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The paper describes the fatigue crack propagation behaviour in steel 
specimens with different crack orientations. The specimens were cut out from a 
large- size tubular joint instead of flat steel plate samples. From the test 
data, the variation in crack growth rate in different directions and crack 
orientations are compared. The relationship bet1veen crack gro~1th rate, da/dN, 
and stress intensity factor range, liK, and the values of the material 
constants C and m have been evaluated. The effect of layers in the parent 
material, influence of welding and post- weld heat- treatment on the fatigue 
crack propagation are discussed in detail. 

I NTROOUCTI OH 

The cyclic environmental loads induce critical stresses at tubular joint 

intersections of offshore steel structures which might lead to fatigue crack 

initiation, propagation and failure of the members. In tubular joints of 
laboratory specimens, the fatigue cracks are found to initiate at the weld 

toes of brace or chord members depen~ing on the magnitude of the local stress 

range, thickness of the members, weld angle etc., and normally propagate along 
the weld toe. 

In number of tubular joints of laboratory specimens, it was observed that 

the crack propagation in the thickness direction in the main chord was not 

unique. In many cases, although the crack started at the weld toe, it was not 

always perpendicular to the surface but propagated a few millimeters parallel 
to the surface as shown in Fig. 1, before reaching the through-thickness of 

the member. 

The metallurgical examination of the tube material revealed the existence 

of many parallel layers (lamination) in the circumferential direction as can 
be seen in Fig. 2. The presence of laminations in steel material is not 
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Figure 1. Crack propagations in tubular joints. 

Figure 2. Microstructure (layer) distribution in tubular steel. 

4 



critical if the material is subjected to stresses parallel to the surface of 
the plate, but laminations can cause brittle failures and reduce load carrying 

capacity ~1hen steel is stressed in short-transverse (thickness) direction [6, 

7]. Since tubular members are subjected to res idual and tensile stresses, the 

presence of laminations in the chord members reduces the effective thickness 

of the plate ann joint may fail by separation as sh01·m in Figure 3(a). Due to 

lamination, the fatigue cracks may propagate along the weak paths of 

lamina t ion in stepwise fashion or peel along separation as can he seen in Fig . 
3(b). 
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Figure 3. Possible failures due 
to lamination. 

Considerable amount of work on fatigue crack growth characteristics of 

steel specimens has been carried out by many investigators (1 - 4) . In the 
majority of cases, the test specimens ~1ere taken r:minly from flat steel 

plates . The findings of these investigat ors have indicated no significant 

effect of crack orientation on fatigu e crack growth rates in air and in sea­
vlater. 



[Jut in many other cases, the effect of microstructure orientation has 

indicated rlifferent crack oro~tth rates. In these cases, the rate of crack 

growth was higher in the intergranular orientation compared to transgranular 
orientations (4, 5- 8). 

In the present study, the effect of lamination on the fatigue crack 

prowth rate has been examined in four different crack orientations using five 
types of specimens. 

SELECTION OF SPECIMENS AND CRACK ORIENTATIONS 

In order to investi9ate whether the layers present in the chord tube 

material may be the cause for the irregular crack patterns in tubular joints, 

a large piece ~1as cut out from the tube (Fia. 4), from which the specil'"!ens 
~1ere prep a red. 
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Figure 4. Sample piece with crack 
orientations of specimens. 

Figure 5. Large welded specimens. 

6 



In the present case, the crack propagations in four of the six possible 

directions of crack orientations have been s tucti ed using five different types 
of specimens as shown in Fig. 4. In order to obtain sufficient length for 
loading and supporting the specimen, for Types III anct IV- a, extra attachments 

were welded as shown in Figs. 5 and 6. 

A fe~1 specinens in all the types 1·1ere post-~1eld heat-treated to study the 

difference in crack growth rates and to compare with those specimens tested 
without heat- treatment. The mechanical properties and chemical composition of 

(a) 

.......... 

" ...... ...:::, 
I 
I 

~_..) 
Attachment 

Figure 6. Small ~1elded specimens. 

