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Fatigue Desion Recommendations

FATIGUE DESIGN RECOMMENDATIONS

1. Scope and limitations

1.1 The Recommendations give methods for assessment of safety in the fatigue limit state of
members forming steel structures. The fatigue limit state is the state at which the strength or
function of a structure or its structural members or joints is lost by fatigue damage.

1.2 Structures are assumed to be used mainly at ambient temperature and i air. If there is fear of
corrosion, then in principle appropriate corrosion protection should be applied to the structure.

1.3 The Recommendations can also be applied to fatigue assessment of existing structures.

1.4 If the algebraic maximum or minimum nominal stress expected during design life exceeds yield
- stress, the Recommendations cannot be applied.

1.5 Items concerning fatigue design which are not dealt with in the Recommendations should be
determined under the judgment and responsibility of the relevant authorities.

1.6 The Recommendations do not provide assessment of safety for limit states other than the
fatigue limit state. For other limit states, the design should be carried out according to the
relevant codes. : : :

2. Definitions and symbols
Definitions and symbols used in the Recommendations are explained as follows.

2.1 Definitions

Allowable Stress Range : The allowable stress range which is corrected to the basic allowable
stress range considering the effects of mean stress and plate thickness.

Basic Allowable Stress Range : The allowable stress range for a given stress cycles, which is
determined according to fatigue design curve.

Basic Allowable Stress Range at 2x10° Cycles : The basic allowable stress range for two million
stress cycles.

Constant Amplitude Cut-off Limit - Stress range which corresponds to fatigue limit under
constant amplitude stress. In cases where every applied variable amplitude stress is less than
this value, fatigue assessment is not necessary. ‘

Correction Factor for Design Stress : The correction factor to account for the difference
between the value of stress which is actually produced in the structural member and the value -
of stress determined by design calculation. .

Dead Load : The weight of the structure itself and the weight of additional utilities, which do not
vary and apply continually over a long period of time. '

Design Life : The design period for which the structure is expected to be used.
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Design Number of Stress Cycles : Total number of stress cycles expected during the design life,
or number of cycles with stress ranges larger than the variable amphtude cut-off limit in
variable amplitude stresses.

Design Stress Range : Equivalent stress range to be calculated according to fatigue design load,
design calculation and the correction factor for design stress.

Equivalent Stress Range : Constant amplitude stress range which causes fatigue damage
equivalent to the same repeated number of variable amplitude stresses.

Fatigue Damage : Damage which is caused by fatigue crack initiation and propagation in the
structure, structural members or joints by the repeated applications of loads.

Fatigue Design Curve : The curve that represents the relationship between the stress range
(normal stress, shear stress) and fatigue life for each strength category.

Fatigue Design Load : The load to be used in fatigue design, which is given as a load unit, a
combination of load units or a representative load unit.

Gross Section Stress : Stress determined by gross section area which is the product of the gross
width and plate thickness. The gross width is determined by not discounting hole widths such
as bolt holes from the gross width of section.

Hot Spot Stress : Local stress at point where fatigue damage has developed, but thlS 1S not
included in the stress concentration from weld bead form.

Joint Type : Joint classification according to the form and fatigue strength. Each joint is given a

strength category.

Load Unit : The load which expresses the characteristics of live load in the unit term, given in
terms of magnitude, frequency and loading position.

Maximum Load Unit : The load unit which produces the maximum stress range in a structural
member during its design life.

Net Section Stress : Stress calculated by net section area, in which net width is multlphed by plate
thickness. The net width is determined by discounting hole widths such as bolt holes from the
gross width of section.

Nominal Stress : Stress based on the sectional force calculated by beam theory or frame analysxs,

etc. .

Rain Flow Counting Method : A method for determining a stress range histogram from variable
amplitude stresses.

Representative Load Unit : A load unit which represents the plural load units.

Safety Factor : The factor to adjust the level of safety in fatigue assessment, which comprises a
redundancy factor, an importance factor and an inspection factor.

Strength Category . Category represented by symbol marks A to H, K1 to K5, and S. Fatigue
design curve is given for every strength cateoory

Stress Range : Algebraic difference of the maximum stress and the mmlmum stress.

Stress Range Histogram : Frequency distribution of stress range.

Unit Term : The unit term to be used to measure design life. It can be an hour, a day, a week, a
month or a year according to the characteristics of the structure.

Variable Amplitude Cut-off Limit : The limit of the stress range below which stress range does

not contribute to fatigue damage.

2.2 Symbols

a : crack size
a; : initial crack size

ac : critical crack size
(', n - material constants to express the relationship between fatigue crack propacvatxon




Co, Dy
Cr

Ct:

m

Ni
M

ni:
Hy
R:
- radius of fillet
S, Sb, Sh
T:
t.
U:
W
a:
AK
- AKe :
AR :
Ao
At
- Stress range due to out-of-plane bending (MPa)
: design stress range (MPa)
~constant amplitude cut-off limit (MPa)
. equivalent stress range (MPa)
Aoy (Aty) :
- one stress range level in stress range histogram (MPa)
: membrane stress range (MPa)
: allowable stress range at design number of stress cycles (MPa)
: variable amplitude cut-off limit (MPa)
Yp:
Yi:
: importance factor (partial safety factor)

y

Aoy

Aoy (Ata)
Aoce (Atce)
AOe (A‘Ee)

Ao; (At))
Aoy,

AOR (ATR)
Aoye (A'Cw.')

Yll‘
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rate and stress intensity factor range

: constants to express fatigue design curve .
+ correction factor for allowable stress range taking into account the effect of mean
_stress »
correction factor for allowable stress range taking into account the effect of plate

thickness

: damage or cumulative damage in linear damage rule
da‘dN :
: correction factor of stress intensity factor

: design life ’ o

: length of welded gusset or cover plate

 inverse of slope of fatigue design curve

: fatigue life (number of stress cycles to reach fatigue limit state)
: fatigue life at stress range Ac;

“number of bolts in the direction of stress (one side)

fatigue crack propagation rate (m/cycle)

frequency of Aoy in stress range histogram
design number of stress cycles
stress ratio

leg length of fillet weld

number of unit periods in design life

plate thickness of welded joint

unit period (year, month, day, etc.)

width of welded joint

correction factor for design stress

stress intensity factor range (MPa v )

equivalent stress intensity factor range (MPavm)
threshold value of stress intensity factor range (MPa+'m)
normal stress range (MPa)

shear stress range (MPa)

basic allowable stress range at 2x10° cycles (MPa)

redundancy factor (partial safety factor)
inspection factor (partial safety factor)

3. Materials, joints and their required qualities

3.1 Materials

Materials used for members or joints of steel structures designed according

to the
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Recommendations, should be those provided in Section 3.2 and 3.3.

3.2 Steel

Materials intended for the Recommendations are carbon steel and low alloy steel whose
ultimate strength is between 330MPa and 1GPa. However, ultimate strength of wires used for
cable should not exceed about 1.6GPa. Ultimate strength of high strength bolts should not exceed

about 1.2GPa. :

3.3 Materials for connections

3.3.1 Materials for welding
Materials for welding must be suitable for the steel welded. ,

3.3.2 Materials for high strength bolts
Materials used for friction-type high strength bolted connections must have strength to carry
the axial force during installation as indicated in the design.

3.4 Connection methods and required qualities

3.4.1 Welded connections
The recommendations are applicable to joints and structural members having sound welds.
- The welding method should be equivalent to or better than arc welding. The welding method
and order of welding should be selected so that weld cracking and other weld defects are
prevented, and deformation and constraint stresses due to welding are reduced.

3.4.2 High strength bolted connections ‘,

The fabrication of friction-type high strength bolted connections should be done so that the
axial forces in each of the bolts is within the prescribed range. The surface condition and degree of
distortion of steels to be bolted and the order of fastening should be such that sufficient uniform
axial forces and friction resistance between plates can be secured. S

Drilling of base plates and splice plates used for bearing-type high strength bolted connections
should be in the prescribed positions, so that connections have enough bearing resistance.
Distortion of steel plates and fastening of bolts should be controlled to prevent opening between
base plates and splice plates.

4. Fatigue strength and joint types ~

4.1 Main factors controlling fatigue strength
Fatigue life of welded members or welded joints varies depending on thg kin@_g_fjéji;;? and the
magnitude of the nominal stress range: R

4.2 Fatigue design curves (Ao-N or At-N relationships for fatigue design)

(1) The fatigue design curves consist of three types of curves which are given for joints
subject to normal stress (Fig. 4.1), cables and high strength bolts subject to normal stress (Fig. 4.2),
and joints subject to shear stress (Fig. 4.3). The curves are different depending on the strength .
category, that is, eight curves (category A to H), five curves (category K1 to K5) and one curve
(category S) are given for each kind of’joint.
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In Table 4.1 (joints subject to normal stress), Table 4.2 (cables and high strength bolts subject
to normal stress) and Table 4.3 (joints subject to shear stress), the basic allowable stress range at 2
x10% cycles (Agy, Aty), constant amplitude cut-off limit (Aoge, Atce), and variable amplitude cut-
off limit (Aove, Atye) for each strength category are given. If the maximum stress range of the
variable amplitude stress is lower than the constant amplitude cut-off limit, fatigue assessment is
not necessary. When one of the stress range in the variable amplitude stresses is higher than the
Constant amplitude cut-off limit, the variable amplitude cut-off limit gives the limiting value for the
fatigue assessment, below which no damage occurs.

(2) The eight fatigue design Ac-N curves in Fig. 4.1 and five fatigue design Ao-N curves in
Fig. 4.2 are parallel in log-log relationships. The distances between fatigue design curves in Fig.
4.1 are all almost the same at about 25 percent.

(3) The fatigue design curves are given by Eq. (4.1) and Eq. (4.2)

Ad"N=Co (Ao > Acce, Aove) . (4.1)
N=o (AO' = Aoce, AO've)
AT"-N = D() (ATJ > Atee, A‘Eve) (4.2)

N=oo (A‘t = A‘Cce, A’l_fve)
Co =2x10°- Aap”, Do=2x10% - A/
where Ay, Aty are the basic allowable stress ranges at 2x10° cycles. m is the exponent which
shows the slope of the fatigue design curves, and is given as follows.

m =3 for joints subjected to normal stress, Table 4.4 (a) to (0,
m =5 for cables and high strength bolts subjected to normal stress, Table 4.4 (2),
m =5 for joints subjected to shear stress, Table 4.4 (f).

Tabled.1 Basic allowable stress range for joints subjected to normal stress(m=3)

Strength categories Cut-off limit (MPa)
Basic alloﬁable stress Constant amplitude Variable amplitude
Category | range at 2x 10* cycles v
40 .(MPa) 40 .,(N)* ' 40.,,(N)*
A 190 190 (2.0 x10*) 88 (2.0x10")
B 155 155 (2.0 x10') 72 (2.0x107)
.C 125 o 115 (2.6 xlO‘)b 53 (2.6x107)
T
) 100 / e 84 (3.4 x10°) 39 (3.4x10")
E e 62 (4.4 x10°) 29 (4.4x10")
F 65 | 46 (5.6 x10') 21 (5.6x107)
G 50 , i 32 (7.7 x10') 15 (7.7x107)
H 40 23 (1.0 x10") 11 (1.0x10")

* The value of N parenthesized is the stress cycles according to the stress range indicated.
This value is rough approximate and only given for reference.

