-like behaviour is not calculated in
detail here.

Transverse stress acc. to Annex B.1, EN 1993-1-5

1
Pz = ith = -
o+ o 2 N wit (I)p“ 0.983 p, = 0.842
p.. p-. p-11

Check of column-like behaviour in the transverse direction

Due to the nonlinear distribution of transverse stresses in the web, the determination of the
critical column-buckling stress has been done here most accurately based on the energy method
which takes into account the nonlinear stress distribution.

(¢} cr.c.11 = 333.2 MPa
Ocrz.11 Ocr.z.11
108 £l = ——— 1 £1q = 0.08
Ocr.c.11 Ocr.c.11
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Use of the corrected interpolation function

For comparison, here the use of the newly derived interpolation function acc. to Seitz [40] is used.
The calculation gives:

Nseitz.11 = 0-598
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Here & is close to 0.0, i.e. pure column-like behaviour.

| fyw

hear = Ao 11 = 1.051
Ocr.cl.11 c.11 .
3

Dy = 0.5-[1 +021 (A qy —02) +hg } Oy = 1.142

_ 1
Ledl = = = Ye1] = 0.630

Dpp+ P e

Pezll = (Pz.n. - Xc.ll)'ill'(2 - §11> +%e1l Pcz11 = 0.663

Shear stress acc. to Table 5.1, section 5.3, EN 1993-1-5

0.83

if A, qq > 083
Ap.11 P

e using a single buckling curve

According to Table B.1, Annex B.1, EN 1993-1-5

7‘p0 = 0.80 Op = 0.34

_ 1
P11 = > 1 = 0.842
dp.11. + \/¢p.11. = Ap.11
Pc1l. =Xl +(P11—Xc.11)'f11 Pc.11. = 0651
Determination of the patch loading resistance
e using different buckling curves
2 2 2
Ox.Ed.bot.w . OzEd Ox.Ed.bot.w Oz.Ed +3 TEd
Ndiff.11:= - : e
ny fyw fyw fYW ny
Px11—— Pez11—— Px11~— Pez11—— Iwll~—
™1 ™1 ™M1 ™1 ™1

ngiff.11= 0595
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Verifications during erection - Box-girder bridge

e using a single buckling curve

Peir " CQugk11
ORran = Opgq =1.332 Nsingle.11 =
Ywmi OlRg.11

=0.751

4.2.3.1.2 Verification of subpanel “12”
The subpanel aspect ratio is o, = 1.18.

In the following only the results of the calculation are shown. For further information the reader is
referred to the previous section “verification of subpanel “11”.

Determination of o,

The determination of the minimum load amplifier o, for the design loads to reach the elastic critical
load of the plate under the complete stress field can be either determined

o for each component of the stress field (e.g. by a hand-calculation)

Elastic critical longitudinal stress acc. to Table 4.1, Section 4.4, EN 1993-1-5

kc.x.lZ = 59.907 Cerx.12 = 724.9MPa o 5 = 8 546

cr.x.1

Elastic critical transverse stress with k = 3.8 acc. to Table 8.12 [38]

1
Scrz12 =K1 OE 12 oz 12 = 58.05MPa
Stop.st
~ Ycrzl2
Qerz12 = — Qerz12 = 0.60
G z.Ed.top.st

Elastic critical shear stress acc. to Eq. (A.5), Annex A.3, EN 1993-1-5

k. 12 = 8.199 5 = 99.2MPa 5 = 180.137

Ter.1 Qer.t.1

Minimum load amplifier acc. to Eq. (10.6), Section 10, EN 1993-1-5
acr.lz = 0.616

e for the complete stress field (e.g. by using appropriate software)

In case e.g. software EBPlate is used, the minimum load amplifier can be determined in a single
step as o, = 0.889.

In the following calculations, the value o, = 0.616 is further used.

Determination of oux

Geq‘lz = 91.3 MPa O‘ult.k.12 = 3.735
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Elastic critical column-buckling stress G

The determination of o, in the transverse direction should take into account the nonlinear stress
distribution in the web for which no hand-calculation method exists at the moment. Instead, a
common approach is to assume a linearly varying stress distribution for a pin-ended strut which
is zero at one end and which can be calculated acc. to DIN 4114 as follows:

Gere = 1.88-0p

It should be noted that this simplification may lead to unsafe results because G is
underestimated and in turn the ratio G p/Cerc, 1S Overestimated so that column-like behaviour is
not detected correctly. The shorter the loading lengths is, the larger this deviation is.

Reduction curve for transverse stresses, column-like behaviour and interpolation function

In the COMBRI project it has been shown that the interpolation function acc. to Eq. (4.13),
Section 4.5.4, EN 1993-1-5, which takes into account column-like buckling, is not appropriate
for patch loading stresses in the transverse direction. Moreover, the ratio of G p/Gerc, for which
column-like buckling needs to be considered, should be 2.7 (and not 2.0 as given in Eq. (4.13)).

Basically, either a new interpolation function is required or a reduction curve should be used
which can be used with the existing interpolation function. A new interpolation function has been
derived e.g. by Seitz [40] and this method is introduced in the COMBRI Final report [7].
However, e.g. for the new German DIN-Fachbericht 103 [12], it has been decided to use the
reduction curve of Annex B, EN 1993-1-5, for transverse stresses because this approach complies
well with current Eurocode rules and could be easier implemented. Thus, for a welded girder
Table B.1, Annex B.1, EN 1993-1-5 gives:

A pp = 0.80 oy = 0.34 <%;=05D+ap0p-Kmﬂ+kﬂ

which is to be used in

1

P =
¢p+v¢nz_xp

This reduction curve is used on the right hand-side instead of Eq. (4.13), Section 4.5.4,
EN 1993-1-5.
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Verifications during erection - Box-girder bridge

Determination of the slenderness parameter A,

Ap.12 = 2462

Determination of the reduction factors

The determination of the reduction factors for the design loads to reach the elastic critical load of the
plate under the complete stress field can be either determined

using different buckling curves
Longitudinal stress acc. to Eq. (4.2), Section 4.4, EN 1993-1-5

Px12 = 0.399

Check of column-like behaviour in the longitudinal direction

Column-like buckling in the x-direction for plates under pure bending is only relevant for panel
aspect ratios a < 0.15. Therefore column-like behaviour is not calculated in detail here.

