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Steel and composite girders

Advantages and disadvantages
(compared to prestressed concrete bridges)

Steel-concrete composite bridges are usually more
expensive. However, they are often competitive due to
other reasons / advantages, particularly for medium span
girder bridges (I #40...100 m).

Advantages:

* reduced dead load
— facilitate use of existing piers or foundation in
bridge replacement projects
— savings in foundation (small effect, see introduction) ) ”~ : 4

« simpler and faster construction
— minimise traffic disruptions

Disadvantages:
» higher initial cost
« higher maintenance demand (coating)

* more likely to suffer from fatigue issues (secondary
elements and details are often more critical than main
structural components)
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Steel and composite girders — Typical cross-sections and details

Open cross-sections

« Twin girders (plate girders)

— concrete deck =
— orthotopic deck =
« Twin box girder
« Multi-girder
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Steel and composite girders — Typical cross-sections and details

Closed cross-sections

Steel U section closed by concrete deck slab B
Closed steel box section with concrete deck |
Closed steel box section with orthotropic deck |

|

|

Girder with “double composite action”
(concrete slabs on top and bottom)

Multi-cell box section (for cable stayed or
suspension bridges)

v [ [T T &=

The distinction between open and closed cross- S | d
sections is particularly relevant for the way in |
which the bridge resists torsion, see spine model. P | d I 1
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Steel and composite girders — Typical cross-sections and details

Truss girders

= ol ER { s
Lully viaduct, Switzerland, 1995. Daune
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Steel and composite girders — Typical cross-sections and details

Slenderness h / | for steel beams

Usual slenderness h /| for steel girders in road bridges
Structural form
Type of beam Simple beam Continuous beam
h/l h/l
Plate girder 1/18 ... 1/12 1/28 ... 1/20
Box girder 1/25 ... 1/20 1/30 ... 1/25
Truss 1/12 ... 1/10 1/16 ... 1/12
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Steel and composite girders — Typical cross-sections and details

Web and flange dimensions

Web and flange dimensions for plate girders [mm]
| Dimension Notation In span At support
e | — 2 |Top flange s 15..40 | 20...70
! -2‘3 Bottom flange Lt inf 20...70 40 ...90
! = Web tw 10... 18 12...22
| = |Top flange bt sup 300...700 | 300...1200
= Bottom flange Dt inf 400 ... 1200 | 500 ... 1400
| Web and flange dimensions for box girders [mm]
i Dimension Notation In span At support
| 2 |Top flange s 16...28 | 24..40
; ij Bottom flange ts inf 10 ... 28 24 ...50
: | : = |wWeb ty, 10 ... 14 14 ...22
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Steel and composite girders — Typical cross-sections and details

Web and flange dimensions

14.03.2023

Web and flange dimensions for plate girders [mm]
Dimension Notation In span At support
a |Top flange tt sup 15...40 20...70
% Bottom flange Lt inf 20...70 40 ... 90
F lweb t, 10 ... 18 12...22
= |Top flange bt sup 300 ...700 | 300...1200
= Bottom flange Dt inf 400 ... 1200 | 500 ... 1400
Web and flange dimensions for box girders [mm]
Dimension Notation In span At support
a |Top flange tt sup 16 ... 28 24 ...40
% Bottom flange ts inf 10 ...28 24 ... 50
F lweb t, 10 ... 14 14...22
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Structural analysis and design — General Remarks

Overview

- Major differences compared to building structures
« Spine and grillage models usual

» Usually significant eccentric loads — torsion relevant

« Basically, the following analysis methods (see lectures Stahlbau)
are applicable also to steel and steel-concrete composite bridges:
— PP: Plastic analysis, plastic design (rarely used in bridges)
— EP: Elastic analysis, plastic design
— EE: Elastic analysis, elastic design
— EER: Elastic analysis, elastic design with reduced section

« Linear elastic analysis is usual, without explicit moment
redistribution — Methods EP, EE, EER usual, using transformed
section properties (ideelle Querschnittswerte)

* Moving loads — design using envelopes of action effects

» Steel girders with custom cross-sections (slender, welded plates)
are common for structural efficiency and economy
— plate girders (hot-rolled profiles only for secondary elements)
— stability essential in analysis and design
— slender plates require use of Method EE or even EER
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Structural analysis and design — General Remarks

Overview

« Construction is usually staged (in cross-section)
— see behind

« Fatigue is the governing limit state in many cases in bridges
— limited benefit of high strength steel grades
— avoid details with low fatigue strength
— see lectures Stahlbau (only selected aspects treated here)

« Camber is often required and highly important
(steel girders often require large camber)
— as in concrete structures: no «safe side» in camber
— account for long-term effects
(creep and shrinkage of concrete deck)
— account for staged construction

« Shear transfer between concrete deck and steel girders
needs to be checked in composite bridges
— See shear connection

« Effective width to be considered. Figure shows values for
concrete flanges, steel plates see EN 1993-1-5
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Effective width of concrete deck in a composite girder

used for global analysis (EN1994-2)
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1 L=0,85L; for besr
2 L=025(L; + L,) for beg»
3 L=0,70 L, for Dess1
4 Le=2 L3 for besra

Interior support / midspan:

by =by + Db,
i=1

End support:
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Slender plates

« In order to save weight and material, slender steel plates
are often used in bridges (particularly for webs and wide
flanges of box girders)

— Plate buckling cannot be excluded a priori (unlike hot-
rolled profiles common in building structures)

— Analysis method depends on cross-section classes
(known from lectures Stahlbau, see figure)

« The steel strength cannot be fully used in sections of
Class 3 or 4 (resp. the part of the plates outside the
effective width is ineffective)

— For structural efficiency, compact sections (Class 1+2)
are preferred

— To achieve Class 1 or 2, providing stiffeners is
structurally more efficient than using thicker plates
(but causes higher labour cost)

— Alternatively, use sections with double composite action
(compression carried by concrete, which is anyway
more economical to this end)
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Structural analysis and design — General Remarks

Internal compression parts (beidseitig gestiitzte Scheiben)
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- c I— | ¢ _ c _ _ Axis of
t t t t bending
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Class bending compression bending + compression
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Stress — — — y,—,
distribution + + * | ac
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(compression _
positive) — [ 1
f, f, f,
396¢
hen o >05: ¢/t<
S355: S355: " ’ 1301
Class 1 S355: ¢/t <27..58 Toc
C/tSSS C/tS27 whenw <0,5: ¢c/t<—
o
456¢
whenao >0,5: ¢/t <———
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Class 2 $355: ¢/t <30..67 , s,
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(compression c/2 /
" S /- e
positive) £ i,
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< .
¢/t <100 c/t<34 when y < —1" 1 ¢/t < 62&(1—y)J(—y)
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=.,/235/1 -
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*) w =< -1 applies where either the compression stress ¢ < f, or the tensile strain &, > f,/E
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Structural analysis and design — General Remarks

Slender plates

14.03.2023

In order to save weight and material, slender steel plates

are often used in bridges (particularly for webs and wide

flanges of box girders)

— Plate buckling cannot be excluded a priori (unlike hot-
rolled profiles common in building structures)

— Analysis method depends on cross-section classes
(known from lectures Stahlbau, see figure)

The steel strength cannot be fully used in sections of

Class 3 or 4 (resp. the part of the plates outside the

effective width is ineffective)

— For structural efficiency, compact sections (Class 1+2)
are preferred

— To achieve Class 1 or 2, providing stiffeners is
structurally more efficient than using thicker plates
(but causes higher labour cost)

— Alternatively, use sections with double composite action

(compression carried by concrete, which is anyway
more economical to this end)

c. .c.
I E

Rolled sections

c

:‘x:_g
t

Outstand flanges (einseitig gestlitzte Scheiben)
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Welded sections

Class ) bending + compression
compression — _ — _
 Stress tip in compression| tip in tension
Loctilaat
Stress " ac L uc
distribution .
in parts ! ,’?I - * - !
(compression Pl }———{ - O -
positive) t ] —— i c
Class 1 S355: ¢/t <7 S355: ¢/t <7/o. | S355: ¢/t <7/al?
Class 2 S355: ¢/t <8 S355: ¢/t <8/a. | S355: ¢/t <8/at?
Stress [ " ! 7
distribution . — * s
— - E pe— ——
(compression b i E [ i c
positive) v
Class3 | S355:¢/t<11 $355: ¢/t <17-k °°
T f, 235 275 355 420 460
&= 235/f, € 1,00 0,92 0,81 0,75 0,71

For plates with stiffeners (common in bridges) follow
EN 1993-1-5
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Structural analysis and design — General Remarks

Steel connections

 As in other steel structures, connections can be bolted or
welded

— In the shop (Werkstatt), welded connections are common

— On site, bolted or welded connections are used,
depending on the specific detail, erection method and
local preferences (e.g. most site connections welded in
CH/ESP, while bolted connections are preferred in USA)

« Bolted connections are easier and faster to erect, but require
larger dimensions and may be aesthetically challenging. Slip-
critical connections, using high strength bolts, are typically
required in bridges (HV Reibungsverbindungen)

« Connections welded on site are more demanding for
execution and control, but can transfer the full member
strength without increasing dimensions (full penetration
welds). Temporary bolted connections are provided to fix the
parts during welding

« Careful detailing is relevant for the fatigue strength of both,
bolted and welded (more critical) connections.