DEn ¥ © A e TesC
&\M E 6
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Tabled.2 Basic allowable stress range :
for cables and high strength bolts suijected to normal stress(m=35)

Strength categories Cut - off limit (MPa)
Basic allowable stress Constant amplitude - Variable amplitude
Category range at 2x10* cycles

40 (MPa) 40 .,(N)* 40,,(N)*
K1 270 270 (2.0x10%) 170 (2.0x10")
K2 200 200 (2.0x10) 126 (2.0x107%)
K3 150 148 (2.1x10%) 68 (1.0x10%)
K4 65 46 (1.1x10") 21 (5.7x10%)
K5 50 32 (1.9x10") 15 (8.2x10")

Strength categories

Cut - off limit (MPa)

Basic allowable stress Constant amplitude Variable amplitude
Category range at 2x 10* cycles
AO’,(MP&) AGCI(N)* Aaro(N)*
S 80 67 (5.0x10*) 42 (5.0x107)
* ditto

If necessary, the fatigue design ¢
thickness effect described in Secti

(4) For the relationship betw

relationship over the limit may be used.

4.3 Strgngth categories of joints

The fatigue strength categories of

urve should be corrected to account
on4.4 and 4.5, :

een Ao and N under the variable

joints are given by checking

for mean stress and plate

amplitude cut-off limit, the

that the|lowest valus of Fafi u

gue

% h/from tests on each Joint detail or the(97.79 ojsurvwal probability of fatigue strength which

is almost correspondent to the lowest value

Section 4.2.

Strength categories of joints are shown in Ta
stress concentration of the weld detaj
4.4), direction of stress,

reinforcement or finishing of weld toe.

For welded joints which are n
from available experimental data

I, weld qualities
metallurgical structure,

or new fatig

are higher than the fatigue design curves

ot included in Table 4.4, a fatigue stren
ue test data. Fatigue crack propagation analysis can
noted that there is a difference between the real joint
sidual stress when the fatigue design curve is defined

ble 4.4. This classifica

tion takes into account the
( qualities are defined in Chapter 3 and Table
residual stress and machining of weld

gth curve can be defined

defined in
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Table4.4 Joint types and strength categories

(a) Non-welded joints

Strength
Joint types categorles Remarks
(Ao.)
(1) with sarfaces and edges by A
machining
(JIS roughness of 50s or less) (190)
(2) with mill scale surfaces and edges B
1. Plates by flame cutting
(JIS roughness of 100s or less) (155)
(3) with mill scale surfaces and edges C
by flame cutting (large drag lines
must be removed) (125)
(1) with mill scale surfaces and edges B
: (155)
2. (2) with mliil scale surfaces and edges B
Shaped steel by flame cutiing
(J1S roughness of 100s or less) (158)
(3) with mill scale surfaces and edges C
by Mame cutting (large drag lines
must be remored) (125)
3. Seamlpss tubes B
v pg
T8 oo 17y (155)
4. Base plates with circular holes (net section stress) C
(125)
(1) 1/5gr/7d B S
(JIS roughness of 50s or less) (155) \
(2) 1/10g r/d <1/5 C
§. Base plates with (J1S roughness of 50s or less) (125) %
cut out gussets (3) 1/5gr/d C
(JIS roughness of 100s or less) (128)
(4) 1/10gr/d<1/3 . D
(JIS roughness of 100s or [fess) (100)
(1)1gn, €4 B
(155)
6. Base plates of [riction type (2)5sn S15 C
. (125)
high strength bolted connections |
(3)i6g D
(ggoss section stress) (100)
7. Base plates of bearing type high strength B
bolted connections (net section stress) (155) n, : number of bholls In the direction ol stress
(one side)
8. Base plates with boles and high strength bolts B ¥ (4,6,7,8)If holes are manufactured by punching,
which do not transler the loads along the the strength category should be reduced by one
direction of stress to be considered (155) category.

(net section str

ess)
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(b) Transverse butt welded joints

Fatigue Design Recommendations

and strength categories (cqntinued)

Strength !
Joint types categories Remarks I
(4o ) .
1. With ground [lush surfaces . ~~"B ~~ 1 ~ 2.,3.(1)
ﬁvvu WA Strs Lonadetion (155)
2. With finished weld toe C “ ~.
(125) - -
3.(3)
(1)both side welds D 3.2 @)
: (100)
_ ~
3. As-welded (2)one side welds with smooth D ¥ As a general rule, the joints should posses fully
back - side weld geomatry (100) penetrated and sound weldments.
joint ¥ Transition in thickness and width : slope should be
(3)one side welds with backing bars F lower than 1:5.
: (65) 3% Underculs deeper than 0.5mm must be removed.
¥ (1.,2.) Finishing should be done so that
(4)one side welds unable to Inspect F undercuts do not remain. Direction of grinding
those back surfaces (65) should be the same as the direction of stress.
(c) Longitudinal welded joints
Strength
Joint types categories Remarks
(4o ‘)
(1)with ground B
1. Complete penetration flush surfaces (155)
groove welded joints \
from both sides (2)as - welded C ~
(125) 1.(1) 1.(2)
2. Partial penetration groove welded joints D '
(100) _ ™~ - ™~ -
. ' 2 3.
3. Fillet welded joints D
(100) ™~ =~
- ~ ~
4. Welded joints with backing bars E 4. 5
(80) )
=~ ~_
5. Intermlittents fillet welded joints E ~~
(80) ~y g 6.
8. Welded Jolnts with copes G
(50) , N
(1.(2).2.,3)) Any significant roughness on the weld
7. Welded joints adjacent to D surface caused by stop/start operation must be
fillets of cut out gussets (1)1/55 r/7d removed..
(100) * (2.,3) If it can be ascertained by non-destructive
testing that the size of inner defects (roundish forms
E such as blowhole) is smaller than 1.5mm in width
(?)1/105r/d<1/5 and smaller than 4.0mm in height, strength
(80) category C is applicable. :
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Tabled.4 Joint types and strength categories (continued)
(d) Cruciform joints

Strength
Joint types . categories ) . Remarks
(40 )
1. Fillet welded joints with smooth weld toes D
welded by confirmed method (100) ‘
2. Fillet welded joints with [inished weld toes D '
(100)
EXE “welded fillet weided Jolnts ) (¥®
@)
6. (1) (2) (3)

Non load - carrying type

4. Fillet welded joints including start and stop E ~<
pasition ’:g/'né (80)
(1)d, £100 mm F
5. Fillet welded jolnts (65)
of hollow section
(2)d.‘ > 100 mm G

(50)
(1)with smooth weld toes D
welded by confirmed method| (100)
8. Complete pene- | (2)with linished weld toes D
tration weld (100)
(3)asn - welded E
(80)
(4)hollow section . F
(one side welds) (65)
g (1)with smooth weld toes E
e welded by confirmed method (80) : .
k ¥ (2.,6.(2),7.(2)) Finishing by grinding, TIG,
(3)with linished weld toes E peening ll\ld etc should be done so that undercuts
- (80) do not remain. If finishing is done
' 7. Toe [ailure p== e by grinding, grinding should be made in the
g w-weldedb @ direction of stress.
3 : - 5 (1.,6.(1),7.(1)) Undercuts must be remorved.

(3.,4.,5.,6.(3)(4),7.(3)(4),9.(1)) Undercuis deeper

n

=

©

B

g

2

-

o

=

g (4)including start and stop F than 0.5mm must be removed.

-9 —_ positions (65) - |3 (B.,9.(2)) The weld throat area is given by the

- oo S product o( weld throat and weld length.

S | 8. Root rallur (throat section) H

o

d (40) l ;é | ;ll; :

& - v

5 (1)toe { \ L \

w | 9. Hollow section fallure £ . s s

% (one side welds) (40) The weld throat is calculated as s/v 7.

x| Weld throat for partially penetraled welds is

“ cdlculated as (s + depth of groove)/v 2.

= (2)root failure (throat section) H % (8.,9.(2)) Stirength category for the joint with

ool (40) s shorter than (0.4 plate thickness) is not
speclﬂed.

Non load - carrying type
Load -carrying type
Fillet welds or partial penetration welds
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(e) Gusset joints (including welded attachments)
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strength categories (éontinued)

Strength
Joint types categories Remarks
(40,
1. Joints with fillet (1)with finished E y
welded or groove welded weld toes (80)
gusset
(1 £100mm) (2)as - welded F
2 ‘ (65)
9. -
5 | 2. Joints with groove welded gusset with [illet E
:: " (fillet to be finished) (80)
5 3. Joints with fillet welded gussaet G A 2.
;‘ (! >100mm) (50) r=40mm
o (1)with finished F
© | 4. Joints with groove weld toes (65) A
welded gusset \
(1> 100mm) (2)as - welded G 6.
(50)
(1)1/38r/d - D Y
(100)
5. Joints with groove
welded gusset with (2)1/5gr7d<1/3 E
2 fillet (80) e
] (fillet to be finished)
ar (3)1/10 g r/7d<1/5 F
7]
. (65)
s -,
a (1)with finished G
g | 6. Joints with groove weld toes (50) L
- welded gusset ¥ (1.(1),2.,4.(1),5.,6.(1)) Finishing should be done
(2)as-welded H 50 that undercut do not remain. If finishing is
(40) done by grinding, grinding should be made in the
derection of stress,
7. Base plate with lap-welded gusset H g (1.(2),3.,4.(2),6.(2),7.) Undercuts deeper than
(40) 0.5mm must be removed,
(f) Other welded joints
Strength
Joint types categories Remarks
(40 ,)
1. Joints with fillet welded | (1) with finished weld E
cover plates toes (80)
(1 £300 mm) -
(2)as - welded F
(85)
2. Joints with fillet welded | (I)with protiled D
cover plates end welds (100)
(1>300 mm)
(2)as - welded G
(50)
3. Welded studs (1)at base plates E
(80)
(2)at stud sections S
(80)
(1)at base plates H
(40)
(2)at splice plates H ¥ (1.(1),2.(1)) Finishing should be done so that
4. Lapped joints (40) underculs do not remain, If linishing is done by
grinding, grinding should be made in the .
(3)at throat sections n direction of stress.
of end fillet welds (40) ¥ (1.(2),2.(2)) Undercuts deeper than 0.5mm must be
remored,
(4)at throat sections S . ¥ (2.(1))Weld leg length §,. S, must be S, 20.8¢,
of side tillet welds (80) and S, 2285,

Il
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4.4 Effect of mean stress .

For cables gwen in Table 4.4 (g), the allowable stress range should be obtained by multiplying
the basic allowable stress by Cr as given in Eq. (4.3).

Cr=(1-R)./(1-0.9R) | (4.3)
where the stress ratio, R, is the ratio of the minimum to the maximum values of stresses under
consideration. The value of R is based on the fatigue design load and dead load. This correction
for the stress ratio should be also done to constant and variable amplitude cut-off limits. For high
strength bolts given in Table 4.4 (g), the modification due to stress ratio should not be applied.

As a general rule, the effect of stress ratio on the joints given in Table 4.4 (a) to (f) should be
ignored, except for the compressive mean stress region. That is, the allowable stress ranges may be
corrected by multiplying the basic available stress ranges by the value of Cr given in Eq. (4.4) in
cases where R is lower than -1. ]

Cr={1.3(1-R)./(1.6-R)) (for R<-1) | (4.4)

In cases where both values of the maximum and minimum stresses are in the compressive
region, the value of CRr should be taken as Cr=1.3 as shown in Fig. 4.4. In this case, the residual
stress should not be taken into account in the estimation of maximum and minimum stresses. The
constant and the variable amplitude cut-off limit may be modified by considering the effect of

mean stresses.