Transverse stress acc. to Annex B.1, EN 1993-1-5

P z.12. = 0.305

Check of column-like behaviour in the transverse direction

Due to the nonlinear distribution of transverse stresses in the web, the determination of the
critical column-buckling stress has been done here most accurately based on the energy method
which takes into account the nonlinear stress distribution.

Ocr.z.12
5 = 27.86MPa —EES 08 &1y = 1.08

Ocr.c.12

Ocr.c.1

Because & > 1.0, column-like behaviour does not have to be considered according to the code
calculation. However, as shown by Seitz, the interpolation function is not safe-sided.

Shear stress acc. to Table 5.1, section 5.3, EN 1993-1-5

using a single buckling curve

According to Table B.1, Annex B.1, EN 1993-1-5

(I)p.12. =2.014 P12 = 0.305
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Use of the corrected interpolation function

For comparison, here the use of the newly derived interpolation function acc. to Seitz [40] is
used. The calculation gives:

Nseitz.12 = 0.915

DIN 18800 Part 3, Element (801)
Additional verification for plates with transverse stresses o,

For longitudinally stiffened plates with transverse stresses oy, the longitudinal stiffeners should
be verified using a second order elastic method of analysis based on the following assunptions:

e The considered longitudinal stiffener is treated as simply supported member with an
initial sinusoidal imperfection w0 equal to bik/250, where bik is the smallest width of the
adjacent subpanels.

e The adjacent longitudinal boundaries are straight, simply supported and rigid.

e Hinged boundaries are usually assumed between the subpanels and the longitudinal
stiffener. If the subpanels are considered to be rigidly connected to the longitudinal
stiffener, the loading on the subpanels when they act together with the longitudinal
stiffener should be taken into account.



Verifications during erection - Box-girder bridge

Determination of the patch loading resistance

e using different buckling curves
n giff.12 = 0-897

e using a single buckling curve

1
OlRd.12 =1.037 nsinglc.lz =—=0.965

OlRd.12

4.2.3.1.3 Verification of the longitudinal stiffener

Generally, the resistance of the longitudinal stiffener can be either calculated according to second-order
theory or with the help of a buckling coefficient and a reduction curve. In the latter case, it is of utmost
importance to determine the buckling coefficient correctly to which advanced analysis software such as
EBPlate [13] is able to highly contribute nowadays. However, in this example, a buckling coefficient
for the longitudinal stiffener could not be explicitly determined because the stiffener deflection was
always found in combination with local subpanel eigenmodes of higher order. Thus, a verification on
the basis of second-order theory is followed here.

In contrast to EN 1993-1-5, in German standard DIN 18800 Part 3, Element (801) [10] rules are
provided for the verification of longitudinal stiffeners in panels which are subjected to transverse
loading. These complementary rules will be used to determine the stiffener resistance in this example.

Determination of the initial stiffener imperfection

. bll.st b12.st
W() = min 250 250 wg = 3.63 mm

Normal force acting on the stiffener

The stiffener force is calculated with the direct stress o, s and the gross cross-section of the stiffener Ag.
The gross cross-section of the stiffener is determined according to EN 1993-1-5, Figure A.1:

b gl b
11.part -~ 5_wi 11 by part = 351.6mm

be =byp - |Ztop,w| b, = 1475.2mm

bc.part = 0.4-b, bc.part = 590.1 mm
2

Agt = Agl 1 + ty (P11 part + bst T Pc_part Agt = 575.84cm

p p
Ny st = Ast Ox.Ed.st Ny ¢ = 6.03 MN
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Verifications during erection - Box-girder bridge

Transverse loading acting on the stiffener

The transverse stress 6,45 acts on the stiffener along the loading length s only. It can be recalculated
to an equivalent transverse stress G,gqs.0q Which acts on the whole stiffener length and a factor q as
follows:

) Sst 1 . T['SS
OzEdsteq ~ CzEdst’| T T S T S, Edsteq = 80-4MPa
t L + 1 +(n)2N 6.706 MP
q:=0zEdsteq 'w’ — | Ngst q=6. a
a biyst  biost a

Second-order theory verification of the stiffener

With the critical force Ny, of the stiffener and the influence of the elastic foundation cg, the elastic
deformation w,;; and the bending moment My, according to second-order theory can be determined and
with the maximum distance zy; = 393.3 mm to the outer fibre and the moment of inertia I;; = 154894
cm’ of the longitudinal stiffener, the verification can be done.

2
n-210000MPa-Ig) |

Ny op = . Ny o = 200.65 MN
a
2
cfi= [;j Ny or cf = 123.8 MPa
q-wg
Wel.l = WelJ = 0-21 mm
Myp = Ny er Welll Myp = 0.042MNm
' My
O =OxEdstt 7 %tl c = 1153 MPa
Ig11
N = fG n =037
v
™1
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Verifications during erection - Box-girder bridge

4.2.3.2 Bottom plate

4.2.3.2.1 Application of Sections 3, 9 and 10, EN 1993-1-5 to launching situation “1”

In the following, the ultimate resistance of the longitudinal stiffened bottom plate is determined acc. to
Sections 3, 9 and 10 of EN 1993-1-5. Resistance is calculated for the erection phase, taking into account
the horizontal component of the patch load, cp. Section 4.2.2.1.

