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ABSTRACT. This study is aimed at eval
uating the effect of incomplete penetra
tion on the fatigue behavior of fil let 
welded assemblies subjected to tension 
and bending. Its purpose is to evaluate 
more precisely the conditions of slow 
extension of microcracks during the ini
tiation stage. The preferred sites for crack 
init iation at the weld root or the weld 
toe were determined by using the finite 
element method. The experimental pro
gram, including 120 fatigue tests, was 
conducted on 10 mm and 30 mm thick 
E-36-4 steel plates welded with gas metal 
arc welding (GMAW) and shielded metal 
arc welding (SMAW) processes. The re
sults evidenced a propagation phase of 
short cracks, which may represent 30 to 
90% of the fatigue life, and the existence 
of a critical size of incomplete joint pen
etration below which the incomplete 
penetration had no significant effect on 
the fatigue life of f i l let welded assem
blies subjected to tension and bending. 

The numerical calculations, made 
with the finite element method, have 
permitted the model ing of the crack 
propagation paths as a function of the 
size of incomplete penetration and the 
determination of the relations Kl = f(a/t) 
for each zone of fai lure of the f i l let 
weld. 

J. J. JANOSCH is with the Institut de Soudure, 
Ennery, France. 

The formulat ion of the analytical 
model for estimating the fatigue life of 
f i l let welded assemblies enabled us to 
take into account the geometrical aspect, 
the evolution of the shape of crack front 
from the initiation stage through to the 
failure, and the fraction of crack open
ing defined by Elber (to introduce the 
amplitude of the effective stress inten
sity factor, AKeff, inherent in this type of 
welded joint). 

The analysis of the results showed the 
effectiveness of the analytical modeling, 
which al lowed the slow propagation 
phase of microcracks to be taken into 
account, and gave a satisfactory estimate 
of the fatigue life whatever the zone of 
failure and the welding process used. 
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Introduction 

Welded constructions (ships, pressure 
vessels, vehicles, etc.) have made great 
strides during the last decades. This was 
favored by a constant improvement in 
the quality of the materials used and by 
a better understanding of the mechani
cal behavior of welded constructions. 
By now, often as a result of an over con
servative design approach, full penetra
tion at the root is specified for fi l let 
welded assemblies, with ultrasonic test
ing. This approach considerably in
creases the fabrication time and cost of 
welded structures. With a view to eval
uating the desirability of this approach, 
we have studied the influence of an in
complete root-penetration on the fatigue 
behavior of assemblies containing load-
carrying welds. 

Earlier research work carried out at 
the Institut de Soudure (the French Insti
tute of Welding) on fillet welded assem
blies of E-36-4 steel (to AFNOR Stan
dard), joined by GMAW process and 
subjected to uniaxial tensile loads (Ref. 
1) had shown the existence of the fo l 
lowing: 

1) A critical size of incomplete root 
penetration below which the lack of 
penetration no longer affects the fatigue 
behavior (2a/t = 0.5; 2a = incomplete 
penetrat ion; t = thickness of welded 
plates). 
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2) A stage of slow extension of micro
cracks propagating from a notch tip (at 
the toe of weld bead), which may rep
resent 30 to 80% of the fatigue life, de
pending on the applied stress amplitude. 

The present study is aimed at evalu
ating more precisely the conditions of 
slow propagation of microcracks that 
develop from the toe of the weld, and 
at modeling the fatigue behavior of f i l 
let welded assemblies as a funct ion of 
the size of incomplete root penetration 
in the case of combined tension and 
bending loads (Ref. 2). 

Preliminary Numerical Analysis 

This preliminary phase of numerical 
calculations is aimed at defining for the 
fi l let welded assemblies the preferred 
crack-initiation sites at the toe and the 
root of welds subjected to tension and 
bending loads — Fig. 1. Two-dimen
sional calculations were conducted by 
applying the linear theory of elasticity 
with special consideration given to the 
plane strain conditions. 

The results were analyzed in terms of 
the evolution of the local stresses d 
(main stresses I are expressed in the main 
coordinate for the stresses) in each sen
sitive zone of the weld. The calculations 
were conducted as a function of the ge
ometrical parameters that define the f i l 
let welded assembly: incomplete pene
tration (2a), toe angle (6), throat thick
ness (H/t), thickness ratio of the welded 
plates (T/t)); and the conditions of load
ing applied to the weld (variation of the 
ratio of nominal tensile stress to the nom
inal bending stress, oNT/aNfl). 
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Calculations by the finite element 
method determined three basic geome
tries of fillet welded assemblies in which 
it was possible to obtain a crack initia
tion in one of the sensitive zones of the 
welded joint. These "optimized" geome
tries are shown in Table 1. 

Experimental Results 

Experimental Conditions 

The experimental program was con
ducted on a 1 0- and 30-mm thick E-36-
4 grade steel (to AFNOR standard). The 
fillet welded assemblies were produced 
by using two popular welding processes: 
semiautomatic gas metal arc welding 
(GMAW), and shielded metal arc weld
ing (SMAW) with basic electrodes. 

