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Loading model and static system
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a: Measured record

b: Maneuver loads

c: Random loading due
to road roughness

Source: J. Schijve, Fatigue of structures and materials, 2001
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Examples of variable amplitude loads
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Source: D. Radaj, M. Vormwald, Ermiidungsfestigkeit: Grundlagen fir Ingenieure, 2007
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Simplification of a VA spectrum, cumulative damage law

1. Reduce the load into a series of constant amplitude cycles
using a cycle counting method

2. Create a stress range histogram from the spectrum obtained
under 1
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Cycle counting: idea of the reservoir (or Rainflow) method

(a)

5 small cycles counted

3 cycles counted

2 cycles counted

(d)

residue

v)

Fig.9.13: Successive Rain ~ flow counts.
Source: J. Schijve, Fatigue of structures and materials, 2001
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Or the equivalent,
Rainflow method 2 cycle 140 MPa 72 cycle 24 MPa

(for programming) 72 cycle 12 MPa
‘ rainflow(x) returns cycle counts 1/2 CyC|e 12 I\/IPa 1/2 CyC|e 140 MPa

for the load time history, x
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Simplification of a VA spectrum, cumulative damage law

1. Reduce the load into a series of constant amplitude cycles
using a cycle counting method

2. Create a stress range histogram from the spectrum obtained
under 1

3. Using the appropriate resistance curve, calculate, for each
stress range level, the damage value due to the number of
cycles at that level using a cumulative law (Miner in general).
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Calculation of damage due to n; cycles of 4a; (at S-N curve design level)
ni

N,

1

D, = N, :Cj'(gFf'Dsz’)_mj

For part of the curve with m; (=3, or 5)

D = n _ n —
| N Cj'(gFfDSi) j

And expression for C, from the resistance curve
expressed at 2 million cycles:

¢,=210°-(Ds,/g,,)"
And for a level 40; < Ao Iy (located within 2" part of the curve):
C,=N, .(DsD/ng)m2
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Simplification of a VA spectrum, cumulative damage law

1.

Reduce the load into a series of constant amplitude cycles
using a cycle counting method

Create a stress range histogram from the spectrum obtained
under 1

Using the appropriate resistance curve, calculate, for each
stress range level, the damage value due to the number of
cycles at that level using a cumulative law (Miner in general).

Combine the individual damages to obtain the total damage
and carry out the verification
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Max of the histogram: MaxDs,,,
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Summary: Verification formats

1. using the fatigue limit Ds
max(gy -DSg, )< 78
(N infinite) (gFf Ed’l) %Mf
o 7.
2. using damage D, = aﬁl £Dy, (=1.0)
3. using equivalent amplitude YEF- Ao, < AUC/)’Mf
4. using damage equivalence factors /- Ds(gFka) <Ds./9,y
(N finite or infinite) /. DS(QFka) <DS./0,,
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The sharpest rise in passenger transport
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Evaluation of Eurocode Damage Equivalent Factor
Based on Traffic Simulation

Model of Real Traffic History Due to Traffic

b r 1 Ao
: Influence Line ; ) E E
o-omTTTTTme { - » ‘ Acg,
AT~ -0 @) : Initial Stress 5
i *~I-""L_» construction Detail R -~ b
----------------------------------------------------- AO'C

Yre(A - AopLm) < ——

Mf Damage Equivalent Factor

----------------------------------------------------- AO'C
! Fatigue Load Model 3 YFf(CDZ A AGFLM) <— A=AC.,/ Ao .
; 4 X 120 kN Influence{Line Mf B e
E A‘\\?i ii’/‘o— __________ ‘Q _m TVIGATITUTIT STIeSS: OTTIVI oy i S . _______________________
: \‘\1» Construction Detail : i 4 X 120kN : E Reference Stress Range

S 2

Minimum Stress: L
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Ypr AOEy < AUC/)’Mf

T A
Resistance factor
Load factor

Category = resistance

. 2 million cycles
Actions y

AO g, =l AU(Qk)