Specific cross-section parameters of considered bottom plate (cp. Section 2.2.3):

Thickness of bottom plate: tr=75 mm
Number of stiffeners: ng =6 (Geometry cp. Figure 2-9)
Yield strength of steel: fyr= 325 N/mm?

Determination of the stress field components acc. to elastic bending theory:
Bending moment in cross-section: Mgg=217.93 MNm
Section modulus at bottom plate: Wit = 1150500 cm?

Resulting axial stress in bottom plate: oy pg = 189.4 N/mm?
Horizontal component of patch load:  Fggpet = 5.75 MN
Loading length: $s=3.0m
Resulting transverse stress: Gy rd = 25.6 N/mm?

Remark: The above used ,,section modulus at bottom plate*y takes conservatively into account
shear lag effect. In disregard to the consistency this fact is neglected in the following
to provide an entire design example.

Figure 4-10 shows the idealized assumption of the stress distribution in the bottom plate acc. to
the elastic bending theory. The next required calculation steps are:

1. Correction of the axial stress distribution due to shear lag effect, acc. to EN 1993-1-5
Section 3, if required.

2. Verification of the subpanel resistance acc. to EN 1993-1-5, Section10.

W

Verification if the longitudinal stiffeners fulfil the minimum requirements to act as fix
supports for the subpanels acc. to EN 1993-1-5, Section 9.

o [TTTTITIITIIL] e

E g Ss a I:>GyEE goy,ﬁ

T T Ry
b ) b, J__bm

Figure 4-10: Stress field in bottom plate acc. to elastic bending theory (left hand side)
and resulting conservative assumption for stress field in subpanel (right hand side).
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EN 1993-1-5, 3.1, General

(1) Shear lag in flanges may be neglected if by < L./50 where by is taken as the flange outstand or
half the width of an internal element and L. is the length between points of zero bending
moment, see 3.2.1(2).

EN 1993-1-5, 3.2.1, Effective width

(2) Provided adjacent spans do not differ more than 50% and any cantilever span is not larger
than half theadjacent span the effective lengths L. may be determined from Figure 3.1. For all
other cases L. should betaken as the distance between adjacent points of zero bending moment.

B Le= 0,25 (Ly+ Ly) Bilo=2L,

B L,=0.85L, | . | BiL=070L, |

Ly Ly Ls

L1/4L Li/2 !L1/4 L | e | L

S e A

Figure 3.1: Effective length L, for continuous beam and distribution of effective’ width

Table 3.1: Effective® width factor p

K Verification S — value
xk<0,02 =10
1
sagging bendi =P =T
sagging bending B=p 1164 2
0,02 <k <0,70 1
hoeeine bendi B= 162 = |
oggilig bending 14+6,0| x— +1,6 &
2500 x
sagging bending B=p= #
59«
> 0,70 1
hogging bendi =p, =
ogging bending B=p, 8.6 K
all x end support So=(0,55+0,025/«) p;, but iy < p
all x Cantilever S = B> at support and at the end
. A,
k=oayby/ L. with a,=_|1+—=
byt
in which Ay is the area of all longitudinal stiffeners within the width b, and other
symbols are as defined in Figure 3.1 and Figure 3.2.




Verifications during erection - Box-girder bridge

Verification if shear lag effect has to be taken into account (EN 1993-1-5, 3.1):

Effective length: L. =120 m (conservative assumption)
Considered width: by =by/2=3.25m
= by < L¢/50 requirement not fulfilled! Shear lag effect has to be taken into account.

Correction of axial stress distribution due to shear lag effect:

Gross area of longitudinal stiffeners:
Aq = gty (by + 2:b3) = 0.109m”

Shear lag parameters:

Aql
ag:= [1+—— =1.106
bp-tf

b
0
Ki=og— = 0.03
Le

B:=|1 if x <002
1

1 2
1+6: x— +1.6x
2500k
1

otherwise

if 0.02<x<0.7

8.6k
B = 0.908

The axial stress G)xgq in the bottom plate (at location of web) is that value, which
deliveres a mean stress value Gy mean in the bottom plate, which is equal to the axial design stress
oy rq derived by the elasic bending theory. The mean stress Gy mean in the bottom plate is given

by the integral
5
1 0
O-x.mean = b_J.O-(y) dy
0 o
which results in
) 4
Ox.mean = “1.x.Ed " g ‘(Gl.x.Ed - G2.X.Ed)
with the axial stress G, gq in the middle of the bottom plate

52 x.Ed = || 1.25(p - 02)01 xpq if B>02

the mean stress ox mean becomes equal to the axial stress oy gq for the following value of G 4 g4:

Sx.Ed

o1 < Ed = = 208.6-N-mm™ >

Cross-check:

|
4 :

-2
Sx.mean = °1.x.Ed ~ g'(GI.X.Ed - GZ.X.Ed) = 189.4-N-mm

= 6, g = 189.4-N-mm >
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EN 1993-1-5, 3.2.2, Stress distribution due to shear lag

(1) The distribution of longitudinal stresses across the flange plate due to shear lag should be
obtained from Figure 3.3.

beii=Pbo

o= Pbg

G (y) ’
G2

I R y
y by = 5By
b, b
£ >0.20: £<0.20:
o, =125(8-0.20) 0, c,=0

6()’)=62 +(61 _o-z)(l_.y/bu)4 O-()')zo-l(l_."/bl)4

Figure 3.3: Distribution of stresses due to shear lag

EN 1993-1-5, 10, Reduced stress method

(4) In determining o,k the yield criterion may be used for resistance:

2 2 2
O ki O.rd | Oz ka 3 TEa

Sy S NS Sy

where oy 4, 0, rq and Tgq are the components of the stress field in the ultimate limit state.