Example of welded erection joint

temporary splice plate 200
300 180 - 10 ff—*
20 -4 v o120 ¢ 30
: ~ NS e re
; 17450
MMIBL
= Rl o} -
4bolts —T———— —¢-30
M20 50] [100] 50
N N V¥V welded from one side, then gauged,
welded and ground from the other
I~ ty=10 mm
1200 A double sided fillet weld
}_(. butt weld
T 200 T A site weld
Furuian
< % | % -
| 180
hdhd
. A N %_50 AN .
303 X ‘ $ 40 [Lebet and Hirt]
v o1 200

Example of bolted frame cross bracing

— M - —v v l'
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A -! illq}
T e
I 4|
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y P e
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Elevation Cross section A-A
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Structural analysis and design — General Remarks

Transformed section properties
(ideelle Querschnittswerte)

* In the global analysis, transformed section
properties (ideelle Querschnittswerte) are used,
with the modular ratio n=E,/E.

A=J2 ¢ I "
n
* In composite girders, steel is commonly used as

reference material (unlike reinforced concrete; n,
“‘Reduktionszahl”, not “Wertigkeit”, see notes)

IZ —, etc.

“ EE 11 H

« Using the subscripts “a and “b” for steel,
concrete and composﬂe sect|on, the equations
shown in the figure apply (in many cases, the
concrete moment of inertia I,; is negligible)

« Reinforcement can be included in the “concrete”
contributions (figure); in compression, the gross
concrete area is often used, i.e., the reinforcement
In compression is neglected
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Transformed section properties for composite section

'TC}A;"W A=A+
- n
T > aaza—'ob/ L a-alx
T g Aa’ Iya A) AJ
2 ye 2 A
ly =l +a; A +—+a —
- - n n
|+ Le +a.a A
T: Centroid of composite section 2N ae
T,: Centroid of steel section
T.: Centroid of concrete section (incl. reinforcement)
Accounting for reinforcement in “concrete” area
bC
R =i o= A - 5
.......... . s
‘ ‘ h hcbc Ec
C
— uncracked: A =hb, (1-p+nyp)~hb,
— fully cracked: A =hb,-n
(neglecting tension stiffening)
]
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Structural analysis and design — General Remarks

Modular ratio — effective concrete modulus E_ -
SIA 264 (2014) E.ot =By  — shortterm

« Elastic stiffnesses are commonly used for global analysis ) E,4=E,/3 > longterm

(strictly required in Methods EE and EER, but also for normal and )
common for EP) lightweight concrete, E;er =Ecm/2 — shrinkage

: ] 20 MPa<fy, <50 MPa -
« The modular ratio n depends on the long-term behaviour
of the concrete

« Arealistic analysis of the interaction, accounting for creep,
shrinkage and relaxation is challenging

L : : =
« An apprommgtlon using the effective modulus E_ . (t) of EN 1994-2:2005 { n = Ea (1+ \yL(p(t,to))
the concrete is sufficient in most cases cm
— SIA 264 recommends the values for E_ . (t) shown in modular ratio n : 8 A
the figure, from which n, = E, / E_ (1) is obtained depend'n? on o v, =0.00 — shortterm
: — ... concrete age
(only applicable for t=t ) " Joading type (L) y, =110 — long term

similar results (e.g. for =2, ca. 5% lower E_  than
using SIA 264)

* These approaches are semi-empirical and do not account
for cracking, but they are simple to use and yield
reasonable results in normal cases.

v, =055 — shrinkage
vy, =150 — “prestressing” by
imposed deformations

14.03.2023 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures 18



Structural analysis and design — General Remarks

Methods of analysis: Overview

In global analysis, the effects of shear lag and plate
buckling are taken into account for all limit states:

« Ultimate limit states ULS (EN 1990) /
Structural safety limit states (SIA 260):
STR = Type 2), FAT = Type 4 (see notes)

« SLS = serviceability limit states

— use correspondingly reduced stiffnesses of
members and joints in structural analysis

As already mentioned, a fully plastic design (Method
PP) is unusual in bridges. Rather, internal forces are
determined from a linear elastic analysis (EP, EE or
EER).

However, redistributions are implicitly relied upon,
see “Bridge specific design aspects”. This particularly
applies if thermal gradients and differential
settlements are neglected in a so-called “EP”
analysis (as often done in CH, which is thus rather
“PP”).

14.03.2023

Method analysis for steel and steel-concrete composite girders

Method Internal forces Resistance Suitable for Use for
(analysis) | (dimensioning) | Cross-section | Limit state

PP Plastic Plastic Class 1 STR
EP Elastic Plastic Classes 1/2 STR
STR
== Elastic Elastic Classes 1/2/3 FAT
SLS
Elastic STR
EER @ Elastic Class 4 @ FAT
Reduced SLsS

Cross-section classes depend on plate slenderness, see following slides and
lectures Stahlbau

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures




Structural analysis and design — General Remarks

Methods of analysis: Overview

Table remarks (see notes page for details)

1) Abbreviations used hereafter:

2)

3)

14.03.2023

ULS STR = structural safety, limit state type 2
(failure of structure or structural member)
ULS FAT = structural safety, limit state type 2
(fatigue)

For a strictly elastic verification, all actions must
be considered (including thermal gradients,
differential settlements etc.

EN 1993-1-5: 2006 (General rules - Plated
structural elements) requires to account for the
effect of plate buckling on stiffnesses if the
effective cross-sectional area of an element in
compression is less than p;;,, = 0.5 times its gross
cross-sectional area. This is rarely the case (such
plates are structurally inefficient). If it applies to
webs, it is usually neglected since they have a
minor effect on the bending stiffness of the cross-
section (shear deformations are neglected).

Method analysis for steel and steel-concrete composite girders

Method Internal forces Resistance Suitable for Use for
(analysis) | (dimensioning) | Cross-section | Limit state

PP Plastic Plastic Class 1 STR
EP Elastic Plastic Classes 1/2 STR
STR
== Elastic Elastic Classes 1/2/3 FAT
SLS
Elastic STR
EER @ Elastic Class 4 @ FAT
Reduced SLsS

Cross-section classes depend on plate slenderness, see following slides and

lectures Stahlbau

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures
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Structural analysis and design — General Remarks

Overview of required checks in ultimate limit
state design

longitudinal shear
® resistance (shear connection)

bending-shear
resistance

A4 ] ) A

|k

shear
resistance |

fatigue resistance (including shear connection)

resistance to point load (patch loading)

buckling in compressed flanges or webs

lateral buckling for open cross-section during erection or over support
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Structural analysis and design — General Remarks

Staged construction Strains and stresses for loads applied to steel girders (N=0 shown)
«  Construction is often staged -
— account for staged construction in analysis

— challenging in composite girders
since the cross-section typically changes and
— time-dependent effects need to be considered
(concrete creeps and shrinks, steel does not)

_ ) ) . N =N
T. Centroid of composite section a0
« In many situations, it is useful to subdivide the T,: Centroid of steel section M =M, +2a,N, (=M, for N =0)
internal actions into forces in the
— steel girder M, N, (tension positive) Strains and stresses for loads applied to composite section M

— concrete deck M., N. (compression positive)
(including reinforcement)

J

N —N,
T: Centroid of composite section M=M_ +M +aN_+aN
T,: Centroid of steel section a c a "a c' Ve
+M, +a-N, for N =0)

T.: Centroid of concrete section (incl. reinforcement)
14.03.2023 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures 23
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Structural analysis and design — General Remarks

Calculation of action effects in staged construction L. Erection of steel girders with .
2. CaStIng Of Concrete deCk (On Steel glrders) YYYYYYYYYYYYYYYYYYYVYYYY
« Aglobal, staged linear elastic analysis is usually span (M>0) support (M<0) SAERERRERRRRARRERERARRE
carried out e T 2 l I

« Cracking of the deck and long-term effects are
considered by using appropriate modular ratios
n = E,/ E, 4 (t) to determine member stiffnesses

3. Removal of formwork and
4. Superimposed dead load (surfacing, parapets, ...) EAFA A A A AR AR A A A AR A AR AL

» Actions are generally applied to static systems with

varying supports and cross-sections. EXEREXEEREEREEEEREREER]
«  Typically span (M>0) Supeort (M<0 1 a1 2
1. The steel girders are erected and carry their e e e — i J77 sum of
. . / \ permanent
self-weight (often with ) /f 4 \\ loads
2. The concrete deck is cast on a formwork . <~ == <
n, =3-E,/E,, (2-E,/E,,for shrinkage) < A4 >

supported by the steel girders (often with

) 5. Envelope of
3. The formwork and are (traffic, wind, further short-term loads)
removed (apply negative reactions!) span (M>0) support (M<0) = =
4. The superimposed dead loads are applied e oy of Lo aXeLe ol — l l .
(long-term concrete stiffness, see Method EE)
5. The are applied (short-term 0
concrete stiffness, see Method EE) n, =E,/E,,
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Structural analysis and design — General Remarks

Calculation of action effects in staged construction

« Essentially:

— steel girders carry loads alone until concrete
deck has hardened and connection steel-
concrete is established (stages 1+2)

— composite girders carry all loads thereafter
(stages 3 ff), considering concrete creep by an
appropriate modular ratio

» The total action effects are obtained as the sum of
action effects due to each action, applied to the
static system (supports, cross-sections) active at
the time of their application

o |f are removed, it is essential
to apply the (negative) sum of their support
reactions from previous load stages as loads to the
static system at their removal