Type Ill-a 

steel are shown in Tables 1 and 2 respectively. The details of dimensions, 
crack orientations and the test conditions for all the specimens are given in 

Table 3. 
The crack starter notches \•/ere introduced in all the specimens by 

machining. The notch shape and size were selected according to ASTM 

Specifications (9). 
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Table 1. Mechanical Properties of Steel 

Ultimate Total 
Yield st ress Tensile Stress Elongation 

~J/mm 2 N/mm 2 (%) 

426 605 48 

Table 2. Chemical Composition (Wt . %) of steel 

C S ~1n S P A l 
1----------i--------------------------------~ 
0. 180 0.250 1.33 0.006 0.024 0.029 

METHOD OF TESTING, CRACK GRO\ITH ~10NITORHIG MID PRE SEtHATiml OF TE ST OATA 

All the spec imens were te sted in air at room temperature under four point 
bending with a stress ratio R = 0.1. The input signal selected was constant 
amplitude sinusoidal loading ~lith frequency ranges of 3 - 10Hz. To create an 

effective sharp crack front from the star t er notch , fa t igue pre-cracking was 
carried out with proper load shedding procedure . For all the specimens, the 
minor span 1·1as ah1ays kept equal to twice the specimen height, although the 

major span was varied with the overall length of the beam. The crack length on 

either side of the specimen was measured with microscopes, one on each side in 
addition to Crack 11icrogauge using A. C. potential drop method. 

During testing, the number of cycles and the corresponding crack lengths 
were recorded frequently and the average crack length of two microscopes 

readings was used as the final value. The comparison between microscope and 

8 



I.C• 

Table 3: Details of test program. 

Specimen 

Type !Axis 

w 

II w 

I I I T 

IV -a R 

IV-b R 

Crack 
Direction 

R 

T 

H 

T 

T 

Specimen 
Dimens i ons 
Width I Height 
mm mm 

29 58 

15 30 

30 60 

15 30 

15 32 

Stress 
Range 
N/mm 2 

89 

111 

118 

148 

89 

111 

118 
148 
180 

118 
148 

Regular (parent) 
Specimens 

No HT 

1 

2 

10, 20 

19 

13 
15 

HT 

6 

8 

17 

14 
16 

180 I 12 

Note: Serial numbers 1 to 20 correspond to specimen numbers 

Welded specimens 

As-welded I PWHT 

3 

5 

4 

7 

9 

11 
18 

Remarks 



Crack ~1i crogau ge rearlin~s y ielrlerl very f!OOd corrr l<: t i on. From the test cl ata, 

t he (!raphs of crack l enCJth versus nu~ber of cyc le s \'Jere generated for all the 

spec i ~ens, anc1 t he c1a/r1N data were computec1 accordin~ to incremental poly­

nomial methocl. 

The stress in tensity factor range, !IK, ~1a s calculaterl usino the follovling 
equation: 

liK = F (a/B ) lla rn.l' 

where the stress range !Ia is given by 

lla = (J - (J • max m1n 

a average crack length , anc1 

B specimen hei 9ht 

The non - climens ional function F(a/B) is gi ven hy 

F(a/B) 

na 

0.923 + 0 . 199 (1 - sin;s)
4 

/fB · ~~- , 
(---------=:...._) - tan-

na na 28 
cos-

28 

( 1) 

( 2) 

(3) 

The computed crack growth rate data were plotted again st the stress 

inten s ity factor range values on a log- log scale to obtain the characteristic 

crack growth rate curve for all the spec imens. 

RESULTS AND DISCUSSION 

The main objective of the work wa s to cleterrnine the fatioue crack growth 

characteri st i cs in the steel material of a tubular joint. In addition, the 

influence of factors such as, welding, stress relieving and natural parent 

metal behaviour on crack growth rates are invest igated. The crack growth 

behaviour of srecimens in Pach type, tested at the same stress ranoe level are 

discussec1 in relation to their crack orientations and test conclitions and 

comrared with other types . The complete detail s of the test programme with all 

the particulars of specimens, crack or ientat ions and test conditions are· given 

in Table 3. 
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Although tests on twenty specimens v1ere carried out, because of the space 

limitations, only the important test results in each type are presented in 

this paper. The complete test data of all specimens are given in reference 
( 11). 

Type I - Lar~e Regular Speci~ens 

The large specimens of Type I had crack orientations in the 
circumferential direction as can be seen in Fig. 4. Specimens 1 and 6 were 

tested at the same stress level but only specimen 6 was post weld heat­

treated to observe the effect of stress relieving on regular specimens. 