4.5 Effect of plate thickness

The fatigue strength decreases with increase of plate thickness in some kinds of joint. The
allowable stress range should be obtained by multiplying the basic allowable stress range by the
correction factor 't when the plate thickness of the joint exceeds 25mm.

Cr= 4257 (4.5)

where 7 is the plate thickness in mm. The joints which should be corrected by Eq. (4.5) are as
follows.

‘Table4.4 Joint types and strength categories (continued)
(g) Cablgs and high strength bolts

Strength
Joint types categories Remarks
(Aa,)
{1)parallel wire K1
stands (270)
1. Cables
(2)wire ropes K2 .
e | L.(1) A 1.0)
-—
(1)fatigue - proof K1
anchorages for (270)
parallel wire strands
2. Cable anchorages (2)Zinc - poured K2
anchorages for (200)
parallel wire strands
(3)Zinc - poured K3
anchorages for ropes (150)
(1)rolled K{ )
. (65) ¥ (2.(1)) Fatigue-proof anchorages means those
3. High strength bolts whose fatigue strength is nearly equal to the
’ (2)eut Ks arallel wire strands.
. (50) p
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stress amplitude (Aco/ 2)
R=—o R=‘1
\

N e -
1.3(de,/2)— AN N : ’/’ R=0

\\ ,’/— (AO']/Z)

mean stress

Fig.4.4 Correction of allowable stress range due to mean stress

Cruciform joints (Table 4.4 @), 1, 3, 4, 5, 6.(1), 6.(3), 6.(4), 7.(1),
7.(3), 7.(4), 8., 9. -
Other welded joints (Table 4.4 ) ) 1.(2), 2.(2)

For cruciform joints which fail at the weld toe, the correction should not be applied to joints where *

the thickness of attachments is less than 12mm,
The constant amplitude and variable amplitude cut-off limit should be modified by multiplying
the basic value by C; in order to obtain the cut-off limits for joints of thicker plate.

5. Load and stress range histogram
5.1 Design loads

a representative load unit, representing all the actual fatigue loads which act on the structure
during the design life.

5.1.1 Load unit

When it is considered to be adequate that the magnitude of the load imit is non-determinate
(variable), the magnitude of the design load should be defined as variable.

5.1.2 Representative load unit

To simplify the design calculation, the fatigue design load can be defined as one load unit which
represents multiple load units or a determinate load unit which represents a variable load unit.
Such a load unit is referred to as a ‘representative load unit’.

5.1.3 Maximum load unit : ,
A'load unit which will induce the ‘maximum stress range in the structural members during the

13
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design life is referred to as the ‘maximum load unit’, In cases where a load unit defined in 5.1.1

maximum stress range, the maximum load unit may be used as the design load in the simplifi
fatigue assessment described in Section 6.3.

5.1.4 Dynamic effects
When dynamic effects of the load on the magnitude of the sectional force are considered not

be negligible, these should be taken into account in the fatigue assessment.

An impact factor which represents the effect of dynamic loads should be determined based ¢
the data measured on similar structures. In the absence of more detailed information, the impa
factor used in the other limit state assessments should be used.

5.1.5 Design life :
The structure to be designgd is assumed to have a pre-defined design life, L.

5.1.6 Unit term
In cases where a load unit is used as the fatigue design load, the design life, L, is defined as

times an appropriately defined unit term, U, (L=T- V). During a unit term, more than one load uni
should be included. For a unit term, any unit time such as, hour, day, week, month or year, can b
used corresponding to the service characteristics of the structure,

5.2 Stress

5.2.1 Stress calculation - .
The nominal stress at the objective section is used as the stress for fatigue assessment. Nominal
stress of the member at a point is calculated at the section perpendicular to the arrows as shown in

Table 4.4. If the section is defined for stress calculation, the stress calculated is based on that
section.

5.2.2 Stresses due to out of plane bending .
When stress is caused by out of plane bending at a point due to eccentricity between two joined

steel plates or the loading mode, the normal stress range Ao is obtained by adding the stress range
due to out of plane bending Aoy, as shown in Eq. (5.1).

Ac= Aonrt(4/5)Aop Aowm: membrane stress range (51

Eq. (5.1) is applied to joints with plate thicknesses less than 25mm. For joints with plate
thicknesses greater than 25mm, the multiplying factor 4/5 for out of plane bending should be
changed to 1.

5.2.3 Correction of design stress

When the actual stress is obviously different from the nominal stresses calculated in the design
calculations, the nominal stress range is multiplied by a correction factor a (termed correction
factor for design stress) in order to correct the nominal stress range.

5.2.4 Hot spot stress
If the calculation and the definition of nominal stress is difficult, the hot $pot stress concept can
be used, as described in Chapter 7.

5.3 Stress range histogram

The stress variations, which occur at the point of interest during the design life, are calculated
by using the fatigue design load. A stress range histogram can be determined by applying the rain
flow counting method or equivalent counting method to the corresponding stress variations.

14
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When the relationship between the stress range histogram and the stress range which is
calculated from the representative load unit or maximum load unit is clear, the stress range
histogram may be used in the following fatigue assessment.

5.4 Design number of stress cycles

The total number of stress cycles in the design life #, (design number of stress cycles) is

calculated by Eq. (5.2).
m=2Zni*T  Zn; total number of stress cycles in a unit term (5.2)

5.5 Equivalent stress range

The equivalent stress range Ao or Ate is obtained from Eq. (5.3), which gives equivalent
fatigue damage for the same number of stress cycles as the variable amplitude stresses during the

design life.

Ace = "\',.'ZAO;” “ni /Zn; (5.3)

Ate = A 1 !Zh;
normal stress m = 3, 5, shear stress m =5,

where Ao and At are each stress ranges comprising the stress range histogram obtained in
Section 5.3, and #j is the frequency of Ao or At Eq. (5.3) is introduced from the contents
described in Section 6.4. If the stress range is less than Acye or Atve, then n=0. However, when a
representative load unit is used as the fatigue design load, #; # 0 even if the corresponding stress

range is less than Aove or Atye.
If the stress variations calculated from the fatigue design load are of constant amplitude, the

equivalent stress range is equal to that of the constant amplitude stress.

6. F :itigue assessment

6.1 Structural details to be assessed

The fatigue assessment must be.done at the detail for which the stress range is the maximum if
there is a continuous series of joint details of the same strength category.

6.2 Safety factors
The safety factors consist of three partial safety factors as given below.

(1) The redundancy factor Y considers the fatigue damage effect to the whole structure
strength or its function when damage occurs in the objective joint or member-

(2) The importance factor Y shows the degree of importance of a structure, i.e. it is a factor
which considers the social effect when a structure reaches the fatigue limit state.

(3) The inspection factor ¥; considers the damage-detection probability in a structure by
periodic inspections before it reaches the critical state.

Each of the partial safety factor values is to be determined by the organizations concerned. The
partial safety factor references are as follows. ’

Yo ¥5=1.10 is applied when the occurrence of fatigue damage in an objective structural
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member or a joint causes the whole structure to collapse (termed a non-redundan
member), values of Y4=1.00~1.10 are applied when damage influences to some extent th
strength or function of a structure. When there is little problem relating to the strength anc
function of the structure, the factor should be 0.80.

Yo : The factor is varied from 0.80 to 1.10, depending upon the significance of a structure.

Vi :In cases where periodic inspections for maintenance and management as described in
Chapter 8 is carried out, the factor is varied from 0.90 to 1.00. When the inspection can
not be made, the factor should be 1.10. '

The upper limit for the product of Y5, Yy and ¥; should be 1.25, and the lower limit should be
0.80. :

6.3 Simplified procedure of fatigue assessment

When the predicted maximum stress range and the constant amplitude cut-off limit of an object
satisfy the equation below, a fatigue assessment described in Sections 6.6 and 6.7 is not necessary.

(Y6 Yw Y)AOmax = Aoce Cr-Cy ' (6.1)
(Yo YY) ATnaxr = Atee
AOmax, Atmar : the predicted maximum stress range during the design life.

However, when only the representative load unit is used as the fatigue design load, even if the
maximum stress range is under the constant amplitude cut-off limit, the following fatigue
assessment should be done.

6.4 Fatigue strength evaluation under variable amplitude stresses

Fatigue strength under variable amplitude stresses can be evaluated based on the linear damage
rule. The fatigue design curves to be used are shown in Chapter 4. :

In cases where the fatigue design load is provided in a representative load unit, one must not
use the variable amplitude cut-off limit, that is, the variable amplitude cut-off limit of all strength

categories is 0. -

6.5 Fatigue assessment

Safety assessment of the fatigue limit state should be done on the basis of the methods
described in Section 6.6 or Section 6.7. '

6.6 Fatigue assessment based on equivalent stress range

Fatigue assessment is carried out by using design stress ranges, allowable stress ranges and
safety factors. -

6.6.1 Design stress range
The design stress range (Aoy, At4) can be obtained from Eq. (6.2)

Aog = Aoe (6.2)
Atd = Ate -
Ace, Ate: equivalent stress range

The equivalent stress range should be calculated by also considering the design stress correction
factor, a. - '
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6.6.2 Allowable stress range
The allowable stress range can be obtained from Eq. (6.3)

Aor = NCo/n +Cr - Cy ' (6.3)

ATR = 1/ Doy
Co, Do : Constants for the fatigue design curve [Ref. Eqs. (4.1) and (4.2)]

ne : Design number of stresg cycles. The cycles do not include cycles of stress
range under the variable amplitude cut-off limit. But when a representative
load is used as the fatigue design load, it should include al the stress range
cycles.

CR : Correction factor for basic allowable stress range taking into account the
effect of mean stress. :

C' : Correction factor for allowable stress range taking into account the effect of
the plate thickness.

6.6.3 Fatigue assessment
In the fatigue assessment, it should be confirmed that Eq. (6.4) is satisfied.

(Yo Yw Y)Acd < Aog : (6.4)
(Yb'Yn"Yi)AT{/ = Atr

6.7 Fatigue assessment based on cumulative damage
The fatigue assessment is carried out using the cumulative damage and safety factors.

6.7.1 Cumulative damage
Cumulative damage D is defined by Eq. (6.5)

D = Z(ni/N;) (6.5)
ni : Number of stress cycles of Agi, Ati comprising the stress range histogram,
which can be obtained by the contents in Section 5.3

Ni : Fatigue life according to Ao; or Ati, which can be obtained from the fatigue
design curve modified by mean stress and plate thickness effect.

6.7.2 Fatigue assessment
The fatigue assessment should be carried out by using Eq. (6.6).

D= 1./(YpYuYi)" | (6.6)
mi: inverse of slope of fatigue design curve

6.8 Combined stresses

When the objective section is subjected to normal stress and shear stress or to multi-axial
stresses, the fatigue assessment should be carried out separately for both normal stress and shear
stress.
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7. Fatigue assessment based on hot Spot stress

7.1 Definition of hot spot stress

The hot spot stress is a local stress where a fatigue crack initiates. It is the stress which resu.
at a point due to the global geometry of the structure without considering local stre
concentration due to weld geometry and weld toe profile.

7.2 Calculation of hot spot stress

The hot spot stress can be obtained by empirical formulae, by the finite element method or t
measuring strain in model specimens, When empirical formulae are used, attention should be pai
to ensure that the objective details are within the relevant limitations. When the finite elemer
method is used, attention should be paid to the types and sizes of elements.