» This general procedure is not unique to steel and
composite bridges, but used for the staged
analysis of any structure

14.03.2023

1. Erection of steel girders with
2. Casting of concrete deck (on steel girders)

Hi*i*****iiiﬁ****ﬁiﬁiﬂ

'lll

span (M>0)

support (M<0)

3. Removal of formwork and
4. Superimposed dead load (surfacing, parapets, ...) AAFEAF AL A AR A A AR AR AR

IX2 R E XX E XX RN XX RN XX]

span (M>0) support (M<0) A—A
o - — - l i £
A AN
n, =3-E,/E,, (2-E,/E,,for shrinkage) N7 NP NS

5. Envelope of
(traffic, wind, further short-term loads)

span (M>0) Suppon ) 2 A
lo oTeTe o 1o _oTeTeo o —
neI = Ea/ Ecm
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Structural analysis and design — Elastic-plastic design (EP)

Elastic-plastic design (Method EP)

* For compact sections (class 1 or 2), the structural safety (limit
state type 2 = STR) may basically be verified using the plastic
bending resistance of the cross-section (Method EP), using

— Mgy = Mgy (G)+ ) total action effects
(sum of action effects due to each action in appropriate -
system) \E(e)

— Mgg = M, rq = full plastic resistance of section

This essentially corresponds to the ULS verification of
concrete bridges based on an elastic (staged) global analysis

Typically, compact sections are present

— in the span of composite girders (deck in compression,
steel in tension)

— over supports in girders with double composite action
(concrete bottom slab)

* Activating the full M, 4 requires rotation capacity not only in
the section under consideration — in some cases, even if the
section is compact, M, r4 needs to be reduced by 10% (see
following slides)

14.03.2023 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures
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Structural analysis and design — Elastic-plastic design (EP)

Elastic-plastic design (Method EP)

Plastic resistance

» The plastic bending resistance of composite cross-
sections of Class 1 or 2 is calculated similarly as in
reinforced concrete (see figure)

— neglect tensile stresses in concrete
— assume yielding of steel and reinforcement

— rectangular stress block for concrete in compression
(0.85-f 4, over depth X, rather than f, over 0.85-x)

— assume full connection (plane sections remain plane)

» The use of the plastic resistance simplifies analysis:
— no need to account for “load history” in sections
— no effect of residual stresses / imposed deformations

» The following points must however be addressed:
— ductility of the composite cross section — next slide
— moment redistribution in cont. girders — next slide
— serviceability (avoid yielding in SLS — next slide
— shear connection (see separate section)

Plastic bending resistance of a composite beam with a solid slab and full
shear connection according to EN1994-2:

Sagging / positive bending (x, < h;; case X, > h see slide for S420/460)

. b e < —0.85f,
...... e. T ‘ : NC -
..... | TT1T M i rd
X
y X h L : g ‘>
—> 7
Npia (: NC)
l Z fyd >‘
Hogging / negative bending
- b .-. s - ~N_ = As- f
o T.... | LLLI " My
' ' 4
g X h - fyo >‘ M, )
N, (=N,)

l Z ‘4 _fyd
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Structural analysis and design — Elastic-plastic design (EP)

Elastic-plastic design (Method EP) Typical moment-curvature relationships of composite
girders (adapted from Lebet and Hirt, Steel Bridges):

Plastic resistance M

* Inorder to reach the full plastic resistance M, 4, Significant i
(theoretically infinite) curvature and hence, inelastic rotations, are Mei
required

* The rotations required to reach M, z4 at midspan of a continuous girder
generally may require inelastic rotations in other parts of the girder,
particularly over supports.

« This particularly applies to girders that are not propped during
construction (steel girders carry wet concrete over full span), see X

figure: Larger inelastic rotations are required in to reach M, Iy Kel (@) Propped beam Kot

« To avoid problems related to rotation capacity, EN1994-2 requires to
reduce the bending resistance to Mg, < 0.9-M, o4 If:

— the sections over adjacent supports are not compact (i.e. class 3 or
4 rather than 1 or 2), wich is often the case

— the adjacent spans are much longer or shorter, i.e. ifl .. /1. <0.6 Xp

* For more detailed information see notes. M,

X

Kel Xt [Lebet and Hirt]

(b) Unpropped beam
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Structural analysis and design — Elastic-plastic design (EP)

Elastic-plastic design (Method EP) Reduction of plastic bending resistance for high strength
steel (EN1994-2)

Plastic resistance

- by e < -085f,

« Apart from rotation capacity, the shear connection also ——— : ' N,

needs to be designed to enable the utilisation of M g, D T.... . TTT - - M i
— see the corresponding section | | 1 ‘>

 Plastic design may lead to situations where inelastic S420/5460 v . %
strains occur under service conditions. This could occur
particularly in unpropped girders, but should be avoided Na (: NC)
— check stresses (as outlined in section on Method EE) in l
service conditions (characteristic combination) to make
sure the section remains elastic, i.e., Mg, < M gy B

« If high strength steel (Grade S420 or S460) is used, even 1,0 ;
larger strains (and curvatures) are required to reach M, g _— |$
Therefore, a further reduction of M, z4 by a factor B is }
appropriate if x/h > 0.15, see figure. i
|
|
|

MRd :B'MpLRd

0,85
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Superstructure / Girder bridges

Design and erection
Steel and steel-concrete composite girders
Structural analysis and design — Elastic design (EE, EER)
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Structural analysis and design — Elastic design (EE, EER)

Elastic design (EE, EER)

« If the relevant cross-sections are not compact
(Class 3 or 4), Method EP cannot be used —
Elastic resistance M, 4 must be used (Method
EE: full steel section, EER: reduced steel section)

« Since M, rq is defined by reaching the design
yield stress in any fibre of the cross-section, the
load history in the sections needs to be
considered, i.e., rather than merely adding up
bending moments and normal forces, the stresses
throughout the section need to be summed up

« Aglobal, staged linear elastic analysis is thus
carried out to
... determine action effects (as in Method EP)
... determine stresses in cross-sections

« The total stresses in each fibre of a cross-section
are obtained as the sum of the stresses caused
by each action (load step) acting on the static
system (supports, cross-sections) active at the
time of its application.

14.03.2023

1. Erection of steel girders with
2. Casting of concrete deck (on steel girders)

\AAAAAAAAAAAAAAAAAAAAAI

IAEEAEEEEEE AN EEAEEEEA]

span (M>0) support (M<0) - T2
L TT . L 1. e 777

()
%
3. Removal of formwork and 0@
4. Superimposed dead load (surfar 8) »\S\ EY
2 o N\?§ RR
span (M>0) @ SCJ O e
BT g @‘o N $(3 Jﬁ
AN
8\3 &%Q’ * \\ / I \\ -
0, ~3 < N NP B
5. Envel ’\\e&g\
. Envelopt
(traffic, \?vin\ \Q\P
span (M>0)
T e 7oy l l A
neI = Ea/Ecm
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Structural analysis and design — Elastic design (EE, EER)

Elastic design (EE, EER)

 Note that while M, r4 follows from the
steel, concrete and reinforcement stresses
(Caedg Oceq @Nd og 4 ) by integration over
the section, the stresses cannot be
determined from M, z4 (N0t even by
iteration) since they depend on the load
history.

span (M>0) support (M<0)
SIS

=
o o
|
oo

Ny = Ea/Ecm

el

Ga,Ed

Gc,Ed

Gs,Ed

integration

>
I\/lEd
-

not uniquely
defined unless
load history is

considered

Meq (G)

14.03.2023 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

—

\AAAAAI \ Yvyy \ \AAAAAI

IAAAEEEEAEEEEEEAAAEEER]

2 l 2

A AN ,/:1?\ A AN /

negative reactions of temporary supports

. : :

[YYYYYVVVVRNYYYYYYYYY
XXX X2 X XX22XX2XXX22X11

W
i N

KX]



Structural analysis and design — Elastic design (EE, EER)

Elastic design (EE, EER)

. (a) Stresses — girder unpropped during construction 30y <
« The stresses in steel, concrete and

reinforcement (o, -y, 6. g and o, g4 ) depend
on the construction sequencing

y

* In particular, as illustrated in the figure, there
are significant differences between
— a bridge unpropped during construction
(steel girders carry formwork and weight of self-weight  permanent transient total ,
concrete deck at casting) (steel+concrete)  loads loads stresses  ~Oda = Y_
— a bridge totally propped during construction steel alone )

(deck cast on formwork supported by 0.85f,
independent falsework / shoring)

+ - +

(b) Stresses — girder totally propped during construction 30y <

 The elastic resistance M, rq4 is reached when e |
the steel reaches the design yield stress | | AN
G.eq = f, /7, OF the concrete reaches a nominal y X ANy N
stress of 6.y = 0.85-f ;= 0.85-f /y,

y

» steel is more likely governing in case (a),

concrete in case (b) lz self-weight  permanent transient total - &
(steel+concrete) loads loads stresses Ed.a =
composite girder 2
14.03.2023
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Structural analysis and design — Elastic design (EE, EER)

Elastic design (EE, EER)

Elastic stiffnesses

« On this and the following slide, the
considered sections and modular
ratios recommended by SIA 264
are summarised.