The chemical analyses and mechan
ical properties of the base and filler met
als are shown in Table 2. The fatigue 
tests were performed wi th computer-
controlled hydraulic machines at con
stant force amplitudes and a ratio of 
R = Pmin/Pmax = 0 . 1 . Nine weld ge
ometries were adopted for each weld
ing process — Figs. 2, 3. 

With a view to "penalizing" the root 
of the weld, all the assemblies were pro
duced in the flat position. As a matter of 
fact, such a procedure leads to an im
provement of the local geometry of the 
weld toes. 

Detection of the Fatigue Microcracks 

The detection and monitoring of the 
fatigue microcracks extending from the 
weld toes (Zones I, II) were done by 
using micro-strain gauges (type KIOWA 
KFC1 D19, with an area of 1 mm2) po

sitioned along the weld toes. For each 
fatigue test, this method permits the de
termination of the depth of microcrack 
(a) (0.05 <a < 1 mm), the evolution of 
the crack at the surface of the weld toe 
(2c), and the nominal crack opening 
load (P opening). 

These experimental data have permit
ted the definit ion of the fracture zone 
(Zones I, II) of the geometric character
istics of the weld and of the loading con
ditions as a function of the welding pro
cess as follows: 

1) The evolution of the shape of the 
crack front a/c = f(a/t) — Fig. 4. 

2) The relative fraction of crack open
ing (Fig. 5) as defined by Elber (Ref. 3). 

t/-J5= __5ae_ Fig. (5) (D 

3) The conditions of slow propaga
tion of microcracks for depths of "a" be
tween 0.05 mm and 1 mm — Figs. 6, 7. 

Synthesis of the Experimental 
Study 

Evolution of the Fatigue Microcracks 
Extending from the Weld Toes 

The use of micro-strain gauges at
tached onto the weld toe permitted the 
detection of small cracks from the initi
ation stage (aO = 0.05 mm) through to a 
depth of 1 mm into the weld. 

The comparative analysis of the mea
surements made on the fillet welded as
semblies produced by pulsed GMAW or 
by SMAW with basic electrodes pro
duced in each case a distinct evolution 
of the shape of the crack front. 

Table 1 — Three Basic Geometries of the Test Assemblies 

<TN tension = 1 
(MPa) 

Welded 
Assemblies 

I 
2 
3 

t (mm) 

10 
10 
10 

Geometrical Parameters 

T t 

1 
3 
3 

e 
4 5 o 

60° 
30° 

D(mm) 

75 
16.5 
22 

H/t 

0.5 
0.5 
0.5 

2a (mm) 

10 
in 
KJ 

Zone I 

27 
1.12 
2.65 

o-1 (MPa) 

Zone II 

4.7 
4.05 
2.78 

Zone III 

1 
2.18 
3.16 

Table 2 — Properties and Chemistries of the Base and Filler Metals 

Fig. 1 — Schematic of fillet welded assem
bly showing fracture Zones I, II and III and 
geometrical parameters used in calculations. 
Refer to Table I for dimensions of assem
blies. 

Material 

Base metal E364 

Filler metal 4> 1 mm 
1st pass (-FAtal 
gas) 

Filler metal <t> 1.6 mm 
(Atal gas) 2nd pass 

Filler metal Basic 
electrodes 0 = 4 
mm 

C 

(%) 
0.16 

0.06 

0.06 

0.07 

Mn 

(%) 
1.47 

0.9 

1.6 

0.9 

Si 

(%) 
0.43 

0.45 

0.5 

0.5 

P 

(%) 
0.013 

0.025 

0.02 

0.01 

Al 

(%) 
0.05 

S 

(%) 
0.002 

0.025 

0.02 

0.010 

Re 
(MPa) 

405 

460 

590 

500 

Rm 
(MPa) 

562 

550 

650 

580 

A 

(%) 
33 

27 

24 

27 

Kev 
()/cm2) 

184 
(-20°C) 

90 
(-20°C) 

50 
( -20°C) 

110 

(-3o°q 
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load 

T/t = l 
0= 30°, 45°, 60 

h/t = 0,6 
2a = 10 mm 
D = 40 mm 

micro-strain gages 

study in zone (I) 

Fig. 2 — Schematic of welded assembly showing the 
placement of the strain gauges for the study of Zone 1. 

10" 

EVOLUTION OF THE SHAPE OF THE CRACK FRONT 

* - * 

a a / o S M A W j Z O N E I H 

» a/c( ZONE I I ) 
a/t 

Fig. 4 — Diagram showing the evolution of the shape of the 
crack front. 

STAGE OF SLOW EXTENSION OF MICROCRACKS 

EXPERIMENTAL RESULTS 

0,05<s<0,5mm ZONE I 

A5(60°) D«45°) F4(40°) MGld(40°) MH1(30°> 

t = 10 

T/t = 3 - # • 

6 = 50° 

h/t = 0,7 

D = 20 mm 

study in zone (II) 

P/2 |0^h# 

J N ~ "(tn.sl.in 

. P 
b . t 

micro-strain gages 

170 

Fig. 3 — Schematic of weld assembly showing the placement 
of strain gauges for study of Zone II. 

