7. Fatigue assessment of
existing steel bridges

Type 1 fatigue damage EE:.

SN approach is considered to be a basic of
fatigue assessment. Assessment differs with type
of structure and fatigue.

Most common fatigue approach is SN curve
approach can be applied to web gusset or flange
gusset detail. Those gusset is used for connection
between transverse girder and main girder.

* This fatigue damage is often due
to poor details with neglecting
fatigue problem.

e This type of fatigue will spread
rapidly in the near future judging
from severe live load condition of
highway in Japan and experience
of the other country

¢ should be treated as first priority
fatigue problem.




Type 2 fatigue damage

2nd common fatigue problem which hold the
majority of highway bridge’s fatigue crack is
located at joint between perpendicularly
connected members. Displacement induced
fatigue or web gap fatigue is relating to this
problem.

The cause of this fatigue
is directory connected to
live load and assessment
is relatively easy.

Type 3 fatigue damage

3rd important fatigue problem is complicated and
detailed analysis is required to clear the
phenomena. Fatigue on steel bent beam column
connection, Orthotropic deck plate fatigue
problems are also assessed by SN approach.

ALY
* Design stress often differ o @
much from actual stress [

¢ Weld quality or unwelded
zone caused by plate
arrangement has strongly
related.

« Additional consideration is
necessary when the SN
approach is applied.




Fatigue failure 3

Fatigue can be classified in 3 stages

1st stage : initiation of fatigue crack S, -N~=const
2nd stage : propagation of fatigue cracs_.N= =const
3rd stage : unstable fatigue crack propagation

It is said that initiation of fatigue crack is depth ui '
0.1 mm order.

C

Overview eoo

there are different expressions to express fatigue
strength.

Stress range corresponding to 200 million cycle on
SN curve is called “allowable fatigue stress range”.

1) Stress range with variable amplitude is converted
to equivalent stress range and compared to

allowable fatigue stress range of a specific fatique
class. Aoy S A0 5

2) Cumulative damage [D] is calculated from stress
histogram by adapting a specific SN curve

D:Z%sl.o
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JSHBFR Fatigue assessment stage 1
: rough assessment

e Following Bridge is regarded to have safety against
fatigue crack.

Type Steel girder bridge with concrete slab

Joint type Fatigue class A to F
Steel material SS400, SM400-520, SMA400-520

Span length =50m
ADTTSL,i é 1000/(day,|ane)

* JSHBEFR :Japan Steel Highway
Bridge Fatigue Design
Recommendation
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JSBFR Fatigue assessment stage 2

e Safe when following relation is satisfied
Ao, <Ac,-C,-C,

max —

e Ao, maximum stress range due to design fatigue live load
o Ao, : Fatigue cut off limit under constant amp.

e A 0, : stress range due to design fatigue load (200kN).

e Cg:average stress correction factor

e C,: thickness effect correction factor

AO-max =7u"e '(1+if /2)7/a 'Ao-t
7u =log Ly, +1.50,(2.0< y,, <3.0) Live load correction factor
7, =1.10(for50m < L, & 2000 < ADTT,;)or1.0 simultaneous

loading correction

i, = 20/(50+ L) Impact factor

Va= 0.80r1.0 Concrete slab girder with Grid or beam model=0.8 9
YY)
o000
JSBFR Fatigue assessment stage 3 553'
°

e Safe when following relation is satisfied
n.
D = —1<1.0
2N

e D : cumulative damage, sum up of damages due to stress
ranges larger than cut off limit of variable amplitude stress

o Ni: fatigue life corresponding to i-th stress range
e ni: number of repetition of stress range i.

Ni:(CR'Ct)m'Co/AU'm

C,=2x10°-Ac "

Stress range (Mpa)

Ao 27/12'(1+if/2)'7a'AO-t

FAT 65
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Fatigue assessment stage 3

e Stage 3 Process
Select fatigue critical joint. Fatigue class of F(65), G(50),

H(40) are targets.

