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wa s more complicated . Here it started at the inner side of the brace or 
at the outer weldtoe between crown and saddle point . 

In appendix 3-I II t he crack growth diagrams of the surface cracks are 
given . Aprendi x 3- IV gives a picture of some specimens at t he end of test. 

Strain redistribution 

The change in strain range at the hot spot i s given in data sheets. For 
T joints v1ith f3 = 0. 5 the most typical fonn is given in fig . 3 . 5 .3.6 . 

At the cracked side the strain range dropped rather early. This decrease 
in strain range went on and even the strain range reversed from an 

elongation to a shortening. At the lowest point in the curve the crack went 
through the wall . After that the line goes up a little . At the uncracked 
side the line is hori zontal until a very large (and deep) crack has been 
developed .. Then there was a quick drop in strain range. 
Thi s behaviour can be explained as follows: With a small crack the ga~ge 
at the cracked side comes in the shadow of the crack, so the strain range 
decreases. When the crack is large (but not through) the chord wall is 
loaded in bending with compres sion at the outside, so the strain range 
reversed . After a through crack the bending in the chord wall will 
decrease, while there is no connection between the chord wall and the 
'plug' of the connection , so the negative strain range decreases . 
At the uncracked side the strain range changed when the crack become s 

large. This is due to the rotation of the chord. 

Possible failure criteria - -
The determination of failure criteria i s rather difficult , since no 

operational definition of failure is available at the moment . 
Possible failure criteria are : 

a) fir st visible crack 
Taking this as failure criterion i s a rather conserva t ive ass ump t i on, 

because after t he f irst crac k i s di scovered a node can sustain a lo t 
of addi tional l oad cyc l es and al so t he stat i c load capac i ty i s sti ll 
ve ry 1 arge . 
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The SCF is the ratio of the ma ximum (hot spot) stres s range (detemined 

from the bi - axial strain situation at the weld toe) to the nominal s tress 
range in the brace . Therefore : 

in which 
E ( II ) crHS = ---z sHS + vs HS 

1-v 

~"Hs = extrapolated strain perpendicular to sHS direction (parallel to 
weld toe). 

For the axial loaded T joints the correlation between measurements and 

calculations is rather good. For the T joints loaded with in plane 
bending the correlation is not so good. For the X- joints, only 
calculated values from Wordsworth/Smedley are available. The 

correlation is rather good. 

Joint_behaviour_during _fatigue _test 

Crack growth 

In an early part of the fatigue test a visible crack can be discovered . 

The ratio of the number of cycles at the fir st visible crack to the 
number of cycles at the end of test varies with the joint si ze. For the 

small joint the average ratio is about 2/3, for the medium and large ones 

the ratio is respectively 1/3 and 1/4. 
The ratio of the number of cylces at a through crack to the number of 

cycles at the end of test varies al so somewhat with the joint size . 
For the small , medium and large joints the average ratio i s respectively 

89 , 79 and 77 %. 
On T- and X- join t s with S ratio of 0.5 and 0.25, the crack always star t ed 
at the saddle point of the intersection in the chordwall at the weld t oe. 
The crack then propag at ed alon g the weld t oe and in a l at er stage t he 

crack bra nched away f rom the weldtoe in t o the chordwall . 
On t he X- j oin ts wi t h S = 1. 0 and 1 = 1. 0 t he crack started al so at t he 
saddl e po in t. The X- jo in ts wi t h S = 1. 0 and 1 = 0. 55 t he crack growt h 
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under the aegis of a MaTS (Marine Technological Research in the Netherlands) 

project. 

Table 3. 4.3 gives the dimensions of the joints with the corresponding 
joint number - Fig . 3.4.18 and 18 give the element mesh of the B=0.5 and 
B = 1.0 joint as used in the SATE program. 
Fig . 3.4.20 gives the element mesh at the hot spot in the ASKA calculations . 
In fig . 3. 4.21 the coordinates and lines used in the plots of the SNCF's 
are indicated. Fig. 3.4.22 and 23 give the location of the origin of the 
horizontal axis used in the diagrams. Fig. 3.4 . 24gives the loading cases. 
Fig. 3.4.25 to 3.4.35 give the results of the calculations. The results 
of the strain measurements are also plotted in the same figures for an 
easy canparison. 
In general there is a good agreement in· the results. For the X- joint 
111ith Band -r = 0.5 the ASKA calculation gives somewhat better results in 
the weld toe region. This is probably due to the more sophisticated and 
expensive modelling of the weld. 