Span / sagging moments
(deck in compression)

1T

steel

composite

r]el - Ea

cm

composite

E
N, =3Ea

cm

composite

E
eI:2 .
=

cm

n

— loads during erection
(self weight of steel, deck
formwork and concrete)

— short term loads
(traffic load, wind , etc.)

— long term loads
(wearing surface, removed shoring
support reactions)

— shrinkage
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Structural analysis and design — Elastic design (EE, EER)

Elastic design (EE, EER)

Elastic stiffnesses

« On this and the following slide, the
considered sections and modular
ratios recommended by SIA 264
are summarised.

Intermediate supports / hogging moments
deck in tension, cracked concrete neglected

— stiffness of tension chord or bare
reinforcement (linear = simpler)

* In case of double composite
action, concrete in compression
(top or bottom slab) is considered
with the appropriate modular ratio
(see span)

14.03.2023

TT
steel — loads during erection
M, (self weight of steel, deck
formwork and concrete)
Uiipps ey steeland
reinforcement  — all further loads
—_—

M (unless uncracked behaviour

is considered for specific
checks)

Usual case of double composite action

e steel, bottom slab and
v ¢ deck reinforcement
——
i Ea

m n, =(1...3) =

cm

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

M, m n, =(1...3) =

(unusual for sagging moments)

' steel, deck and bottom
slab reinforcement

Ea

cm
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Superstructure / Girder bridges

Design and erection
Steel and steel-concrete composite girders
Structural analysis and design — Fatigue
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Structural analysis and design — Specific aspects

Fatigue

14.03.2023

Fatigue is highly relevant in steel and composite bridges, as
it often governs the design (plate thicknesses, details). Here,
some basic aspects are discussed; for more details, see
lectures Stahlbau

Fatigue is particularly important in the design of railway
bridges, and must be considered in detail already in
conceptual design. It is also important when assessing
existing railway bridges, which are typically older than road
bridges (network built earlier), e.g. photo (built 1859)

Fatigue safety is verified for nominal stress ranges caused
by the fatigue loads. However, additional effects (often not
accounted for in structural analysis, such as imposed or
restrained deformations, secondary elements or inadequate
welding (visible defects or invisible residual stresses) may
cause stresses that can be even more critical

— consider fatigue in conceptual design
— select appropriate details
— ensure proper execution (welding)

800

700
600
500
400
300
200

100 -

|

I

il

1855- 1861- 1871- 1881- 1891- 1901- 1911- 1921- 1931- 1941- 1951- 1961- 1971- 1981- 1991-

1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 1999
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Fatigue — Case Study

Y

14.03.2023

Structural analysis and design — Specific aspects

Deck Stringers
(Sek. Langstrager)

Stiffeners / Ribs
(Querrippen)

Floor Beam
(Quertrager)

Main Girder
(Hauptrager)

ETH Zirich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

Observed fatigue
cracks at welded
stiffeners
(Coating impedes
crack detection by
naked eye)
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Structural analysis and design — Specific aspects

Fatigue

Example of detail optimised for fatigue strength force flow
(rounding and grinding of gusset plate and weld to ensure
continuous stress flow)

» The fatigue resistance of a specific detail depends on the
stress range it is subjected to, and on its geometry

« A continuous stress flow is favourable and enhances the

fatigue life. geometry before
« On the other hand, stress concentrations are triggering fatigue grinding
cracks and are therefore decisive for the fatigue strength:
_welds after grinding < d
/ we
... bolt holes

... changes in cross-section

flange

plan bracing
gusset

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[Lebet and Hirt]
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Structural analysis and design — Specific aspects

Fatigue

14.03.2023

For the design of new structures, tables
indicating the fatigue strength of typical
details are used (SIA 263, Tables 22-26)

These tables indicate detail categories,
whose value are the fatigue resistance =
stress range Ao for 2-10° cycles

Typical details in bridge girders correspond
to detail categories of Ac. = 71, 80 or 90
MPa (lower categories should be avoided
by appropriate detailing)

w > 200mm; t < 30mm
w > 300; 30 <t<50mm

w > 300mm; > 50mm

*putt weld made from one side
only with partial penetration

or fillet weld {As in the weld) \

r>150mmorr =3

6 <r=if3 0
r<i6 @

@ r>150mm orr > w/3

o wi6 = r<w/3
r<w/6

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

ettt |
f ti

t

) tapered in width or thickness with a slope <1/4

e =< 0.1b and slope < 1/4

e < 0.2b and slope < 1/4

full penetration made from cne side only

. . 5[25
mult. by size factor - fort > 25mm

@ no radius transition i
o transition with chamfer pd

@ smooth radius )’ L'

transition r > 150mm

[Reis + Oliveiras]
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Structural analysis and design — Specific aspects

Fatigue

14.03.2023

Since traffic loads do not cause equal stress
ranges, damage accumulation should
theoretically be accounted for to check the
fatigue safety

This is becoming common in existing structures
(simulation of real traffic, so-called rainflow
calculations), but is hardly ever done in design

Rather, the nominal fatigue loads specified by
codes are corrected using damage equivalent
factors, ensuring that the resulting fatigue effect
IS representative of the expected accumulated
fatigue damage

The partial resistance factor for fatigue
depends on the consequences of a damage
and the possibilities for inspection (see SIA
263, Table 11)

For damage equivalent factors, see relevant
codes

Fatigue verification methodology for new structures (design)

1. Determine equivalent constant amplitude stress range (2-10° cycles)
Acg, =A-Ac(Qq,) Where A=A, -A,-Ag-A, <A, =14
2. Determine nominal fatigue resistance Ac. of specific detail (2-10° cycles)
3. Verify fatigue safety by comnparing Ac.,with Ac,
K, - Ao,
Y mt

Ve - ACE, <

AC,: Equivalent constant amplitude stress range at 2-10° cycles
Ac(Qq,): Stress range obtained using normalised fatigue load model

A Damage equivalent factor

Mg Factor for the damage effect of traffic (influence length)

Ay Factor for the traffic volume

Ag: Factor for the design life of the bridge

Ay Factor for the effect of several lanes / tracks

Acg: Fatigue resistance at 2-106 cycles for particular detail

K,: Reduction factor for size effect (usually k, = 1)

Vs - Partial resistance factor for fatigue resistance y,, = 1.0...1.35
Ve - Partial load factor for fatigue (usually yg; = 1)
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Superstructure / Girder bridges

Design and erection
Steel and steel-concrete composite girders
Structural analysis and design — Shear Connection
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Structural analysis and design — Shear Connection

General observations

] ) strain distribution
« The shear connection between steel girders and

concrete deck is essential for the behaviour of 7 ; P
steel-concrete composite girders

« The shear connection can be classified / / /

by strength (capacity):

\J\l

vAN AN
.
— full shear connection n .
rigid — flexible — no
— partial shear connection A
: =
or by stiffness =
(3]
— rigid shear connection (full ) S
: : : = ) :
— flexible shear connection (partial ) . complete interaction

. partial interaction

. partial interaction: very
ductile shear connectors
. No interaction

* In steel-concrete composite bridges, a full shear
connection is provided.

« Usually, ductile shear connectors are used,
requiring deformations for their activation
— flexible connection with partial interaction
However, the flexibility is limited and commonly
neglected when evaluating stresses and strains

>
curvature y
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Structural analysis and design — Shear Connection

Linear elastic behaviour — Homogeneous sections

« Assuming a uniform distribution of the shear stresses
over the width b of the cross-section, the distribution of
the vertical shear stresses t,, can be approximated in
prismatic bars by the well-known formula illustrated in
the figure

« Derivation see lectures Mechanik and Baustatik):
— consider infinitesimal element of length dx,
— horizontal cut at depth z,
— horizontal equilibrium on free body below z yields t,,
— theorem of associated shear stresses: 1,, = 1,,

« A parabolic distribution of the shear stresses t,,(2)
(resp. of the shear flow b(z)-1,,(2) if b varies) is obtained.

« The resulting shear stresses are not meaningful in wide
flanges (assumption of constant vertical shear stresses
over width not reasonable)

Linear elastic, homogeneous section (e.g. steel)
(bending M, , N=M,=0) o

X

ZX

M, Ga
T T ) To T,
: Y ElR B

T
Xz
Zs

c, +—o, +do,
dx

—1,,(z,)-b(z,)-dx+ ZT do,(2)-b(z)dz=0

Zg

Zinf
S (2)b(z) = | 22 ()
 Ox
\Y/ dM dM
c,=—>1, L=V, — dGX: v 2V
Iy 0)4 dx dx Iy
Zinf V S(Z )
S(z)= | z-b(2)dz - z.)=-—"2—3%
( S) ZJ; ( ) ’EXZ( S) b(ZS)-Iy
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Structural analysis and design — Shear Connection

Linear elastic behaviour — Composite sections Linear elastic, cracked reinforced concrete section
« Using transformed section properties (ideelle (bending My, N=M,=0) Ox  Tx

Querschnittswerte, subscript “i”) i Ic

J'C> dA M y Cc 77777777777777777777 N
_ dA _ .? _ 2 dA y - - L> ,,,,,,,
A I S A T T |2
yA Vz

the shear stresses in composite sections consisting of oo < p——

materials with different moduli of elasticity or even Os $—4 O U0

cracked over a part of the depth can be treated dx

accordingly, using the modular ratio Zinf

E, ~1,(2,)-b(z,)-dx= [ [ do,(y,2)-dA=0
n=n(y,z)= 3 bl2)
E(y,2) _5
. . e do, (Y, 2)