1.0 Y RELATIVE FRACTION OF CRACK OPENING (U) 

u 

0.8 

0,7 

0,6 

0,5 

u 

a/t 

0,005 0.025 0,045 0.065 

Fig. 5 — Diagram of relative fraction of crack opening. 

STACF. OF SLOW EXTENSION OF MTCROCRACKS ( ZONE Q ) 

• tNA(a<0,05mm) EXPERIMENTAL RESULTS 
a C0,05<a<0^mm 
S (admm 

120 MPa 

120 MPa 1 2 0 M P a 

Fig. 6 — Extension of microcracks in Zone I. Fig. 7 — Extension of microcracks in Zone II. 

W E L D I N G RESEARCH SUPPLEMENT I 357-s 



This could be associated with the 
local geometry of the weld toe, which 
was more severe when the joints were 
welded manually, or wi th the propor
tion of microdiscontinuities (undercuts, 
microflaws) along the weld toes, which 
was more important when the joints 
were welded with the basic electrode. 

The data obtained from the testing of 
the weld showed a microcrack propa
gation phase (from 0.05 to 1 mm depth 
into the weld), which may represent 30 
to 90% of the fatigue life of the fi l let 
welded assemblies — Figs. 6, 7. This 
propagation phase was more important 
in the case of test pieces welded wi th 
covered electrodes. 

The evolution of the form of the crack 
front depended on the local state of the 
stress near the crack t ip. In the case of 
the SMAW welding process, the small 
toe radii induced sharper notches, which 
increased the cyclic strain gradient and 
then affected the ell iptical form of the 
crack during the fatigue tests. In this 
case, the crack was more elliptical and 
the proportion of fatigue life for obtain
ing a 1 mm depth in the weld was there
fore more important when SMAW was 
used. 

The data obtained from the testing in 
Zone I showed a relationship linking the 
toe angle (6) with the conditions of evo
lution of the micro cracks. The propor
tion of fatigue life for reaching 1-mm 
depth in the weld increased for the 
SMAW assemblies when the macro
scopic geometrical perturbation became 
more marked (that is, when 6 increased). 
In the case of the G M A W assemblies, 
the opposite phenomenon was ob
served. 

The proportion of fatigue life for 
reaching 1-mm depth in the weld in
creased when the amplitude of the ap
plied stress decreased. Near the en
durance limit (defined at 2 mil l ion cy
cles), this propagation phase averaged 
50 to 60% of the fatigue life in the prop
agation of the fillet welded assemblies. 

Effect of Incomplete Root Penetration 

The data obtained from the testing in 
Zone I of the weld showed that there 
was no incidence of incomplete root-
penetration when the thickness of the 
welded plates was equal to t = T = 1 0 
mm. ln that case, the fracture of the 
welded joint occurred at the weld toe in 
spite of the presence of incomplete fu
sion equal to the thickness of the welded 
plates (2a = 10 mm) — Fig. 8. 

The fatigue study carried out in Zone 
II of the weld evidenced an interaction 
between the crack path (from Zone II) 
and the size of the incomplete fusion at 
the root as detailed below. 

1) Wi th an incomplete penetration 
size smaller than 2a/t = 0.3-0.4, the 
crack propagated from the toe of the 
weld into the thickness of the plate sub
jected to tension — Fig. 9. 

2) When the incomplete penetration 
was 0.4 < 2a/t < 0.8, a deviation of the 
crack towards the incomplete fusion was 
observed. This deviation occurred when 
the crack reached a depth of a/t = 
0.3-0.4. Then, the fatigue failure ex
tended from the root — Fig. 10. The test 
results showed in this case a simultane
ous propagation of fatigue cracks at the 
toe and the root of the weld. 

3) For a crit ical size of incomplete 
penetration 2a/t greater than 0.8, a crack 
arrest was observed in Zone II when the 
crack reached a depth between 1.5 and 
4 mm, depending on the applied load 
level. The fatigue failure occurred then 
at the root of the weld. 

4) Although the fracture modes of the 
welded joints were distinct, the observed 
difference in fatigue life was hardly sig
nificant. This was probably associated 
with the residual deflection of the 
welded plates (induced by the welding 
sequence), which increased the scatter 
of test results. 

The study of the fatigue behavior of 
the weld root (Zone III) also showed a 
relationship between the weld fracture 
mode and the size of the incomplete 
penetration. The fo l lowing was ob
served: 

Fig. 8 — Weld crack at the toe regardless of 
incomplete root penetration. 

1) At 2a/t < 0.7, crack propagation 
was displaced towards Zone I of the 
weld — Fig. 11 A. 

2) At 0.7 < 2a/t < 0.9, there was si
multaneous propagation at the root and 
in Zone I of the weld toe, Fig. — 11 B. 

3) At 2a/t > 0.9, the assembly yielded 
at the root of the weld. 

A marked decrease in the fatigue life 
was observed on this type of assembly 
(6 = 30 deg; T/t = 3; t =10 mm) when the 
fatigue failure of the welded joint ex
tended solely from the root. In that case, 
the incomplete fusion at the root was 
evaluated at 2a/t = 0.8-0.9 (t = 10 mm). 