The a vs. N and da/dN vs. AK for specimens 1 and 6 are given in Figs. 7 
and 8 respectively. As it can be seen from the graphs, a significant reduction 

in fatigue life and faster crack growth rate are found in the heat- treated 

specimen. This shows that the effect of stress relieving on normal specimens 
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Figure 7. N data for specimens 1 ,3,4 and 6. 
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Figure 8. da/dN vs. AK plots for 
specimens 1 ,3,4 and 6. 
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reduces the resistance to crack growth rate. For the weld metals it has heen 

found that the yield and ultimate· strengths tend to dec rease with post- weld 

hea t -trea tment in static tensi l e tests while elon gation and reduction in area 
are not usually influenced (1, 10 ) . 

The crack growth rate rel ationshi rs for specimens 1 and 6 are gi ven by : 

da 
3.15 • 10-10 (6K )3"6 

(4) 
dN 

da 
• 10 -lO ( 6K ) 3 "8 2.86 ( 5) 

dtl 

Type I I - Sma 11 Regular Specimens 

Two specimens of Type II, viz. 8 and 20 were tested at the same stress 
level, while only specimen 8 was heat-treated. In this case also, the heat­

treated speci~en had a shorter fatigue life and higher crack growth rate. The 

regular specimen (parent material - no welding), viz . 20, indicated much 

variation in the crack growth behaviour as can be seen in Figs. 9 and 10 . 

~ 25 ~ 10-~ 
E ~ COND ITION !.'!'.E£ 
.§. RffiiA.AR • HT II a 

9 WELDED oHT IV-• 

ro 20 1l CURVED IV-b 
1~ CURVED • HT IV-b 
20 REGULAR II 

£ 
..... 
Ol 

fii 15 
_j 

:,: 
u 
ro 
L 10 
u 
Q) 

Ol 
ro 5 L ,.. Q) 

> 
<t: 

0 100 200 
Life, N (Kil ocycles ) 

Figure 9. a vs. N data for specimens 
8,9,13, 14 and 20. 
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Figure 10. da/dN vs. fi K plots for 
specimens 8,9,13,14 and 20. 



The crack growth rate relation for specimens 8 and 20 are: 

da 
2 • 89 • 10 -ll ( LIK ) 4 • 5 

dN 

~ 9.97 • 10-l3 (LIK) 5•5 

rlN 

Type III - Large \·ielded Specimens 

(6) 

(7) 

The as-~1el ded specimen 3 and heat treated specimen 4 of Tyre III were 
tested at the same stress level to study the effect of welding and stress 

relieving on crack growth rate. As can be seen in Fig. 7, the as-welded 

speciMen 3 had very much reduction in fatigue life and higher crack growth 
rate (Fig. 8). This indicates that, in the case of welderl specimens, stress 

relieving improves fatigue life and provides better resistance to crack growth 

rate compared to as -welded specimens. 

Now the results of Type I (specimens 1 and 6) and Type I II (specimens 3 

and 4), which have crack orientations in transgranular and intergranular 
directions respectively will be compared. As can be seen in Fig. 8, the 

specimen 4 of Type II I has 1 esser crack growth rate in the first ha 1 f and 

higher crack growth rate in the second half of Region II of da/dN vs. liK curve 

compared to specimen 1 of Type I . The vice- versa is true for specimen 1 of 
Type I. This makes it difficult to asses the crack gro~1th behaviour more 

accurately between Types I and III. 

Let us now consider another set of specimens in Type I (specimen 2) and 
Type I I I ( S[lecimens 5 and 7), ~1hi ch were tested at the same stress range but 

at a higher level than the specimens 1, 3, 4 and 6. 

From Figs . 11 and 12, it can he observed that the welded and stress 

relieved specimen 7 has a higher crack growth rate compared to specimen 2, 

indicating faster crack ~rowth rate in transgranular direction. To confirm 

this fact more thoroughly, further tests are needed with more number of speci­

mens. Because of heat treatment and due to the presence of weldin~ stresses, 
the regular heat treated S[leci men 6 in Ty[le I and as-~1e 1 ded Sfleci mens 3 and 5 
in Type III respectively, are not taken into account in the above comparison. 
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Figure 12 . da/dN vs. l~K plots for 
specimens 2,5 and 7. 