7.3 Fatigue design curve

For as-welded joints the fatigue design curve of Category E is used. For welded joints whicl
have finished weld toes that of Category D is used. However, if the joint is a load-carrying type
oné with fillet welds or partial penetration welds, the fatigue design curve of Category F is usec
for as-welded joints and that of Category E is used for welded joints with finished weld toes,

If the plate thickness of as-welded joints is more than 25mm, Eq. (4.5) should be used to obtain
the allowable stress range.

7.4 Fatigue assessment

Fatigue assessment should be carried out as described in Chapter 6 by using hot spot stress
ranges for the stress range.

8. Maintenance and management

8.1 Inspection

8.1.1 Inspection plan .
When assessment for fatigue is considered to be necessary in the design of a structure, it is
desirable that the manager or authority of the structure prepare guidelines for inspection.

8.1.2 Inspection interval : :

A regular inspection should be made in accordance with the inspection program, for the sites, at
which fatigue assessment and past experience suggest that fatigue damage is apt to occur.

The interval of inspection to find damage should be set so that the assumed safety levels can be
ensured. In such cases, a fatigue crack propagation analysis using fracture mechanics is effective.

If the load or its frequency is very different from that assumed at the time of design, it will be
necessary to conduct another fatigue assessment, and the results should be reflected in the interval
of inspection. The interval of inspection for the members should preferably be set with
consideration to the effects of their fracture on the function of the structure,

8.1.3 Method of inspection
The inspection should be performed at the positions requiring inspection using an appropriate -
method. Inspection methods are given below. An appropriate method suited to the purpose is
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selected and a non-destructive inspection is then performed.

(@) Methods aimed mainly at finding fatigue cracks : visual i'nspection, magnetic particle
inspection, eddy current flaw detection, etc.

(b) Methods aimed mainly at checking the features of the fatigue cracks, such as their size and
shape : magnetic particle inspection, ultrasonic inspection, etc.

8.2 Evaluation of fatigue damage

If damage is found, its extent and effects should be evaluated in order to ensure the safety levels
assumed in the fatigue design and to make appropriate treatment. At this time, it is effective to
calculate the remaining life by using a fatigue crack propagation analysis based on fracture
mechanics.

Evaluation should be conducted on the following items.

(a) Influence of a fracture at a site which has a crack.

(b) Propagation behavior of cracks (direction and bropagation rate).
(c) Critical crack length.

(d) Other appropriate items.

method, it is necessary to Study fully the cause of the fatigue crack.

A fatigue assessment of the structure after repair should be conducted. Care should also be
taken that any repair does not have a bad effect on the fatigue strength of another part of the
structure. v
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- GOMMENTARY

1. Scope and limitations

1.1 In the former Recommendations (published in 1974)D), fatigue assessment was made unde
the condition that fatigue cracks do not occur during the design life. In thes
Recommendations, however, the fatigue limit state is defined as the state at which th
strength and/or function of a structure is lost by fatigue cracking and crack propagation. Thi
conception is taken because the definition of fatigue crack initiation is vague, and the fatigu

 life of welded components which are especially liable to suffer fatigue damage is mainls
occupied by the fatigue crack propagation period. A further reason is that the fatigue strengtt

- of joints, which forms the basis of a fatigue assessment, is normally evaluated in terms of :
fatigue life up to failure.

1.2 These Recommendations cannot be applied to fatigue assessment in environments of severe
corrosion and/or high temperatures, because the mechanism of fatigue damage progression
under these conditions is essentially different from that in the normal atmosphere at ambient
temperature. '

1.3 The fatigue assessment and remaining life calculation for existing structures can be made by
evaluating the fatigue damage of the structure or components up to the present time on the
basis of these Recommendations. In this type of assessment, careful attention should be paid
to the actual loading to structures in the past and that expected in the future. Based on this.
the fatigue loads should be determined.

1.4 ‘The allowable stress range in the Recommendations should be determined on the basis of
fatigue test results obtained for the high-cycle region. The Recommendations cannot therefore
apply in conditions where maximum and/or minimum nominal stress exceed the yield stress.

1.6 A limit state design procedure generally covers the ultimate limit state, service limit state and
fatigue limit state. In these Recommendations, design procedures for the fatigue limit state are
presented.

3. Materials, joints and their required qualities

3.2 Steel

Properties of steel plates, cables and high strength bolts are to be equivalent to or better than
those given in JIS ( Japan Industrial Standards ). '

3.3 Materials for connections

Properties of materials for welding and high strength bolted connections are to be equivalent to
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or better than those given in JIS.

3.4 Connection methods and required qualities
Whenever non-destructive tests are required they should be made in accordance with the

methods described in JIS or by methods Superior to these standards, because in the strength
category of joints in Table 4.4 it is assumed that the joint is sound. :

Compared to planar defects, the effects on fatigue strength of volumetric defects such as
blowholes, slag inclusions or undercuts are insignificant because of their round shape. When these
type of defects are repaired carelessly, it is even possible that new defects will occur which reduce
the fatigue strength even further,

Full penetration butt welded joints are usually inspected to detect inner defects, such as
blowholes or slag inclusions, according to JIS Z 3104. Fatigue strength of butt welded joints with

Grade 1 : < 1% Grade2: < 3% Grade 3 - = 6% Graded: > 6%

The relationship between fatigue strength (net section stress range) and defect ratios of
blowholes and slag inclusions is shown in Fig.C. 3.1 and 3.22). The reduction in fatigue strength

Here, X-ray radiographic tests are described as an example of a non-destructive test, but if the
same results can be obtained by another test, the grade of defects may be judged by the defect
ratios obtained from this test. When the relationship between non-destructive tests and fatigue
strength is distinct, it is desirable that the required quality should be determined in accordance with
this relation.

It is known from recent research that the fatigue strength of longitudinal partially penetrated
welded joints or longitudinal fillet welded Joints is influenced by defect size at the root (refer to
Fig.C. 3.33)). This is because these type of joints have roots which are not fused in welding, which
is different from transverse butt welded joints. Therefore, considering the effects of defects in this
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Table.C.3.1 The relationship between depth of undercut and fatigue
strength (transverse butt welded joints) ®

Depth of undercut 0.0 0.3 0.6 0.9

(mm)
Fatigue strength u 181 152 138 83
at 2x10° cycles (MPa) | 4 -2 108 129 111 63

L. mean , 0! standard deviation

Table.C.8.2 The relationship between depth of undercut and fatigue
' strength (non-load carrying fillet welded joints) B

Depth of undercut, . 0.01 0.13 0.27 0.43
(mm) ~0.11 ~0.25 ~0.32 ~0.58
- Fatigue strength u 149 129 118 133
at 2x10* cycles (MPa) U -20 139 113 96 94

4 .mean ,c:standard deviation

The effect of depth of undercut on fatigue strength is significant, so that the allowable size of
undercut is given by its depth. The relationship between the depth of undercut and fatigue strength
of a transverse butt joint and non-load-carrying fillet welded joint are shown in Table C.3.2 and
C.3.39), respectively. From these tables, the basic fatigue allowable stress range at 2x10° cycles
shown in Table 4.4 is satisfied in joints with an undercut depth less than 0.5mm. Therefore, the
allowable depth of undercut is set at 0.5mm.

4. Fatigue strength and joint types

4.1 Main factors controlling fatigue strength

The fatigue life of a welded joint depends on the stress at the fatigue crack initiation point and
the stress distribution in the section where the fatigue crack propagates. In these
Recommendations, the main controlling factor for these stresses and stress distributions is
considered to be the intensity of nominal stress and the type of joint.

The intensity of stress and its distribution also depends on the weld geometry and the shape of
the weld toe in addition to the type of joint. Therefore, the classification of joints differs with the
smoothness of the weld toe for non-load-carrying cruciform joints. The neighboring higher
strength category is given for joints which received weld toe finishing treatment. The methods of
weld toe finishing are, for example, grinding, TIG dressing and peening. Any other methods which
are confirmed to increase the fatigue strength similar to the method described above are permitted

for use in finishing weld toes."
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4.2 Fatigue design curves (design AG-N and At-N relationship)

(1) Constant amplitude cut-off limits are given referring to the fatigue limits obtained fr
the results of constant amplitude fatigue tests. The design Ao-N curves are given reflecting
results of tests which show that the number of stress cycles to the fatigue limit is larger in low
fatigue strength joints.

to determine the variable amplitude cut-off imit5)
The following relationships are applicable between the constant amplitude and variab
amplitude cut-off limit, Aoce, Aove and the basic allowable stress range at 2x10° cycles, Aoy.

“AOee =1.357 x 10'1 . A0/1.396 . | . i
ACve = 6.295 x 1072 -'Acf‘-396

- where Aoce and Aove are the basic allowable stress ranges corresponding to 2x10% and 107 cycle
- Tespectively, for joints which have a basic allowable stress range of more than 155MPa at 2x10'
cycles.

(2)  The fatigue design Ao-N curves are given for strength categories from A to H. In the
former Recommendations, the fatigue design Ao-NV curves were given for typical kinds of joints
In these Recommendations, eight fatigue design Ao-V curves have been prepared, which are at
equal spacing, and determined by considering a range of fatigue strength for all the objective joints
(from 190MPa to 40MPa). The strength category for such joints is determined by comparing the
fatigue strength of the joint to the relevant fatigue design Ac-N curve.

In these Recommendations, the fatigue design Ao-A curves for cables and high tensile strength
bolts subject to normal stress are also indicated. These are based on the fatigue strength for each
type of joint (lower- limit of fatigue strength or the 97.7 percent probability of survival).

(3) In the former Recommendations, the slope of Ag-N curves was selected to be -0.18. In
these Recommendations, the slope has been taken to be -1/3 for welded joints.

The fatigue design Ao-N curves were given mainly referring to the fatigue test results of usual-
sized specimens. The slopes of AG-N curves obtained from fatigue tests on these specimens are
usually less than -1/3. However, test results for full-sized or large-sized specimens show a slope of
about -1/3.

Fatigue life is divided into the fatigue crack initiation life and the fatigue crack propagation life.
High tensile residual stresses usually exist in welded locations, whose magnitude is about yield
stress of the steel used, and fatigue damage is frequently initiated in welded locations. Therefore,
the slope of the fatigue design Ao-N curves was determined to be -1/3 by considering the results
for the fatigue crack initiation life in areas of high tensile residual stress”). The results of the
fatigue crack propagation analysis given in the Appendix also suggest the new valye of slope.

InFig.C. 4.1, fatigue test results for typical types of joints and the corresponding fatigue design

curves are shown. It is easy to confirm that the slope of Ao-N curves for the lower limit of the

R
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For cables and high strength bolts (Table 4.4(g)), the slope of the Aa-N curves was determined
to be -1/5 by referring to fatigue test results on very high stress ratio conditions for very high
tensile strength steels (the strength level was very high compared with other joints).

(4) Assessment of fatig_ue strength under variable amplitude stress by using a straight line
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extending below the variable amplitude cut-off limit gives a conservative evaluation.

4.3 Strength categories of joints
The joints were classified according to their fatigue strength determined from Japanese fatigue

test results®)-9). Fatigue test data obtained in the U.S. was also considered!®). The data was re-
examined according to the weld quality specified in Chapter 3 and the size of the specimens. This

was because results of large scale fatigue tests carried oyt after the former Recommendations were

were based. It appears that small scale specimens do not reflect welding residual stresses and/or
bi-axial or tri-axial stresses which normally exist in actual stee] structures.