· Cmmarison of the measured SNCF(SCF_) and the SCF calculated with _parameter 
formulae 

In 3.4.3 the procedure to determine the hot spot strain range of the SNCF 
from measurements on test specimens is given. For design purposes a number 

of parametric formulae for calculating the stress concentration factor 

(SCF) are available. 

A reference review up to 1977 is given in J3.9I. In J3.10J the first 
results of the research are compared with the formulae mentioned in 
J3.9J and with some recently published formulae J3.ll and 3.12\. In this 
report the measurements are compared with the values obtained by the 

formulae of Kuang \3.13\, Teyler/Gibstein 13.9\ and l~ordsworth/Smedley 
J3 .6\. See table 3.4.4 . 

This table gives the maximum strain concentration factor (SNCF) and the 
maximum stress concentration factor (SCF) . The maximum SNCF is the ratio 
of the hot spo t strain range to the nominal strain range in the brace. 
Thu s, 
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3. 4.3.3.2 X-joints with S = 1.0 and t = 0.5 (Testspecimens 30/33, 36/38) 

3.4.3.4 

3.4.4 

It was found that in this type of joint the initiation of crack did not 

start at the intersection of the weld toe with line 4 (outside) ~ 
Here the crack started along line 5 under e = + 45° and/or at the inside 
of the brace at the·root of the weld near line 2. 

So for these type of joints it is meaningless to plot the re sults in an 
S-N diagram with the hot spot strain range along line 4 or 2. 
FE calculatjons already showed that the SNCF along line 4 would be 
significantly higher than at line 2 or 4. 
Fromstrainmeasurements carried out on this type of joint the max SNCF 
along line 5 appeared to be 2.7 (see fig. 3.4.17). 

Strain measurements indicated that the SNCF is rather high at the inside 
of the brace wall on line 2. 
FE- calculations will be carried out in future to investigate the value 
of the SNCF in this area. 
For the present it is recommended to use the max. SNCF of 2.7 as found 
form the strain measurements along line 5, to plot the results in the 

S-N diagram. 
It shou ld be noted however that this SNCF is higher than that calculated 

with the parameter formula given in most publications l3 -6 j . 

Therefore a design cannot be based on the results plotted in this way and 
using the existing parameter formula at the same time . 

Concluding remark about the use of the hot spot strain range 

Although, in our opiniol\usi,ng the hot spot strain range concept is better than 
using nominal strain or stress, there is some doubt about the validity of 
this concept as agov~rning parameter for fatigue. One of the problems is 
that a sharp notch at the toe of the weld will cause a theoretically 
infinite elastic strain or stress. A fracture mecahnics approach will 
probably give a better so lution in future. 

~2~~~ci~2~9f_Jbg_wg§~~rg9_~trgjD_9j~trjb~tj0D-~D.d...1be_fj Dj1e_eJerneD1.r.alcul2tiQDS 

Three types of X- joints from this programme were calcu lated with a finite 
element program by Bovendeur j3. 7j (Shell program 'SATE') . A finite element 
calculation with the program ASKA of one X-joint was made by Janssen J3.8J 
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If the measurements of t he l ast strain gauge had been used 

(according to the approach in Marshall's paper), the strain ranges would 
have been s1gnificantly lower than 1v ith the approach adopted by the WG III 
which· means that the fatigue results would have been plotted lower and so 
more unfavourable in comparison with the AWS -X curve. 

Determination of the 'hot spot strain range' for X- joints with S = 1.0 

X- joints S = 1 and L = 1 (Testspeci mens 27, 28, 29 ) 

In general the discussions about the extrapolation method of the 
strain measurements to the weld toe, held in the Working Group III, have 

been based on joints with S = 0.5. 
For these type of joints the strain distribution near the 1veld toe along 
line 4 up to 0.2 ✓ rt from the weld toe is approximately linear as can be 
seen in fig. 3.4.15. 
Near the weld toe the linear strain di strib ution will be disturbed by the 
weld geometry. Because it is t he intention to exc lude the influence of 
the condition of the weld toe from the SNCF, the working group III has 
accepted the extrapolation method as described in 3.4.3.2. 

