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ABSTRACT

In-plane gusset welded joints are very popular and used in
many steel constructed structures.

Fatigue life estimations for this type of joint have been per-
formed by applying the fatigue crack growth simulation code
“FLARP”” developed by the authors.

The fatigue crack shows the typical opening / closing behav-
ior during fatigue crack growth. The plastic deformed layer in
the crack wake, which represents the loading history indirectly,
contributes to the behavior. The consideration of crack closure is
essential in the estimation of the fatigue life. FLARP enables the
quantitative simulation of the fatigue crack opening / closing.

By considering the cyclic plastic behavior ahead of a fatigue
crack tip, the improved effective stress intensity factor range
(AKrpg) to denote the fatigue crack propagation law, which is
formulated by replacing the crack opening load with the Re-
tensile Plastic zone Generating load (RPG load), was defined.
AKRrpg is adopted as the parameter for the fatigue life estimation
by FLARP.

The validity of the fatigue life estimation by FLARP is con-
firmed by comparing the estimated S-N curves with the experi-
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mental results for the in-plane gusset welded joints.

INTRODUCTION

Although the applicaiton of TMCP steels reduces the num-
ber of brittle fracture accidents of welded built-up steel structures
because of its high fracture toughness and good weldabilty, fa-
tiguefailure of structures has beenincreasing. Thisis considered
to be due to the application of higher allowable stress to struc-
tures in the design stages due to the higher strength under static
loading conditions.

Despite the many available fatigue life estimation methods,
fatigue accidents still occur welded built-up structures. Most of
proposed methods peripheralize the role of the cyclic plasticity
around a crack tip. Consideration of the effect of the cyclic plas-
ticity is imperative to the estimation of the fatigue crack growth
for the following reasons:

1. Thedriving force for fatigue crack is supplied by the alter-
nating cyclic plastic work generated ahead of a crack tip.

2. The fatigue crack propagates in the plastic zone generated
ahead of acrack tip
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3. The plastic region is taken over the crack surfaces as the
crack wake zone and the wake zone has an important con-
tribution to the fatigue crack opening / closing, which dom-
inates the fatigue crack growth.

An improved effective stress intensity factor range (AKrpg)
for usein the fatigue crack propagation law has been defined [1].
AKgrpg is formulated by replacing the crack opening load with
the Re-tensile Plastic zone Generating load (RPG load) which
was derived by considering the cyclic plastic behavior ahead of
afatigue crack tip.

Thefatigue crack growth simulation code FLARP, which en-
ables the simulation of the fatigue crack opening / closing, has
been developed [2], [3]. The main characteristics of FLARP are
asfollows:

1. AKRrpg is adopted as the parameter for the fatigue life esti-
mation. Fatigue crack propagation law based on RPG load
is

da/dN = C(AKRPG)m, @

wherec =4.5x 10", m = 2.7, unit in AKrpg corresponds
to MPa,/m. These material constatns can be applied to the
rolled steels [4].

2. Fatigue crack growth can be simulated in sound welded
joints. The beahvior, whcich the tip of cyclic plasticity re-
gion is fixed during the fatigue crack initiates and propa-
gatesin thefirst grain, is considered in order to establish the
scheme for the estimation of the fatigue crack initiation life.

3. The effect of loading histories applied to structures can be
taken into consideration quantitatively for the fatigue crack
growth estimation.

4. The effect of the pre-existing residual stresses and the dead
load (mean stresses) for the fatigue life can be considered.

5. The fatigue crack growth curve as a function of the number
of cycles can be calculated.

6. Material constants and other coefficients are less than in
other fatigue crack growth simulation codes. All the costants
and coefficientsin FLARP have physical meaning [2].

The validity of the fatigue life estimation by FLARP isin-
vestigated in this paper by comparing the estimated S-N curves
by FLARP with the experimental results. The fatigue test results
for in-plane gusset welded joints [5] are applied as the reference
data. Although thein-planejoint typeisvery popular and usedin
many steel structures, few research reports on their fatigue per-
formance are published.

FATIGUE LIFE ESTIMATION FLOW BY FLARP
Thefatigue life estimation procedure by FLARP is shownin
figure 1 and summarized belows.

