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DEFECT TOLERANCE ANALYSIS OF CRUCIFORM WELDED
JOINTS SUBJECTED TO FATIGUE LOADING

J.A. FERREIRA*, C.M.BRANCO** and J.C.RADON#**

Defect tolerance curves for non-load carrying cruciform welded
joints subjected to fatigue loading in bending were derived
using Fracture Mechanics. These curves were compared with the
experimental S-N curves obtained from fillet welded specimens
of medium strength steel St 52-3 of 12 mm plate thickness. A
considerable difference in fatigue life was obtained due to a
significant crack initiation period. However good agreement
was found with similar data published in the literature.

A defect tolerance procedure was carried out for this type
of joints in bending using both classes E and F of the BS 5400
code.

INTRODUCTION

Non-load carrying cruciform welded joints are quite extensively used in weld
ed structures and may be subjected either to axial loading or bending depend-
ing on the type of structure concerned. However in design codes such as BS
5400 (1) the design stresses are usually based upon test results obtained
under axial loading, which may be unduly conservative for joints loaded in
bending. Hence one of the objectives of the work was to obtain S-N data for
these joints in bending and compare the results with the appropriate fatigue
design curves in the code.

In welded joints crack propagation plays a dominant part in the fatigue
life. In non-load carrying joints fatigue cracks usually initiate at the
weld toe and propagate through the plate thickness. Fracture Mechanics has
been applied sucessfully to describe both crack propagation and fatigue life
of welded joints. Several detailed examples are available in the literature
(2 to 5) but these are mainly for joints loaded in tension. Bending loading
has not often been considered in the Fracture Mechanics studies of welded
joints.

The application of LEFM in the fatigue analysis of welded joints is de-
pendent on the availability of stress intensity factor solutions. These so-
lutions should be sufficiently accurate without the need of extensive time
spent in data preparation and computer use. In simply shaped welded joints
the Albrecht method (6) is often used to compute stress intensity values.
The method is easy to apply and does not require a great amount of computer
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time or memory. For practical purposes the method is accurate enough provid
ed a basic stress intensity factor solution is known and the stresses
can be computed with a good degree of accuracy. Basically the method con-
sists of calculating the stress intensity factor K in the welded joint using
the equation

1

k=K E, (1)
where K1 is the stress intensity factor solution assuming a uniform stress
distribution in the crack propagation line and F, is a dimensionless factor
which takes into account exclusively the non—uni%orm stress distribution in
the weldment. If Kl is known for a similar geometry and loading mode with-
out the weld, F. can be computed using an equation derived by Albrecht (6)
and based on the stress values computed along the crack line.

The stresses required for the determination of F_, can be conveniently
computed using the finite element method. Various types of elements may be
used, here, namely, the constant strain triangular element, the eight node
isoparametric element and also 3D elements. Most of K solutions available
in the literature were obtained for joints loaded in tension using triangu-
lar elements (7). The authors have carried out an extensive computation of
stress intensity factors in non load carrying cruciform fillet welded joints
loaded in bending and tension (8). The eight node 2D isoparametric element
was used and the results allowed an assessment of the influence of the load-
ing mode and weld geometry parameters such as plate length, weld penetration,
plate thickness, attachment plate thickness weld angle and weld leg length,
on the stress distribution and on the stress intensity factors, Some of
the results were compared with those available in the Literature and good a-
greement was found.

In this paper the above mentioned K results are applied in the defect to
lerance analysis in fatigue loading using both classes E and F curves of the
BS 5400 design code. S-N crack propagation curves are obtained as a function
of initial flaw sizes together with other appropriate curves relating nominal
stress,initial flaw size, plate thickness, weld and plate geometry with the fa
tgue life. Finally S-N data are presented for non load carrying cruciform
welded specimens of steel St 52-3 loaded in cantilever bending. These experi
mntal data are compared with other results available in the literature and
also with the theoretical S-N curves.

STRESS INTENSITY FACTOR COMPUTATION

The details of the computation and all the stress concentration and stress in
tensity factor results may be found in (8) and (9). Here only the most im-
portant points of the analysis will be mentioned. Figure 1 shows the finite
element mesh for the full penetration non load carrying cruciform weld, and
Figure 2 is the specimen sketch with the .nomenclature used in the analysis
of the weldment with the more important parameters of the joint identified.
Thus in Fig.2, B is the main plate thickness, B% is the attachment plate
e

thickness, LG is the weld leg length and 6 is the weld angle measured from
the weld toe.