However for joints with S =_lit appears that there was not a linear 
strain distribution along line 4 (see fig. 3.4.16). 
The extrapo l ation according to the method recanmended by t he Working 
Group III gives a SNCF of 2.3 an as average value of four test speci mens, 
but it can be seen that this i s not a correct value in this case. 
In a study 13.51 based on finite element calculations and photo elastic 
analysis, it was found that the influence of the weld geometry extends 
only up to 0.4 T from the weld toe. 
In our test specimen with S = 0.5 an~ L = 0.5 the value of 0.2 ✓rtis approxim­

ately equal to 0.4T so t here is no difference which of these values is used . 
However for s = 1.0 and L = 1.0 the value of 0.4 T is mu ch smaller than 
0.2 ✓ rt. So for t he extrapolation we have used t he point of the 
strain distribution curve at a distance of 0.4 T from t he weld toe . 
Using this point and a second point at a distance of 5 degree s from the 

weld toe , give s a value of the SNCF of 3.0 as the average value from 4 
specimen s. 
Thi s value ag rees reas onabl y we ll wi t h t h~ ex i st ing pa ramet er f ormul a for 

t his type of jo in ts 13-61, 
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after shakedown in model or prototype connection or calculated with best 

available theory". 

The corresponding design S-N curve is the above mentioned AWS -X 

curve. 

In t ile Offshore Instal l ations: Guidance on design and constru-ction 13,3 1 
t he following definition i s used: "Relationship Q applies to the main 

members of T~ Y and K connections. The stress range corresponds to the 

peak range on the outer surface adjacent to the toe of the attachement 

weld between brace and chord members". The corres oponding S- N curve Q is 
quite simi l ar to the AWS -X-MODIFIED curve (at N = 104 a factor of 1.5 
shorter on l ifeti me and at N = 108 no difference). 

Marshall 13-4 \ stated that the hot spot stress (crHS) corresponding to the 
AWS-X curve is: 

where sTR i s the mea sured strain range in a stra in gauge perpendicular 
to and adjacent to the weld toe at the worst hot spot (therefo re withou t 

extrapo l at ion to t he weld toe). 
The European Working Group III - 'Tubular joints' ha s also discussed this 
problem comprehensively. The current vi ew of t he Working Group is given 

in figure 3.4.14. A linear extrapolation .to the weld toe through the 
meas ured strain range in the points A and B will give the value for t he 
maximum hot spot strai n range, which ha s to be used for plotting the 
results in an S-N curve. To avoid very loca l effects from t he weld t oe 
the di stance a= 0.2 /rt should no t be taken smal l er than 4 rrm. For the 
X- joints with diameter ratio of 1.0 this method canno t be used. The 
method used there will be discussed in 3.4.3.3. 
The above mentioned extrapo lation procedure attemps to include t he effects 
of a) the glob al geometry of the joint an.d b) the glob al geometry of thev.eld 
but to exclude t he effect of c) the condition of the weld toe. This last 
effect should be in corporated in the corresponding S- N curve. 
The plots of the strain measurements at t he hot spot can be found in the 
TEST DATA SHEETS (appendix 3~1 1). 
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Due to the complexity of the tubular joints and the restricted knowledge 
of its fatigue behaviour it i s not evident which value for the stres s or 
strain should be used in the S-N diagram. Table 3.4 . 2 gives an idea of 
the various S-values used in the Structural Welding Code \3 . 2\ . 

In t he fir st four types of joints with the corresponding curves (D' , E' , K 

and T) a kind of nominal s tress is used for the values on the vertical axi ~ 
The use of these curves is restricted to a certain geometry and these 
curves are based on a limited number of tests. Using these curves it is 
not necessary to know the strain di stribution in the joints . 

The last curve (X) supposes some knowledge about the strain or stres s 
distribution in the joints. Especially the stress or strain range at the 
weld toe (the so called 'hot spot strain or stress range') has to be 
known . This curve is more generally applicable to the design of tubular 
joints . 