] _ O-x,Ed

2
Qo i /)

(10.3)

NOTE: By using the equation (10.3) it is assumed that the resistance is reached when yielding
occurs withoutplate buckling.

EN 1993-1-5, 4.4, Plate elements without longitudinal stiffeners

4) ...k is the buckling factor corresponding to the stress ratio y and boundary
conditions. For long plates k is given in Table 4.1 or Table 4.2 as appropriate;

Table 4.1: Internal compression elements

Stress distribution (compression positive) Effective’ width b
M 5 J& berr=p b
bel = 075 beil' bcl = 0,5 beﬂ'
I et
1 o B
bet be2 ber=p b
b
b(,] = 5_ y/ b(‘,//» /)le = b:‘l’l - bg|
M v< 0:
e _
1 b o besr=p be=p b1 (1-y)
b be = 0.4 buy ber = 0.6 b
v = 0y/o, 1 1>y>0 0 0>y>-1 -1 1>y >-3
Buckling factor k;| 4,0 | 82/(1,05+y) | 781 7.81 - 6,29y + 9,78y 239 | 598 (1-y)’
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Verifications during erection - Box-girder bridge

Axial stress distribution in bottom flange (half bottom plate):

4
y .
ox(y) == [o2xEd * (Gl.x.Ed - G2.x.Ed)'[1 - b_oj if p>02

4
c l.x.Ed'(l — S-By-bOJ otherwise

axial stress (x-direction)

0 03 07 1 13 16 2 23 26 29 33

Figure 4-11: Axial stress distribution in bottom flange.

Buckling verification of subpanels:

- Minimum load amplifier o, x of subpanel:

fyf
Y = 1.649

Cultk = > >
J O1xEd TOyEd ~ (Gl.x.Ed'Gy.Ed)
Stress distibution in subpanel:

-2
Olsub = %1xEd ™~ 208.6-N-mm

-2
62.sub = Ox(bsub) = 196.7-N-mm

02.sub
v = — 0.943

G1.sub

Buckling factor for internal compression elements:

8.2

=—— =4.115
© 1.05 + v

Critical local buckling stress in x-direction:

TEZ'E-th 2
~kG =16701.1-N-mm

Scr.p.subx =

121 - v by
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Remark from author

The exact elastic critical plate buckling stress o, for a plate with an aspect ratio o < 1 results

from:
. mEr [ ] ’
T2 (1) a
where a length of the panel in direction of load
b width of panel (transvers to load-direction)
o =a/b

EN 1993-1-5, 10, Reduced stress method

(6) Where o, values for the complete stress field are not available and only a.;; values for the

arious components of the stress field Gxpq , O,rq and Tgq can be used, the o, value may be
determined from:

2
A Ity Ity [1+wx+1+t//z] Nl P bl A

4 4 4 4 20’ 24’ 2a’ (10.6)
aCV aCl",X acr,z aC}”,X aC}",Z aCI”,)C aCI”,Z aCF,T
(o2
_ cr,x
acr,x -
Gx,Ed
h _ O-cr,z
where «,, =
Jz,Ed
T
_ cr
acr,r -
TEa

and Gerx> Ocrzs Ters Wx, W, are determined from Section 4 and Section 6.

EN 1993-1-5, 10, Reduced stress method
(3) The plate slenderness XP should be taken from

— a
A= |2k (10.2)
(04

cr

where o, is the minimum load amplifier for the design loads to reach the elastic critical load
of the plate under the complete stress field, see (6)

NOTEI: For calculating ., for the complete stress field, the stiffened plate may be modelled

using the rules in section 4 and 5 without reduction of the second moment of area of longitudinal
stiffeners as specified in 5.3(4).

NOTE2: When «a,, cannot be determined for the panel and its subpanels as a whole, separate
checks for the subpanel and the full panel may be applied.
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Verifications during erection - Box-girder bridge

Minimum load amplifier o g x:

Scr.p.sub.x

G1.sub

o = 80.063

cr.subx =

Critical local buckling stress in y-direction:

th-E-tfz (bsu
2. a
a

2
b, 2 J 4193.6 N-mm >
Scrp.suby = = O IN-mm
20122, bsub

Minimum load amplifier o uby:

Scr.p.sub.y

Sy.Ed

Gersuby = = 164.041

Resulting minimum load amplifier a., for local subpanel bucking (with y =1):

1
= 53.803

o =
cr.sub 1

+
Cer.subx  %er.subly

- Interaction between plate and column-type buckling behaviour:
The buckling behaviour in x-direction of the subpanel is pure plate-like, due to ist aspect ratio.
The buckling behaviour in y-direction of the subpanel has to be checked.

Critical local column buckling stress in y-direction:

7'C2'E'tf2 )
Ocr.c.suby = 5= 3693.8-N-mm
12'bsub

Weighting factor &:

£ m Scr.p.sub.y .