» In a cracked concrete section (see figure), the shear —1,,(2,)-b(z,) = _[ I ——~.dA

stresses in the cracked region can only change at the z5 b(2) dx

reinforcing bar layers (zero tensile stresses in concrete) 1 M dM do. 1dM., 7 1V .

b(z)-1,,(z)) parabolic over depth c of the G, =——"1, ==V, — ==
= Ty (resp. 2x nl, dx dx nodx I; n I,

compression zone, constant below until reinforcement

Zinf .Q
s(z)= | [ 22 S () =iz
z5 b(z) n b(zs)' Iyi
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Structural analysis and design — Shear Connection

Linear elastic behaviour — Composite sections Linear elastic, cracked reinforced concrete section
« In T-beams, the shear stresses at the interface of deck (be”d'n‘? My, N=M,=0) o, o,+do, Ox Ty
and girder are of primary interest (z, = interface level) = %u? Y IC
R e M N7 B
« These are usually determined using the first moment of J ~7, ©
area S of the deck (rather than the girder), i.e., y ‘—‘T> i L; ”””” ’ "
integrating stresses from the top, rather than the ' V
bottom, see figure (results are the same, of course) D — ’
* Note that the upper equations dx
(equilibrium) are valid for any )
material behaviour, while the r |
_ , » ~1,(2,)b(z,)-dx= | [ do,(y,2)-dA=0
lower ones imply linear elasticity raup b(2)
and plan.e SeCti.OnS remaining equilibrium, valid for 2 ’
plane (this applies as well to the any material behaviour | st (7).b(z.) = I j o,(Y,2) dA
. . . . Xz S S
previous slides, including homo- - raup b(2) dx
eneous material g
) ) M, vy do, 1dM, z 1V,
valid only for linear Ox _HTZ’ dx ~ Z 7 e ndx 1on
elastic material J v ! .
(longitudinal stresses) s dA V,-S.(z,)
Sci(zs): .[ _[ Z-— — sz(zs):ﬁ
pbl) (z)-1y

-
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Structural analysis and design — Shear Connection

General behaviour — Composite sections

* Independently of the material behaviour, the longitudinal
shear stresses must introduce the difference of the
flange normal force N, i.e.

s dN
sz(zs)'b(zs): ,[ I dGX(y’ Z)"dA: f
2o b(2) dx dx

(for z, = interface web-flange)

equilibrium, valid for
any material behaviour

valid only for linear
elastic material J
(longitudinal stresses)

N~

Linear elastic, cracked reinforced concrete section
(bending M, , N=M,=0)

y Ny _’éu?‘_ Ng+dNy
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y >
y<_-T) <~ L ,,,,,,,,,, i T,
yA Vz
Il E—
dx
~14(2):b(z,)-dx= [ [ do,(y,2)-dA=0
Zsyp b(2)
%sz(zs)'b(zs): I IMdA
Zsyp b(2) dX
sup
1M, dM, do, 1dM, z 1V .
GX:—— ) =V, —> = — . = —
nl, dx dx ndx 1; n I
s,z)= | [ S ()= Salz)
Zsup b(2) n b(ZS) ) Iyi
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Linear elastic behaviour — Steel-concrete composite sections

14.03.2023

Structural analysis and design — Shear Connection

Accordingly, in steel-concrete composite sections, the

is decisive

The relevant shear stresses (resp. shear forces per unit
length) to be transferred along the interface are thus
obtained using the first moment of area of the deck
(without flange of steel girder!), i.e.

Sci(zs): ]g _[ Z'd_A

Zsyp b(2) .

The contribution of the deck reinforcement is commonly
included in the values “c” of the concrete deck (“c” =
reinforced concrete), and often neglected for positive

bending (reinforcement in compression)

Linear elastic steel-concrete composite section, positive M,

T T

zx,a’ ZX,C

Y , sz,a’ sz,c

.........................
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Structural analysis and design — Shear Connection

Linear elastic behaviour — Steel-concrete composite sections Linear elastic steel-concrete composite section, positive M,

sz,a’ sz,c

« Again, the equation

Sci(zs): ZJ§ J. Z'd_A

Zsyp b(2) n

only applies for linear elastic behaviour

— if bending resistances exceeding the elastic resistance
M, rq are activated (e.g. Method EP, utilisation of full
plastic resistance M, r4), application of the above
equation may be unsafe

(N =M,=0) v Zoup Oyar Oye Toar Toxe
te. oo e ] LR
/
e .
| _
P
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Structural analysis and design — Shear Connection

General behaviour — Composite sections Linear elastic steel-concrete composite section, positive M,

« However, independently of the material behaviour, the
integral of the interface shear stresses must introduce
the increase of the deck normal force N,

do (y, Z) dN,
B .[ .[ 0A= dx

Zgyp b(2)

(for z, = interface steel beam-concrete deck)

« If the infinitesimal length dx is substituted by a finite
length AX, this approach is referred to as plastic design
of the shear connection, as it requires redistribution of

the longitudinal shear forces over Ax (N M, = 0) v Zoo
« This is admissible if ductile connectors (headed studs) e T N, i —'} N, +dN,
are used. Since plastic design of the shear connection is e Bl ===
also simpler in most cases Z,
— plastic design of shear connection preferred for e } H
structural safety (except for fatigue verifications), dx —> AX
unless brittle connectors are used
P
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Structural analysis and design — Shear Connection

Elastic design of shear connection

« Elastic design of the shear connection is suitable
for design situations resp. regions of the girder
where the composite section remains elastic

— fatigue verifications
— elastic design (EE, EER)

— elastic-plastic design (EP) outside regions
where the elastic resistance M, z4 is exceeded

« As derived on the previous slides, the longitudinal
shear force per unit length v,, is proportional to the
vertical shear force V

« The section properties are commonly determined
considering uncracked concrete (and neglecting
the reinforcement), even in cracked areas (see
notes). Therefore, rather than determining the
transformed moment of area S, one may simply
use S, of the gross concrete section, divided by n,,.

14.03.2023

larger bottom
: ; flange area \

\

_._>_._> longitudinal
<+ — —
shear

—

Vi =>—>>>> V| | —>—>—>

T ol OB Ll Y

l,

V. Vertical shear force after steel to concrete connection is established
.. First moment of area of the deck relative to the neutral axis of the
composite section (with subscript i: transformed section)
l,: Second moment of area of the composite section, calculated with
the appropriate modular ratio n,

ng: Elastic modular ratio (1...3)-E,/ E_,
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Structural analysis and design — Shear Connection

Elastic design of shear connection

« Since different modular ratios n, apply for short-
term and long-term loads, the design value of the
longitudinal shear in each section is the sum of a
number of cases j

« If headed studs with a design shear resistance Pggy

per stud are used (determination of Pr4 see behind),

the required number of studs per unit length of the
girder is obtained by dividing the longitudinal shear
force by Pgq

« To avoid excessive slip, the resistance of the shear

connectors has to be reduced by 25% under certain
conditions; the slide shows the condition of EN1994-

2. For further details, see headed studs

14.03.2023

larger bottom

flange area

N

I

== longitudinal
<+ — —
shear

—>—>—>

VEd,jSC,j

VL Ed :ZVL,Ed,j :Z |
j

b,jnel,j

n

\ e .n V
vl > L and v, —--<0.75P,, | ie — > L&
e PROI N e 0'75PRd

v, el

n,e: number of shear connectors
e.: longitudinal spacing of connectors
Prq: design shear resistance of one shear connector (depending on

elastic / plastic calculation of section, see behind)
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Structural analysis and design — Shear Connection

Elastic design of shear connection

« The longitudinal shear force diagram must basically 5 WZ 4; ; WZ WZ

be enveloped by the provided resistance larger bottom

. flange area
« Commonly, it is tolerated that the design shear force \
V gq €xceeds the resistance v, gy by 10% at certain v \
points, provided that the total resisting force in the |
corresponding zone is larger than the total design
force
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Structural analysis and design — Shear Connection

Elastic design of shear connection LIy Yy YYryYYyYryvyy

[ Y I

» As illustrated in the figure and mentioned previously, the RN EEE SRR ﬁ

longitudinal shear forces — %ﬂx
) Sci ~ VEd ' Sc - .

\Y
_ _ "Ed
VL,Ed _sz 'b_ | |
b p N

el

elastic | elasto-plastic __’

\ plast‘ified

A

may be unsafe if bending resistances exceeding the elastic
resistance M, p4 are activated (derivation of the equation implies
a linear elastic distribution of the cross-section)

X

pl

\

— If an elastic design of the shear connection is carried out, but a
bending resistance Mg, > M, g4 is used (Method EP), it must be
verified that the shear connection can transfer the normal force
increase N, 4— N, in the deck required for reaching Mg, over the
length Xp1.» l.e.

