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ABSTRACT

A method of an initial stage of a cyclic damage propagation in structural
members with stress concentrators is suggested. The stressed condition of
sections of the most probable fracture of the welded Jjoints vs. technologi-
cal factors as a function of welding methods is regarded. The design proce-
dure to evaluate the endurance of the welded Jjoints allowing an optimiza-
tion of the design arrangement of the joints of the welded structures is
based on a fracture model and data relating to a stressed condition.
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INTRODUCTION

In general, marine structures are complicated welded metallic structures of
many large size members and welded Jjoints. This induces an important requi-
rement to account, in principle, for a design a special character of the
structure due to its manufacture methods. The experience of the welded
structure performance at cyclic loading shows that a failure, predominantly
occurs in the welded -joint zones and most frequently in the conjugation zo-
ne of welded joint and base metal. This relates to an effect of a combina-
tion of factors reducting the performance of the welded joints, the basic
factors are: stress concentrators and deformation induced by a geometrical
imperfectness of the welded joint cofiguration, residual welding stresses,
property inhomogeniety and a fracture resistance in an about Jjoint zone, an
inhomogeniety of the geometry of the conjugation zone of the joint and the
base metal along the welded joint length. The present paper deals with a
development of a design procedure of endurance of the welded structure mem-
bers taking into account the effect of the above mentioned factors.

A FRACTURE MODEL AT INHOMOGENEOUS STRESSED CONDITION

The present procedure to design the endurance at a stage of a crack initi-
ation are based on a deformation criterion (N.A.Machutov, 1981) and as
original data apply an experimental amplitude of a strain, number of cycles
to a crack initiation, ni , relation obtained at the test of unnotched spe-
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cimens of controlled strain level. The design of the crack propagation {

stage is based on the equations of the fracture mechanics relating theak ;-
and KMaX an4 parameters and a crack growth rate da/dn. The original baseI :
for the equations is the test results of precracked specimens. In real
structures, welded structures including, a failure is generally induced by
the stress concentrators which are not cracks, i.e. a situation is interme-
diate. It is of Special note that a separate application of either design
procedure to evaluate the endurance, if sharp concentrators are available,
results either in an unrealonably reduced values (if the deformation crite--
ration is used) or in a large unaccurancy due to unreliable values of an
initial crack size (a kinetic approach of the fracture mechanics).

R T,

£

Because of this the attempt was made to develop a sufficiently simpe design
fracture model of a material at an inhomogeneous stressed condition provi-

£, and calculated stress concentration factor,dg, and without an applica-
tion of any kind of supplemented information, n. =¥€) and da/dn :ﬁjAKI)
curves excluding. The proposed model is based on a calculation of two
damage rates: front damage propagation rate V3 , by a shear mechanism being
a function of the strain; rate V.., determined in accordance with the frac- 3
ture mechanics concepts as a funcfion ofaK; and K?ax_
The next approximations are assumed:
- a real rate of the damage propagation » V., is determined as a sum of
the rates of two parallel acting processes

LR Vi (1) :

0 i M i 2

- vV, value is a function of a local values at the point whére it is calcu-
latéd and doesn't depend on its depth and mean stresses;
- v, value can be obtained by standard procedures, i.e.it is identical to
da/én and is a function of a cycle assymetry which is described by known
equations;
- Under corrosion medium influence an increase of either V. or v, 1is ob-
served. Based on (1) the endurance y Ng, up to crack of am;x deth appea-
rence is determined by the equation
Tmax
Ny = af (vi+vk)_1 da (2)

For an unnotched specimens tested under the controlled deformation level ¥

(Eq= const.) v, doesn't depend on a »which provides an application of (2)

to evaluate v., if vk ( A K;) function is known, a , value can be 1-2mm. :
The endurance of the unnotehied specimens recorded 2 the time of the expe- L
riment up to the crack initiation is assumed to be Nzand v. values for a

shows an example of curves obtained by the method relating to shipbuilding
steels. The design oﬂAKI for a crack at a J-step was performed by the equa-

tion (aK.). = 1,12 ‘Eq -EV a-Jr,i.e. for a load condition of the unnotched $

specimens™ ( assymetry factorY R =-1) a compression part of the cycle was
assumed to be of no effect on v, value.