In the European \forking Group III "Tubular Joints" it was thought that 
the best presentation of the results was obtained using the 'hot spot 
strain range' as the S- value on the vertical axis . The way to determine 
the 'hot spot strain range' is described in the following chapters. 

General determination of the 'hot spot strain range' or SNCF 

The hot spot strain range of a tubular joint is influenced by the 
parameters : a) global geometry of the joint (y,B,t etc.); 

b) global geometry of the weld (leg length); 
c) condition of the weld toe (undercut, notches, angle between 

weld and parent metal) . 
The influence of the condition of the weld toe (c) is hard to determine 
by measurements or calculations and differs along the weld toe . Isolating 
the influence of the various parameters is also a difficult problem. 

Therefore, it can be seen that there i s no unique definition for the hot 
spot strain range. 

The Structural Welding code \3-2 \ gives the following definition : 
"Total range of worst hot spot stress or strain on the outside surface 

of intersecting members at the toe of the.weld joining them - measured 



3.4 

3 .4.1 

3.4 . 2 

3. 4.3 

3. 4. 3. 1 

3- 9 

Test re sults and analysi s 

Test data sheets 

The TEST DATA SHEETS (see appendi x 3- II) give the most 
important test data and res ults from each specimen , such as: 
- joint type and geometry 
- material properties 
- method of loading 
- strain distribution in an uncracked situation at hot spot 
- change in strain range during fatigue test at hot spot 
- number of cycles for various fa i 1 ure criteria 
- crack growth 

Strain_distribution _in _the _uncracked _joints _ 

Strain distributionsweremeasured before the fatigue tests (see 3.3.3) . 
Some results are given in fig. 3.4.1 to 3.4.13. For an easy comparison 
the results are shown as strain concentration factors (SNCF). The SNCF 
is the ratio of the local strain somewhere in the joint and the nominal 

strain in the loaded brace 0.e.:SNCF = slocal/snominal) . On the hori zontal 
axis the parameter /rt or /RT is used 1t1hen the distribution is given in 
the longitudinal direction of the tube (rand tare brace radius and 
wall th ,i·cknessand Rand Tare chord radius and wall thickness), when the 
distribution is given in circumferential direction the circumferential 

angle~ is used on the horizontal axis . 
By comparing the results of the different joints the influence of various 
parameters can be found. Table 3.4 .1 gives a survey of possible comparisons. 
More information about the strain di s tribution can be found in j3.lj. 

Governing strain (stress) value for fatigue (determination 6E HS) 

Introduction 

The results of fatigue te st s are nonnally presented in an S-N diagram. 
This is a log- log di agram with ·t he number of cycle s (N) to a ce rt ain 
f atlure cri te rion on t he ho r i zon ta l ax i s (see 3.4.7 ) and a certa in st ress 
or stra in (S) va lue on t he ve rt i ca l axis. In t hi s chapter t he choi ce of 
t he stress or strai n va l ue i s di scussed . 



3. 3. 3 

3.3.4 

3- 8 

seawater to maintain the amount of dissolved oxygen within the required 
specification. The tests were carried out at a temperature of 20°c 

+ 1°c. The free corrosion potential was found to be approximately - 0.67 V 
with respect to an Ag/AgCl reference electrode. The test under cathodic 
protection (nr . 16) was done with a potential of -0.8 V. An impressed 

current system was used . 

Strain mea surements -------------------
Of each geometry one specimen wasexte nsivelystraingauged(up to 100 gauges) 
to determine the strain distribution in the joint. On the other speci mens 
of the same geometry there were only gauges to check the load range and 

to discover t he appeara nce of a crack early. 
At t he Stevi n Laboratory the strain gauges were measured dynami ea 11 y . At 
the IBBC- T~O the strain gauges were measured under a static load . 

Before the start of the fatig ue test the speci mens were loaded up to a load 
lower than the subsequently app li ed fatigue loa d to determine t he strain 
distribution and the strain concentration factor (SNCF) (see 3.4.3). The 
loading procedure was repeated a couple of times before measurement, in 
order to avoid the effect of strain redi itribution which may occur during 
the first few cycles. During the fatigue test strain readings were made 
periodically. These strain readings gave i ndications about t he start of a 
crack, crack growth and through crack. 
At t he IBBC -TNO the whole measurement procudure was controled by a mini 
computer. This minicomputer controls several tests at the same time 
during the fatigue test. It carried out strain measurements periodically . 
It compared the measured strain range with the strain range at t he first 
cycle. When a difference between these two strain ranges was measured to 
be beyond a prespecified limit the minicomputer stopped the test: other­
wise the test was recommenced. 