Nc,d o I\Ic,el

n

,pl
v,p X

PRd

pl

« This is particularly relevant in unpropped girders, where the deck
normal force N, under M, -4 is considerably lower than at M g,
(concrete weight is carried fully by the steel section without
causing any contribution to N, )

cel -
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n,p : Number of shear connectors per unit length

N4 : normal force in the deck at section with My, g4

N ¢ : normal force in the deck corresponding to M, g
Prq - Shear resistance of the stud
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Structural analysis and design — Shear Connection

Plastic design of shear connection

Linear elastic steel-concrete composite section, positive M,

When considering two sections of a composite girder, the
shear connection must transfer the difference of the deck
normal force N, between the two sections by equilibrium
(see section on general behaviour)

[ VL () dx=AN, =N, (x+Ax) = N, (x)

— valid for any material behaviour

— applies to non-prismatic sections as well (e.g.
additional concrete bottom slab over support)

« If ductile shear connectors are used (such as headed
studs), a uniform value of the longitudinal shear force
may be assumed over reasonable lengths

— required longitudinal shear resistance H, over Ax:

IVL(x)-dx:vL Ax=H, >|AN]|
AVS

!
— plastic design of shear connection
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Structural analysis and design — Shear Connection

Plastic design of shear connection

« On the following slides, plastic design of the shear

connection is outlined using plastic bending resistances

(Method EP), assuming that the full cross-sectional /\
resistance needs to be activated (see notes) but
neglecting deck reinforcement in compression

« While codes often require an elastic design of the shear

connection when using Methods EE(R), a plastic design
— using suitably reduced intervals Ax — is still possible
(using elastic stress distributions)

* In the example, intervals are chosen such that they are
bounded by the points of zero shear (max/min bending
moments) to avoid shear reversals per interval, and
additionally at zero moment points to get a more refined
distribution of shear connectors (without any additional

computational effort)

AN VAN
(1)
::Txm B

« Design of the shear connection starts at end support A

(end of deck, N ,=0), considering the interval AB. The
shear connection between A and midspan (B) must thus

transfer the compression in the deck at midspan N,

14.03.2023
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(1) :x, <h, >N g =

() :xy>h,—>N_g=h b -085 f,
Xy b, -0.85- f,

c

——
’ > I\/IpI,Rd
| —
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Structural analysis and design — Shear Connection

Plastic design of shear connection

(example continued) /N AN JAN

JAN

* Proceeding to the interval BC, where C = zero moment
point (thus N_ - =0), the shear connection between B
and C must thus also transfer the compression in the
deck at midspan N_ g

() :x,>h, >N__,=h b -085 f
pl c c,B c ¢ cd

irrelevant for the shear studs but not for the (1) :xy <h,—N_g=x,-b -0.85-f,
longitudinal shear in the slab)

(with opposite sign than in interval AB, which is
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Structural analysis and design — Shear Connection

Plastic design of shear connection

(example continued)

* In the subsequent interval CD, between zero moment M
point C (N, - =0) and intermediate support D, the shear D PL.Rd
connection must transfer the tension in the deck over Co A? ~—
the support N, H, 5 =|Neo
Nc D~ As ' fsd
60
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Structural analysis and design — Shear Connection

Plastic design of shear connection

(example continued) ~ ~ A
2

« In the interval DE, between the intermediate support D hehdhdndndng

and the zero moment point E in the inner span (N, - =0), v

the shear connection must also transfer N, M D, —E

’ pl,Rd 7@7 B :‘N

(with opposite sign than in interval AB, which is vbE “b

irrelevant for the shear studs but not for the longitudinal N.o =A - fg

shear in the slab)

61
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Structural analysis and design — Shear Connection

Plastic design of shear connection

« The total number of shear connectors per interval is
obtained simply by dividing the longitudinal shear force

per interval by the resistance per connector, e.g. for AB: AN JAN AN JAN
o H,
v,pl,AB PRd
« Where appropriate, these connectors should be M A B C/D\ E

over the interval (illustrated for the end
span AB, see notes)

— adequate behaviour in SLS !
— less additional connectors required by subsequent \‘\‘

fatigue verification (elastic calculation)

« The intervals used in the example should be further ¢ ' ’
subdivided at
— large concentrated forces (e.g. prestressing, truss A B
node), see next slide
— substantial changes in cross-section (e.g. bottom slab Fr

. . . Lng /2
end in double composite action) . Las /2 o~ .
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Structural analysis and design — Shear Connection

Longitudinal shear forces due to (concentrated)
horizontal loads

14.03.2023

Horizontal loads and imposed deformations,
applied to the deck or steel section, cause
longitudinal shear forces (transfer to
composite section)

This applies in cases such as:
— prestressing (anchor forces P)

— shrinkage or temperature difference
between concrete deck and steel beam

— horizontal forces applied e.g. through truss
nodes (difference in normal force AN)

— bending moments applied e.g. through
non-ideal truss nodes (difference in
bending moment AM )

— concentrated longitudinal shear forces
resulting from sudden changes in the
dimensions of the cross-section

prestressing cable

— | (a)

)

(©)

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

1
external prestressing

AT (warm slab)
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Structural analysis and design — Shear Connection

Longitudinal shear forces due to (concentrated)
horizontal loads

14.03.2023

The part of the horizontal load that needs to be
transferred can be determined from equilibrium
(apply eccentric horizontal load AN to composite
section, difference of deck normal force N, in deck to
applied load AN-N, needs to be transferred)

For structural safety (ULS STR), if ductile shear
connectors are provided, it may be assumed that the
concentrated force F, is introduced uniformly over
the length L,

I:Ed

L,

The length L, should be chosen as short as possible
(concentrate shear connectors), and not exceed
about half the effective width of the deck on either
side of the load (see figure)

Veg =

If such loads are relevant for fatigue (e.g. truss
nodes), the load distribution should be investigated in
more detail (or conservative values adopted in the
fatigue verification)

concentrated
loads

Shrinkage
and,
temperature
difference at
girder ends,
o]

concentrated

bending
moment

-

Ly L,
VEd VEd
B P,
Ed | Ed
—> E— = — —
VE i e = . o vy
——— - — - — r-—=X —_——— - — - — - —— - =X
=~ = =

\ \Y
I:vs. = I:Ed :|: = +—Csaa:|'Aa
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Structural analysis

Types of Shear Connectors

« Basically, there are many possibilities to
establish a shear connection:
— rigid connectors (brittle)
* inclined hoops
» perfobond ribs

— semi-rigid or flexible connectors (ductile)
« angles, channels, T,... steel profiles
(without stiffeners)
» headed studs (Kopfbolzendlbel)
(aka Nelson studs)

* In modern steel-composite bridges, arc welded
headed studs are used in most cases (ductile,
economic, practical for placement of
reinforcement, etc.)

14.03.2023

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

and design — Shear Connection

channel

Selected types of shear connectors angle

longitudinal
hoop

perfobo
A

inclined hoop

headed
studs

I T T — Head
Typical headed studs | e t >0.4-d,
(Kopfbolzendubel)
For studs directly Shank
located over the web:
hp =3-dp, d, <25t
— -
Weld collar
/—Eacc:. to EN 13918
- =% >0.2-d,
J,‘—} tl ——e Steel plate
z1.25+d
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Structural analysis and design — Shear Connection

Resistance of headed studs

» Headed studs transfer “shear” by a combination of
bending and tension, resulting in a complex behaviour

— ductile response with relatively large deformations
— resistances determined by testing

« Based on the experimental studies, the "shear strength
of headed studs P, is limited by
... failure of the stud shank at Pz, or
... crushing of the concrete at P, I.e.

—> Prg = min {P_rq; Pcrat

« If tensile forces F, > 0.1- Pg4 act in the direction of the
stud (e.g. introduction of transverse bending moment to
web), the shear resistance should be determined from
representative tests (usually not critical)

» Additional provisions to avoid excessive slip apply:
— SIA 263: Reduce Pz, by 25% if elastic resistance is
used (Methods EE, EER)

— EN1994-2: Shear force per stud must not exceed
0.75- Pr4under characteristic loads

Concrete crushing Failure of the stud shank

B O'8fu,D . ndé

0.29d?
- 2 fck ) Ecm I:)D,Rd
Yy Yy 4

dp : diameter of the stud shank
fy : characteristic value of concrete cylinder strength
E., : mean value of concrete elastic modulus

Fe R

E., =10'0003/f, +8 in N/mm?

f, o o ultimate tensile resistance of the stud steel (typically 450 MPa)
v, - resistance factor for the shear connection (y, = 1.25)

Design values of P4 per stud [kN] (plastic calculation, f, ;= 450 MPa)

Diameter of the Plastic Calculation
stud shank dp Concrete Concrete Concrete
C20/25 C25/30 > C30/37
19 mm 65 75 82
22 mm 88 101 109
avoid
(unusual)
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Structural analysis and design — Shear Connection

Fatigue resistance of headed studs

The following fatigue verifications are required for plates
with welded studs:

« Studs welded to flange in compression
... fatigue of stud weld

« Studs welded to flange in tension
... fatigue of stud weld
... fatigue of steel plate
... interaction of stud shear and flange tension

« A patrtial resistance factor of y,,; =1.15 for fatigue is
commonly used for shear connectors although the
detail cannot be inspected
(assumption: a fatigue crack would not lead to
significant damage to a structure, as many studs are
provided)

Studs welded to Studs welded to
flange in compression flange in tension
At A Ac
Atg, <—% Atg, <—% Ao, <—=
¥ mi MY Y mt
Ao, Atg,

<1.3
AGC/YMf Al'C/YMf

Atg,: Equivalent constant amplitude stress range at 2-10° cycles
for nominal shear stresses in stud shank

Acg,: Equivalent constant amplitude stress range at 2-10° cycles
for tensile stresses in steel plate to which stud is welded

At Fatigue resistance at 2-108 cycles for particular detail
(shear studs: At,=90 MPa)