« A depends on the fatigue Same format for At, same A

load mzczczlka (SIA or FLM3) YEr ATy < At vy,
1 Wl
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I=1x0Lx Ix LEI

With:

M effect of traffic as a function of the determining length, or of
determining influence surface

A effect of traffic volume, in weight and nb, if different then N, from code

Mg effect of length of service, if different then code (for cst traffic)

I effect of heavy traffic on other lanes (if several lanes)

Amax maximum value, taking into account the fatigue limit (according to

A of the determining length)
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Damage equivalent factor A, (EN1993-2)

[68)
(6]

W
1
1

Road bridges, moment at midspan
—— Road bridges, moment at support

— =Rail bridges, European mix traffic

- - --Rail bridges, metro and trams

— --Rail bridges, 25 t axles trafic

2.5 1

damage equivalent factor I1

0 : : : : : : :
0 10 20 30 40 50 60 70 80
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14— 1,4 — L _30 —

1,70+0,5

T , 12— 50 -
‘*“wénééw'né@mm,;;;;;,;m
longueur d_& travée L Span L [m] longueur de travée Span L [m]
A mi-travee At mid-span Sur appui At support
Figure 9.5 — i i I ! xno '_(N
A, for bending moments in road bridges 41t

Ny = 0.5 106 trucks
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—e—Maddah, 155-MM [7] —— Maddah, 5CS-MM
—o—Heft 711, 1S5-MM [2] -=g--Heft 711, 2C5-MM
——Heft 711, 3€5-2MM e EN, mid-span (Qm=480 kN, 500'000 HV /y)

—+—Duval, cable stays as 5CS-MM, steel SN-curve ~ —+— Duval, cable stays as 5CS-MM, cable SN-curve

4,0

3,5

EN, mid-span region

Lambda 1-factor

1,0
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Span or "lambda" length, L [m]
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FLM3

Span L [m] Span L [m] 4 x 120 kN
At support W

At mid-span

Figure 9.6 — . Amay TOr Dending moments in road bridges
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Partial fatigue equivalent factors A, and A ;

Stress range verification:
Ao,

A Ao, =
Y my

With  N- Ac™ = cte

We have the following proportionalities A < Ao; NV

And expressions for lambda partial factors:

U With:
; =2.EN,, 0 my=5(steel, SIA263)
? 0O, 8 N, g Q., = average weight of heavy vehicles on slow lane
Q, = 480 kN (reference weight)
. N, = 0.5 10° load cycles on the slow lane E A0 gvm
LR With: O, _g_éTE
§1005 T,y = expected service life (in years)

Note: concrete bridges with specific values (because of specific S-N curves)
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Partial fatigue correction factor A ,

For road bridges:
N,( m0,,)" Ny 0, " N, (10, "
nA\no,) "Nng,) TN \hg,)

1/m

l,=|1+ >1,0

With:
k nb of lanes carrying heavy traffic
N; nb of heavy vehicles per year on lane |
Qn; average weight of heavy vehicles on lane j (note: Qp; = Q )

r7; value of the transverse distribution line at the centre of track j which produces
the stress range, with a positive sign

I/, = (n + [1— n][a’"2 +(1-a)™ ])ymz <10

a=Ao/Ao,,
n portion of traffic together (waiting or crossing) on the bridge, by default 12%
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3 types Qf heavy veh. | passage of sequence of vehicles
(EN min. 5 typeS) Figure 51: Facteurs partiels de correction des charges A, pour le trafic routier
A
Influence Line 2,0
Sl rrrrrprrrr et
= e Y U s e
0.40 Q 0;:_53_‘0 FASNNN B O O A Ao
1 !'l B Construction Detail
1.30
ljm Fatigue Load model SIA 261, Qg e
1 [ ]
e —— 270KN  270KN
0.25Q 040Q 0.20Q 0.15Q 52
l 12 m . -‘ < .,‘..._AVGL_
4.60 s.10 | a10 ]t%"'--.._
¢ ni
Noi ‘ N
. i g- . [ ND NL
@% Fat|gue verification
0.25 Q 0.35 Q O;;LQ 0,2
A AG(Qfat ) < Acc /YMf 00
1:80 _l_' "o 10 20 30 40 50 L.
3.30| 6.00 AGEZ