Crack _g rowth 

When a fatigue crack was discovered, it was monitored visually and the 

surface crack l ength wa s measured periodically . 
As mentioned in 3.3.3 the change in strain range also gives an 
indi cat ion of crack growth. 
A t hrough crack was determined by means of a l ow air pressure in t he chord. 
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A fabrication data - sheet for eac h speci men wa s made during fabrication. 
On t hese sheets all relevant particulars are noted, such as: geometry, 
weld details, place of tack welds, number and position of runs with 
number of electrodes used , current and special items such as descr iption 
of repairs, etc. A fabrication data sheet of some specimens is given in 
Appendix 3-I. 

One special test speci men (n r. 41) was made to cl assify t he weld procedure 

(see fig. 3.2.1 ) : 
Charpy V tests were carried out at a temperature of - 20°c of test 
speci mens taken from: - weld meta l 

f usion line of 914 mm pipe 
heat effected zone of the 914 mm pipe . 

Table 3.2.5 gives t he results of these tests . The average values were 
above the required value of 27 Joule . 
Hardness mea surements were taken from t wo cross sections (see fig. 3.2.2) 

over the weld . Table 3.2.6 gives the re sults of the se measurements. The 
maximum allowable hardness of 350 HV was never measured. 

Test and meas urement equipment 

Big~ 
To avoid secondary effects all supports in t he test rigs are hinges. 
The loads were appli ed by servohydrauli c actuators. 
Fig . 3.3.1 t o fig. 3.3.7 give an impress ion of t he l ay-out of t he var ious 
test rigs. 
The number of cycles wa s given on t he loading control unit . 

Seawater insta ll ation ---------------------
The seawater cond i tions used for the 4 tubular tests wa s the same as used 
for t he flat specimens (see paragraph 2.2.5 ) . Thi s means artificia l 

seawater accord ing to ASTM spec i fication number D 1141-52, but without 
t he presence of the stock so lution number 3 (containing heavy metal ions) . 
The tube to tube connection wa s surrounded by a plast ic box (see f ig. 
3.3.8), through which the seawater was circulating from a contai ner. 
During t he test cl ean air was pumped continually into the supply of 
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joints have one (Tl and Xl ) or two (T2 ) additional unloaded braces. Two 
joints are tested with a random load and all others with a con stant 
amplitude load . Some tests were carried out with R = F. / F = 0 and m, n max 
others with R = -1. Four joi nt s have been tested in artifica l seawater , 
one of t hem with cathodi c protection . 

The stee l grade of the tubular joints i s in accordance with t he sta ndards 
men t ioned in table 3.2.2.b. The actual dimens ions of the wall - t hi ckness of 
t he tubes is given in table 3.2.2.a. 

The me chanical properties are given in tab l e 3.2 .3. and t he chemi ca l 

composition can be fo und in table 3.2.4 . 

The welding consumables used have a grade notati on of 3 YHH and code 
classi fication s of AWS - E 7016 

DIN - E 5144 B10 

ISO E 514 B 14 (H) 

The welding procedure for the tube connection i s as mentioned below : 
Welding process MMAW , current: AC 
Base metal 
Joint preparation 
Welding parameters 

Heat t reatment 
Pre- heat temperature 

Interpass temperature 

Electrode diameter 

Weld sur face fin i sh 
Storage of el ectrodes 
Inspection 

Fe 510 - 3N or similar 
according to API RP2A , 5.~, fig. 5.1 
amp . - 75 - 160 
position - 5G 
cleaning - wire brush between runs 
not required 
t < 20 mm 65°C 
20 < t < 40 mm l00°C 
t < 20 mm 65°C 
20 < t < 40 mm l00°C 
root run electrode 
first two fill runs 