The crack growth rate relationship for specime ns 3 and 4 are given by: 

da 
7.07 • 10-lO (6K) 3·4 (8) 

dN 

da 
3.59 • 10-lO ( liK )3 •5 (9) 

dN 

Type IV•a- S~all Welded Specimens 

Three specimens, viz . 9, 11 and 18 were tested in Type IV - a and all of 

them were post weld heat treated (Table 3). The specimens had same crack 
orientation as those of Type IV - b. As can be seen in Figs. 9 and 10, there is 

variation in crack grm1th characteristics ar.1ong Type II (specir.1en 8 and 20) 

and Type IV-a (spec imen 9). The analysis indicates slower crack growth rate in 

specimen 20 of Type II compared to spec imen 9 of Type IV-a. 
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The equation describing the crack growth rate relationship for specimen 9 
is: 

da 
8. 08 • 10 - 11 ( t~K) 4 . 2 (10) 

dN 

Type IV •b - Small Curved Specimens 

The curved specimens were taken from the tube in the circumferential 

direction and tested with their actual curved profile and have crack 
orientations identical to Type IV-a. A total of five specimens were tested in 
this type and t~1o of them ~1ere post- weld heat- treated. 

The graphs of a vs . t-1 and da/dN vs. liK are given in Figs . 9 and 10 

respectively. Both specimens 13 (no heat-treatement) and 14 (heat-treated) 

exhibit identical crack growth behaviour. This indicates that, in the case of 
curved specimens with actual tube profile , the heat-treatment has no influence 

on crack growth data . This is opposite of the results observed for Type I and 

Type II specimens. 

tlo~/ comparing the crack growth rate, da/dN vs. stress intensity factor 

range , liK curves (Fig. 10), of Type IV-b (specimens 13 and 14) and Type IV-a 
(specimen 9), significant difference exists betl~een Types IV - b and IV-a . The 

welded and post-weld heat- treated specimen 9 of Type IV-a has higher crack 

growth rate than the curved specimens 13 and 14 of Type IV-b. Although the 

three specimens have same crack orientations, the curved specimens indicate 

better resistance to crack propagation. Similarly, specimen 8 (regular and 

heat-treated) and specimen 20 (regular and not hPat- treated) in Type II 1~hich 

were tested at the same stress level as those specimens, viz . 13 and 14, 

reveal higher crack growth rate in comparison wit~ the curved specimens in 

Type IV - b (Fig. 10). The crack growth rate relr.tionshirs for specimens 13 and 

14 are given by: 

da 
3.63 • 10 - 11 (t~K) 4 · 2 ( 11) 

dN 

da 
3.11 • 10-11 (AK) 4 · 2 ( 12) 
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From the above comparison, it can be observed that there i s considerable 
difference in crack gro~1th behaviour between curved specimens (Type IV- b) and 

reqular specimens (Type II). These two types have different crack 
orientations. 

COMPARISON OF RESULTS 

The fatigue crack growth data of the present investigation indicates 
significa nt effect of crack orientation on fatigue crack propagation in 

tubular steel spec imens. The possible reasons seem to be factors such as the 

presence of residual stresses {in case of as-we lded specimens) and 

lamination. 

Similar observations on the effects of crack orientations on fati<]ue 

crack propagation have been confirmed by other investigators {5 - R). However, 
the findings of other investigators {vi z. 1 - 4) indicate no effect of crack 

orientations on fatigue crack growth data. 

From the present investigation , the large variations in crack growth 

rates in different orientations observed on the tubular steel material 
indicate t hat the irregular crack propagations found in tubular joints 

probably might have been caused due to lamination. To confirm this fact, 

further investigation in this area in more detail seems to be inevitable. In 

this regard, further tests will be carried out at the Technical Research 

Centre of Finland , to study the fatigue crack propagation in tubular steel 

material as 1~ell as flat steel plates used in the construction of offsohre 

structure s. 
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CONCLUSIONS 

1. The effect of stress relieving of regular specimens (parent material) is 
found to reduce the resistance to crack growth, leading to a shorter 

fatigue life. However, no influence vias found on curved specimens (Type 

IV - b). 
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2. In the case of welded s pecimens , the stress relieved specimens indicate 

improvement in fatigue life and a better resistance to crack growth com­

pared to as - welded specimens . 

3. The 1·1elded and stress relieved samples in Type IV - a, showed slower crack 

grov1th behaviour compared to regular specimens of Type II. 

4. Considerable difference in crack growth behaviour was found between 

curved specimens (Type IV-b) and small regular speci~ens (Type II). These 

two types have different crack orientations. Type IV - b (curved) specimens 

indicate a better resistance to crack propaqation compared to Types II 

and IV - a. 

5. The fatigue crack growth data of tubular steel material indicate 

significant effect of crack orientation on fatigue crack growth rate. 
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