FEM modeling Welding conditions
under external load . -
’ Stress distribution Inherent stress (strain),
under dead load
Setting a crack
propagating path - :

Tendon force etc.
Principal stress distribution
normal to a crack path
per unit external loading: o,

Welding residual stress

Stress distribution normal Residual stress distribution
to a crack path under dead load: ,| | normal to a crack path: o,

Setting the changing manner
of aspect ratio of surface Crack f-----«f---===---=ssseromzeammoozennns >
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X: Reference crack length
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Fatigue crack growth simulation code: F|. ARP
[ Input data ]
X (Reference crack length) vs. EDS (for o, 6, and o)

Average grain diameter and yield strengths on static and cyclic loading
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C,m (Material constants for crack propagation law based on RPG load)

'

Crack growth curve, S-N curve

Figure 1. CALCULATION FLOW OF FLARP

. Calculation of the stress distributions around the fatigue

crack growth region under the unit external stress ampli-
tude, the dead load (mean stress) and the pre-existing resid-
ual stressfield by numerical analyses, e.qg. FEM.

. Identification of the fatigue crack propagation path. The fa-

tigue crack propagates normal to the direction of the applied
maximum principal stress|[6].

. Calculation of the normal component of stresses along the

assumed crack path.

. Estimation of the change of aspect ratio of the fatigue sur-

face crack. The shape of the fatigue crack can be approxi-
mated to an ellipse until full penetration of the wall thick-
ness. This period corresponds to a substantial proportion of
the total fatigue life. The changing manner of the aspect ra-
tio of surface cracks near afillet weld toe in the as-welded
condition is proposed in Ref. [4].

. Calculation of stress intensity factors under each stress dis-

tribution. In these calculations, the girth length of the as-
sumed crack path replaces the straight line for the conve-
nience. The stress intensity factors for a surface cracked
body under arbitrary applied stresses can be approximated
by using the improved superposition method [4] based on
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Table 1. WELDING CONDITIONS AND YIELD STRESS
Specimen Type GS GL
Current [A] 110-120 | 160-175
Voltage[V] 25 25
Travel speed [cm/min| 9.5 14
Yield stress [MPe] 402 402

the method proposed by Maddox [7]. The reference crack
length (X in figure 1) is defined as the deepest crack depth
in the case of a surface crack and as the crack length in case
of athrough thickness crack.

6. Transformation of the each stress distribution into the Equiv-
alent Distribution Stresses (EDS in figure 1). EDS corre-
sponds to the stress distribution normal to the crack sur-
faces of athrough-thickness crack in aninfinitely wide plate
and gives the same stress intensity of the objects. FLARP
adopted EDS in order to avoid the surface crack growth
simulation directly. FLARP is based on the cohesive force
model and no cohesive force model to be able to apply the
surface crack at present.

7. Fatigue crack growth simulation by FLARP.

SUMMARY OF THE EXPERIMENTS

Fatigue tests in in-plane gusset joint specimens under con-
stant amplitude loading (frequency 10HZz) were reported in Ref.
[5]. Two different size specimens shown in figure 2 were used.

The applied minimum stresses for specimen GS and GL are
equal to 10MPa.

Gussets were connected to the main plate by making asingle
bevel weld using four weld passes. All of the specimens werein
the as-welded condition. The welding condition and yield stress
under monotonic static loading for each specimen are shown in
table 1.

Although yield stresses under cyclicloading are necessary in
order to simulate the fatigue crack growth by FLARP, no date are
reported in the reference. Theratio of theyield stress under static
to the under cyclic loading was investigated. Theratioisequal to
0.545 in mild steel [4]. Thus, yield stresses under cyclic loading
for each specimen were estimated by multiplying the each yield
stress under static loading by 0.545.

RESIDUAL STRESS DISTRIBUTIONS

Most of fatigue cracks in the steel welded structures initi-
ate from the weld toe. Tensile welding residual stresses, whose
peak value reachesyield stress in mild steel and 500MPain high
tensile steel, exist in the crack initiation region. It is considered
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Figure 2. SPECIMEN CONFIGURATIONS

that tensile residual stresses reduce the fatigue life. On the other
hand, the fatigue crack propagation rate decreases under com-
pressive residual stresses. The welding residual stresses in each
specimen should be obtained quantitatively in order to estimate
the fatigue crack growth. The residual stressesin each specimen
were estimated by finite element analyses with theinherent stress
method [8] as the source of residual stresses, because no residual
stress distribution is shown in the reference.