The application of the desired éodel to design Ng values of the stress
concentration’ zones is a calculation of an integral (2) characterized by a
difference represented by v, being a variable depending on the depth of a
location of an analyzed damége point in accordance with an variation of the
deformation level, and the design of A K. values seems to be more complica-
ted. To design the endurance up to crac% of a depth initiation at a ran-
dom parameters of concentrator and algorythmga are used realized as a di-
gital procedure including:
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(Kr;ln)j values and a_. = selection of
the v. and v, values are given in the
tavildted fofm. Ar K™D, gHAX < 0 v, is
established by the experimental dita
relating to the effect of loading as-
symetry on a crack kinetics.
Fig.2 compares the design results of
the endurance up to crack of a max> 2
initiation and test results of the
specimens with concentrators of a
groove type of different @ and ol
values. The familiar design model is
in good agreement with the experiment
and describes a complicated relation
of the specimen endurance with concen-
trators and mean stress value, G .
The application of the regarded design
model to predict the endurance of the
welded joints requires some additional
information:
- data of the interelation of the geo-
metrical parameters of the joint anddg
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data relating to the features of the combined deformation of the parent
netal and weld metal of inhomogeneous mechanical properties;
- fracture resistance parameters of metal's sections of structural inhomo-
Zeniety of the welded Jjoints; ’
- parameters characterizing the variation of the welded joint geometry
«long the joint and the measure to account for the geometrical inhomogenie-
ty. Later on the basic results obtained by the mentioned ways of investiga-
tion will be considered.

THE GECMETRICAL PARAMETERS OF THE WELDED JOINT AS
A FUNCTION OF ol g.

To establish the relation many calculations were performed by the finite
element method (FEM). A stress concentration factor of butt and T-joints
(Fig.3) can be written as follows:

ds = 1 + AJS/® (3)

where @ is a radius of conjugation of the parent metal and weld metal;

s is a thickness of a structural member; A is a factor depending of a butt
angle of* the weld to the parent metal and a ratio of the rigidities of the
conjugated members. For the butt and T-joints the relation (3) can be ex-
pressed in the form of an analytical ratio providing the calculation of va-
lues using the parameters of the Jjoints, respectively (Carch-in V.A., Co-
pelman L.A., 1976; Iljin A.V. et al., 1981)

a) d—d=1+[9(14-5“+1,7-/1-‘f5~.5'.{)_]
0V dg = £0025i5) ((T+28)5) 1 - exo (- 1.9/ 7 7 G

These equations allow to design thed,values with the geometrical parameter
variation in the next ranges: 0,03 <9/s < 0,75; 0,2 < h/b < 3;
0,75 <(T + 2b)/s <3. For the two axial
b 9 loading a correlation factor proposed
M M in (Iljin A.V. et al, 1983) the design
N ] S N by the given formulars is good indica-
e )
L, [T
b. o .
M <} AN Moy
wf {3

ted by the experimental data.
Fig.3. Typical welded Jjoints
and their geometrical
parameters.

~0.5 (4)

FEATURES OF A COMBINED DEFRCMATION OF
THE PARENT METAL AND WELD METAL

In a case when an amplitude of local
strains in the zones of stress concen-
trations i.e. zones of the conjugation
of the weld metal and parent metal ex-
ceeds a yield strength of the less
strength metal (of th Joint, G™, or
heat affected zone,GiT ) a field of a

local elastic-plastic deformation occurs. It is known that an increase of
the factor of strain concentration Kgand a reduction of the factor of
Stress concentration, Kg , with respect to the original value, dg, is ob-
served. To describe a variation of the Kg and Kzin a homogeneous metal with
the increase loading some equations are proposed, (Machutov N.A.,1981), for
example. When a zone of the concentrated interference is isolated by a fu-
sion line of dissimilar materials a picture becomes more complicated
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(Mig. 4). At coming to the & . of less strength metal a localization of
‘he deformation occurs accompaniéd by a reduction of the deformation:rate
' 2 more strong metal. ggis results in a d%gference of a strain concentra-
lon in the base metal K¢~ and weld metal Ke', Fig. U4b. On the base of the
rertfomed designs and analysis some relations are proposed providing a de-
fermination value as a function of an original value, factop of a mecha-
nieal inhomogeniety, y, (§ :Gv;n/e. ) and nominal stresses & (Iljin A.
1983). For a weld metal: 2

with a“/do>€ N
M

£
T

K" = de (6)

a?