Scr.c.sub.y
£ = 0.135

- Reduction due to local buckling of subpanels:

Global plate slenderness of subpanel:

Qult.k
A= =0.175

Ocr.sub

Reduction factor for internal compression elements:

psub(tw) = |1 if % < 0.673

% —0.055-(3 + )

kZ

otherwise
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EN 1993-1-5, 10, Reduced stress method
(5) The reduction factor p may be determined using either of the following methods:

a) the minimum value of the following reduction factors:

Px for longitudinal stresses from 4.5.4(1) taking into account column-like behaviour
where relevant;
P for transverse stresses from 4.5.4(1) taking into account column-like behaviour
where relevant;
Kw for shear stresses from 5.2(1);

each calculated for the slenderness Xp according to equation (10.2). [..]

b) a value interpolated between the values of py, p, and ¥, as determined in a) by using the
formula for o, as interpolation function

NOTE: This method leads to the verification format:

2 2 2
O ka H O. ki _ O ka 0. ra +3 Trd <]
O Vaii .S Vs oS Vs NPT Vas Xty ! Vas

(10.5)

NOTE 1: Since verification formulae (10.3), (10.4) and (10.5) include an interaction between
shear force, bending moment, axial force and transverse force, section 7 should not be applied.

NOTE 2: The National Annex may give further information on the use of equations (10.4) and
(10.5). In case of panels with tension and compression it is recommended to apply equations
(10.4) and (10.5) only for the compressive parts.

EN 1993-1-5, 9.2.1, Minimum requirements for transverse stiffeners

(1) In order to provide a rigid support for a plate with or without longitudinal stiffeners,
intermediate transverse stiffeners should satisfy the criteria given below.

(2) The transverse stiffener should be treated as a simply supported member subject to lateral
loading with an initial sinusoidal imperfection w, equal to s/300, where s is the smallest of a;, a,
or b, see Figure 9.2, where a; and a, are the lengths of the panels adjacent to the transverse
stiffener under consideration and b is the height between the centroids of the flanges or span of
the transverse stiffener. Eccentricities should be accounted for.

1

Wo

a4 [ a | ‘ b

1 Transverse stiffener

Figure 9.2: Transverse stiffener

(3) The transverse stiffener should carry the deviation forces from the adjacent compressed
panels under the assumption that both adjacent transverse stiffeners are rigid and straight
together with any external load and axial force according to the NOTE: to 9.3.3(3). The
compressed panels and the longitudinal stiffeners are considered to be simply supported at the
transverse stiffeners.

(4) It should be verified that using a second order elastic method analysis both the following
criteria are satisfied at the ultimate limit state:
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Verifications during erection - Box-girder bridge

Reduction factor for column buckling:

Tsub(0) = |1 if % <02

1
b +yo7 -2

6 =0.5]1+034-0.—02) +22] = 0.511

otherwise

Asub = Xsub(®) =1
Resulting reduction factors
Psub.x = Psub(A>w) =1
Psub.y = Psub(*>1.0) =1
Pcsuby = (psub.y - xsub)'g'(z —8) +xgup = |

Subpanel verification:

2 2
G1.sub . Sy.Ed G1.sub Sy.Ed 0.445
n = _ . = .
fyf fyf fyf fyf
Psub.x" Pc.sub.y " Psub.x" Pc.sub.y”
P M Yy P M Yy

Global buckling verification of longitudinal stiffener:

- General: Local subpanel bucking is governing, if the longitudinal stiffeners statisfy the criteria of a
rigid support. Therefore the minimum requirements for transverse stiffeners given in EN
1993-1-5 Section 9.2 are applied to the longitudinal stiffeners. As the bottom plate is
designed for the Ultimate Limit State, it can be expected that for the launching loads the
stiffeners fulfill the simplified conservative check acc. to Section 9. In case that this hand-
calculation check fails, an exact buckling check, using an appropiate computer program (e.g.
EBPlate), has to be performed.

- Minimum requirements for the longitudinal stiffener:
Maximum stress in stiffener:
fyf
Smax <
YM1
Maximum additional deflection:
a
W= —
300
- Simplified second order elastic analysis of longitudinal stiffener:

Discription of used parameters:
b,

b,
t.
st b
tf ~ etsleq f
e -
?L b,

L bsub L bl L

A A A 7

Figure 4-12: Detail of bottom plate cross-section with trapezoidal stiffeners.
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EN 1993-1-5, 9.2.1, Minimum requirements for transverse stiffeners

(6) If the stiffener carries axial compression this should be increased by AN = o,,-b*/n’ in order
to account for deviation forces. The criteria in (4) apply but AN need not be considered when
calculating the uniform stresses from axial load in the stiffener.

from (5) [..] where o, :&h(i_,_ij
o b \a, a,

cr,p

NEd is the maximum compressive force of the adjacent panels but not less
than the maximum compressive stress times half the effective”
compression area of the panel including stiffeners;

Gere, Ocrp are defined in 4.5.3 and Annex A.

Commentary and worked examples to EN 1993-1-5 “Plated structural elements', 9.2.1 [34]
Minimum requirements for transverse stiffeners (p. 110-111)

[..] For single sided transverse stiffeners the mechanical model is shown in Figure 9.2. The
equilibrium equation (9.10) is still valid; only the boundary conditions change due to end
moments Mgn = Ny gq €0, Where e, is the eccentricity of the centroid of single sided stiffener
relative to the mid-plane of the web. With new boundary conditions the solution of (9.10)
becomes much more complicated than the solution given by (9.17) and is not suitable for
practical use. To overcome this problem, a simplified approach may be used, based on the
expression for maximum displacements and stresses at mid height of double sided stiffeners
(9.19) and (9.20).

let,Ed

4 =

Figure 9.2: The mechanical model of a single sided stiffener

It is considered that Ny pgq is related to the maximum eccentricity e, + w, and ANggq from
deviation force only to w,. In this case expression (9.20) rewrites as follows:

Onax — N;l;;fd + % LN g Wy I_Zﬁ + Ny i € ]_Zﬁ (9:21)
Ncr,st Ncr,st
and after rearranging:
o= N ra o LN ki W * s ) .(14_ qm)g fy (9.22)
A, I, ]— M M1
Ncr,st
where:
g = Ny ra €
"IN, W,
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Verifications during erection - Box-girder bridge

Gross cross-section of stiffener:

2-15-e-t¢ 1.913
bt 1 = = ( jm

beub 0.513
2-15-e-t¢ 1.913
b = = m
st.2 by (0.485 j

byt = min(bst_1> + min(bst.z) = 0.998 m

Ay = ty(by + 2:b3) + tpb; = 93059.4-mm”

hst(tst.eq hgy + tst’bZ)
A = 55.6-mm

Ast

3 2 3
. hst 'tst.eq hst 2 bst'tf 2
Ist =12 2 +hgttsteq T st + bZ'tst'(hst - Zst) + 2 + by tpezgy

Eccentricity of single sided stiffener:

o = Zgt = 0.056 m

Maximum eccentricity of stiffener:

t

f
e =zg E =0.093m

max

Amplitude of inital imperfection:

by
by +—
a sub )

w( = min — ,—————| = 2.52-mm
300

Axial load in stiffener:
Ngt Ed = Ast Ox Ed = 17.63-MN

Reduction due to plate type behaviour of the adjacent panels (subpanels):
Scr.c.sub.
cr.c.sub.y > 0.5
Ocr.p.sub.y

Deviation force from patch load:
NEd = FEd.bOt = 5.75-MN

Maximum deviation stress from patch load:

Scresuby NEd 2 2

Gy =
m a bl

Scr.p.sub.y
bsub * By
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If the same amplification factor (1+q,,) is applied to the displacements, equation (9.19) rewrites
as follows:

w=w, N;(] +q,) < (9.23)

cr,st .y ﬁ
z:]\']st,Ed

Expressions (9.21) and (9.22) were tested against the solution of the equilibrium equation (9.10).
Based on an extensive parametric study it was found (Beg and Dujc [1]), that safe and very
accurate results are obtained, when qy, is multiplied by a factor 1,11 in (9.22) and by a factor 1,25
in (9.23). This means that single sided transverse stiffeners may be checked to fulfil the
requirements (9.1) with the following simplified expressions:

N >N
o, =iz g S G W ! 1+ 1,11 qm)sL (9.24)
A, I, 7 EN kq M1
Ncr,st
w=w, N;(I +125q,) < % (9.25)
cr,st _1
Z]Vst,Ed

For single sided stiffeners ey, has to be understood as the distance from the web surface
(opposite to the stiffener) to the stiffener centroid, if this distance is smaller than e,,,x. This is due
to the fact that the most unfavourable situation is present when the initial bow imperfection w,
extends to the stiffener side of the web. In this case compression stresses from the axial force and
from bending sum up at the web side of the stiffener.

See also [1].



Verifications during erection - Box-girder bridge

Additional axial force in stiffener:
2

Cnca

= 5.44-MN

AN gt Ed =
T

Resulting axial force in stiffener:

IN st Ed = Nst.Ed + AN st gq = 23.06-MN

Euler load of stiffener:

2
I 'E'Ist

N = 216.29-MN

cr.st =
a

Amplifier of deviation force:

Nt Ed €0

= — 16.864
EN gt Ed W0

9m

Maximum axial stress in striffener:

" Nst.Ed . EN 5t Ed ®max V0 (1 + 1-ll‘qrn>

o

max -
Agt It | IN ¢t Ed
Ncr.st
-2 foe _
S max = 260.9-N-mm < X 2955 N-mm 2
T™M1

- Minimum requirement for ,,maximum allowable stress* fulfilled!

Maximum additional deflection:

(1+1.25-qp)
w = WO'
Ncr.st
EIN st Ed
a
w = 6.6-mm < — =13.3-mm
300

- Minimum requirement for ,,maximum allowable additional deflection* fulfilled!

Final conclusion:

The bottom plate fulfilles the verification acc. to Sections 9 and 10 for the launching situation “1”.

Remark 1: The performed verification via hand-calculation acc. to Section 9 is a safe but conservative
approach. In case that the longitudinal stiffeners do not satisfy these requirements, an exact
global buckling analysis via appropriate computer software has to be performed.

Remark 2: The verification of the local buckling resitance of the trapezoidal stiffeners can be done
separately, whereas the minimum load amplifier is governing the design of the whole cross-
section. This calculation is not covered by the calculation example given above.
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Verifications during erection - Box-girder bridge

Parameter study

Table 4-4: Summary of parameter study for launching situation “1”; Variation parameter ng;.

Number of stiffeners ng [-] 2 3 4 5 6

Subpanel width by, [m] 1.84 1.26 0.91 0.68 0.51

Maximum axial stress in bottom plate

2
due to shear lag effect 6, y g [N/mm?] 205.4 206.2 207.0 207.8 208.6

Axial stress in bottom plate due to shear

2
lag effect at location of 1% stiffener 65 gq [N/mm?] 185.5 185.2 185.0 184.8 184.6

Minimum load amplifier ok [-] 1.676 1.669 1.663 1.656 1.649
Minimum load amplifier o gy [-] 4.732 9.520 17.611 31.111 53.803
Weighting factor & [-] 0.615 0.328 0.216 0.163 0.135

Global plate slenderness of subpanel A [-] 0.595 0.419 0.307 0.231 0.175
Ultilisation level of subpanel n [-] 0.430 0.432 0.437 0.441 0.445
Ultlhsatllon level (?f maximum allowable -] 0828 0834 0848 0.865 0.883

axial stress in stiffener 1 max

Ultilisation level of maximum allowable ] 0.549 0511 0.496 0.496 0.496

additional deflection in stiffener 1,

257



COMBRI Design Manual - Part |

258



Verifications during erection - Box-girder bridge

4.2.3.2.2 Application of Sections 3, 9 and 10, EN 1993-1-5 to launching situation “2”

Specific cross-section parameters of considered bottom plate (cp. Section 2.2.3):

Thickness of bottom plate: tr=35 mm

Geometry of stiffeners: cp. Figure 2-9

Yield strength of of steel: fyr =345 N/mm?
Determination of the stress field components acc. to elastic bending theory:

Bending moment in cross-section: Mgq=99.35 MNm

Section modulus at bottom plate: Wiot = 630829 cm?