Fatigue strengths at 2x106 cycles for various joints (50% and 97.7% probability of survival)
obtained by statistical analysis are listed in Table C.4.1. Test data for typical joints and the
corresponding fatigue design curves are also shown in Fig.C. 4.1. '

Table C.4.1(a) Fatigue strengths at 2x 10 cycles (MPa)
(non - welded jointsg)

joint number number probablity basic allowable
of data | of survival stress range
50X 97.7%

1.(1) 204 360 219 190

1.(2) 453 323 224 155
2.(1) 48 243 197 155 -

4. 42 184 126 125
5.(1),(3) 11 188 158 155,125
5.(2),(4) 12 165 144 125,100

Table C.4.1(b) Fatigue strengths at 2x 10 cycles (MPa)
(transverse butt welded joints) |

joint number number | probablity basic allowable
’ of data | of survival | stress range
50X 97.7%
1. 363 308 189 155
3.(1) 886 166 122 100
3.(3) 65 139 88 65

Table C.4.1(c) Fatigue strengths at 2x10* cycles (MPa)
(longitudinal welded joints)

joint number number | probablity basic allowable
of data | of survival | stress range
50X 97.7%

1.(1) 59 244 149 155

1.(2) - 150 235 164 125
2. 107 234 144 125,100
3.(beam) - 97 164 108 125,100
3.(plate) 24 223 163 125,100
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Table C.4.1(d) Fatigue strengths at 2x 10* cycles (MPa)
(eruciform joints)

joint number number | probablity basic allowable
of data | of survival stress range

50X  97.7%
2. 219 175 118 100
- 3. 341 128 82 80
8 57 84 48 40

Table C.4.1(e) Fatigue strengths at 2x 10 cycles (MPa)
(gusset joints)

joint number number | probablity basic allowable
of data | of survival | stress range
50%  97.7%
1.(2) 110 94 75 65
3. 11 90 71 50
3.(beam) 55 74 60 50
5.(3) 13 125 82 65
6.(1) 25 93 66 50
6.(1)(beam) 10 122 110 50
6.(2) 31 68 45 40
6.(2)(beam) 61 61 45 40

Table C.4.1(f) Fatigue strengths at 2x 10 cycles (MPa)
(other welded joints)

joint number number | probablity basic allowable
' of data { of survival | stress range
50%  97.7%
1.(2) 141 108 87 85
2.(1) 8 175 148 100
2.(2) 211 69 47 50
3.(1) 59 118 88 80

The basic allowable stress ranges at 2x10° cycles specified in these Recommendations were
compared with those of the former Recommendations and other fatigue design codes!!-14) 44
shown in Table C.4.2. Note that different slopes of the design Aa-» curves appear depending on
the type of code, and that the former Recommendations only dealt with mild steel. Note also that
the Design Specifications for Japan National Railway Structures (1983)1D) changes the slope of
the design Ao-N curves depending on the tensile strength of the steel and even the basic allowable
strength at 2x10° cycles for some joints. The former Recommendations specified the fatigue
strength at one million cycles, which is listed in Table C.4.2. The design Ac-N curves in the former
Recommendations were based on the fatigue crack initiation life, which corresponds to a half of
the fatigue life of the specimens. ) | .

In these Recommendations, the effect of the static tensile strength of steel on the fatigue
strength of joints was not considered. For some joints with higher fatigue strength, the fatigue
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Table.C.4.2(a) | Comparison of basic allowable stress range at 2X 10° cycles

in these Recommendations and other codes
(non-welded joints)

Jolnt |these former Japan National AASHTO BS 5400 ECCS
number Recommendations Recommendations Rallways ’
m=3 m=5.6 m=§ m=3 m=3, 3.5, 4 m=3
1.(1) 180 176 150 165 150 180
(less than Gts) (less than 50s) -
(2) 155 ’ 150 160
(less than 108s)
(3) 125 125 140,125
2.(1) 155 178 150 165 150 160
(less than 50s)
(2) 155 : 150 160
(less than 10¢s)

(3) 125 125 140,125
3. : 155 - - - - 180
4. 125 118 124 - 150°
5.(1) 155 118 150 - 150°, 125° -

(r/d2 1/5)
(2) 125 150,124 - -
3) 125 - - 150 -
" (machine
: . finishing)
(4) 100 - - 125 -
(automatic flame
cutting)
6.(1) 155 150 )
(2) 125 178 150-4(n-4) 123 125 140
(net section) n:number of bolty
in the stress
direction

(3) 100 103

7. 155 176 ' 124 123 125 : 140
(net section) (net section) (net section) (net section) (net section) (net section)

8. 155 178 - 124 - 125 140
(net section) (net. section) (net section) (net section) (net section)

*including stress concentration

Table.C.4.2(b) Comparison of basic allowable stress range at 2x 10° cycles
in these Recommendations and other codes
(transverse butt-welded joints)

jolnt | these former Japan National Railways | AASHTO BS 5400 ECCS
number Recommendations Recommendationg ]
mild high strength
steel steel
m=3 m=§.6 m=4{ m=J m=3 m=3, 3.5 ms=3
1. 155 176 ] 150 150 - ) 123 125 o112
1, 125 17 - - - - -
3.(1) 100 118, 88 - - 89 91 (downhand 90, 80
. welding)
(2) 100 - - - 89 - ) (38)
(3) 65 - - - - 88 71
(4) 85 - - " - - - 38
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Table.C.4.2(c) Comparison of basic allowable stress range at 2X 10° cycles

in these Recommendations and other codes
(longitudinal welded joints)

joint |these former Japan National Railways AASHTO BS 5400 ECCS
number Recommendations Recommendations
mild high strength
steel steel
m=3 m=5.8 m=4 m=3 m=3 ms=3 m=3
1.(1) 155 178 150 -
150 124 123 125(automa;
weldin
(2) 125 147, 118 125 112(automay
’ weldin
100(manual
weldin,
2. 125, 100 147, 118 150 1_24 123 - 100
3. 125, 100 147, 118 150 124 123 125 125(automat;
' welding
112(automati
welding
100(manual
welding
4. 80 - - - - 125 112(automati
' welding
5. 80 - - - - : 80 -~-80
6. 50 o - - - - 68 71
7.(1) 100 - 125 125 - - -
(r/dz1/3)
(2) 80 125 103 - - -
| (l/55r/d<l/3)

strength actually increases as the static strength of the steel becomes higher!5)-16), However, fo
some joints with lower fatigue strength, the fatigue strength does not depend on the static tensile
strength of steel, and sometimes decrease as the tensile strength becomes higher!®). This can alsc
be implied from the fact that fatigue crack propagation rates are not affected by the static tensile
strength of the stee]17)-18)

tensile residual stresses in the fatigue tests, a testing method has been proposed where the applied
maximum stress is kept close to the yield stress of the steell9), :

For some structures, transverse butt welded joints with partial penetration and load-carrying
fillet welded joints with small leg length (that is s 7 < 0.4, where s : leg length of fillet weld, ¢ :
plate thickness) are used. The strength categories listed in Table 4.4 should not be used for these
special joints. Fatigue strength for such joints should be determined based on fatigue test results
and the fatigue crack propagation analysis described in the Appendix. '

(a) Non-welded joints (Table 4.4 (a))

When punched holes were adopted in high strength bolted joints, the strength category is
reduced by one grade from that of joints with drilled holes. The surface of the punched hole is
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normally rougher than that of a drilled hole, which leads to the lower fatigue strength?(),

For friction type high strength bolted joints, fatigue strength is altered according to the number
of bolts in the direction of stress. This is due to the fact that stress concentration increases at the
end of bolted joints with an increase in the number of bolts in the direction of stress2!).

For bearing type high strength bolted joints, the number of bolts in the direction of stress, np |, is
limited to less than four, because no fatigue test data is available for joints with more than four. It
is rare to use more than four bolts for this type of joint because of the tolerance of the bolt holes,
and limitation ‘of the number of bolts in the direction of stress is unlikely to lead to problems in
practice.

(c) Longitudinal welded joints (Table 4.4 (c))

The strength category of complete penetration welded joints is B or C for joints with ground
flush or as-welded weldments, respectively. When a smooth surface of weld bead is achieved by
automatic welding, such as submerged arc welding, strength category B may be adopted even if
ground flush treatments are not used. However, for partial penetration welded joints or fillet
welded joints, strength category B should not be used regardless of the surface condition of the
bead even if ground flush, because fatigue cracks may also initiate from the weld root.

Fatigue test results from partial penetration longitudinal groove welded joints and longitudinal
fillet welded joints are shown in Figs 4.1 (c-2) and (c-3), respectively. Some data falls below
strength category C. This is because relatively large defects (blowholes) exist in the roots of these
joints. Therefore, these joints are classified as strength category D. When it can be assured that a
defect of more than a specified size (width 1.5mm, height 4mm) does not exist in the weld,

Table.C.4.2(d) Comparison of basic allowable stress range at 2 X 10° cycles
in these Recommendations and other codes
(cruciform joints)

jolnt |these former . | Japan Natlonal Railways AASHTO BS 5400 EECCS
number [ Recommendations Recommendations ’ :
mild high strength
steel steel
m=3 m=5.8 . m=4 m=3 m=3 m=3 " m=3
1. 100 - 103 103 - - -
2. 100 118 124 . 124 - - -
3. 80 98 103 78 89 80(7>0.50) |80 (tg 12mm)’
, 88(7 £0.5 ¢){ 71 (t> 12mm)
4. 80 - 103 . 78 89 80(r>0.50) |80 (tg 12mm)
68(7r 0.5 g){ 71 (¢> 12Zmm)
5.(1) 85 - - - - 71
(2) 50 - - - - -
8.(1) 100 - 103 103 - -
(2) 100 118 103 103 - - 71
(3) 80 98 103 78 - 88
(4) 85 - - - - 50, 45
7.(1) 80 - - 103 103 - -
(2) 80 . - ‘103 103 - - 71
(3) 85 78 103 78 - 60
(4) 85 78 103 78 - 60
8. . 40 49 80 64 - 43 36
(shear) .
8.(1) 40 - -
(2) 40 40, 36
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Table.C.4.2(e) Comparison of basic allowable stress ran

in these Recommendations and other codes

Commen

ge at 2 X 10° cycles

(gusset joints)

jolnt | these former Japan National Railways AASHTO BS 5400 ECCS
number | Recommendations Recommend_ations .
mild high strength
steel steel
m=3 m=§,6 m=4 m=3 m=3 m=3 m=3
1.(1) 80 - 103 103 - 7
(2) 85 78 78 78 89 80( 7 >0.5¢0)
(smooth weld profile) (L £100mm)| 68(r <0.5¢ )
(L £150mm)
2. 80 - - - 123(r>600mm) - -
89(r>150mm)
69(r> 50mm)
55(r <50mm)
3. 50 78 78 78 55 80 50
(smooth weld profile)
4.(1) 85 - - - - -
(2) 50 78 - §5 8o 50
§5.(1) 100 124 124 123(r>600mm) - 80(1/3<r/d)
89(r>150mm) 71(1/8<r/d<]
(2) 80 98 124 103 68(r> 50mm) 45(r/d<1/6)
(r>20mm) 85 (r s50mm)
(3) 85 103 -
8.(1) 50 98 - - 55 - -
(r>20mm)
(2) 40 59 - - 55 50 -
7. 40
. . - 8 ‘
Table.C.4.2(f) Comparison of basic allowable stress range at 2X 10° cycles
in these Recommendations and other codes
(other welded joints)
Joint | these former Japan National Rallways AASHTO BS 5400 ECCS
number Recommendations Recommendations |
mild high strength-
steel steel
m=3 m=5.8 m=4 m=3 m=3 m=3 m=3
1.(1) 80 - 103 103 - - -
(2) 95 78 - 55(t < 20mm) 60 §5(t< 20mm)
40(t> 20mm) 38(t> 20mm)
2.(1) 100 118 103 103 - - -
(2) 50 - 78 - 55(t £ 20mm) 80 55(t < 20mm)
40(¢> 20mm) 38(t> 20mm)
3.(1) 80 - 78 78 89 80(r >0.5¢) 80
) (smooth weld profile) 88(r <0.5¢)
(2) 80 - - - 100 80
(shear) (smooth weld profile) (shear) (shear)
4.(1) 40 49 - - 40 50 83
() 40 49 - - 40 50 45
(3) 40 49 80 64 - 43 -
(shear)
(4) 80 - 80 80 62 - 80
(shear) (shear) (shear) (shear)
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Table.C.4.2(g) Companson of basic allowable stress range at 2x10° cycles