- 2½ mm 

- 3¾ mm } 
- 4 as appli cabl e next fill c. q. capruns mm 

as welded 
to be dri ed in oven at 300°c and stored at 100°c 
NDT- utrason ic 100 % 

The fabrication of the specimens was carried out by a firm which has 
experience in constructing offshore structures. The specimens were welded 

in a hori zontal position with both chord and brace hori zontal . 
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3. FATIGUE TESTING OF TUBULAR JOINTS 

3.1 Introduction 

3.2 

In t he previous part , entitled 'Basic tests' t he results of t he flat 

plate specimens were gi ven . These flat plate tests gi ve bas ic information 
about t he fatigue properties of steel (in f luence of material, welding 
parameters , post weld heat treatmen t, weld toe profile, loauing 
condition, etc. ) . 

Offs hore stee l structures, especially jackets, are build up from tubulars , 
connected together by welding. Therefo re we are interested in the fatigue 
properties of s uch tubular connections. Forty tests on tubular T- and X­
joints were carrie d out in t hi s part of the Dutch programme. As far as 
the dimensions of t he spec imens are concerned , t hey can be divided into 
three groups: small , medium and large , with re spective chord di ameters 
of 168, 457 and 914 mm . The medium size specimens were tested at the Stevin 
Laboratory of Delft University of Technology. The small and the large ones 
were tested at t he Institute TNO fo r Building Materials and Building 
Structures (IBBC- TNO) . 

Fig . 3.1.1 gives an idea of the test procedures. The crit ical area's of 
a specimen are determined by literature invest igation s and/or calculations . 
With t hi s information,a stra in gauge pattern was chosen for that specimen. 
The~ with a static load the strain di stri bu t ion and the stra in 
concentration factor (SNCF) were mea sured . A fat igue load was determined 
from t he measured SN CF and the existing knowledge of t he fatigue 

behaviour of the joints in order to get t he desired number of cycle s. 
After the fatigue test t he resu lt was plotted on an S-N diagram with a. 
strai n or st ress range on the vertical ax i s and t he number of cyc l es to 
a certa in failure criterion on the ho rizo nta l axi s. 

Test speci men 

Table 3.2.1 gives a survey of t he test programme . Three small T- joints 
were loaded with in plane bending. All ot her joints were axia ll y loaded. 
One X- joint was tested with both chord and brace axia ll y loaded. Some 
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Figure 2. 4.24 Crack growth data in ai r obtained by various invest igators. 
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47 - 1 47 - 1 

Figure 2. 4. 22 Crack surfaces of specimen 47 -1. 
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48 - 3 49 3 

Figure 2. 4. 20 Crack surfaces of speci mens 48-3 and 49 -3. 
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49 - 1 49 - 2 

Figure 2.4.19 Crack surfaces of speci mens 49 - 1 and 49 - 2. 
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Figure 2.4.15 Influence of stress ratio (HAZ; air; R = 0.1 vs R = -1 ). 
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Figure 2.4.14 Influence of environment (HAZ; air vs sea water) . 



~ 
E .s 
z 
~ 
0 

"O 

-2 
10 

-3 
10 

-4 
10 

10 
-5 

-6 
10 

TS 
air 
R = 0 .1 

* ?J~ · 
e V 

. 

V 
~x 

X 

2- 183 

+ 51 - 1 
X 51 - 2 
0 54 - 1 
'f/ 54 - 2 
8 54 - 3 

base metal 
base metal 

HAZ 
HAZ 
HAZ 

+ 

+ 

+ 
+ 

+ 

5 6 7 8 9 10 20 30 40 so 60 70 80 
tK (MPavm) 

Figure 2.4.13 Comparison of fat i gue crack propagation in base metal and 

HAZ (air; R = 0. 1) . 