Resulting axial stress in bottom plate: oy pg = 157.5 N/mm?
Horizontal component of patch load:  Fggpet = 3.912 MN
Loading length: $s=3.0m

Resulting transverse stress: Gy.rd = 37.3 N/mm?

Verification if shear lag effect has to be taken into account:

Effective length: L.=120m (conservative assumption)
Considered width: by=by/2=3.25m
= by < L/50 requirement not fulfilled! Shear lag effect has to be taken into account.

Table 4-5: Summary of parameter study for launching situation “2”; Variation parameter ng;.

Number of stiffeners ng [-] 2 3 4 5 6

Subpanel width by, [m] 1.84 1.26 0.91 0.68 0.51

Maximum axial stress in bottom plate

2
due to shear lag effect 6, y g [N/mm?] 172.3 173.7 175.0 176.3 177.5

Axial stress in bottom plate due to shear

2
lag effect at location of 1% stiffener 65 gq [N/mm?] 1538 1335 133.1 1529 1526

Minimum load amplifier oy [-] 2.197 2.178 2.161 2.144 2.128
Minimum load amplifier o gy [-] 1.033 2.026 3.704 6.501 11.2
Weighting factor & [-] 0.615 0.328 0.216 0.163 0.135

Global plate slenderness of subpanel A [-] 1.458 1.037 0.764 0.574 0.436
Ultilisation level of subpanel [-] 0.726 0.428 0.287 0.259 0.264
Ultlhsatllon level (?f maximum allowable -] 0713 0710 0.708 0.731 0.760

axial stress in stiffener 1 max

Ultilisation level of maximum allowable ] 0.444 0436 0.436 0.444 0457

additional deflection in stiffener 1,
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Verifications during erection - Box-girder bridge

4.2.3.2.3 Application of Sections 3, 9 and 10, EN 1993-1-5 to launching situation “3”

Specific cross-section parameters of considered bottom plate (cp. Section 2.2.3):

Thickness of bottom plate: tr=25 mm
Geometry of stiffeners: cp. Figure 2-9)

Yield strength of of steel: fyr =345 N/mm?
Determination of the stress field components acc. to elastic bending theory:
Bending moment in cross-section: Mgq = 50.62 MNm
Section modulus at bottom plate: Wiot = 499908 cm?

Resulting axial stress in bottom plate: oy pg = 101.3 N/mm?

Horizontal component of patch load:  Fggpet = 3.38 MN

Loading length: $s=3.0m

Resulting transverse stress: Oy.rd = 45.1 N/mm?
Verification if shear lag effect has to be taken into account:

Effective length: L.=60m

Considered width: by=by/2=3.25m

= by < L/50 requirement not fulfilled! Shear lag effect has to be taken into account.

Table 4-6: Summary of parameter study for launching situation “3”; Variation parameter ng;.

Number of stiffeners ng [-] 2 3 4 5 6
Subpanel width by, [m] 1.84 1.26 0.91 0.68 0.51
Maximum axial stress in bottom plate [N/mm?] 1342 136.1 137.9 139.6 1412
due to shear lag effect 6 x kg
Axial stress in bottom plate due to shear )
lag effect at location of 1% stiffener 65 gq [N/mm?] 93.0 926 922 oL 013
Minimum load amplifier ok [-] 2917 2.873 2.833 2.796 2.762
Minimum load amplifier o gy [-] 0.588 1.117 2.005 3.477 5.939
Weighting factor & [-] 0.615 0.328 0.216 0.163 0.135
Global plate slenderness of subpanel A [-] 2.228 1.604 1.189 0.897 0.682
Ultilisation level of subpanel n [-] 0.844 0.482 0.304 0.206 0.150
Ultlhsatl.on level gf maximum allowable -] 0513 0512 0511 0511 0.526
axial stress in stiffener 1 max
Ultilisation level of maximum allowable
additional deflection in stiffener 1, [-] 0.308 0.308 0.308 0.308 0.316
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Verifications during erection - Box-girder bridge

4.2.4 Results

In Figure 4-4 the distribution of the patch loading resistances is summarised along the whole bridge
length. It can be shown that with the current resistance model of Section 6, EN 1993-1-5 the patch
loading resistance cannot be verified for any of the cases. It can be however shown that the
improvements made in the COMBRI project [7] lead to increase in the calculated resistances so that
launching situation “1” can be verified as it is. For launching situations “2”” and “3” a small increase in
web thickness from ty) = 20 mm to 22 mm and t,3) = 18 mm to 20 mm allows for a verification
against patch loading.

The calculation according to Section 6, EN 1993-1-5 showed that at least for launching situation “1” the
patch loading resistance could be verified, see Section 4.2.3.1.