Thus, the synthesis of the test results 
showed the existence of a critical size 
of incomplete penetration below which 
the incomplete penetration wi l l not exert 
any significant effect on the fatigue life 
of the fillet welded assemblies subjected 
to tension and bending. For the assem
blies produced with the GMAW and 
SMAW processes, the critical value was 
estimated at 2a/t = 0.8 (t = 1 0 mm; T/t 
= 3;q = 30-60 deg). 

All the research work conducted on 
the fi l let welded load carrying joints 
showed that the most restrictive stress 
condition for admitting a critical size for 
the incomplete root penetration corre
sponded to a uniaxial tension loading 
(Ref. 1). 

In this case, the crit ical size of in
complete penetration below which the 
incomplete penetration no longer af-

D 2 
Fig. 9 — Crack propagates from the toe 
through the thickness of the member. 

A B 
Fig. 10 — Simultaneous propagation of cracks from the toe and the root of the weld. A • 
GMAW process; B — SMAW process. 

358-s I A U G U S T 1993 



fected the fatigue behavior was 2a/t = 
0.5 (t = thickness of welded plates). 

Modeling of Fatigue Life 

The numerical calculations were 
conducted at the Institut de Soudure by 
using the procedure of the SYSTUS f i 
nite element analysis method developed 
by FRAMASOFT + CSI. 

The two-dimensional calculations 
were made by applying the linear the
ory of elasticity with special considera
tion of the plane-strain conditions and 
a homogeneous material free from weld
ing residual stresses. The stress intensity 
factors (Kl, Kll) were determined by 
using a singular element at the crack tip 
— Fig. 12. 

Crack Path Modeling 

The experimental study conducted 
on fillet welded assemblies subjected to 
tension and bending has revealed the 
existence of several fatigue failure 
modes. These failure modes were af
fected by the weld geometry, the load
ing condit ions, and the size of incom
plete penetration. 

To achieve the modeling of the fa
tigue life of the welded assemblies, it is 
necessary to predict the crack path as a 
function of the aforementioned param
eters. 

For defining the crack deviation angle 
(a) after each propagation increment 
(Zones I, II or III of the weld), we have 
chosen the energy criterion defined by 
Sih (Ref. 4). By knowing the values of 
the stress intensity factors Kl and Kll at 
the crack t ip, the strain energy density 
S could be computed. 

For an isotropic, homogeneous ma
terial, this energy density is expressed 
by 

S = aukf+2al2klkli+a22kfi (2) 

(in a two dimentional stress condition). 
In the case of plane strain 

1 

16/i 
( 3 - 4 v - c o s a) 

(1 + cos a) 

a,2 = — s i n a ( c o s a-1 + 2v) m 
8^1 [:" 

1 
a22 = — (\- v)(1-cos a) 

+(3xcos a—\)C\—cos a) 

2H+v) 

where v = Poisson's ratio, E = Young's 
modulus, |a = shear modulus E/2(1 + v), 
a = angle between the predicted direc
tion and the true direction of the crack 
(already defined). 

A B 

Fig. 11 — Relationship between weld fracture mode and the size of incomplete root penetra
tion. A— Crack propagates towards Zone I; B — Crack propagates simultaneously from the 
tow and the root of the weld. 
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Fig. 12 — Two-dimensional calculations of boundary conditions. Singular elements at the 
crack tip used for determining stress intensity factors. 

W E L D I N G RESEARCH SUPPLEMENT I 359-s 



The theoretical propagation angle a 
(Fig. 13) was defined in the direction 
where the strain energy density was min
imum (S min) with a positive local stress 
rjaoc. 

This prediction method made it pos
sible, for each propagation increment a 
+ Aa, to determine a "fictive" crack prop
agating in the "pure" mode I. 

The experimental program con
ducted for evaluating the fatigue behav
ior of Zone I of the weld has shown that 
only one fatigue-failure mode existed, 
whatever the extent of the incomplete 
penetration. The algorithm used for 
modeling the crack propagation path 
and for determining the stress intensity 
factor in mode I in this weld-zone is 
shown in Fig. 14. 

The experimental work carried out 
for evaluating the fatigue behavior of the 
Zone II of the weld evidenced several 
fracture modes, which were dependent 
on the size of the incomplete penetra
tion at the weld root. In that case, two 
different algorithms had to be consid
ered. 

1) The modeling of the crack path 
with 2a/t < 0.4 was carried out by ap
plying the previous algorithm as pre
sented in Fig. 14 (fatigue failure mode 
being the only possible mode in this 
case). 

2) For simulating the crack path when 
2a/t was between 0.4 and 0.9, it was 
necessary to modify the above-men
tioned algorithm and to take into ac
count the interaction effect between 
Zone II and Zone III of the weld. Con
sequently, the modeling must be 
achieved in this case by taking into con
sideration the simultaneous propagation 
of the cracks located in Zone II of the 
weld toe and on either side of the weld 
root. 

In the hypotheses for the calculation, 
it was assumed that the cracks running 
in Zones II and III of the weld followed 
the same cracking law (like the Paris law 
da/dN = C (AK)m). 