A comparative study carried out at an earlier date and using a coarser
mesh showed that both the weld penetration and the plate length (L,see Fig.l)
affected the stress distribution onlv by 1 to 2%(9). Hence it was decided to
use the mesh size shown in Fig. 1 since a good correlation was obtained with
the numerical and analytical solutions used'as test cases. This mesh was not
refined any further since an increasing number of elements would have exce-
eded the available computer facilities.
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Two loading modes were considered: a uniform tension apd cantilgver bend
ing both applied through the main plate of tha weldment.Uniform tension Wés
achieved applying a uniform load distribution along ?he 169 to 1?7 node line
(Fig. 1). Cantilever bending was simulated, constraining the vertical and ho-
rizontal displacements in the far left vertical line(nodes 1 to 9) and apply
ing a vertical concentrated load in node 172 (Fig.l).

The stresses were obtained at the Gauss integration points of the isopa-
rametric elements and along lines 1 and 2 shown in Fig. 2. 'The ctacg was as
sumed to propagate from the weld toe along line 1 in the thickness direction.
Hence stress distribution plots were obtained along lines 1 and 2 and from
those the values of the stress concentration factor at the weld Foe,K , were
derived (point A in Fig. 2). The values of the parameters used in theé K
and K calculations are given in Table 1 (8). These values were selected be-
cause they represent typical values in welded structures‘and cover a wider
range of weld details than those usually quoted in the literature.

TABLE 1 GEOMETRICAL PARAMETERS OF THE WELDED JOINTS (8)
B B LG .18 B B1 LG ]
(mm) | (Am) (mm) (mm) | (fm) (mm)
4 10 5 26.57 24 10 and S 63.43
20
12 10 5 26.57 48 10 and 5 63.43
20
4 10 S; 45 24 10 and 2.5 45
2.5 and 10
and 10 J
12 10 5; 45 48 10 and 2.5; 45
2:5 and 10
and 10
4 10 5 63.43 24 10 and 5 45
20
12 10 5 63.43 48 10 and 5 45
20

F . values in equation 1 were obtained by applying the appropriate expres
sion used in (6). The F_, factor will now be called , to comply with the no
tation commonly used for welded joints (7). As mentioned in the Introduction
the F_ calculation is based on the computed stress values along the crack li-
ne (Fig. 2). Hence values were obtained as a function of (a/B),and it was
found that a power law correlation fitted rather well with the results and

was given by the equation

M = p/(a/B)L (2)

183




where p and q are constant functions of the loading mode and of the weld
and plate geometry (B, By ,LG and 8)

§ognd in (8). A typical plot of M against a/B is shown in Figure 3 for a
joint where 6=45°, B = 12 mm and B~ = 10 mm. decreases as the crack ra-
tio a{B increases and approaches tée value 1 for a/B values close to 0.1.
A}so it is seen that M5 increases with the weld leg length,but only with a
minor increase for bending. No influence of weld leg length was noted for
§/B val?es greater than 0.05. Figure 3 results also show that is greater
in tension than in bending and this difference increases as a/B Increases.

The complete set of M, values may be

Th§ main conclusions of the stress intensity factor computation (8,9)are
summarized below

(1) In cantilever bending K values are 20 to 30% less than in tension

(ii) K increases with the main plate thickness.However only avery small
increase was observed for small values of the ratio LG/B and Bl/B

(iii) X increases with both weld leg length and weld angle, but only a
slight increase was obtained when the attachment plate thickness
was increased

(iv)

For a/B values greater than 0.12 in bending and 0.2 in tension Mk
values are very close to 1 and hence K=K

?he resulting equations of the stress intensity facter for tension and
cantilever bending are as follows:

K= (1.122 - O.569a-0.205u2+0.471a3—0.19a4) p/(a/B)Yovr a (3a)
K = (0.862+0.619a+0.786a2) pAa/B)Y ovia (3b)
where o =

) a/B and o is the nominal stress at the weld toe cross section(li-
ne 1 in Fig.2). 1In these equations the terms in brackets are the geometri-
cal f?ctors Y for the K' equations which were taken from the Tada et al (10)
solution for a finite plate in tension with an edge crack and the Murakami

fll) solution for cantilever and plane bending of a rectangular cross sect-
lon bar with an edge crack.