12.0 + . .
— r PierPI\ Flieer‘
é i I | ]
‘—é 10.0 + | 1 [ r I Feamas1 = 1015 MN
T i | | I |
8 80—+ | | | |
Q i
© L
= L 2 Feamaxz = 6.91 MN
‘w 6.0 - X
2 L o v _ _r FEdmaxs=5.97 MN
> i —
5 4.0 T
©
L I
< i
% 20 1 ——Sec. 6, stiff. @ 0.2hw
o | — —Davaine, stiff. @ 0.2hw
0.0 B | | | | | |
0 60 120 180 240 300 360 420 480 540

Bridge axis x [m]

Figure 4-13: Distribution of patch loading resistances according to EN 1993-1-5 [23] along the
bridge length.

Figure 4-14 and Figure 4-15 summarise the results of all parameter variations described in Section
4.2.3.2 with regard to the bottom plate. It can be seen that, in spite of the conservatism of the used hand-
calculation approach and the used “section modulus at bottom plate”, the level of utilisation for
subpanel and stiffener resistance is always below 100%, even if only two stiffeners are used. This
means in fact, that for the bottom plate the erection phase is not governing the design.

Furthermore it can be seen that:

1) for thin bottom plates (launching situation “2”, launching situation “3”’) the number of stiffeners
play a significant roll for its resistance.

2) with increasing number of stiffeners the maximum axial stress in the stiffeners is increasing.
This is due to the fact that with decreasing width of the plate the buckling behaviour of the
subpanel becomes more column-like. The ratio G../Gep in the hand-calculation approach
accounts for the influence of column type behaviour in the subpanels transverse direction that
increases deviation forces and thus the equivalent axial stress in the stiffener.
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Verifications during erection - Box-girder bridge

e===|aunching situation "1"
0.9 ° -

launching situation "2"
0.8 ™ 9
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0.4 1
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number of stiffeners ng;

Figure 4-14: Utilisation level of subpanel resistance n in function of number of
stiffeners.
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Figure 4-15: Utilisation level of stiffener resistance ngmax in function of number of
stiffeners.
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Summary

5 Summary

This publication is Part I of the Design Manual based on results from the research project ,,Competitive
Steel and Composite Bridges by Improved Steel Plated Structures - COMBRI* [7] and the subsequent
dissemination project “Valorisation of Knowledge for Competitive Steel and Composite Structures -
COMBRI+*, both sponsored by RFCS. Part Il is a separate publication [8], which shows the state-of-
the-art and the conceptual design of steel bridges and the steel parts of composite bridges and it is based
on the rules in EN 1993-1-5, EN 1993-2 and EN 1994-2. This Part I focuses in detail on the application
of Eurocodes on a composite I-girder bridge and a composite box-girder bridge which are related to
plate buckling verifications but an overall view on bridge design could not be covered in depth due to
its very wide field.

In Chapter 2 the deck of the twin-girder and the box-girder bridge were described and the global
analysis of both bridges were introduced. For this purpose, an overview on the bridge geometry,
material distribution and construction sequences were firstly given. Secondly, a general section
followed in which common data such as material properties and actions as well as combinations thereof
were given. The global analysis were presented for both bridges and the relevant results - internal forces
and moments - were summarised and set the basis for the verifications in Chapters 3 and 4 which look
at the verifications during the final stage and the execution stage.

In Part II of the Design Manual [8] the standard design of the calculation examples of this Part I is
enhanced with regard to the conceptual possibilities of the Eurocode rules and the application of results
of the COMBRI research project [7]. Part II of the Design Manual is structured according to certain
main topics such as steel grades, flanges, webs, cross bracings and diaphragms as well as launching of
steel- and composite bridges. Besides general design recommendations in these chapters, relevant parts
of the calculation examples of this Part I are recalculated in order to compare and to show the
application of new rules or proposals. Especially the following topics related to this Part I are addressed
in Part II of the Design Manual [8]:

e Hybrid girders with higher strength in the flanges than in the webs are economic in many
applications. Thus, the box-girder is redesigned from S355 to a hybrid girder with S460 and
S690 and it will be shown that the cost of the material is reduced by 10% in the spans and 25%
at the piers.

e Double composite action with both top and bottom flanges being composite has been used for
some large bridges in Germany and France. The top flange is as usual the bridge deck and the
bottom flange has a concrete slab at the piers where the bottom flange is in compression. The
design of bridges with double composite action is more complicated than the design of a normal
composite bridge so that past experience is summarised and recommendations for design are
given.

e Here and in general, it is common that transverse stiffeners are used at the locations of the cross
bracings of which the transverse stiffeners form a part. Besides that. the effect of the transverse
stiffeners on the resistance of the web is basically an increase in the shear buckling resistance.
However, unless the distance between the transverse stiffeners is very short this effect is small
and it does not justify the cost of the stiffeners. The possibility of omitting the transverse
stiffeners ise discussed. Moreover, longitudinal stiffeners on webs increase the resistance for
bending as well as for shear so that the economy of using longitudinal stiffeners and their
detailing is studied.

e Cross-bracings and diaphragms are to prevent lateral torsional buckling and to transfer lateral
loads on the girders to the deck. As used in Chapter 3, traditional cross bracings can be of truss
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Summary

type or frame type including transverse stiffeners on the webs. Although it is not much material
used for cross bracings, from an economical point of view it is important to minimize the man
hours for fabrication. This is discussed in terms of eliminating parts and possibly also the
transverse stiffeners leading to straightforward solutions.

The technique of launching bridges has become very popular. As shown in Chapter 4, the
resistance to patch loading is of importance as very high support reactions have to be resisted in
combination with high bending moments. This has been studied in the COMBRI research
project and it resulted in improved design rules. These rules allow the utilisation of quite long
loaded lengths and accordingly quite high resistance can be achieved. This may make it
possible to launch bridges with parts of the concrete slab or the reinforcement in place. For the
twin-girder bridge of this Part I, these two possibilities are studied and the results are compared.
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