Fatigue design load W=20 ton is modified by impact,
analysis correction, simultaneous loading correction

Ao,

Maximum live load stress range due to W

Repetition of live load : n=ADTT*0.03*365*Year
Safe if
If more than one stress range exist, use Z%i <10

r]I
Ai <1.0
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10700
00 9500 60
1250 875 1750 875
L
o |
[sp)
—+ =
2350 (a1 6000 629350
P1 P2 s2
40000 48000 40000

Example of Fatigue assessment with Steel

Fatigue assessment conditions

Design life 100 years
Design fatigue 200 kN
load
Frequency 0.03

correction Factor

Structural
analysis
correction factor

1

Impact Factor

1/2 of JSHBS

ADTT

1000 2000 3000
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Fatigue Check Points on Girder

5. Web-Trans. UFlg

6. Web—Trans. L Flg
4. Web-HS

2. Web-VS

Check
Point

Joint Detail

Non-load carrying
cruciform joint Fillet weld
including weld start end

Out of Plane Gusset with
Fillet Weld (L>100mm)

H=2900,HU-HL=1150
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Fatigue Check for Cross Beam

5. Web-Trans. UFlg

T
—F" A
6. Web~Trans. L.Flg|
|
[ I
Y
/ 7

HU

In case of 2 I girder bridge, Fatigue stress
in load catrying cruciform joints between
main girder web and cross beam flange is

small enough that fatigue check can be
neglected.

In case of multi girder bridge, it is

necessary to check root failure (H class) by
using throat length. tw=10mm, s=6mm

(weld size)
a=s/\2x2=85mm

stress correction =t/a=1.18
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Calculation of stress range ooo

e Calculate stress fluctuation by grid model
with moving fatigue load.

e Distribution of stress range is obtained from
the difference of max. and min. live load
moments divided by section modulus.

e Dead load stress is necessary to obtain R
(stress ratio) to accommodate Cg

e JSHBS stage? Ao, <Ac,-Cg-C,
o 0_=62(E), 32(G)
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Actual moment distribution
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Stress range (MPa)

Design Stress Range A 0.,
calculation (stage2)

No.2 Gerder : Web & Vertical Stiffener joint :

m

nge

Assessment Points

17

Joints not satisfying constant amplitude fatigue cut off conditior

Results of Stage 2

Chec

Joint Detail

cruci. joint Fillet weld
includina weld end

Non-load carring

o~ lwWIN|F

Out of Plane Gusset

with Fillet Weld

QOO |m|m

(L>100mm)

S1
G1

G2

JIJ2d3 JapqJ5 U6

S2

G162 3040506 C1

765714240000 _

.....................................

806=48000
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Fatigue assessment stage 4 oo

e Assessment based on inspection and stress
measurement
Improve the accuracy by measurement data. Select
target members by stage 1,2 or fatigue prone portions
as reported to have fatigue crack, vibration, and other
damages before.
e Assessment is based on hot spot stress.

e Required data
e hot spot stress measured in field
e 24 hours stress histogram obtained by rain-flow method.
e Assumed fatigue stress history during its service period.

19

Fatigue assessment stage 5 3

e Assessment after the detection of fatigue crack, remainin
fatigue life is calculated.

e Fracture mechanics is applied to calculate the remaining life
based on the crack information and stress data. Retrofitting
detail is discussed.

e Required data

e Crack size and shape : Semi elliptical shape can be used for
estimation when depth information is unavailable.

e Stress to calculate stress intensity factor. Coefficients C, m,
A Kth from JSSC. Average or most safe line is selected.

o Fatigue life of plate is ended when 80 % of thickness is
cracked in case of Surface crack.

e Risks are classified into 3 categories, 30, 100, 500mm of
surface crack length. Correction is hecessary with
consideration of joint type, stress state, and structural
redundancy.

20
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Fatigue Assessment stage 4

00
e Rain flow stress range 0000
. . . 0000
calculation applied to dynamic 000
stress records it

e Fatigue assessment of weld
root of joint

21

Circular column fatigue crack

Circular Ci?
Rectangular

Beam

after retrofitting

22

11



Kan4054 Retrofitting sels
Before the removal After the removal

Beam Web Beam Web

Beam Flange

—=Tgover

t.