Ac: Fatigue resistance at 2-108 cycles for particular detail
(plate in tension with welded shear studs: Ac-= 80 MPa)

vwi - Partial resistance factor for fatigue resistance of the shear
connection factor for the shear connection (y,,; = 1.15)

A Damage equivalent factor
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Structural analysis and design — Shear Connection

Detailing of shear connection

« The shear connection needs to be carefully
detailed, particularly regarding space
requirements (avoid conflicts of studs and deck
reinforcement)

* Figures (a)-(c) illustrate selected provisions of
EN1994-2

e Further details see SIA 264 and EN1994-2,

Composite plates

« If a concrete deck is cast on a full-width steel
plate (top flange of closed steel box, “composite

plate”, figure (d)), the shear connectors should be

concentrated near the webs

« In fatigue design, the fact that the studs close to

the web resist higher forces needs to be
accounted for (see EN1994-2, Section 9 for
details)

14.03.2023

(a) Longitudinal spacing e,

E_liii:
||||ihc

5.-d <e, <min{4-h;,800mm}

(b) Transverse spacing e;
and edge distané:e ep
T

. .

e, >25mm (solid slabs)
e, >2.5-d (otherwise)
e, >4-d

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

(c) Maximum spacings to stabilise
slender plates (— compression flange
Class 1 or 2 fully active = Class 1 or 2)
solid slab in contact
e, . <22-¢g-t, _
over its full surface
e, <15-¢-t, (otherwise)

e, <9-e-t;

with € = [235/,

(d) Shear connectors on wide plate
(closed steel box with concrete deck)
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Structural analysis and design — Shear Connection

Longitudinal shear in the concrete slab Overall force flow

« The shear connectors provide the transfer of
the longitudinal shear forces from the steel
beams to the concrete deck

 The further load transfer in the deck needs to
be ensured by the dimensioning of the
concrete slab

» The local load introduction (Sections B-B and
C-C in the figure) is checked by considering a

~ cosB

. . T=Wteb
local truss model, activating all the
reinforcement A, crossed by the studs and b
concrete dimensions corresponding to the Ag,sup T T f}
section length L, (see table for and L), usually Local shear force S e
using an inclination of 45° introduction from === 5 _— —
studs to slab At B | B A
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. As,.\‘up

[Lebet and Hirt]

Type A L.
A-A Agin+ A sup h,
B-B 2A iy 2hp + by + dp
C-C 2A i 2hp + by + dp

[Lebet and Hirt]
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Structural analysis and design — Shear Connection

Longitudinal shear in the concrete slab _ ) 1400 , 1360 740
Stress field | | |

« The further load distribution in the deck (plan, half
(Section A-A on previous slide) is flange)
analogous to that in the flange of a
concrete T-beam

— stress field or strut-and-tie model design Shear flow (per 160 g
side assumed) E—

— see lectures Stahlbeton | and Advanced

- 400
Structural Concrete for principles Membrane shear 240 160
. : : : 80
(figures for illustration) forces in deck —— E—
533
Transverse ‘ 282
reinforcement ‘ 178 84
demand | S
Strut-and-tie
model (plan, N _...< S—
full flange)
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Structural analysis and design — Shear Connection

Failure of shear connection (experimental = PHASE -1
investigation by Dr. A. Giraldo, UP Madrid)

g
|
-

Web A

—

T

.

View A-A (EN-MVT)
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p/2 p/2 P
2475 1650 2475 2475
. w, ﬁ
e \Transversal diaphragms P AL Longitudinal stiffeners
every 825 mm Double composite slab
PHASE - 2
P P
2475 1650 2475
L 2
[’/8 [’/E
Grzeveses Tedevinea ~esgeriess 7]
Web A Web B
] T |



Structural analysis and design — Shear Connection

Failure of shear connection (experimental
investigation by Dr. A. Giraldo, UP Madrid)

1 ‘1 p q E Sormigon estructural
i
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Superstructure / Girder bridges

Design and erection
Steel and steel-concrete composite girders
Structural analysis and design — Further aspects

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures
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Structural analysis and design — Shear capacity of composite girders

Shear Capacity of composite girders

« In the design of steel-concrete composite girders, the
shear capacity is determined for the steel girder
alone (neglecting any contribution of the concrete
deck)

* Webs are often slender to save weight — post-critical
shear strength, see lectures Stahlbau (illustrated
schematically in figure)

« While neglecting the concrete deck is conservative, it
may make sense to activate the considerable reserve
capacity provided by the concrete deck in composite
(box girder) bridges with slender webs

— the figure shows the extended Cardiff model (see
notes), considering the flange moments of the
composite flange instead of just those of the steel
flange, thereby enhancing the post-critical tension
field in the web

14.03.2023 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

Shear strength of slender web (post-critical behaviour)

Veg =V, 4 +V, (interior panel ) Vo %%b\
09 t, T, -b-t, :‘C\
Vg > ! (end panel ) k%
\

a

Ym1 b Q\\\
2 S Voo
3
JT, T4 (a,b) T, (a,b)
Vou =(=t))-t, == '(1 Posts h-t, )’
Tw Ty Serf =

vV (h t ) t Tcr,min (a',b') b 50

nd — T wer eff — — = — .t 2).

g f - e Aser =(Vs/f,—25:1,7)-21

l, =0.75-(h-t;)
dc

Extended Cardiff model
(see notes and references)

s,Rd s,rd |b

A ouowon
f,inf | A 2y
f g
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Structural analysis and design — Specific aspects

Cracking

* Unless longitudinally prestressed (which is very uncommon),
the deck of composite girders is subjected to tension in the

support regions and will crack in many cases q
r YrvryYyyYyvyvyYyvTvYvrrvye Yryey | Y Y

Simplified method to consider cracking of deck

« Tensile stresses in the deck can be reduced by staged casting
of the deck (cast support regions last — see erection)

» The reduced stiffness caused by cracking in the support O
regions should be considered in the global analysis, by using l I L I
the cracked elastic stiffness EI': *
— determine cracked regions based on linear elastic, 7 I I
bl b I bl

uncracked anaIySiS -rl L Lﬂ

— re-analyse global system with cracked stiffness (based on
results of uncracked analysis, see notes 0.15 l'1L0.15 I

— iterate if required
I constant

— tension stiffening of the deck reinforcement is often /\/
}(@}(1 variable
Z §

neglected (consider bare reinforcing bars)

« For similar adjacent spans (I, / I,.« < 0.6), assuming a @ + W
cracked stiffness over 15% of the span on either side of the B
supports is usually sufficient, see figure (Lebet and Hirt (2013)]
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Structural analysis and design — Specific aspects

Long-term effects — Shrinkage

« Shrinkage of the deck concrete is restrained by
the steel girders — self-equilibrated stress state

 For practical purposes, only the final value of the
restraint stresses and strains is of interest,
which can be determined using E .~ E/2 to
account for concrete relaxation:

1.

14.03.2023

Consider section as fully restrained (¢ =0) —»
shrinkage of the concrete fully restrained,
tensile force in deck:

Ncs - Ec,eff Akgcs (gcs < O)

Release restraint of section — by equilibrium,
a compressive force N and a positive
bending moment a_-N_ must be applied to the
composite section (M=N=0!)

Determine stresses in steel girder (due to
step 2 only) and concrete deck (superposition
of step 1 and 2)

. Apply resulting curvature and strain as

imposed deformation in global analysis

Strains and stresses due to shrinkage of the deck

........ N, <& E.q (e
;C [LTT1 —M:s
..................... T a+ae %T\lcs Ae, (gcs)
a 1 Ar(ee)
Nes = Ec et Actes &,(Eg)
M, =-a.,N,

\

cSX (ECS)

Imposed deformation on girder in global analysis
(— restraint forces in statically indeterminate
structures, causing additional longitudinal shear)

NCS NCS ) aC
Ag, (e, ) = , Ax(es)=—
Ea'Ab Ealyb

(compressive strain, positive curvature)
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Structural analysis and design — Specific aspects

Long-term effects — Shrinkage

14.03.2023

Restrained shrinkage causes tension in the deck
and compression in the steel girders

Typically, tensile stresses of about 1 MPa result in
the deck — uncracked unless additional tension
Is caused by load

The corresponding deformations of the composite
section (compressive strain, positive curvature)
are imposed to the girder for global analysis

— deformations (sagging) of the girder

— restraint in statically indeterminate structures

At the girder ends, the deck is stress-free

— normal force in deck (= normal force in steel
must be introduced —shear connection must
resist horizontal force H,at girder ends

— usually distributed over a length corresponding
to the effective width of the deck (still requires
dense connector layout at girder ends)

Differential temperature is treated accordingly
(also requires load introduction at girder ends)

Strains and stresses due to shrinkage of the deck

. .... v T1T
: ' ac
Y '|'+e
aa
,,,,,,,,,,,, T, -4
Ncs - Ec,eff A;805 Sx(gcs) c5x (gcs)
Mcs - _achs

A\ \Y
Gao(gcs) - A:)S +—Csaa - Ncs(

Horizontal force to be transferred at girder ends by
shear connection due to shrinkage

\ \Y
]

Hvs:(72710(“5‘08)”6‘:3:['Ab |
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Structural analysis and design — Specific aspects