in these Recommendations and other codes
(cables and high strength bolts)
jo‘lnt these former Japan National AASHTO BS 5400 ECCS
number | Recommendations | Recommendations | Rallways :
m=$§ - - - - m=3
1.(1) 270 - - _ - _
(2) 200 - - - - -
2.(1) 270 - - - -
(2) 200 - - - -
(3) 150 - - - -
3.(1) 65 - - - ‘ - 38
(2) 50 - - - - 38
1000
800F
600
o C o
§ 400
3001
S 200 -A
Q
2 100k |
a - (a-1(1)) symbol (a) indicates type of joint
@ 50: according to Table 4.4
@ i number (1,(1)) indicates joint number
a o .
20 sl — sl e sl — |
10! 10° 10¢ ' 107 108
Fatigue life N (cycles)
1000
800
~ 600F
) =
& 400f
o 300+
N 200
° B
! o
g 100
: o ™
@ - (a-1,(2)
o 501
uﬁ) =
20 PPN sl el RPN |
10 10° 10° 107 100

Fatigue life &N (cycles)

Fig.C.4.1 Fatigue test results and fatigue design curves
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strength category C may be used. It should be noted that high strength steel was mainly used to
obtain these test data. The notch sensitivity of so-called mild steel with a tensile strength less than

In Fig.C. 4.1 (c-6), the numbers attached 1o the fatigue test data23) for 5 longitudinal weld with
a cope indicate the crack length at the surface when fatigue tests were finished. Although some
test data do not satisfy the allowable: stress range, the allowable stress range was set by
considering the length of the fatigue cracks. Test data for these joints is still insufficient, and
further investigations are needed. -

(d) Cruciform joints (Table 4.4(d))

Fatigue assessment for load carrying fillet welded cruciform joints should be carried out both
for sections at the main plate (toe failure) and at the throat (root failure). The strength category
for toe failure of load-carrying cruciform joints is one grade lower than that for non-load-carrying
cruciform joints. This is because the mechanism of stress flow causes different stress concentration
at the weld toes, and the fatigue strength of load-carrying cruciform joints is lower than that of
non-load-carrying fillet welded. joints. The difference in the fatigue strength and the stress

unwelded zone. Therefore, it i considered appropriate to calculate the stress by dividing load by
the sectional area at the leg length. However, in design calculations the stress is usually calculated
at the throat, and the relationship between the leg length and the throat is, (leg length)=7 x
(throat). Therefore, in these Recommendations the throat area is used for fatigue assessment.

(e) Gusset joints (Table 4.4 (e)

Joints with gussets welded perpendicular to the plane of the main plate (joints with out-of-plane
gussets) have different strength categories depending upon the gusset length. This is due to the
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fact that stress concentration at the weld toe at the end of the gusset, where fatigue cracks initiate,
is affected by the length of the gussets2S),

() Other welded joints (Table 4.4 (f))

considering the effect of the length of the cover plate for the same reason as joints with out-of-
plane gussets. _ . '

The strength category for joints with profiled end welds, where the leg length on the side of the
main plate is comparatively long and the weld is finished to achieve a smooth transition, is
increased by three categories. The stress concentration at the weld toes on the side of the main
plate, where fatigue cracks initiate, can be reduced by enlarging toe radiys and by making the weld
to scalene triangle shape.

If the weld toe is ground, the strength category for joints with cover plates longer than 300mm
should be the same to that for as welded joints. This is due to the fact that when the cover plate is
long and when the fillet weld is relatively small, fatigue cracks initiate at the weld root, which
reduces the beneficial effect of grinding weld toes,

(g) Cables and high strength bolts (Table 4.4 (g))

The fatigue strength of cables has been defined as the strength when 5% of cable wires are

broken. :

Fatigue-proof cable anchorages are such that the fatigue strength at anchorages is improved, so
that they have fatigue strengths comparable to the cable jtself These are anchorages using wedge
effects due to steel balls and the adhesive influence of epoxy resin26) and anchorages using epoxy
resin near the starting point of splaying the cable wires?”), instead of the conventional,zinc—copper

the stress ratio become significant in the range R < -1. From these results, the allowable ‘stress
range for the stress ratio condition R<-1 was set so as to increase with decrease of the stress ratio.
The thirty percent increase in the allowable Stress range at R=- is based on fatigue test results29)
performed on welded joints containing very high tensile residual stress (refer to Fig.C. 4.2),
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The stress ratio effect on non-welded joints has been dealt with as for the case of welded joints
in order to simplify the fatigue assessment, although the stress ratio has a large effect on the
fatigue strength of non-welded joints. In the case of cables given in Table 4.4 (2), a method for
correction of the allowable stress range due to stress ratio is given because cables are used in a
very high stress ratio condition. v

Fatigue strength can ‘be improved by reducing the tensile residual stress or inducing
compressive residual stress by means of post-weld heat treatment, peening or spot heating and
cooling. The allowable stress range can be increased by applying such an improvement method.
However, it is necessary to confirm the intensity of residual stress at the fatigue-critical area and to
evaluate the improved fatigue strength in the light of previous experimental results or from
references’®-32) or by new experiments.

4.5 Effect of plate thickness

plate thicker than 25mm. ' :
It is usually considered that the decrease of fatigue strength with increase of plate thickness
occurs due to stress concentration on the weld toe or stress gradients around the weld toe.

It was considered that the plate- thickness effect would not be observed on transverse butt
welded joints and longitudinal welded joints because the stress concentration at the fatigue crack
initiation point is low in these joints. It is also considered that the variation of stress concentration

have a small variation of stress concentration with plate thickness. :
For non-load-carrying cruciform welded joints, the stress concentration at the weld toe (which
is the fatigue crack initiation point) varies with not only the main plate thickness but also the
attached plate thickness. In the case of an attached plate thickness of 12mm, it was confirmed that
the stress concentration at the weld toe varies slightly with the main plate thickness in the region -
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where main plate thickness is larger than 25mm’3). From this result, it was decided that the
correction of main plate thickness for fatigue strength is not necessary on joints in which the
attached plate thickness is less than 12mm. However, the correction for plate thickness should be
made on fillet welded joints in which leg length is larger than 8mm.

In the case of root failure of load carrying cruciform welded joints, correction for plate
thickness on the allowable stress range is recommended. This is due to the increase of the length
of unwelded zone as a result of the increase in main plate thickness.

Numerals under the decimal point may be omitted when an increase in the design plate
thickness becomes necessary by the correction of allowable stress range using Equation (4.5). This
is a result of allowing some safety margin when the correction factor in Equation (4.5) was
determined and a basic plate thickness of 25mm in Equation (4.5) was selected. In an engineering
sense, it is meaningless to increase the plate thickness in the range below 1mm, when the selection
of plate thickness can only be made to the order of millimeters.

S. Loads and stress range histogram

5.1 Fatigue design load

5.1.1 Load unit -
It is rarely the case that the fatigue design load can be defined with one load unit ; usually it is

defined with a combination of plural load units.
In the case of overhead crane girders, for example, a load unit consists of the weight of a crane

For load unit B, the ingot molds stand on the opposite side. The magnitude of the load unit varies
from the ‘weight of the empty ladle’ at @D to the ‘weight of the empty ladle plus the rated weight
of melted steel’, the ‘weight of the empty ladle plus the rated weight of melted stee] minus the
poured ingot steel’ and the ‘weight of the empty ladle’ successively at the respective locations.
The frequency of load unit is defined based on the operation plan of the ladle crane. For example,
the planned frequency of operation can be defined as 121 for load unit A and 98 for B in one week.

In the case of highway bridges, load units can be defined by weight of vehicles, number of axles,

5.1.2 Representative load unit ‘

When defining a representative load unit, it is recommended that reference is made to ‘fatigue
strength evaluation under variable-amplitude stress’ described in Section 6.4. In this case, care
should be taken that the fatigue assessment using a representative load unit is not less conservative

than a fatigue analysis using multiple load units.
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Fig.C.5.1 Example of load units for ladle crane

5.1.3 Maximum load unit

5.1.5 Design life :

These Recommendations contain engineering design principles and practices to check the safety
of structures or structura] members against fatigue loading during the design life. The designer
should therefore define the design life beforehand for each individual cage,

3.1.6 Unit term

The unit term is defined as the time unit used to measure design life. The unit term should be
defined so that the structure may be subjected to single or plural load units (fatigue design load)
defined in the unit term, repeatedly during the design life. For example, in the case of railway
bridges, a unit term could be defined as one day, because a railway schedule is designed for the
one day unit. Based on the information concerning the kind of traing and the frequency of passing
over the bridge during this unit term, the load unit and the fatigue design load can be defined.
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5.2 Stress

5.2.1 Calculation of stress _
The nominal stress used in these Recommendations is based on elemental analyses such as

For stress calculation, only the fatigue design load is considered. However, when the allowable
stress range is corrected in consideration of the mean stress effect (see Section 4.4 of these
Recommendations) , stress due to the dead load should also be calculated,

5.2.2 Stresses due to out-of-plane bending

The fatigue strength of a joint is influenced not only by the local stress at a fatigue crack origin
but also by the stress distribution on the section where the fatigue crack propagates. Therefore,
even though the type and form of the joint and the nominal stress at the fatigue crack origin are

the same, the fatigue strength is likely to be different depending on whether an axial force or a

average-2xstandard deviation’ when bending force in the out-of-plane direction is present.
Therefore, it is extremely conservative to make a fatigue assessment by comparing the bending
stress range in the out-of-plane direction with the allowable stress range determined based on
fatigue test results under axial force. This fact is also verified by the fatigue crack propagation
analysis. For the above reasons, bending stress in the out-of-plane direction is corrected using
Equation 5.1, ’

However, Fig.C. 5.2 shows the fatigue test results of joints with thicknesses up to 25mm. It is
not clear at present to what degree fatigue strength of thick joints varies under bending stress in

the out-of-plane direction and under in-plane membrane stresses. Considering that the fatigue

strength is different under out-of-plane bending stress and under membrane stress because of the

1000
800F
600 |- a out -of - plane bending (y - 2¢g)
é’ 400} -
300 - s g, out-of-plane bending (mean)
b .
5 200
§ 100 | =h4
o - O axial force =
@ 50 A oult-of axial force ()
o ~ ;)p ane  axial force (y-2¢) 4 :mean
& - ending o :standard deviation
20 ———ed TN 4
10* 108 10° 107 . 108

Fatigue life N (cycles)