Note: factor A, given for heavy traffic per year and slow lane. E.g. for Swiss national
roads (motorways), 1'400'000 vehicles/year/slow lane (in Europe, Cat. 1 = 2 million).
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EN1993-2 and SIA261, Annex F: calculation of

For stresses resulting from bending moments:
* For a simply supported span, span L,
* For continuous spans in mid-span regions, span length L; of span under

consideration
» For continuous spans in support regions, mean of 2 adjacent spans L; and L; to

that support
* For cross-girders supporting stringers (or rail bearers), sum of 2 adjacent spans

of stringers (rail bearers) L; + L; carried by cross- glrder

« Definition of regions:
+ mid-span region + + mid-span region + +

r 0.15L, l_({_Lo 15L, 0.15L; l_?
CIVIL526 — Steel structures, selected chapters
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EN1993-2 and SIA: calculation of

For stresses resulting from bending moments:

* For a deck plate or slab supported only by transverse beams or cross-ribs (no
longitudinal members), the length of the influence line used to calculate the
deflection of the plate, ignoring any part that indicates upward deflection. The
same applies to transverse beams, cross-ribs, themselves. In rail bridges, the
stiffness of the rails on the load distribution must be considered. For transverse
beams, cross-ribs, spaced not more than 750 mm apart, this may be taken as 2 X
cross-member spacing + 3 m
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EN1993-2 and SIA: calculation of

For shear for simply supported and continuous spans:

 For support regions, span L; with section under consideration

« For mid-span regions, span of 0.4-L; with section under consideration
For reactions:

» For end support, span under consideration L;

* For intermediate supports, sum of 2 adjacent spans L; + L,

Arch bridges:

« For hangers, 2 X length of hanger under consideration

 For arch, 2 span

uoiba.

oddns
uoiba.

1loddns

+ mid-span region + {nid-span region + +

0.15L, 0.15L, 0.15L;
L]_ I—2
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EN1993-2 and SIA: calculation of

Untreated cases:

« Important, even if approximate, respect the shape of the Influence Line (one,
two, etc. bumps, of same sign or not)

« Determine I.L. for each element/internal force

 |f possible, analogy with I.L. of a simple beam to fix the

« For railway bridges, if there are two or more I.L. zones, safer to use the
shortest influence length.
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Examples of calculation of

M mid-span of  ~ o RE—
ond span y 0 L =L2
4’_ L1 LoL2 L k3 L
e e e
Mon 3" support s—= = A R
B I R ™ W s L= e

V simple beam P
‘—‘\J = L=04 x L13

R on 4" support

=19 «]110

R on abutment L//,/:"“‘*‘ 2

P . NN T N L =L14
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| L7 | L8 | L9 |[L1O | L11 ] LY2
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Examples of calculation by analogy of

« Axial force on cable-stayed bridge cable
« By analogy, ressembles a support reaction
« Lambda value taken from graph: support region

Cable

ey

Cable 1

L,

CIVIL526 — Steel structures, selected chapters
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Calculation by analogy of Ly, bridge slab

o Area of influence moment m, on cantilever support

transv. reinforcement
upper layer

+
®

L,
Equivalent
simple beam

'

A S N ¢< 10% m
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Calculation by analogy of Ly, bridge slab

o Area of influence moment m., end of cantilever

20m
I | 1 o
longi. reinforcement

L _ : My lower layer

\
|
/\.
i //i//;\ N\ |
75
3 1
ngN199}
Equivalent beam

L

-1L

AN

Blaee

A
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Resistance factor yy (current EN 1993-1-9 and SIA)

e Not a single value

e Based on possibility to perform visual inspections (values may be adapted

wrt inspection intervals and methods)

e Prerequisite, choice of steel quality according to EN 1993-1-10
e Redundancy taken into account within both damage tolerant concept and

consequences of failure

Consequences of failure

Low Important
Inspection and repair: Possible €-> 1.00 1.15
damage tolerant concept
Not possible €-> safe life concept 1.15 1.35