Long-term effects — Shrinkage

14.03.2023

The redundant forces (bending moments and shear
forces) can be obtained by applying the primary
moment M and the normal force —N to the girder
(see e.g. Lebet and Hirt, Steel bridges)

This may however be misleading in case of a plastic
design (M and N are no action effects when
considering the entire girder)

Alternatively, one may simply impose the
compressive strain and positive curvature caused by
shrinkage to the girder:

N N -a
Agy(ey ) =—= Ax(e,) =—"T"—=

Ea'Ab Ealyb
The resulting redundant moments — to be
superimposed with the primary moment to obtain
stresses in the steel girder — are schematically shown
in the figure (smaller in case of cracked deck)

The corresponding shear forces need to be
considered when designing the shear connection

Redundant moments due to shrinkage, deck uncracked over supports

A A A A

Ay (&)

Redundant moments due to shrinkage, deck cracked over supports

A A A A

Ay (es)
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Structural analysis and design — Specific aspects

Long-term effects — Creep

14.03.2023

Creep of the deck causes a stiffness reduction from
E. 1y, to E; 1y () due to creep in the time interval t,
to t, which is accounted for by adjusting the
modular ratio n,, see formulas

Note that all transformed section properties depend
on the effective modulus of the concrete via n,, and
hence, change due to creep

Creep is relevant only for permanent loads applied
to the composite girder

— little effect if deck is cast on unpropped steel
girders

In statically determined structures (simply
supported girders), creep of the deck causes

— Increased deflections

— stress redistribution in the cross-section since
concrete creeps, but steel does not

— no changes in the action effects (bending
moments and shear forces)

Changes in stresses due to creep (exaggerated)

yb

n
Aa+i’ aa _ai’
A,
|
=1, +aA +f+af
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Structural analysis and design — Specific aspects

Long-term effects — Creep LIJ T
11, [ sa l1 0
+ In statically indeterminate structures (continuous ’ Crackcdrzcglon ’
girderS), creep of the deck causes + + ++ ,+++ + + ++ + ++ +++ + + ++
— increased deflections k. = s

L Lz L, L,

(as in simply supported girders)
.. ) ) ) [Mg]
— stress redistribution in the cross-section -

(as in simply supported girders) v \L/
— changes in the action effects (bending moments o >|_Time-dependent rotation 8 due to M, |
and shear forces), that can be determined e.qg. [ Released structure | 1, / ’ oo J-MO-M Ly Mo M,
using the time-dependent force method (or e ’
simply by using section properties based on the
appropriate effective modulus of the concrete)

L, Ea-lip L, Eatlio

« The cracked regions above supports are not

= ‘ Rotation due to a unit bending Mpr moment

affected by creep

— moment redistribution due to creep causes W Bpp=2. [ MM gy pp [ MM g,
i i [M=1] L, E,- Il.PT L, E,: ]2,sa

higher support moments and reduced bending 1 i

moments in the span (“counteracts” cracking) min Mpy
. M Compatibility equation and secondary
h [Mprl .
— higher shear forces near supports and - bending moment Mp
correspc_)ndlngly, higher longitudinal shear (shear [ Secondary bending moments duc o creep | 8-+ min Mpp-Bpp = 0 = min Mpp = — 2
connection!) Bpr
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Superstructure / Girder bridges

Design and erection
Steel and steel-concrete composite girders
Construction and erection

ETH zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

81



Steel and composite girders — Construction

Construction of the concrete slab
- Slabcastin-place {—= most common
» Slab composed of precast elements

« Slab launched in stages

concreted or glued joint longitudinal post tensioning

) precast slab elements
void

group of studs — % . v R 7/
Y e
= main beam
) /4

movement in steps according

to the stroke of the jack
jacks »ﬁ
=y

and erection

P N S S
PTPLFITSFTL /"//’

1

_previous section
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Steel and composite girders — Construction and erection

formwork

Construction of the concrete slab

« Cast-in-place decks can be built using = | _———

— conventional formwork supported independently T‘
(shoring) — propped construction (often inefficient)

|

|

— conventional formwork supported by the steel |
girders (limited efficiency)

Cross section

front support of the trolley

rear support of the trolley

— lightweight precast concrete elements (“concrete on the beam LiJ on the slab
planks”) serving as \|/
... lost formwork (not activated in final deck) - ) g
... elements fully integrated in the final deck hanger ffE:}E:ﬂ:—/—:;_i ———— =
(reinforcement activated, requires elaborate e —Tﬁlﬁjréxv ______ -rj _ ____ — i
detailing) ,
. f k f .
— mobile formwork (deck traveller) P formiwork between the main -
beams sliding on the cross bracings
... geometry and cross-section = cte. s
] concrete cast 1n-situ
... usual length per casting segment ca. 15...25m | |
|—F i ‘ i I*ﬂﬁ 4I—I
« Wide cantilevers are often challenging for the . ‘ |
t
formwork layout - |
concrete _l | —
plank | : .
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Steel and composite girders — Construction and erection

Construction of the concrete slab

» Cast-in-place deck built using
precast concrete elements

DN 5
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Steel and composite girders — Construction and erection

Construction of the concrete slab
Concreting sequence (slab cast in-place)

« The construction sequence of the deck is
highly relevant for

— the efficiency of construction

— the durability of the deck (cracking)

« Simply supported bridges (single span) up to
ca. 25 m long are usually cast in one stage.

* For longer spans, the weight of the wet
concrete causes high stresses in the steel
girders, which might be critical in SLS and in © 0
an elastic design; furthermore, large

deformations must be compensated by camber

(higher risk of deviations in geometry).

« Alternatively, the slab may be cast in stages,
first in the span region and then near the ends.
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Steel and composite girders — Construction and erection

Construction of the concrete slab
Concreting sequence (slab cast in-place) direction of concreting

@ @ ©, @ ® © @

« The slab in continuous bridges is usually cast
in stages in order to limit the tension stresses
of concrete above intermediate supports.

—» Sequential casting, from one end to the @ © o @ ©, ‘ @ ®

other

— Sequential casting, span before pier S < =
(preferred for structural behaviour, but less

efficient in construction) ’r
® © " ©

— Sequential casting, span by span =
concreting
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Steel and composite girders — Construction and erection

Construction of the concrete slab
Concreting sequence (slab cast in-place)

» The slab in continuous bridges is usually cast
in stages in order to limit the tension stresses
of concrete above intermediate supports.

— Segquential casting, from one end to the
other

— Sequential casting, span before pier
(preferred for structural behaviour, but less
efficient in construction)

— Sequential casting, span by span
concreting

Erection of the steel member with temporary supports

14.03.2023 ETH Zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures 87



Steel and composite girders — Construction and erection

Steel girder erection
Lifting with cranes
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Steel and composite girders — Construction and erection

Steel girder erection
Lifting with cranes (floating)
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Steel and composite girders — Construction and erection

Steel girder erection
Free / balanced cantilevering (lifting frames)
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Steel and composite girders — Construction and erection

Steel girder erection
Launching
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Steel and composite girders — Construction and erection

Steel / composite girder erection
Transverse launching (shifting)

« Example: Replacement of Quaibricke Zrich, 1984

* New bridge: Steel-concrete composite, I=121 m, spans
22.6+24.8+26.5+24.8+22.6 m, width 30.5 m

» Appearance had to mimic old bridge (Volksinitiative), but
only 4 instead of 8 girders, ca. 50% steel weight)

New bridge under construction (downstream of old bridge)
§ S i A ; E —q AL

. 30.50 .
4,95 150, 590 . 5,80 o 5.90 | 1'50i: 495
Gehweg Rad:  Fahrbahn sep. Tramtrassee Fahrbahn RodT Gehweg
weg weg
T Mast VBZ
\ \ und Beleuchtung 2
\ Y 5 0
il & = S
- e eeem— T = -
o
I S
] 0
[ I | !
— Betonriegel ST 7 TR MW 406,00
IS DN N | e RRECEERO —— —— QORI — = [A X (YN, —_—
= [zxGranit ¥l —=——— = —Muschelkalk==—==========|"" Granit’=>; =

on
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14.03.2023 ETH Zurich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures 93



Steel and composite girders — Construction and erection

Steel / composite girder erection
Transverse launching (shifting)

« Old and new bridges connected for launching,
total weight launched 7’800 t

« Bridge closed to traffic:
Fri 16.3.1984, 21:00 to Mon 19.3.1984, 06:00 launching direction

« Launching: Sat 17.3.1984, 00:00-15:15 h
(net 14 h launching time)

old bridge: 28.50 m new bridge: 30.50 m
weight 3720 t weight 4070 t
Pumpe Steuerung
* o Endverankerung
OK.Verschubbahn (I ¥ | BT I I o0 \T7 oy / - -~
406.85 I CLN I =2
| < = : : : o L
Hl - ﬂ ‘ / I —
See Verankerung Druck-Zug-GIied/ | |Zuggerdt SLU-120+ Limmat
des Zugkabels- Bremsgerat SLU-70
Krafteinleitung in Brucke
- ~ J . N J - ~ J
temporary substructure: existing piers temporary substructure:
old bridge after launching (strengthened, but maintained) new bridge before launching
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Steel and composite girders — Construction and erection

Steel / composite girder erection
Transverse launching (shifting)

"7

New bridge and launching tracks (almost) ready for launching
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Steel and composite girders — Construction and erection

Steel / composite girder erection
Transverse launching (shifting)

St

Two bridges travelling towards the lake
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