For this model ing, it was necessary 
to define arbitrarily an active crack and 
two passive cracks. The active crack was 
chosen in Zone II of the weld. This crack 
was increased wi th a constant incre
ment, ai + 1 = ai + Aa. By integrating the 
PARIS law from the init ial f law ao 
through to the flaw ai + 1, the following 
was obtained: 

rV. = r+'c-](AKrmda (4) 

that is, the necessary number of cycles 
(N) for the crack to extend by the amount 
of (ai + 1 - ao). 

1 

/y / / S 

\ A* 
/C x 'sr y^ \ 

/ s y jT 

/ V N * 

Since the same law of cracking was 
applicable to cracks located at the weld 
root, we could determine the value of 
the propagation increment Aa (III) of 
each root crack, so that these cracks 
propagated within an identical number 
of cycles N. 

Then the angle of fatigue crack devi
ation was defined in accordance wi th 
Sih's energy criterion. The relevant al
gorithm is shown in Fig. 15. 

Numerical Application 

This phase of numerical calculations 
demonstrated the effectiveness of the 
method when used for determining the 
fatigue crack propagation path at the toe 
and the root of the weld. 

Although the calculation hypotheses 
were restrictive (calculations on the 
basis of linear elastic fracture mechan
ics assuming a homogeneous material 
without weld residual stresses), a fair ap
proximation of the experimental crack 

calculation of KI, KII 

in zone I 

Determination of the crack 

deviation angle (a) (SIH) 

Increment of the crack 

ai + 1 = ai + inc 
inc = 0,05 mm if a < 1 mm 
inc = 0,2 mm if a > 1 mm 

NO 
END 

YES 

STOP 

Fig. 13 — Theoretical propagation of angle a. 
Fig. 14 — Algorithm used for modeling crack 
propagation path. 
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Initial defect 
zone I I : aO = 0,05 mm 
zone II I : 2a0 = 7,5 mm 

calculation of KI, KII 
zone II, III 

calculation of the crack 
deviation angle a (SIH) 

in zone I I : a (II) 
in zone II I : a (Ilia), a (Hlb) 

calculation of the crack growth in zone (Ilia) 

(nul = 

i 

calculation of the number 
of the cycles for the crack extend 

c'(AKi,im da 

pvrna)- N0TjJ *-(j»(in<j)=a(m.)-i-Aa J 

calculation of the crack growth in zone (tllb) 

N(„ C(AK|mb)) da 

( a(llib) = armh)+ Aa V * ( ^(m>)= Nrn)J 

determination of the crack 
in zone II, Dia, 111b 

NO 
STOP 

YES -(^ENlT) 

Fig. 15 — Algorithm used to determine the angle of fatigue crack deviation. 

paths was obtained. For the failure 
modes considered (Zones I and II of the 
weld), see Figs. 16-18. 

The modeling of the crack path in 
Zone II at the weld toe evidenced a cor
rect reaction of the Sih's energy crite
rion for crack propagation (a) as a func
tion of the size of the incomplete fusion 
at the root. Figure 19 illustrates the evo
lution Kl = f(a/t) of each of the cracks in 
Zones II and III of the weld. The numer
ical values showed four succesive 
phases: IJinit ial ly, an identical evolu
tion of the cracks at the weld root was 
observed, 2) then an unbalance gradu
ally appeared and reached a maximum 
when the crack located in the nearby 
Zone II approached the depth a/t = 
0.3-0.4 in the weld, 3) from then on, a 
rebalancing of the evolution mode of the 
root cracks was observed when the crack 
in Zone II reached the mid-thickness of 
the welded plate, and 4) beyond that 
depth, the unbalance occurred in the re
verse manner until the assembly failed. 

Thus, the analysis of this numerical 
simulation demonstrated the existence 
of a constant interaction between these 
fatigue cracks at the onset of initiation, 
continuing throughout the propagation 
phase until complete failure of the weld 
occurred. 

So interest in this kind of simulation 
was not only to permit the numerical de
termination of the (most likely) K func
tions of the cracks running in a welded 
assembly (or structure), but also to ana
lyze (nearly cycle-by-cycle) the differ
ent phases of interaction between the 
cracks, as the fatigue failure proceeded. 

Estimation of the Fatigue Life 

Presentation and Formulation of the 
Analytical Model 

The modeling of the fatigue behav
ior of fillet welded assemblies was based 
on the hypothesis that the cracks would 
fol low a propagation law of the Paris 
type 

rli 
— = C (AKf 
dN 

(5) 

C and m materials constant 

The stress intensity factor K (in mode 
1) was determined by considering the 
real evolution of the shape of the crack 
front (for the assemblies welded by the 
SMAW and GMAW processes). In this 
case, the stress intensity factor K was 
expressed as K = K numerical x tp (a/c, 
a/t), (p (a/c ; a/t) being dependent on the 
form of the crack front. 

Fig. 16 — Modeling of the crack path in 
Zone I. 
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experimental 
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path N. 

experimental path \ 

s "^"NA 

^ ^ > toe 

^ ^ ^ ^ M 

4 . lit r oo t _ 

2 a / t = 0,75 

•» 

—- -- — 

(3 = 30° 
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Fig. 17— Modeling of the crack path in Zone II. 