DEFECT TOLERANCE ANALYSIS

Variation of initial crack size and design stress with plate thickness

Curves of initial crack size a. vs.
1on of stress and weld geometry,:ré very

lysis is to be carried out.

main plate thickness given as funct
useful if any defect tolerance ana
These curves were obtained integrating the

Paris law of the material and keeping the fatigue life constant. It is well
known that this integration for R=0 gives
B
da (4)

Nr=f :

. C
a (Mk chax

where Nr is the fatigue life in crack propagation and C and m are respecti-
vely t@e constant and the exponent in Paris law equation. To obtain plots
a. against B,both N_ and o were kept constant in the integration of equation
(). Thus for Nr a design fatigue life of 2x 10 cycles was chosen,and o
was the stress at that fatigue life for both mean design curves of classes E

Vra)™
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ind F of the BS5400 code, These classes were selected since the non load car
rying cruciform weld detail in bending can be clasgsified either as class E or
¥, The values of m = 3.1 and C = 1.33 x 10713 ?Nmm'3 , mm/cycle}are those
obtained in previous fatigue crack propagation tests (12)and are in agreement
with the usual values for weldable low-alloy steels. In equation (4) the geo-
metrical factor Y was taken from equation 3b. No correction for elliptical
crack fronts was needed (@ = 1) since the fatigue tests have shown that the
cracks propagated with values of the ratio (a/2c)between 1/8 and 1/10.

The plots a, against B are shown in Figures 4 a) to c). They were obtain
¢d from the a. results in equation (4) using also the appropriate values of
B (Table 1), and (8,9). Fig. 4 a) results are given as a function of LG
(Table 1) keeping both B, (10 mm) and 8 (45°) constant. In Fig. 4 b) 6 is the
parameter (Table 1) for a constant value of B, = 10 mm, while in Figure 4 c)
B, is the parameter for constant values of 8 = 45° and LG = 5 mm. In Figure
4°c) the defect tolerance curve is plotted for a plate specimen without a
weld (B =0). As expected this curve is considerably above the curves for the
welded specimens. All these results indicate that defect tolerance levels
for class F details are considerably above class E, and this is due to the
lower stress values of the class F curve. Figure 4 a) shows that defect to-
lerance increases when the weld leg length decreases from 10 to 2.5 mm. A
considerable variation was found for thicknesses above 12 mm in the class E
stress values. For the class F stress no influence of weld leg length was
found for thicknesses below 12 mm and only a smaller variation than in the
class E was found for thicknesses above 12 mm. Defect tolerance levels in the
se joints for the class E stress are very low (between 0.1 and 0.001 mm).

The weld angle 6 is the main parameter in the defect tolerance curves as
shown in Fig. 4 b) when compared with Figs. 4 a) and c). Defect tolerance in
creases when the weld angle decreases, specially so for thicknesses above 12.
mm. The attachment plate thickness B, has little influence on defect toleran
ce as shown by the results in Fig. 4°c). A small increase in defect tolerance
can be detected when the attachment plate thickness decreases from 20 to 10
mm but again only for thicknesses above 12 mm.

The initial crack size values or defect tolerance limits,found for the
class F stress ranged between 0.1 and 0.5 mm; these are typical flaw sizes in
low quality welded joints. Hence cruciform non load carrying joints in bend-
ing may be treated as class F details. However a morg detailed analysis should
consider the variation of the stress for N = 2 x 10 cycles with plate thick-
ness B for a specific constant value of a.. The (0,B)plot is presented in Fi-
pure 5 for a value of a, = 0.2 mm. This value of a. was selected since it is
the most commom flaw size found in welded joints as confirmed by many experi -
mental observations (2). Hence a comparison of results can be made.