Fig.C.5.2 Fatigue strengths of cruciform joints
subjected to out-of - plane bending
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different stress distribution as described above, it is anticipated that the slope in the thicknes
direction of the out-of-plane bending stress becomes more gentle as the thickness increases, whil
the difference between the fatigue strength under out-of-plane bending stress and that unde
membrane stress decreases. Therefore, Equation 5.1 was applied only to joints of thicknesse,
below 25mm. : '

3.2.3- Correction of design stresses

Generally, in the design stress calculation of structures, the influence of secondary members ang
attachments is not taken into consideration and therefore the stress generated actually is often
smaller than that calculated. In such cases, fatigue assessment is extremely conservative3) The
value of the stress correction factor, a, is determined based on the results of measurements of 3
similar structure or test results on modeled specimens. :

This concept has already been adopted in American specifications for highway bridges!2) in
which the value of a is set at 0.8 for transverse members and 0.7 for longitudinal members in
multiple beams bridges33). ‘ _

Fig.C. 5.3 shows the ratio of the stress measured in a highway bridge and the calculated design
stress>9), and Fig.C. 5.4 shows the ratio of the stress measured in a railway bridge and calculated
design stress37). In the case of the highway bridge, the upper limit of the actual stress ratio is
about 0.7 for a non-composite girder bridge, which can be considered for use as a stress
correction factor. In the Japan Railway design standard 1991 edition?”), the stress correction
factor, o (called structural analysis factor, Y,) is set at 0.85 based on the results of Fig.C. 5.6.
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3.3 Stress range histogram

Stress variations of various scale are caused by the fatigue design load at the position where the
fatigue assessment is to be carried out. A frequency histogram of the stress range is obtained for
such variable amplitude stress by using the rain flow counting method or other stress range
counting methods from which equal results can be obtained.

The stress range is calculated as follows by the rain flow counting method3®), In Fig.C. 5.5, the
vertical axis shows the time of the variable amplitude stress wave form and the horizontal axis
shows the stress. A water source is placed at the first peak stress position ( point A ) and water is
poured. The stress range is then calculated from the range of the flow line of the water. That is,
the range (op-o¢), (or-0%), (0p-0), (0r-0%), (oL-o1), (ou~0,) is calculated as the stress trange.

To formulate the method, when four subsequent peak values, ), 0y, o3 and 04 satisfy the
relation o1 20y 2032 04 or Ol £ 02 £03=< 04, the range |o2-03] is calculated and o and o3 are
deleted from the variable amplitude stress wave form. By continuing the calculation in this way,-
the gradually increasing or decreasing variable amplitude stress as shown in Fig.C. 5.6 may
sometimes remain. In such cases, stress range may be calculated as the difference between the
highest and lowest peak values, the second highest and lowest peak values, the third highest and
lowest peak values, the fourth highest and lowest peak values, and so on. -

When the relationship between the stress range calculated by the representative load unit or
maximum load unit and the stress range histogram is clear from detailed analysis or experience, a
more rational fatigue assessment is possible by using that stress range histogram. In the Norwegian
standard for mobile offshore structures (Det Norske Veritas)3?), the stress range histogram is
given by the Weibull distribution based on the stress range calculated from a 20-year return period
of waves. In the German standard for crane structures (DIN-15018)*0), the stress range histogram
is given for each operating condition. :

5.5 Equivalent stress range

As shown in Section 6.4 of these Recommendations, the fatigue strength under variable
- amplitude stress is evaluated on the basis of the linear damage law. The equivalent stress range is
also obtained based on the linear damage law. A conception of the law may be explained as
follows. ' , :

It is assumed for the stress range histogram that a certain stress range level is Aoj and its
frequency is nj, and the fatigue life when only Aoj acts repeatedly is M. If Ao; is below the
variable amplitude cut-off limit, then Nj=co. It is also assumed that fatigue failure occurs when the
fatigue damage after Agj is repeated n; times is (#i/N;) and the total damage D (cumulative
damage) reaches unity as shown in following equation.

A
stress
—
H ® ®
. M L
time Fig.C.5.6 Incresing and decreasing stress wave

Fig.C.5.5 Stress range counting by rain-flow method
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Fig.C. 5.7 Stress range histograms obtained by representative
load unit and all the load units

D=Z(ni/Ny=1 (c.5.1)
Aoi and »; are obtained by using the method described in Section 5.3, When the stress range
distribution is given beforehand and the Stress range needs to be dispersed in order to apply the
linear damage law, care should be taken regarding the dispersion interval. It is desirable that the

intefval in the stress range is below 1/20 of the maximum stress range.
The relationship between the stress range and fatigue life (Ag-N curve) is expressed as follows:

A" N = Co (AO’ > AO’ve) (C.S‘.Z)
N=oo (Ao = Aove)
where Co: constant depending on the strength category ( =2x 106-Aq/"")

By substituting this for Equaﬁon (c.5.1), the cumulative damage D is as follows
D =Z(Ac/"n)ICy (c.5.3)

The damage when a certain size of stress range Aoe acts Tn; times is given by the following
equation :

D = Acd"-ZnilCy | o . (c.5.4)

When the damage given by Equations (c.5.3) and (c.5.4) is the same, Aap is termed the equivalent
stress range.

Age = WSAGH iy 'Sy (c.5.5)

The representative load unit represents all the load units. In other words, the stress range
histogram obtained from the representative load unit represents the stress range histogram

units. Therefore, if the influence of the stress range component obtained using the representative
load unit is ignored when it is below Aove, the stress range over Aove calculated from all the load.
units does not contribute to fatigue damage, as shown in Fig.C 5.7. Therefore, it was assumed that
when the representative load unit is used as the fatigue design load, its repetition number nj should
not be 0 even though the stress range is below Acye.
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6. Fatigue assessment

6.1 Structural details to be assessed |

Most fatigue damage in welded structures occurs at welded joints. Accordingly the fatigue

assessment should normally be conducted at welded joints. _
Where the same type of joints continue as for built-up beams subject to bending moment, the

section in the maximum stress range should be assessed.

6.2 Safety factor

As the safety of joints against fatigue failure depends on the degree of redundancy (fatigue
damage effects on the strength and the function of the whole structure), the importance of the
structure (the social effects of failure of the structure), the inspection potential (possibility of
discovery of fatigue damage before failure), the redundancy factor Y, the importance factor Yw,
and the inspection factor y; are employed. These partial safety factors are used to compare the
design stress range with the allowable stress range. '

6.3 Simplified procedure for fatigue assessment

The constant amplitude cut-off limit for each joint was established based on the fatigue limit. If
the predicted maximum stress range is below this, then fatigue damage should not occur. Hence,
the fatigue assessment described in Section 6.6 and 6.7 need not be conducted.

6.4 Fatigue strength evaluation under variable-amplitude stress

You can refer to Section 5.5 ‘Equivalent stress range’.

6.8 Combined stresses

It is not difficult to calculate a nominal normal stress or a nominal shear stress for steel
structures using beam theory or elemental elastic theory. Furthermore, most fatigue tests on
welded joints are conducted under simple normal stress or shear stress, and the data obtained from
these fatigue tests are reliable and convenient for fatigue assessment. Therefore, these
Recommendations recommend that fatigue assessment is conducted using normal stress and shear

stress separately.
However, there are some cases where fatigue assessment using combined stresses is

appropriate, but it is difficult to determine a range for the ratio of shear stress to normal stress in
cases where fatigue design using combined stresses is suitable. It is recommended that designers
and organizations concerned judge whether evaluation using combined stresses is suitable or not.

According to the British standard for bridges, BS 540013 it is acceptable to neglect shear
stress and use only the normal stress for the fatigue assessment in cases where ratio of the shear
stress to the normal stress is equal to or less than 0.15.

7. Fatigue assessment based on hot spot stress

When the structural details are complex, it may not be possible to define and calculate the
nominal stress. In such cases, the hot spot stress is used for fatigue assessment in place of nominal
stress. ' ST
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7.1,7.2 Definition and calculation of hot spot stress

The hot spot stress is defined as the stress at the point under consideration (weld toe) takin,
into account only the overall geometry of the structure and excluding local stress concentratioy
effects due to the weld geometry. In general, the hot spot stress is obtained from an extrapolatior
of the stress distribution to the weld toe as shown in Fig.C. 7.1. Table C.7.1 shows examples of
parametric formulae used to calculate the hot Spot stress in typical steel tubular joints*1),

7.3 Fatigue design curve

When the hot spot stress is used for the fatigue assessment, the fatigue design curves for nop
load carrying or load-carrying fillet welded joints should be used. This requirement arises from the
fact that the hot spot stress takes into account only the effect of structural geometry on the stress
and does not take account of the influence of the weld geometry.

Fig.C. 7.2 shows the fatigue design curves used in these Recommendations and other fatigue
design codes. '