23

Measurement & analysis

1. Stress Range Measurement

2. Relation between stress and location of loading
vehicle.

3. 24 H Stress Measurement
histogram & dynamic stress record analysis

4. Hot Spot stress Measurement
=Measurement of local fatigue stress in weld
joint

5. Detailed stress measurement (1 weld bead
1.5h)

24
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1. Stress Range Measurement

 Location of gauges- - -stress concentrated area near
retrofitted scurrup, 5mm apart from cutting edge, 0.4t
from weld toe

Beam L.Flg t=28mm --=--t--

[CEJ g A—
mm{0.40 a1

Trans-beam L.Flg & Column weld (external side)

[ X X ]
Beam L.flg & column local stress at beam-column EES:
junction (internal side G1-G4) %

t=28mm beam L.Flg

I 104
G2 mm(0.4t)

Smm

.




Beam corner Local Stress at beam-column
junction after the remedy (G5-7)
Plane View

,.Réfn)o\ B
~7X\_d Zone
e

Column

27

000
Inserted Web local stress at beam-column b
junction after the remedy (G8-11) E:'
DD Plane view
Beam L.Flg

web

Q4= 4rnm

28
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. [ X X ]
2. Relation between stress and 4
. . . [ X
location of loading vehicle. o2
Culmn Stress
G12 G13 Gl4 2
. eoo
Response of G1 gauge during the passage of | sees
. [ X
loading 1 oo
G1 responage
Gls o — Gl —GIRX G145/
Gle . o
I tension,
- te—Te—
200 compression
G14 responce
[—oc14 —aimx Glag |
Gauge for vehicle gw 9
detection £ m@ﬁ
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Response of G1 gauge during the passage of
loading 2

G15 responce
[ o5 —cilih Gl ]

G15
G16 . o
5 [

/7
4
G12 G13 Gl4

G1 responce

[—o —ci®nh  —Gis&)
400
300
200
100
s —C
S oo LN
2200 \3”/

3. 24 H Stress Measurement

Noise filtering & Rain flow

24h stress record (without filtering)

%
\ ‘

. U ]

0:00:00 200:00 400:00 600:00 800:00 10:00.00 12:00.00 1400:00 16:00.00 18:00:00 20:00:00 22:00:00 0:00:00
BRI A OB

Noise components

Max peak

B %1 [MPa]

00000 20000 40000 60000 80000 100000 120000 140000 mnnM 8000 k 220000 240000
B oRm Inepea

Max stress range = max peak — min peak = 52MPa
Rain flow applied to 1 minute segment of dynamic
data : 36.3MPa in tension, 34.2MPa in compression z2

50 ‘ }
2 , | | | | |

—
0

| niupal
l
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Calculation of stress histogram and
maximum stress range
G175 —o

Histogram obtained by rain flow method

Raw data o max =128.3MPa

1283 =+
11112_8 Judged to be noise
1032
o 9486
2 8B
@ : _
=  69.75 0 max =61MPa
2 188 mm
S
D 3697
279
19.53
1116
2.79
1 10 100 1000 10000 100000 N
Count: N

4. Hot Spot Stress Range measurement

Gauge location : 0.4t, 1.0t from weld toe

SrEfl AEH

RFFlg t=28mm —1—- % /4 1 t=28mm R TFlg

T?A i 4 — L4
104 ; / / (0.4t 26mm(1.00)
mm(0.4¢) m:D - / R mm(0.4¢) 26mmi

26mm(1.0t) 617] |ae

34

17



Hot spot stress with vehicle on cruising lane

a-a
Beam L.Flg t=28mm
Line A Line B
0.0t 382
MPal {7
0.4t 363
[MPa]
1.0t 336
[MPa]
External side G2

Gl

Passing lane
E [7

00t 262
[MPa]

0.4t 262
[MPa]

1.0t 26.1
[MPa]

G3

0.0t 64.0
[MPa]

04t 49.3
[MPa]

1.0t 274
[MPa]

Stress increase due
To thickness reduction

35

Hot spot stress with vehicle on passing lane

Beam L.Flg

t=28mm

0.0t 379
[MPa]
04t 34.2
[MPa]

1.0t 28.6
[MPa]
Out side

S

0.0t 19.2
[MPa]

0.4t 20.1
[MPa]

1.0t 21.5
[MPa]

t=28mm

0.0t 53.6
[MPa]

0.4t 420
[MPa]