The correction factor (p (Fig. 20) was 
defined by 

. , . . . KRN plate c . __ 
(p(a/c, a/t) = — Fig. 20 

K num. plate 
(6) 

where KRN plate corresponds to the 
function K calculated with the model 
proposed by Raju-Newman (Ref. 5) for 
a flat plate subjected to tension or bend
ing, and K num. plate corresponds to 
the function K obtained numerically 
with a flat plate subjected to tension or 
bending, with special consideration of 
the presence of a edge crack (a/c — > 
0) in Zones I or II of the weld. 

The Elber ratio that represents the rel
ative fraction of the amplitude of the 
nominal load during which the crack is 
open is the following 

U- (7) 

The value of o o p was derived from 
the method used for the monitoring of 
microcracks by microstrain gauges. Fig-

Fig. 18 — Simulation of the fatigue failure of the weld when a multi
ple failure mode is present. 

ure 4 shows clearly that the relation U 
= f(a/t) was relatively constant and high 
during the whole cracking stage. 

Thus, the final expression for the 
stress intensity factor of the fillet welded 
assemblies was 

" ' W . j o i n l —UxAKnum, joint 

^RN plate (8) 
k num. plate 

The number of cycles to failure was 
determined by integrating that relation 

NR 
raf . 

= ic 
Jai 

UxAK„ 
^RN plate 

K num. plate , 

da 

(9) 

Numerical Results 

The calculations made in Zone I of 
the weld toe permitted the functions Kl 
= f(a/t) to be defined for three distinct 
weld geometries. They were made by 
varying the toe angle only 30, 45, and 

60 deg. For defining a unit evolution of 
the relation Kl = f(a/t), the stress inten
sity factors were divided by the nomi
nal stress applied in the weld. The fol
lowing relation was obtained 

K. /num. joint 

ON,, 
•f(a/t) (10) 

The reference nominal stress (oNf|) 
was calculated by the application of the 
strength of materials concepts for a beam 
subjected to three-point bending, 

oN„ = 
mt_ 

d D 

In the case of fillet welded assem
blies, this nominal bending (flexural) 
stress (cNf|) is induced by the loading 
span D. The numerical results corre
sponding to each case are presented in 
Fig. 21. 

The numerical calculations made for 
studying Zone II of the weld permitted 
the determination of the functions Kl = 
f(a/t) for two distinct sizes of incomplete 
fusion (2a/t = 0.4 and 0.75) by first ne-
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Fig. 19 — Evolution of cracks in Zones II and III. 
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glecting the residual deflection of the 
welded plates (5 = 0 deg), and then im
posing a residual deflection of 8 = 1 deg 
(this value of 8 = 1 deg corresponds to 
the maximum residual deflection mea
sured experimentally on the test speci
mens). 

The numerical values obtained for 
each case under study are presented in 
Fig. 22. The evolution of the stress in
tensity factor is also expressed by the re
lation 

K, joint, num 
= f(a/t) (12) 

The reference nominal stress o ^ j in 
Zone II of the weld was determined by 
applying the strength of materials con
cepts to a flat plate subjected to uniax
ial tension 

0 " M T = — (13) 

The analysis of the numerical results 
demonstrated the effect of the size of in
complete penetration on the value of the 
stress intensity factor Kl during the whole 
cracking stage. In this case, an increase 
in the stresses in the weld zone of inter
est was observed when the size of the 
incomplete fusion increased (Fig. 22, 
curves 1, 3). 

The analysis also demonstrated the 
effect of residual deflection (8) between 
welded plates. In this case, the residual 
deflection induced a spurious bending 
stress, which was superimposed upon 
the tensile nominal stress applied to the 
fillet weld (Fig. 22, curves 1, 2). 

The variation in the applied nominal 
stress in the fillet welds may then be ex
pressed by relation in Equation 14 for 
welded joints containing an incomplete 
fusion of 2 a/t = 0.4 and 0.75. The evo
lution of this relation evidenced an ini

tial increase in the values of Kl to be
tween 32 and 36%( depending on the 
fracture mode), which then fell to 
14-23% when the crack reached a depth 
of a/t = 0.6. 

K, jo int (S = 0°) 

K, jo int (S = V) 
••f(a/t) (I) (14) 

Thus, the deflection plays a dominant 
role in the scatter of the fatigue-life ex
perimental data obtained from fi l let 
welds subjected to tension and bending 
when the propagation of cracks ex
tended from this zone of the weld. 

Analytical Results 

The modeling of the fatigue life of f i l
let welded assemblies subjected to ten
sion and bending was made with spe
cial consideration of a function Kl = 
f(a/t), depending on both the variation 
of the shape of the crack front and the 
fraction of crack opening during the 
whole propagation stage. The analytical 
functions K = f(a/c, a/t, U, 6) determined 
for the Zones I and II of the weld are pre
sented in Fig. 23 for assemblies pro
duced by the GMAW and SMAW pro
cesses. 