The points in Fig. 5 were obtained by solving equation (4) for the stress
and the straight lines are the best fit linear regression equations. Each line
is for a particular set of parametes LG,6 and B, (Table 1) of the curves plot-
ted in Figs. 4 a) to c). It is seen that the stfess decreases when the plate
thickness B increases. The lowest stress values are for the solution where K
reaches themaximum value (LG = 10 mm; 0 = 450, and B, = 10 mm) and the highest
stress values are straight line N95, where K is at %he minimum (minimum value
of M ) and those values are for (LG=5 mm; 6 = 26°, 57 and B. = 10 mm) . Hence,
using the plot in Figure 5 the stress values can be selecteé for a certain ini
tial flaw size, weld and plate geometry. For exemple, in Fig.5 the design
stress value of the class F curve is indicated and that meets only line N95
for thicknesses values close to 48 mm. Therefore this value of

design stress (95 MPa) can be assumed to be the lower limit of
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stress for cruciform non-load carrying welded joints loaded in bending and
can be used safely in the fatigue design of this type of joint . The class E
stress (120 MPa) lies outside the range of this 0.2 mm plot as expected from
the results plotted in Fig. 4.

A_comparison between the lowest o,B curve (line N95 in Fig. 5) with the
e*perlwegtal results taken from the S-N curves proposed by ESDU (13) for si-
milar joints is presented in Figure 6.The class F design stress lies at thein

tersection of the two curves for a thickness value of about 40 mm and for class

E the intersection point is at 30 mm thickness,but only in the ESDU line. For

lower thickness values higher design stresses can be used in bending. The same

c?nclusion may be taken comparing the mean class F and class E design curves
with the range of S-N curves proposed by ESDU (Figure 7).

Theoretical S-N crack propagation curves

Equation 4 can be expressed also as an S-N crack propagation curve function
of the initial flaw size. This is another way of obtaining defect tolerance
results and getting the data presented in Figs. 4 and 5. For an S-N curve,
equation (4) becomes

" N = ——é— fB ___—da’___m = _%__ = const. (5)
s (MkYVva)

where I is the crack propagation integral. I is constant if a., and B are
kept constants. Equation (5) was solved by numerical integration after
substituting the appropriate values of and Y. The curves were obtained
for all the geometries defined in Table 1 and Figure 8 presents the set
of curves in cantilever bending for B = 12 mm; 6 = 450; LG = 5 mm and B, =
= 10 mm. It will be seen that the S-N curve is strongly dependent on thé ini
tial flaw size with a range of about two orders of magnitude in fatigue life
for a; values between 0.012 mm (0.0l B) and 2.4 mm (0.2 B)

Figure 9 shows the band of S-N curves in cantilever bending for the thick
ness of 24 mm and for a. values of 0.012 mm (0.005 B) 0.2 mm and 0.6 mm -
(0.025 B). Each band is defined by the maximum and minimum S-N curve obtained
for these a; values with the same values of 6, B, and LG as given before.

The experimental curve proposed by ESDU (13), to %it the results in bending of
non-load carrying cruciform joints with 25 mm thickness,is also shown in Fig.
9 for comparative purposes. The slope of the ESDU experimental curve is less
than the theoretical curves,due to the crack initiation period which is not
taken into account in the theoretical analysis. However a good agreement is
obtained for a. values between 0.2 and 0.6 mm but only in the region where
Nr < 10”7 cycles. 1In that region the crack initiation period is very small
§nd therefore the model gives good results,bearing in mind that in welded
joints flaws are usually present at the weld toe with dimensions between 0.2
to 0.5 mm (14). For Nr values above 10 cycles an accurate prediction of the

crack initiation period is necessary before any conclusions can be put for-
ward.

S-N DATA IN CRUCIFORM NON-LOAD CARRYING JOINTS IN BENDING

S-N tests were carried out in cantilever bending in specimens provided with

cruciform non-load carrying fillet welded joints. The material selected was
a low carbon medium strength steel’ St 52-3 according to DIN 17100 specificat
%on. The chemical composition and principal mechanical properties are given
in Table 2.
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TABLE 2 - COMPOSITION AND MECHANICAL PROPERTIES OF St 52-3 STEEL

Chemical composition (7 in weight)

c-0.22; s, -0.55; Mn - 1.50; P - 0.045; S - 0.045
Mechanical properties

g = 550 MPa . 5 = 360 MPa
UTsS s

The welds were made by the manual MIG process without stress relieving
treatment,Hardness measurements were taken in all the specimens, on the base
metal, weld metal and HAZ. Macrosections of all the joints were taken and
these were used for the hardness measurements.In some specimens after the fa
tigue tests,the area where the crack propagated was polished and etched and
the microstruture near the crack faces observed. It was found that the
crack initiated at the weld toe in the HAZ. Crack propagation was mainly
transgranular, initially through the HAZ, and then in the base metal in a
direction normal to the bending stress.