CIVIL526 — Steel structures, selected chapters
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Resistance factor yy: (NEW EN 1993-1-9: 2027)
e Still a proposition, not yet voted by CEN

e Explicit link between partial factor values and reliability requirements:

< Class of Consequences CC1 according to EN 1990
— Medium consequence <& CC2

- Low consequence

— High consequence

<~ CC3

Table 5.1 (NDP) — Recommended values of the partial factors for fatigue resistance ywus

Design concept

Consequence of failure

Low consequence Medium consequence | High consequence
Safe life 1,15 1,25 1,35
Damage tolerant 1,00 1,15 1,25

CIVIL526 — Steel structures, selected chapters
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Designh concepts requirements
Select appropriate constructional details, materials and stress levels to ensure
sufficient reliability level.

For safe life concept : at end of design service life (no need for inspections).
To apply where local formation of cracks in one constructional detail could rapidly
lead to failure of a structure or one of its parts.

Examples: single anchor cable, single bolt connection, some details in case of
simple spans twin-beam systems, etc.
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Designh concepts requirements
Select appropriate constructional details, materials and stress levels to ensure
sufficient reliability level.

For damage tolerance concept : at end of each in-service inspection interval, so
that in event of formation of cracks, one or all of following safety mechanisms are
ensured:

- low propagation rates and easily detectablecracks prior to failure

- multiple load paths

- crack-arresting constructional details prevent progressive damage.

Examples: details on multi-beams systems, twin-beam details of continuous beam
systems, slab reinforcement (because of the large number of rebars), closely
spaced hangers, etc.
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_5 REllablllty Index B Yme = 1.15 (Damage tolerant)
il = = yu= 1.35 (Safe life)
“ yur= 1.00 (Damage tolerant)
I Inspections = = yw= 1.15 (Safe life)
\\ / \\ ===High consequence, fannual =4.7 (CC1)
\ < ===Low consequence, fannual =2.9 (CC3)
1§ .
\ \
\ N
£ \
\\ -~
\\ .
| - Brareer = 3,65 (high consequences)
| N\ - Buareer = 0,95 (low consequences)
0 25 50 75 100 Service life, in years
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EN 1992-1-1

EN 1992-2

EN 1993-1-1
EN 1993-1-9
EN 1993-1-10
EN 1993-1-11

EN 1993-2

EN 1993-6

EN 1994-1-1
EN 1994-2

Concrete, General rules and buildings

Concrete bridges

Steel, General rules and buildings
Fatigue
Choice of steel grades

Calculation of cable structures or tension
elements

Steel bridges

Cranes
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Warning: different principles between fatigue load models

Road bridges:
« Traffic, volume, data per year and slow lane T

« Single lane load model %axles 120 KN
* Heavy vehicles mostly on the right (= slow) lane

 Bidirectional case: two slow lanes, probability of
crossing? Considered to have a negligible effect
* May be revised (c = calibrated crossing factor in fct

of road category):

Possible new formulation taking into account crossings (2 lanes):

5 5
/14:[(1_6)+(&_C)(772Qm2) +C(1+772Qm2)
N1 11 Qm1 11 Qm1
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Road bridges: —>
» Traffic, volume, data per year and slow lane = s ee T ; ““““
 Single lane load model 2_axles 120 KN
* Heavy vehicles mostly on the right (= slow) lane
 Bidirectional case: two slow lanes, probability of <

crossing? Considered to have a negligible effect ~ T ; “““““
Rail bridges:
 Traffic, volume, given in millions of tonnes per year and

track

e Two track load model

. i i i B 33??1:' SR DD «‘7*-.,
Tralns_ can often be on t_he bridge at the same time _(cl_ose R A R A ST
to stations, cannot put timetable constraints to avoid It)  (ErEENET Sy ey _'{_‘,,“,

NS AN AT, (n%'-/

« Unidirectional and bidirectional cases very similar T R RIS RS B L TR RS TN
(trains are long), same crossing probability