The fatigue life was calculated by in
tegrating the function Kl = f(a/t) with spe
cial consideration of the fact that the 
cracks propagate according to a law of 
the Paris type. The integration bounds 
were defined by the limit of experimen
tal detection (ao = 0.05 mm) and af was 
calculated by application of the linear 
elastic fracture mechanics concepts with 
special consideration of the limit value 
of the plastic yield of the remaining lig
ament. The materials constant C and m 
were determined experimentally wi th 
the E-36-4 base metal, transverse to the 
rolling direction (C = 2-3.10"1 2 , m = 3; 
for AK (MPa, Vm)). 

Analysis of the Analytical Results 

The analytical values revealed a 
phase of slow crack extension (a< 1 mm) 
which, depending on the fracture zone 
(Zones I or II), represented 33 to 44% of 
the propagation life of the fillet welded 
assemblies — Table 3. 

The modeling of the fatigue behav
ior of weld Zone 1 revealed an increase 
of nearly 80% in the propagation life 
when the toe angle 9 was varied from 
30 to 60 deg (the notch acuity decreased 
locally) — Fig 24. 

The analytical study conducted in 
Zone II of the weld showed a decrease 
of nearly 50% in the propagation life of 
the assembly when the size of the in
complete penetration 2 a/t was varied 
from 0.4 to 0.75, and when we assumed 
a residual deflection between welded 
plates equal to 8 = 0 deg and then 8 = 1 
deg—Fig . 25. 

The results of evaluations of fatigue 
life made wi th this analytical model 
showed that in so far as the history of 
the fatigue behavior of the fillet welded 
assemblies was known (8app., true 8, 
Na, Np = Nr-Na, fracture in Zones I or 
II, 2a/t), the calculated values ap
proached the experimental results with 
a 28% mean error of estimate — Fig. 26. 

Conclusions 

The evaluation of the fatigue behav
ior of fillet welded assemblies subjected 
to tension-bending as a function of the 
weld penetration showed the following: 

1) The method of detection by using 
micro-extensometers attached to the 
weld toe permitted the monitoring of 
small fatigue cracks, from the initiation 
stage (ai = 0.05 mm) through to a depth 
of 1 mm in the weld. The test results 
showed that this propagation phase of 
microdefects may represent from 30 to 
90% of the fatigue life of the fillet welded 

W E L D I N G RESEARCH SUPPLEMENT I 363-s 



2,00c-1 

A N A L Y T I C A L F U N C T I O N K - f ( a / c , a / t , U , © ) 

l,00e-l -

• : - « : ! : • - • • • 

, gQQH H a Kjoint(45°GMAW )1 ZONE I 
• Kjoint(4S°SMAW )J 

1 • Kjoint(4J(t=0.7S )"| _ • 
* Kjoin(2a/l=0,4) J ZONE II S E Q 

. . . a/t _ J I,36e-20 
2.71e-20 2,00c-l 4,00e-l 6.00e-l 8,00e-l 

Fig. 23 — Analytic functions determined for Zones I and II. 

4O0-| 

D 
< 

350 

300 

bl 
250 i P 

200 

150 

100 

INCIDENCE OF THE TOE ANfiLE 6 ON THF, 

FATIGUE LIFE OF THE FILLET WELDED ASSEMBLIES 

modeling of the fatigue life 

weld-zone I 

experimental resu 
in ZONE I 

a .0=30 

9=60 
,« SMA W 

CYCLES Nr 

10" i i r 1 o" 1 0 ' 

Fig. 24 — Increase in propagation life when toe angle varied from 30 
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assemblies, depend ing on the geomet r i 
ca l pa ramete rs , on the a p p l i e d stress 
state a n d o n the w e l d i n g process used 
( G M A W or S M A W ) . 

2) The synthesis o f the test results re

vea led the ex is tence o f a c r i t i ca l s ize o f 
i ncomp le te penetrat ion b e l o w w h i c h the 
i n c o m p l e t e p e n e t r a t i o n no longer ex
erted any s igni f icant effect on the fat igue 
life o f f i l let w e l d e d assemblies subjected 

to tens ion a n d b e n d i n g . For assembl ies 
p r o d u c e d w i t h the G M A W and S M A W 
processes, th is c r i t i ca l va lue was es t i 
mated at 2a/t = 0.8 (t = th ickness o f the 
w e l d e d plates) (Ref. 2). 

Table 3 — Analytic Values for Crack Extension 

GMAW 

SMAW 

GMAW and 
SMAW 

D6 
A6 
F5 
F4 
C5 

MF2 
MF3 

MG1d 
MG1c 

11 
S= 1° 

12 
6= 1° 

14 
5 = 0° 

(MPa) 

283 
245 
270 
298 
243 

230 
231 
275 
345 

140 

120 

160 

(deg) 