1.0t 246
[MPa]

36
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Hot Spot Stress Response due to Loading Vehicle §§E:
[ J
A Line B Line C Line
vy L —¢ .7 —GiBx o [—@ a8 —amx o [ —os al9  —GIBX |
A,

o,

I N

vehlclle gauge 1.0t 0.4t H.S.S.
location line

N A 0.92 1.00 1.05

cruising B 1.00 1.00 1.00
lane

c 0.55 1.00 1.00

. A 0.84 1.00 1.11

passing B 1.07 1.00 0.96
lane

C 0.59 1.00 1.28

mmmmmmmmmmmmmmmm

Hot spot stress :
stress extrapolated
to weld toe
normalized by
stresses at 0.4t

37

Hot Spot Stress Range

Weld btween Beam and cullﬁnn =16

Beam L. flg

- mm |7,
-

0
mm(0.4t)  G1:36.3MPa

26mm(1.0t) G
33.6MPa

Max Stress point

N33

N

eoo
eoo00
X
e0o
o0
°
Stress Range calcuration of 24h
measurement (1.0t)
Stress
processor data
Range
Spectrum raw data 128
meter noise filtered 61
noise filtered 52
dynamic tension zone 33.6 )
wave compression
analysis zone 28.6 @
max range 50.1 @
38
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0000
. . . [ X XX
H.S.S. range in weld joint oo
[ J
Beam L.Flg.  t=28mm
37.6
=26
Tnsion zone Compression zone
24 h measurement
HSS increment Stress Peak
1.0t 0.4t HS.S to 0.4t stress Value at 0.4t HSS.
tension 33.6 36 37.6 4% 19.8 20.6
compression 28.6 34.2 379 11% -32.7 -36.3
maximum H.S.S. range 56.9
39
[ X X ]
0000
[ X XX
Remarks on measured stresses oo
[ J

1. Stresses response in the beam column joint are
affected by the location of vehicle.

2. Stress range is the largest in the weld at G1
gauge (50.1 MPa at outside 1.0t)

3. Stress increase due to geometric concentration
is small, but increase due to thickness change
caused by the retrofit is remarkable.

4. Histogram meter sometimes gives extreme
value which is caused by noise and hard to
check later without original records of stress.
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5. fatigue assessment using Local

stress

1.

Assessment using Structural Hot Spot Stress

1. Applicable to the point where Nominal Stress can
not be determined

2. Dynamic stress records are necessary because
distribution of stresses at the same moment of time
are required.

3. Understanding of relation between stress histogram
and actual stress fluctuation is necessary.

4. Not applicable to root crack in general

41
(X X J
0000
1 0000
Fatigue strength w.r.t S.H.H 3
(X J
[ J
Table 3. Hoi spor S-N curves for steel plates up to 23 mm thick
Joint Description Quality FAT | Aoy | 10
[ o R
?_h}"'_'lL‘; Butt joint As-welded, NDT. 100 74 0.2
e Cruciform or
B 9 Toint with K-butt welds,
_2] |_<_l"3"‘" full penetration | no lamellar tearing.
| welds
Non-oad Transverse non-load
| carrying fillet | carrying attachment,
M o | welds not thicker than the main
1 4 plate, as-welded. 100 74 |03
I\‘ Bracket end,
P welds either
Y | welded around
— ) |ornot Fillet weld(s) as-welded
P Cover plate
&-—h\— | ends and
— # | similar joins
| Cruciform joint ”W'1819'00
~ | with load-
q a‘}.; e Hile L~ Structural Hot-spot
I welds
i Fillet weld(s) as-welded (| 90 66 |03 Stress Appr?aCh t?
= Lap joint with Fati An i
*—&( load-carrying \—/ at gue a ys S0
PR Welded Component
42
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Fatigue Strength of Root Crack

N = lj AKda

Root crack c
Initiation Point SR(A&AZE] sec
AK = w 2w
2H
H=9mm 1+—
Toe crack : _ _
Initiation Point —{ N = SE' = S(R: SN curve for Root
Weld joi ¥
eld joint status 0710652 079 M
D . | ~ tp P in—l/z
X etermin C \/ﬁ
Sg=7-Sg from s
22 H\* Experiments Sa =18
0.71-0.65-"+0.79— .
t, t, y_Se SN curve in
V= 176 —c terms of H.S.S
110t}