stress distribution obtained from
~~~~~ stress measurement or FEM

hot spot stress
objective point (weld toe)

AN
oo 02

|
A I T TRy

Fig.C.7.1 Definition of hot spot stress
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Fig.C.7.2 Fatigue design curves (hot spot stress)
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Table.C.7.1 Examples of expression for hot spot stress 4V

'11 B=d/D p=g/D

brace g r=R/T a=L/D
brace H, /> = t/T
chord I / g : wall thickness of chord

. wall thickness of brace

. outer radius'_of chord wall
. outer radius of brace wall

o
1
o
+—
N\
N -

axial force

T , T&Y| [1.5—3.88(8—0.47)2] - y287. (137, 006, i 104 g
% X 1.35: 7+ 7+8(2.42—2.28 p%2) *sin#*15-148)g
SCFchprd . .
/ K_l 1-51'70'67'ﬂ_°'59' rl.l,po.oﬂ.sinl.ﬂe . 30 <0<90

%:g 1.83+ 7% 12 £ 5ing |, 0°'<6<90°

X
‘% T&Y| [109—193(8=0.5)]+ y>7. (051, goiz. gipisug

X | 0.794+0.63* SCFhora

SCF K.. 1 092, 7‘0‘16',3—0‘“‘ z.l)..'~»6,P(J.058, el.4551n0 , 30'<0<90'
&% brace )

I{"B K_z 6.06. ro.l.ﬂ—o.%. I.O.SB. (pl +p2)0.13,sin0.50 , Oo<a<45.

K-2 K-2 ‘ 1.38+ yOt. 038, poee, (4, + pa)*Besin?9g | 45°<8<90°
1 I~ )
(— ) K-3

4.89, rO.lZ,B—O.l, rO.SB, (pl +p2)0.lﬁ,sin2.270

b T . Pchord
hot spot stress.for chord —SCl'chm_dx-—\AC or oVoce.
hot spot stress for brace =SCF} cace X Pbrace

brace

with exception of X, Y and T-joints, SCF for brace may be reduced in accordance
with the following equation

1.0+Qr(SCFprace~1) should not be less than 2.5

0.5T+¢

Qre=cxp (— \/77) should not be less than 0.7
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'8.Maintenance and management

8.1 Inspection

To protect a structure in use from fatigue, it is effective to inspect for the presence and extent
of damage by an appropriate method and at an appropriate interval. In consideration of this fact,
the partial safety factor (inspection factor y; ) varies depending on the level of inspection (see

Section 6.4). , _
The inspection factor y; should be set in consideration of the following. When the inspection

interval is set at one-fifth of the design life, ¥/=1.00. If a crack whose size can be detected by the
inspection method is used as an initial crack, the crack propagation life is calculated by a fatigue
crack propagation analysis as shown in the Appendix and the inspection interval is found to be
shorter than the calculated life, ¥/=0.90. In that case, a conservative curve is used as an equation
for the fatigue crack propagation rate, If the inspection interval is below twice the calculated crack
propagation life, v;/=0.90 ~ 1.00 depending on the ratio of the inspection interval to the crack
propagation life. If these conditions are not satisfied, y/=1.10.

If points susceptible to fatigue damage are known in advance from fatigue assessments at the
time of design and/or experience, priority inspection of these points is effective.

8.2 Evaluation of fatigue damage

When fatigue damage is found as a result of inspection, a study of its cause should be made.
Possible causes of fatigue damage include heavier actual load than that presumed at the time of
design, higher frequency of load, high stress which was induced by distortion modes unexpected in
the design, inappropriate structural details, and impermissible flaws in welds. Investigation of
causes is important in order to select a repair method.

When a fatigue crack is found, it is effective to predict the remaining life using the method
shown in the Appendix in consideration of the loads acting on the structure. This helps with

evaluation of the urgency of the repair.

8.3 Repair of fatigue damage

When the evaluation of fatigue damage shows a necessity for repair, the damage should be
repaired using an appropriate method. Once the cause has become clear, an applicable method
should be used for repair. An inappropriate repair may result in further damage.

Experimental studies and actual applications to structures have been reported with regard to
repair and reinforcement methods for fatigue damage. Some methods are shown below.

@ Opening a circular hole at the end of a fatigue crack (stop hole).
@ Opening a circular hole at the end of a fatigue crack and bolting it.
® Welding repair (without reinforcement members).
@ Welding repair involving reinforcement members.
® Mechanical repair using splice members and high strength bolts.
® Post-tensioning repair using PC steel wires or rods. '
@ Repair by structural composition with concrete.
Others. _
In case of repair, ‘Recommendations for repair and strengthening of existing steel structures by

welding’*?) and ‘Recommendations for repair and strengthening of existing steel structures by
high strength bolts’*3) edited by, the Japanese Society of Steel Construction may be helpful.
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Appendix

APPENDIK

ESTIMATION OF FATIGUE CRACK PROPAGATION LIFE
BASED ON FRAGTURE MECHANICS ANALYSIS

A.1 Scope

A.1.1 -This appendix is applicable to :

1) estimation of fatigue crack propagation life of a structural component with Crack-likeé -
defects;
2) estimation of fatigue crack propagation life of a welded joint which is not included in

Table 4.4, ' _
3) selection of a duration (a period of time) before inspection and maintenance of a

structure,
4) estimation of remaining life of an in-service structure in which fatigue cracks have

initiated. A
A.1.2 The results obtained from this procedure cannot replace the strength category and the joint

quality requirement described in this Recommendations. These results should be considered
to be a supplement to the application of the Recommendations.

A.1.3 This appendix describes the fatigue crack propagation analysis for cracks which propagate
only in Mode I loading under stress normal to the crack plane.

A.2 General method of analysis

The fatigue crack propagation life N can be obtained by integrating the equation for fatigue
crack propagation rate from an initial crack size a; to a critical crack size (final crack size) ac as

follows :

da-dN = f (AK)
N= ﬁ‘da/f(AK) (A1)

where, da/dN : fatigue crack propagation rate, AK : stress intensity factor range

A.3 Initial crack size, a;

In cases where it is difﬁcult to- decide whether an indication detected by'v non-destructive
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inspection represents a crack-like defect or not, this indication should belregarded as a crack-li}
defect. The procedure in this Section should then be applied to the defect.

A surface defect is substituted by a semi-elliptical crack. In this case, the axis lengths of t
semi-elliptical crack coincide with the edge lengths of the smallest rectangle which encloses th

When the defect plane is not perpendicular to the stress axis, the crack size is evaluated by
projecting the defect on to a plane perpendicular to the stress axis.

A.4 Critical crack vsize, ac

The final crack size for propagation analysis is defined as the critical size for some other types
of fractures or conditions of structural non-integrity, for example :

1) unstable fracture such as brittle fracture,

2) ductile fracture,

3) general yielding of a component,

4) penetration of a crack through the plate thickness.

A.5 Equation of fatigue crack propagation rate

The fatigue crack propagation rate is expressed by the following equation :

dadN = ' (AK"-AK") when AK 2 AKy, ' (A.2)
dadN=0 , when AK =< AKy,
where, (', 7 : constants, AKih : threshold value of stress intensity factor range

The following equations are also applicable :

da dN = C' (AK)", when AK > AKX, | (A3)
da dN = 0, when AK < AK,

Furthermore, a more simplified equation can be used as follows :
da dN = C (AK)" v (A.4)

Egs. (A3) and (A.4) give a more conservative estimation of fatigue crack propagation life than Eq.
(A.2), '

For the constants C, # and the threshold value AKyp in the above equations, the following values
arerecommended : | :

C 7 AKih (MPa i )
Conservative curve 2.7x10711 2.75 2.0
, Mean curve - 1.5x10°L1 2.75 29

where units are ; da. dp in m/cycle, AKinMPa.m
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Fig.A.2 da/dN-A K relationships

The applicable upper limit of Eqs. (A.2), (A.3) and (A.4) is AK< 100MPavm .

Usually, the values of C, # and AKy for the conservative curve are used in the analysis. But in
cases where evaluation of a mean fatigue strength or a mean fatigue life is requested, the values
for the mean curve should be applied. Fig. A.2 shows da-dN-AK relationships defined by Egs.
(A.2), (A.3) and (A.4) and the values of (', » and AKy given above.

These values of C, n and AK have been determined through analysis of data which were
obtained by fatigue crack propagation tests simulating high tensile residual stress conditions.
Therefore, for application to a non-welded component, it is possible to modify C and AKy, in the
crack propagation rate equations according to the stress ratio (including stress induced by dead
load and constraint stress)l). : :

A.6 Stress intensity factor range

The stress intensity factor range AK is expressed as follows? :
AK = FAo /ra ' (A.5)
F: general correction factor (= Fg+Fe+Fy Fr* Fp)
Fg : correction factor for stress gradient
Fe : correction factor for crack shape
Fy : correction factor for surface crack
F? : correction factor for finite thickness and width of plate
Fp : correction factor for eccentricity of crack against central axis of plate
Ao : nominal stress range
a : crack size
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A.6.1 Size and shape of crack

Cracks can be categorized into two types, surface cracks and embedded cracks. The size of a
crack is represented by the depth @ and width & of the crack as shown in Fig. A.3. The shapes of
cracks can be further categorized into idealized shapes of elliptical cracks, semi-elliptical cracks,
quarter-elliptical cracks, through-thickness cracks and edge cracks.

W | ]

- R — ]
(1) Embedded elliptical crack ' (2) Semi-elliptical surface crack
A |22 |
B ?i 4 ]:t It
- 7z [ W ]
(3) Quarter-elliptical corner crack  (4) Through thickness crack
ey
],
% ]
(5) Edge crack

Fig.A.3 Idealized crack shapes

A.6.2 Correction factor for stress intensity factor range

Generally, the correction factor F' can be obtained through mathematical analyses or numerical
analyses such as the finite element method. Three-dimensional analyses are usually necessary to
obtain the factors for elliptical cracks, semi-elliptical cracks, and quarter-elliptical cracks. In cases
where it is clear that the three-dimensional effects rarely influence the factors, a two-dimensional
analysis can be applied. '

The correction factors can also be obtained based on calculations using various simplified
equations proposed in the literature’). Some of the proposed equations are given as follows :

< Correction factor for stress gradient, Fg >
‘ . . . . . . 4) .
For cracks in a non-load carrying cruciform joint (see Fig. A.4)* :

when [ 1<2,
Fo= 0_51(/.1)0.27_(0 7031 at £ 0.05(/1)"53 ) (A.6)
Fg=0.83(a 1) 1300"% ait > 0.05(11)%3

when/t>2,
Fg=0.615(a ty3! at < 0.073

v Fg=083(aty"? ' at > 0.073

where, Fg=21. -
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Fig.A.4 Non-load - carrying cruciform joint with a crack

¢ < Correction factor for shape of crack, F. >
For a crack tip at the end of the shorter axis of an elliptical crack, a semi-elliptical crack or g

quarter-elhptlcal crack :

TR \=Fe= VE®R) (A7)
B = [ T= s E g
k= l-az/bz

where £ (k) can be approximated by the following equation with sufficient accuracy”).
- E(k) = /1 +1.464(a; byt
For a crack tip at the end of the longer ax1s ‘of these cracks : :
@ > Fe'=Fe falb (A8)

~ < Correction factor for surface crack, Fs> :
For a crack tip at the end of the shorter axis of a semi-elliptical surface crack or a quarter-

elliptical surface crack :

C Fs=1.12-0.12a% : (A.9)
For an edge crack : - _ ,
A Fy=1.12 (A.10)
~ < Correction factor for finite thickness and width of plate, Fy >

Fr=(1-0.025A%+0.06)\*)  sec(wh 2) (A1)
A=2aw  (through-thickness crack)
A=aw (edge crack)

A =2act (elliptical crack)
A=at (semi-elliptical or quarter-elliptical crack)

» < Correction factor for eccentricity of crack, Fj, >
The correction factor for the eccentricity of a crack in relation to the central axis of a plate is

expressed as follows (see Fig. A 5) :
Fn= Sin(Z%e):3%e | (A.12)
£=2e¢ew, \=ad]
This factor is for the crack tip closest to the plate edge. For the opposite crack tip (the crack tip
more remote from the plate edge), F;;=1 can be applied.
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Fig.A.5 Eccentric through -thickness crack in a plate

A.7 Calculation of crack propagation

A.7.1

A.7.2

A.7.3

This appendlx allows the application of the linear cumulative damage rule to crack
propagation analysis under variable amplitude stress. In cases where Eq. (A.3) or (A.4) is
used, it is convenient to apply the equivalent stress intensity factor range defined by the
following equation :

AKe = F * Ace N [ra (A. 13)

Acoe: equivalent stress range

Particularly in cases where Eq. (A.3) is applied, it must be considered in the calculation
that the stress range which corresponds to the threshold of the stress intensity factor
range AK; varies as the fatigue crack propagates. In other words, the stress range cut-off
limit for obtaining the equivalent stress range changes as the crack size becomes large.

The crack propagation should be evaluated in all directions on the crack plane. Four
directions should be considered for an embedded elliptical crack, three directions. for a
semi-elliptical surface crack, two directions for a through-thickness crack or a quarter-
elllptlcal corner crack, and only one direction for an edge crack, as shown in Fig. A.6.
But in cases where the change of the crack profile with crack propagation can be
determined in advance, calculation in only one direction may be enough.

The numerical integration of Eq. (A.1) is made by step-wise calculation as follows :

(1) The stress intensity factor range for a given crack size is obtained from the equation

for stress intensity factor range in Section A.6.

(2) The amount of crack extension for a given number of stress cycles is calculated from

the crack propagation rate in Section A.5.

(3) The crack size is enlarged by the amount of crack extension obtained above.

It is recommended that the number of stress cycles for one step of this stepwise
calculation is appropriately selected so that the total numbér of steps is greater than 100
before reaching the critical crack size or the fatigue life.
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(1) Embedded elliptical crack (2) Semi-elliptical surface crack

(3) Quarter-elliptical .corner crack  (4) Through thickness crack

(5) Edge crack

Fig.A.6 Directions of crack propagation to be considered in the analysis
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