44 

45 
30 
30 
53 

49 
59 
40 
30 

60 
2a/t = 0.7 

60 
2a/t = 0.7 

60 
2a/t = 0.7 

N I 
e x p 

2.1 E5 

4 E5 

1.6 E5 

1 E5 

4 .4 E5 

2.69 E5 
2.83 E5 

8.5 E5 
1.45 E5 

2.1 E5 

2.35 E5 

1.15 E5 

Np 
e x p 

6.5 E5 
1.2 E5 
6.4 E5 
2.8 E5 

1.08 E6 

1.26 E6 
9.63 E5 
2.18 E5 

3.7 E5 

3.8 E5 

4.3 E5 

4.1 E5 

N 1 

cal 

2 E5 
3.09 E5 
1.94 E5 
1.44 E5 
4.75 E5 

2.7 E5 
1.47 E5 

7.9 E5 
1.28 E5 

1.84 E5 

2.92 E5 

2.6 E5 

Np 
cal 

5.7 E5 

8.9 E5 

6 E5 
4.47 E5 
1.33 E6 

7.3 E5 
4.1 E5 

2.16 E5 

3.77 E5 

4.5 E5 

7 E5 

5.8 E5 

N l / N p 
exp 

0.32 
0.33 
0.25 
0.35 
0.40 

0.22 
0.30 
0.38 
0.39 

0.55 

0.54 

0.29 

N1/Np 
cal 

0.36 
0.35 
0.32 
0.33 
0.35 

0.37 
0.36 
0.37 
0.34 

0.40 

0.41 

0.44 

Npexp-Npcal 
Np exp (%) 

- 1 2 
- 2 5 
+6 

- 5 9 
- 2 3 

+42 
+ 57 

0.9 
-1 .8 

- 1 8 

+62 

- 4 1 

200 r 

Ao 

175 

150 

125 

100 

75 

50 
10" 

FATIGUE STUDY IN ZONE II 

experimental results 

o 0,6<2a/t<0,8 

— modeling of the fatigue life of 
the fillet welded assemblies 

yr 

CYCLES Nr 

- . . I . 

10"' 1 0 " 10 

Fig. 25 — Fatigue study in Zone II revealed a decrease in propaga
tion life. 
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Fig. 26 — Comparison of calculated values with experimental results 
of fatigue life. 
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3) All the tests performed on load car
rying fi l let welded assemblies showed 
that the most restrictive stress condition 
for admitt ing a critical size for incom
plete rooit-penetration corresponded to 
a uniaxial tension loading (Ref. 1). 

In this case, the critical size of in
complete penetration below which the 
incomplete penetration no longer af
fected the fatigue behavior was 2a/t = 
0.5 (t = thickness of welded plates). 

4) Although the fatigue modeling of 
f i l let welds is in itself a very complex 
physical problem (because of the pres
ence of micro- and macro-hetero
geneities of mechanical and structural 
nature, or of the presence of a very com
plex residual stress state), this study 
proved that the numerical calculations 
made by using the linear theory of elas
ticity (and the LEFM) permitted the fol
lowing to be achieved: A) an evaluation 
of the preferred initiation-sites for fatigue 
microcracks in each sensitive zone of 
the weld as a function of the geometri
cal parameters and loading conditions, 
B) a simulation of the fatigue crack prop
agation paths, in each weld zone under 
study, by using the energy model pro
posed by Sih (Ref. 4), for a single or mul
tiple failure mode of the fillet welded as
semblies, and C) the modeling of the 
propagation life of fillet welded assem
blies subjected to tension and bending, 
as a function of the geometrical param
eters of the weld, of the size of incom
plete penetration, of the residual deflec
tion of the welded plates and of the 
welding process used (GMAW or 
SMAW). 

5) The analysis of the results demon
strated the effectiveness of this analyti
cal modeling which permitted the slow 

microcrack-propagation phase (evi
denced by the experimental program) to 
be taken into account, and gave a satis
factory estimate of the fatigue life what
ever the zone of failure and the welding 
process used. 
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Appendix 

9 toe angle (deg) 
H/t throat thickness 
T/t thickness ratio of the weld 

plates 
t thickness of the weld plate 

(mm) 
2a incomplete penetration (mm) 

Zone 111 
p weld toe radius (m) 
8 residual deflection of the 

welded plates (deg) 

a crack depth for a semi
elliptical surface crack (mm) 

aO initial crack defined by the 
limit of experimental 
detection (aO = 5E-5m) 

af final crack (m) defined by 
LEFM 

c half crack length for a semi
elliptical surface 
crack (mm) 

U relative fraction of crack 
opening as define by Elber 
(Ref. 3) 

oNT nominal tensile stress (MPa) 
cNf| nominal bending stress (MPa) 
l o local main stress 1 
o o p nominal stress during which 

the crack is open 
(MPa) 

S strain energy density 
v Poisson's ratio 
E Young's modulus (MPa) 
p shear modulus (MPa) 
a theoretical propagation angle 

(deg) defined by Sih (Ref. 4) 
C, m materials constant 
(3 propagation angle of the 

cracks at the weld toe (deg) 
cp correction factor, dependent 

on the form of the crack front 
KRN plate K calculated with the 

model proposed by 
Raju/Newman (Ref. 5) (MPa 
Vm) 

Knum. joint stress intensity factor 
obtained numerically for an 
edge crack of the fillet weld 
assemblies (Zones I, II, III) 
(MPa xv/m) 

Knum. plate stress intensity factor 
obtained numerically for an 
edge crack in a flat plate 
(MPA Vm) 
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