e 18,5 7 ;Hardness= 81 HRB

The specimens were of the type shown in Fig.2 with B= 12 mm; LG = 5 mm;
9=45° and B. = 10 mm. The specimen length taken from the built-in end up
to the point of load application,varied between 200 and 250 mm and the width
was 40 mm. The fatigue tests were performed in a specially designed test
rig at R=0 and 0.4 in air at a frequency of 1410 cycles / min. The nominal
stress was monitored during the tests using strain gauges bonded at a locat
ion 10 mm away from the weld toe where the crack was going to propagate(weld
toe closest to the built-in end ). Fatigue crack tip marking was done in
all the tests using marking ink. The first marking was done in the early
stage of crack growth as soon as the crack became visible. A typical ‘macro
photograph of one fracture surface is shown in Figure 10. It is seen that
the crack initiated at the center of the specimen and propagated through the
thickness. Semi-eliptical shallow cracks, such as the one shown in Fig. 10,
were usually observed right from the early stages of crack growth. The rat
ios 2c/a varied between 8 and 10 as refered to before,and hence the correct
ion for a non-uniform crack front was not necessary.

The S-N curve for R=0 is plotted in Fig. 8 for comparison with the de-
fect tolerance results. The results for R=0.4 are also plotted and these
are below the S-N curve. Hence fatigue life in these joints is influenced
by mean stress, specially in the high cycle fatigue region (N >106 cycles)
where endurance decreases by a factor of 3 when the stress ratio increases
from O to 0.4. This stress ratio effect may be due to the fact that the spe
cimens had no stress relieving treatment after welding. Further tests
are necessary to confirm these results.

The experimental S-N curve lies above the theoretical curves and has a
lower slope. The difference is due to the crack initiation period of the fa
tigue tests which was not taken into account in the theoretical analysis.
The crack initiation period increased as the stress decreased and this is in
agreement with the results plotted in Fig. 8. Hence a suitable crack ini-
tiation model should be developed and confirmed by experimental results.

Good agreement was obtained between the S-N curve and the S-N curves
proposed by ESDU (13). Fig. 7 shows the S-N curve obtained in these fatigue
tests near the ESDU S-N curve for a thickness of 15 mm and having the same
slope.

As seen in Fig. 8,both class F and E design curves lie below the expe-
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rimental curve. The class F curve came close to the 0.3 mm initial flaw si-
ze curve and class E close to the 0.012 mm curve. For the thickness of 24
mm class F curve is in the lower limit of the band of results for a. = 0.2
mm (Fig. 9) while class E is again close the band for 0.012 mm. Hefice for
good quality welds (i.e. with grinding treatment to have very low initial
flaws) and thicknesses below 24 mm the use of class F design curve leads to
very conservative stresses for the plane loading conditions. In this case
either the design curves proposed by ESDU or preferably class E curve may
be used. However if the plate thickness is above 24 mm the class F design
curve should be used irrespective of the quality of the weld. However it
is recommended that for low quality welds and lower thicknesses,the class F
should be also used since stress ratio effects and high distribution of
flaws will be taken into account.

CONCLUSIONS

1. Fracture mechanics can be used in the defect tolerance analysis of non-
-load carrying cruciform welded joints subjected to fatigue loading.

2. Plate thickness, weld leg length and weld angle were found to be the
most important parameters in a defect tolerance analysis of these
joints.

3. Good agreement was found between experimental S-N curves obtained in the
type of joints mentioned in 1 loaded in cantilever bending, and results
published by ESDU.

4. Theoretical S-N crack propagation curves obtained as a function of init
ial flaw sizes did not agree with the experimental ones due to a signi-
ficant crack initiation period.

5. For good quality welds and plate thicknesses below 24 mm, class E fatigue
design curve of the BS 5400 code may be applied in the fatigue design of
cruciform non-load carrying fillet welds subjected mainly to plane bend-
ing. However for plate thicknesses above 24 mm or for low quality welds,
irrespective of thickness, class F design curve should be used for the
same type of joints.

6. Further work should cover a detailed study of crack initiation and also
be extended to other types of details in bending.
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