T ‘-“ R M RS YL
RN = S L N T80
.vf&:»‘#
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ASTRA, LSVA

On national
roads

Source:
FEDRO, 2020
traffic report

St-Prex (A1)
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Schweizerische automatische Verkehrszahlung (SASVZ)
Comptage suisse automatique de la circulation routiére (CSA

Durchschnittlicher Tagesverkehr (DTV) 2020 und
Verkehrsentwicklung der Motorfahrzeuge 2019/20
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— —Ceneri-2003 Ceneri-2005 —— Ceneri-2007
— —Truebbach-2003 - Truebbach-2005 —— Trubbach-2007
6 Natlovl\eal traffic, many small trucks : A1 motorway
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Damage equivalent factor calibration. Parameters: future traffic evolution assumption

e Main basis :
— Past 30 years

— ASTRA and Federal Office for Spatial Development (ARE)
Sources: INFRAS AG (2020), Verkehr der Zukunft 2060: Synthesebericht, SVI 1685 ARE (2016), Transport
Perspectives 2040, Doc. ASTRA 82001 (2024)

e |n EU various trends and assumptions between countries
e Intonnage, 2010-40: +37%, corr. to 1% annual (both rail and road)
e 3 scenarios for the roads: +8% (mobility revolution) to +37%

(evolution)
* AADT grOWth 1.4% to 1.8% ADTT (Average Daily Truck Traffic)
o ADTT growth 0.35t00.4 % AADT (Annual Average Daily Traffic)
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SIA263

Type d’armature

Acier d’armature passive

DO fat
[N/mm?]
(k, = 4)
(ky =7)

EN 1992-1-1
Category

EN 1992-1-1

Type d’armature

Armatures de béton armé

N*

(31

AOg.k fat
pourr N*
cycles
[N/mm?]

barres rectilignes @ < 20 mm 145
— =
barres rectilignes 20 mm < @ < 40 mm 120 Al Barres droites et barres pliées 10| 5| 9 162.5
étriers verticaux @ < 16 mm fagconnés selon le 135
chiffre 5.2.4
— joints longitudinaux soudés
— joints de croisement soudés (treillis, par . B1 Barres soudées et treillis soudés 10°| 3| 5 58.5
exemple)
— liaison mécanique des barres B2 Dispositifs de couplage 10| 3| 5 35

Acier de précontrainte et unités de précontra
— unités de précontrainte monotorons sans
adhérence

inte

monotorons dans gaine en

— unités de précontrainte a torons, 175 A3 . X 10°| 5| 9 185
. s matiére plastique

monocouches,dans des gaines en matiere
synthétique
—torons et barres pour la précontrainte par fils . . . . &

. A2 Précontrainte par pré-tension 10 5] 9 185
adhérents
— unités de précontrainte a fils ou a torons, en 145 armatures de précontrainte
plusieurs couches, avec ou sans adhérence, dans c droites ou armatures de 10°] 5 |10 150
des gaines en matiére synthétique précontrainte courbes dans

gaines en matiére plastique

unités de précontrainte a fils ou a torons, avec ou armatures de précontrainte .
sans adhérence, dans des gaines en acier 95 D courbes dans gaines en acier 10 5 7 120
ancrages, accouplements 70 E dispositifs de couplage 10°| 5| 5 80




Equivalence coef. for reinforced concrete (EN 1992-2)

VERIFICATION EN TRAVEE ET DES DALLES SOUS CHAUSSEE

20 | 1) Coupling systems
2) Prestressing rebars curved in steel duct
1a) 3) Reinforced concrete steel : pretension
(all elements) & post-tension (strands
in plastic ducts, straight prestressing
rebars)

1.8

—_ b

2c)

het 14 / o 28 4) Shear reinforcement
2b)
12 / /Ma)ﬂb) a) Continuous beam
3b) .
/ b) Simple supported beam

I s c) Slab under the road

A | Critical length of the

0.8 daimnf influence line
0246 810 20 30 40 50 60 70 80 90 100
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