Y :modification factor

43

Estimated SN Curve for Root Crack

for Kan 4053
¥ (H, tp, ai)

a 0z 04 06 il 1
2aiftp

If HSS allowable stress for the
connection is 100 MPa, then HSS
allowable stress for root becomes 73
MPa

FAT=0.731*100=73

=) Calcurate Damage with FAT 73

44
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Fatigue life prediction based on the modified histogram data| $8°

Stress ranges are Modified
to Hot Spot Stress Range

%4h histogram (after noise filtering) chi

log1(N)

o i 20 30 10
Stress range (MPa)

45

Retorofit D/B

: . o0e0
Evaluation of joint strength & D/B | eeee
0000
o000
o0
o
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1. Management of fatigue damaged sees
members and their problems E:’

present status

1. No evaluation rule

quantitative evaluation method for the inspection
results has not been established. Various measured
data are not connected to inspector's judgments.

2. No retrofit history record

Fatigue cracks have been removed without records.
Their cause, state (size, appearance) are not recorded.

3. No check

There is no checking system for results of action such
as inspection, repair work.

47

[ X X ]
2. Evaluation rule for fatigue inspection (in| se%e
. [ R

case of steel pier oo

° Evaluation should be based on on-site
inspection.

e Rank of damage (1-4)

'§ 4 | No problem weld defect remained but no fatigue

o crack

t 3 further Crack is weld crack, Small possibility
inspection of fatigue crack.

- Fatigue crack might have been
Retrofit is not 8 &
2 . propagated. Counter measurement
satisfactory .
has not been effective.

Require
1 | additional Fatigue crack was left.
retrofit
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Click to
enlarge
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Evaluation of retrofitted part
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measurement
# 3T P K4
MRS 0501172 EHEE 12
BT soEar)
BEEE 506
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mEm

% Life prediction

A
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Fatigue life estimation of weld root

S.H.S.
e Fatigjue IifJe of Gr:usiform weld chint Il’OOt measurement
crizshoizdoziziagiciaic B s — Fats=io

=S N S S s Inspection
b
= .

10
@
[Ty
=
@
L O O S e N - U
R
=Rl
[N

1o i i i i

10 20

i i
50 60 70 80

30 40
24 h Equivalent stress range
Total evaluation
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[ X X J
0000
. . 0000
Evaluation based on fatigue stress ose
[ J
S.H.S.
measurement
Inspection
of welds

*J
Determine FAT

—

FA106AR1 2T

L Life prediction
g @ | Rank based on Life

8 4T _1?

4 13 | Lid

i m W 4 >100 year

5 5T :_1?

SoE ok 3 =100 year

1 & 44 11055 =21 SiE

5 % ies st 2 =10 year

1 B . L

P = 1 =5 year %2




Good

Final Rating for Retrofitted members

Good
(zrx) (Frva] (= ) (o=
Fatigue Life e
41321 —
g 4 3 2 nm smm:;t
o
2 313|3[2]1 — g
121211 l i
g |
o 1 PE WPTTh A, SHMTE
o - FREA, T
TL. B CE it
ELEWRTE.
4: No Problem s ] o, g,
3: Observation e ]
. Frindk  DIONERLIMG EE
2: Observation
1: Retrofit
0: Retrofit
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Effect of mean stress (stress ratio)

Stress ratio affects propagation in region I, I
In region II, crack propagate high R near weld metal due to residual stress.

Ky, in region I

K,, =7.0(L-0.85R) (Mpas/m) 0.165<R <1.0
Ky, =6.0 —1.0<R<0.165 Barsom

K. inregion II

Crack propagate rate accelerate when K =K
AK =(1-R)K,, = (1-R)K,

(4

max

54
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Drawing SN curve from AK

_ J'a da @ Nostsfe cesin | mean desi
a A(AK)" A | 2 5061
AK =AcYVm @ w
~(Ac)"-N=c ® Vpa
c= 1 J'a da
A L gy @

Crack propagate when AK> AK,,

AK
Ao >—=0 ®
Y [,

@ will be non-lenear when Y=Y(a)

55
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