-2 
10 

-3 
10 

-4 
10 

-5 
10 

-6 
10 

5 6 

base metal 
TS 
sea water 

0 

7 8 9 10 

2- 182 

6K (MPovm ) 
20 

+ 51 - 3 
0 66 - 1 
0 66 - 2 

30 

R = 0.1 
R = 0.5 
R = 0.5 

40 50 60 70 80 

Figure 2.4. 12 Influence of stress ratio (base metal; sea water ; R = 0.1 

vs R = O. 5) . 
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Fig . 2,4,6b Detail of 120 kN test equipment at the laboratory 
of structural fati9ue, University of Technology , 

Eindhoven . 
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Eigure 2.4.6a 100 kN test equipment at the ship structures laboratory 
University of Technology, Delft . 
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2.4. 11. Figures 

\, 

Fig, 2.4 . 1 Orientation of crack growth specimens and nomin al dimensions 
of cross secti on . 
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Table 2.4 . 1 continued 

Materia l 

We l d 
Meta l 

Range 
0r i enta - Stress Env i ronment Nominal 
t i on Rati o R Stress 

/N /mm2 ) 

TS 0.1 Air 30 

TS 0.1 Air 45 

TS 0.1 Sea-water 45 

l ) 
THD = Universi ty of Technology, De l ft 
THE = Uni vers i ty of Technology, Eindhoven 

MRI = Meta l Research Inst i t ute TN0 

l t ) evaluat ion of resul ts cance ll ed 

tll) saw-cut speci mens 

Comme nts 

Stress 
Re li eved 

" 

" 

Laboratory Speci men 
l ) Des i gnati on 

THD 57- 1 

THD 57- 2 

THD 58- 1 
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2.4. 10 . Tables 

Table 2.4. 1. Summary _of crack propagation tests 

Range 
Materi a 1 0rienta- Stress Envi ronment Nominal Comme nts aboratory Speci men 

t ion Ratio R Stres21 1) Des ignation 
(N/TTTTI 

Base LS 0.1 Air 126 THE 47 - 1 
Metal LS 0.1 Air 33. 3 THE 47 -2 

LS · 0.1 Air 37 MRI 47 -3 

LS 0.1 Air 37 MRI 47 -4 

LS 0. 1 Air 50 Stress MRI 48-4 
relieved 

LS 0.1 Air 50 MRI 50-111
) 

LS 0.1 Air 50 MRI 50- 211
) 

LS 0.1 Air 50 THD 69 -3 

LS 0.1 Air 50 MRI 71-111~ ) 

LS 0.1 Air 50 MRI 71 -311~ ) 

LS 0.1 Sea-water 33.3 THE 48-2 

LS -1 Air 45 THD 49-3 

LS -1 Air 60 THD 49- 1 

LS - 1 Air 60 THD 49- 2 

LS - 1 Air 100 THD 69 - 1 

LS - 1 Air 60 THD 69- 4 

LS -1 Ai r/Sea-v1ater 60 THD 48-3 

TS 0. 1 Air 126 THE 51-1 

TS 0. 1 Air 33.3 THE 51 -2 

TS 0.1 Sea-water 72 MRI 51 - 3 

TS 0.1 Sea -water 90 MRI 51A-3 

TS 0.5 Sea-water 80 MRI 66-1 

TS 0.5 Sea-water 60 MRI 66- 2 

TL 0. 1 Air 37 MRI 53-2 

TL 0.1 Air 50 Stress MRI 53-3 
Relieved 

Heat TS 0.1 Air 37 " MRI 54-1 
~ffected 
~one TS 0.1 Air 37 " MRI 54-2 

TS 0. 1 Air 50 " MRI 54-3 

TS 0.1 Sea-water 90 " MRI 55- 2 

TS 0.1 Sea-water 37 " MRI 55- 311
) 

TS 0.1 Sea-v1a ter 72 " MRI 56- 1 

TS 0. 1 Sea-v1ater 72 " MRI 56-211
) 

TS 0 .1 Sea-v1ater 60 " MRI 61-2 

TS - 1 Air 60 " THD 59-1 

TS - 1 Air 36 " THD 59-2 

TS - 1 Sea-water 60 " THD 60 - 1 

TS -1 Sea-1~ater 48 " THD 60-2 
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s: At R = -1 a higher crack propagation rate (in comparison with base 

metal) is observed in the HAZ in the region of low 6K-values. This 

may be due to resi~ual stresses . (fig . 2. 4.15) . 

9. The results of the present investigation are in good quantitative 
accordance with t he results obtained in other investigations . 

Nevertheless a mutual comparison of the results of the different 
investigations reveals that crack propagation data may show large 
differences, particularly in t he ~egion of low tK-values. In this 
region the results seem to be very sensiti ve to t he presence of resi ­
dual stresses, t he load shedding procedure and t he entire test pro­
cedure. 