Theinherent stress generated by welding is formulated as a
function of the heat input and the materia yield strength. In the
case of in-plane gusset weld joints, the inherent stress should be
given in consideration of the specimen geometries and the flush
weld (boxing weld near the edges).

The inherent stress generated by butt welding (c'2) is for-
mulated in equation (2) [9]:

S(y.2) = [ 90 ~x () -y, @
0(x,,2) = 0y exp(—e(2 +y)/BAN(z: T) B,
h(z:T) = n;emm—n(xyn/m2),

Yo = ly+{(—1"(n+05)— 05T,

B:BVYQ/GYv

where, o = 1942, B = 1357, y = 02, A = 1.788

L coordinate system along theweld line (0 < £ <L),
E(0),n(¢): coordinates on the weld line,

Q: heat input,

T: plate thickness.

Theinherent stress generated by boxing welding (¢'?) isfor-
mulated in equation (3) [10]:

c'°(x,y,2) = ooy exp(—n(x'/B)A)h(y'| : T), 3
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Figure 3. REGIONS IN WHICH THE DIFFERENT INHERENT STRESS
DISTRIBUTIONS ARE APPLIED
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Figure 4. RESIDUAL STRESS DISTRIBUTION (VON MISES EQUIVA-
LENT STRESS)IN SPECIMEN GL BY FINITE ELEMENT ANALYSIS

where,
(X, y"): coordinates which the originis shown as 0’
infigure 3,
A: 2.195.

The inherent stresses (c') in the region (1), (11) and (I11)
shown in figure 3 can be obtained as follows. The superposition
rule for the inherent stress was introduced in Ref. [10].

Region(l) and (1) ¢' = max(c'2,6'?)

Region (111) o' = max(c' +6'?,6'?), where 6' corresponds
to the additional inherent stress caused by the mirror effect
for the free edge (drawn by dashed line in figure 3).

Calculations are performed by the finite element code, MSC
Nastran 2001. o, isinputted into the code as the source of resid-
ual stresses.

Figure4isan example of the calculated residual stressdistri-
bution (von Mises equivalent stress) in specimen GL. The analy-
ses are performed for one quarter of the spceimen because of the
symmetry of the specimen configuration.

CALCULATION OF FATIGUE LIFE BY FLARP
Fatigue life estimations for each specimen are performed by
FLARP.

Crack Propagation Paths

Crack propagation pathsfor each specimen are shownin fig-
ure 5. The fatigue crack start point on each specimen is assumed
to be the weld toe where shows the maximum value of the prin-
cipa stress occurs. The stress distributions associated with the
applied external unit amplitude loading (solid lineand circle) and
the welding residual stress (dashed line and triangle) at the as-
sumed crack path in each specimen are shown in figure 6. These
stresses are calculated by MSC Nastran 2001. The same finite
element mesh idealization was used for the external stress ampli-
tude loading and the residual stresses in each specimen.

Detailed stress distributions near the crack initiation region
under the external unit stress amplitude are estimated by using
the formulafor the stress distribution near anotch root [11]. The
root radii of the weld toe in each specimen are set at 0.5mm in
specimen GS and 0.3mm in specimen GL . Residual stresses near
the crack initiation region are estimated by smooth extrapolation
from the results of the finite element analyses.

Aspect Ratios for surface fatigue cracks

Generaly, fatigue cracks initiate as maltiple surface cracks
from sound stress concentration sites at an early stage of the com-
ponent life. Surface cracks coalesce into one large surface crack.
This surface crack penetrates through the plate thickness and de-
velops into a through-thickness crack. Because this process is
very complex and it is not possible to perform the numerical
simulation of this surface type fatigue crack growth process at
present, multiples surface cracks were replaced a single surface
crack and the changing aspect ratio of the single surface crack
evaluated. Detailed explanation of this method is introduced in
Ref. [4].

The predicted aspect ratios for surface cracks in each spec-
imen are shown in figure 7. The average grain diameter of the
materials used was assumed to be 30um. This value seemsto be
valid because fatigue life is not affected when the average grain
diameter islarger than 20um, even though 30umisalittle smaller
than the average grain diameter of steels.
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Figure 5. ASSUMED FATIGUE CRACK GROWTH PATHS

The changes of aspect ratio in each specimen are similar,
because the stress gradient dominates the aspect ratio and the
stress gradients in the two specimens are similar.