Gw

0 05 1.0
g.4. Deformation of the base metal,bm,

and weld metal, wm, as(1-GXn '-{/O(G)J _{(7)

Fi;

{ > 2r/g, K28 [rsSN0r) ]
- 0.5(1-(4/y - 1/ -4
SU2L KMl [r(asyp) T B T )
‘or a base metal with bm_ :
P s>y , Ketds (9)
- bm =N~
{0(1-4/de) > BY > y/4 K™= {+5(1-(1/ds))/Ga » (10)
S ) 05 [1-(5,/5 - /)] ;
1

=N ) —-N T8, =
> Qall(t-4/4y) . KM=d2G) $YdsGa/p)
=n i <3 -05[1-(1/8 - 1/ds)]
:,‘VGQa!bm v K=ol 8 5(ds/B) (1
.s.ux‘ebq:%N/ST y _E>=[0L\;(i‘l‘) +4]. ’
the amplitude of the local strains in the zones of a feasable fracture of
velded joint under cyclic loading is determined by the equation 521 =
HSQ‘KE/E and by any of the equations (6)-(12).

2)

AN ACCOUNT OF AN INHOMOGENIETY OF A GEOMETRY
OF THE WELDED JOINTS ALONG THE JOINT LENGTH

{ rdius value of weld and metal conjugation effecting at the most rate va-
| 13 generally an uncontrolled parameter of the welded joints and is cha-
ractérized by a random distribution along the weld length. Fig.5a shows the
{lspersion with a manual welding by a stick electrode. Due to a large dif-
terence of the minimum, Q i, @nd mean values at a small lenth of the weld
cetion an application of @ﬁg deformation criteration to predict the endu-
ince seems to be unsufficient-an expected number of cycles to a crack ini-
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tiation vs is extremely steep (Fig.5b, N.- curve)

A(hffgrent sitdation occurs if a combined: model
i described above is applied. The endurance.design
' . N; by the instant of a semielliptical crack ini—1
| t}atlon 2-3 mm in depth shows that valuefﬁpprop—
X riate to the minimum Ng is different from @
! and @. In this case the Ng (@) relation is %%8-
gounced‘more feebly. The present fracture model
1s applicable to (Fig.6,type 1). Another proce-
dgre assumes that due to an initiation, p}opaga—
tion and coalescence of individual semiellipti-
cal crack along the weld joint, an edge crack
generates. (Fig.6 type 2). An analysis of this
racture model shows that it can be applied for
low.cycle field and in this case the endurance
d¢31gn can be performed similar to weld Jjoint
with the constant ¢ =¢ value along the weld leng-
Fig.5. A change of en- tb. The performed analysis shows that to deter-
durance vs con— mine allowable conditions (stresses) it is rea-
jugation redius. sonab}e to regard two fracture types: 1) a pro-
pogation along the welded joint of acountinuos
edge crack generated due to damage initiation
over 50 % of the weld length; 2) a
propagation of a semielliptical
craok starting from a weld section
with @ n or & The design perform-
ed on @%e base of the above mention-
ed data shows that a transition from
the first fracture type to the se-
cgnd oocErs at the endurance excee-
ding 107 cycles in air and 5.10°
cycles in sea water.

Fig.6. Features of a fatigue failu-
re in a welded joint
1 - local cracks, large number cycle loading
2 - front of a generated
crack ;low cycle loading

DETERMINATION OF FIELDS OF THE RESIDUAL WELDING
STRESSES '

The»exist;nce of the fields of the residual welding stresses (rws) in the
welded jo;nts is a base factor inducing a cyclic strength of a structure.
The rws distribution in a weld metal-base metal conjugation zone, physico-
mechanical inhomogeniety and structural transformations are investigated
ugsufficiently. Common enough results (Fip.7) were obtained when ﬂnJinVPh—
tigation based on FEM digital simulation of the thermodeformation cycle of
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a welding was performed. At the time of
sd transformation at temperatures below
00”C (Fig.7a) zones of compression

transversal stresses can generate. Howe-

ver, these zones are highly localized.

The pronounced compression zones can ocC-

cur at r—%apransformation at temperature

below 2007°C. When j—dtransformation
occurs at cooling at temperatures over

40O - 500 “C in an about weld zone ten-

sile rws approaching aboutGSf are for-

med.

Thus, rws in the weld base metal conjuga-
tion zone is characterized by an essen-
tial inhomogeniety which results in the
requirement to analyze in detail the most
"dangerous'" cycle of material deformation
in different points of the Nelded joint
and design of S (y) = f(Gm,d(;,GX/ BT)
accounting for them: in detail the
problem is regarded in a paper by Arden-
tov V.V.et al., 1985. The proposed model
allows to account an existance of this
complicated relation.