Stress Intensity factors

Stress intensity factors for the external unit loading and the
residual stresses in each specimen are calculated as a function of
the reference crack length (X). These results are shown in figure
8. Salid linesin figure 8 represent the stress intenisty factors for
the external unit loading and dashed lines correspond to the stress
intensity factors for the residual stresses.

Stress intensity factors for surface cracked body under arbi-
trary applied stresses are calculated by the superposition proce-
dure[4]. Stressintensity factors for athrough-thickness crack in

Yield stress (oy)
: 402 [MPa]

g Curve: After Glinka
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Figure 6. STRESS DISTRIBUTIONS AT THE ASSUMED FATIGUE
CRACK PATH

each specimen were cal culated by the integration of asingle edge
crack subjected to concentrated forces on the crack surfaces[12]
which were represented by stress distributions over the crack sur-
faces.

The region where stress intensity factors change drastically
corresponds to the transition region from the surface crack to the
through thickness crack.

Equivalent Distribution Stress

The Equivalent Distribution Stress (EDS) correspondsto the
stress distribution over the crack surfaces of a through-thickness
crack in an infinitely wide plate and gives the same stress in-
tensity factor. EDS is inputted into FLARP in order to perform
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fatigue crack growth simulations.

Cadculation results for EDS in each specimen are shown in
figure 9. The relationships between the reference crack length
and the stress intensity factor shown in figure 8 are used as input
data for figure 9. Solid lines in figure 9 represent EDSs under
external unit loading and dashed lines correspond to the EDSs
under residual stressfields.

Calculation Results and Discussion

Fatigue crack growth simulations for each specimen are per-
formed by FLARP. Examples of crack growth curves for each
specimen are shown in figure 10. The period from crack initi-
ation to crack penetration through the plate thickness direction
corresponds to most of the total fatigue life. All the simulations
show similar results. It is considered that small EDSs during sur-
face crack growth prolong the total fatiguelife in each specimen.

Comparison of estimated S— N curves by FLARP with ex-
perimental data for each specimen are shown in figure 11. The
crack depth for the fatigue crack initiation life in figure 11 cor-
responds to the average grain diameter of the materials, whichis
equal to 30um in these simulations.

Fatigue limits in each specimen were estimated to be about
80MPa for specimen GS and about 60M Pa for specimen GL
from the fatigue tests. FLARP enablesthe estimation of the state
of a non-propagating crack after initiation as well as the crack
propagation. The estimated fatigue limit is 85M Pafor specimen
GSand 60M Pafor specimen GL. Theseresultsarein good agree-
ment with the experimental ones.

Although the slopes of estimated S — N curves for the spec-
imens are similar to those for the experimental results, the esti-
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Figure 8. RELATION BETWEEN REFERENCE CRACK LENGTH (X)
AND STRESS INTENSITY FACTORS

mated fatigue lives are longer than the experimental ones. It is
considered that the differences arise for the following reasons:

1. Inaccuracy of the yield stresses under both cyclic and static
loadings. Theyield stressunder cyclicloading affectsthefa-
tiguecrack initiation life and that under static loading affects
the propagation life.

2. Inaccuracy of the coefficients in the fatigue crack propaga-
tion law based on AKrpg.These coefficients were assumed
to the same as those for welded rolled steel structures re-
ported [4], because no information for the coefficients was
reported.

3. Variation of the average grain diameter in the specimen ma-
terials. The grain diameter affects the fatigue life and the
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fatigue limit.

It is considered that the results of the FLARP fatigue crack
growth simulation will be improved by using more accurate ma-
terial constants.

CONCLUSION

Many conventional fatigue strength evaluation methods do
not give accurate fatigue crack growth predictions, because the
present state of the fatigue strength evaluation in many desigin
criteriais so-called “Go or Non-go” criteriabased onthe S — N
curves. The authors have established the algorithm which en-
ables simulation of the fatigue crack growth from the stress con-
centration field with zero defect and have subsequently devel-
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Figure 10. EXAMPLES OF CALCULATED CRACK GROWTH CURVE

oped the program code “FLARP” based on this algorithm.

The validity of the fatigue life estimation by FLARP is con-
firmed by comparing the estimated S-N curves with the exper-
imental results for in-plane gusset welded joints. The S— N
curves by FLARP compare to the experimental results. Itis con-
sidered that the differences that arise the both results are caused
by the inaccuracy of the material constants and that the simula-
tion results by FLARP will be improved by using more accurate
material constants.
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