Fig.7. Transversal rws at
availability (a) and
non-existance of
structural transforma-
tion (b)

THE DESIGN PROCEDURE TO EVALUATE ENDURANCE TAKING
INTO ACCOUNT TECHNOLOGICAL FACTORS

The desing procedure is as follows:

1. Based on theSand @ . values inherent to a given technology and the geo-
metrical parameters T8¢ the welded joint appropriateJumukLgmax values
are established.

2. In accordance with the described above results the design and polynomi-
na approximation of destribution of amplitudeQ;a(y) and meanS (y) values
of local stresses are performed. The required information is the rws distri-
bution cyclic parameters of operating stresses, yield strength of the mate-
rial. '

3. The relations Ng (§,) for two limit types of cyclic fracture is design:
propagation‘of a semieiliptical crack in a field of local stresses corres-—
ponding todg, i.e.& = f(Ng ) for 9 =¢*(Fig.8a,curve 1) and an edge _g_racl;
in field of local stPesses corresponding tods, i.€.G= f(Ng) forQ =19 (Fig.
3a, curve 2). _

li. The . generalized curve of allowable stress curve reprgsentlng a lower en-
velope of the two Ng (67) relations design by item 3 (Fig. 8a,cgrve 3).Each
similar curve of the alTowable stresses appropriates to a certain type of
the welded joints Fig.8b shows as an example, curves of the allowable
stresses of a butt joint produced by different manufacture_methodfcisz 1,1-
1,5 - argon arc fusion of a conjugation zone; 2,5 -automatic welding;3,5 -
manual welding. To analyze if the described design procedure can peir?gard—
ed as a method to design the endurance of the welded joint at an initial
stage of a damage propagation some special experiments were performed. The
endurance design by the developed procedure of the welded joints and stfuc-
tural members loaded by 103 -10¢ cycles doesn't result in errors exceeding

in 95% the experimental data by a factor of 2-3.
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CCONCLUSION

A rather simple design procedure pro-
viding a prediction of the endurance
of the structural members with stress
concentrators ol a random geometry
based on the standard fracture resis-
tance parametors of the material under
cyclic loading is suggested. The app-
lication of the design procedure to
predict the endurance of the welded
Joints allow to account in tis scope
the basic technological factors gene-

und ol N

3 5 rating at welding and reasonable ap-
[Gﬁ;LfU 1ﬂq 10 Aé;cycf proach to the plotting of the curves
MNQ of the allowable stresses by an engi-

b. neering criteration - initiation of a

={0 415 2,535 visually recorded crack. The design of

the cyclic strength of the welded joi-

300 ints or structural members by the de-
& veloped procedure allows to increase
200 |- the reliability of the design procedu-
i - re and safety of the structures.
0 I i featrad Lol L1

U T R

Fig.8. Allowable stresses with
cyclic loading: a-plotting
brocedure; b-standard curve
for butt Jjoint

REFERENCES

Ardentov V.V.,I13in A.V., Karzov G.P.,Margolin B.Z.(1988).Features of resi-
dual stresses formation in the welded joints of the structures without
heat treatment.Tn broceedings of II National Symposium "Residual technolo-
gical Stresses!"(Antonov A.A.)p.51-57, IPM( USSR Academy) ,Moscow, (in Russian).
Chell G.G.(1976).The stress intensing factors for part through thickness
embeded and surface flaws subject to a stress gradient.Eng.Fract.Mech. .8,
pPp.331-340.

Hammouda M.M., Smyth R.A. Miller K.J.(1979).E1astic—plastio fracture mecha-
nics for initiation and bropagation of notch fatigue crack. Fatigue of
Eng. Materials and Structures V.2, pp. 139-154.

I1jin A.V.,Leonov V.P., Manninen T.P.(1981). The effect of a geometry of
welded joints on a concentration of elastic stresses. Voprosy sudostroe-
Nija (series "Svapka" » 15.32,p.16-24 (in Russian). x

I1jin A.V. Karzov G.P.,Leonov B.P.,Semenova V.T.(1983) .Features of the appli-
cation of deformation criteration of fracture with evaluation of the endu-
rance of the welded Joints.Voprosy sudostroenija (series "Svarka'"),N3,
p.67,(in Russian).

Machutov N.A.(1981). Deformation criteration of fracture and design of the
strenth of the structural members. Mashinostroenie, Moscow, (in Russian).

376



User
Rettangolo