10. Although at low ~K- values t he sea wa ter environment appears to 

have a minor influence on fatigue crack propagat ion the conclu­
sion sometimes stated that sea water has no detrimental influence 
on t he fatig ue life of offshore structures seems to be premature . 
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Conclusions 

1. The results of fatig ue crack propagation tests at R = 0.1 i n air 

performed in t he t hree participating laboratories are in good agree ­

ment . They can be de scr ibed by t he relation da/dN = 6. 1 x 10 -9 x tK
3

·
0 

in t he region 6 < tK < 80 MPa/rn (fig.2.4.7 1 (da/ dN in mm/c ; ~Kin MPa/m) . 

2. The orientation of the crack plane proves to have no signifi cant 

influence on the fat igue crack pro~agation rate (fig. 2.4.8 ) . 

3. At R = - 1 crack growth rate in air proves to be notably higher t han 

at R = 0.1 in the initi al stages of the tests. As crack growth 
proceeds the da/dN - tK curves for R = - 1 and R = o.1 tend to converge 
(fig . 2.4.10). 

4. It is believed that the initial higher crack growth rate at R = - 1 
(when compared with R ~ 0.1) is due to the fact that the fatigue crack 

originated at the root of a mechanical notch . It is considered worth ­

while to pay adequate attention to this phenomenon in future studies 
because the magnitude of the crack growth rate in the region of low 

tK-values ha s an important influence on fatigue life . 

5. In sea-water the fatigue crack growth rate i s about a factor 3 higher 

than in air . As crack growth rate increases the magnitude of the 
influence of the sea-water decreases and finally vanishes (t > l0 -3mm/ c) 
In t he region of low crack growth rates (<1 0~5mm/c) the influence of 

of the sea -water seems to be smaller as t K is lower (fig . 2.4 . 11) . 

6. The crack propagation rate in sea water at R = 0. 5 appears to be only 
s lightly higher than at R = 0.1. In the region of low tK-values which 
is the most interesting region from the viewpoint of fatig ue li fe - t hi s 

trend is obscured by scatter. Nevertheless t hi s tendency is i n accor ­
dance with t he results of tests performed elsewhere. (fig. 2.4.12). 

7. The crack propagation rate at R = 0.1 in air in t he weld metal and the 
HAZ i s not s ignifi cantly di ffe rent from t he crack propagation rate in 

base material . (fig . 2.4.13; 2.4.17). 
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The initial relatively high crack growth rate at R = - 1 (wh en compared 

with t he results on base metal at R = -1) may be due to resid ual stresses , 

inspite of t he postweld heat treatment . 

Fina lly the minor influence of t he sea water environment at low 6K- values , 

as found by Johnson et al 131 , and by Bristoll 110, 13 1 is reca ll ed. In 
131 the sea water influence on crack propagation seems to have comp l ete ­

ly vanished below 20 MPa ✓m and in I 101 below 13 MPa/m. This might lead to 

t he conclusion t hat with respect to offshore structures, where t he value 
of the stress intensity factor of defects is assumed t o be very low 

during t he major part of its life ti me , t he influence of t he sea water 

environment on fatigue li fe will be negligible. 

For t he t ime being such a conclusion seems to be premature howeve r. 

In t he present investigation (endurance tests on small sca le T- joints 

1141 ) a subs tant ial influence of t he sea water environment was apparent 

at nominal stress ranges above 100 N/mm2 (the amount of experimental 
data at lower 60 values in air and sea water is too small to make a 

0 

reliable comparison ) . As suming a stress concentration factor (SCF ) of 3 

t he stress range relevant to a weld toe defect and corresponding to 
2 2 0 

60
0 

= 100 N/mm would be 300 N/mm . Now it i s generally agreed that ini -

tial defec ts with a depth of 0.4 mm may be present at the weld toe. The 

geometrical correction factor F for a long crack with t hi s depth will 

have a value of about 1.122 I l l ( free surface correction ) . This will l ea d 
to an initial 6K- value of the de fect of 

L\K = F.SCF.6a ha = 1.122 x 3 x 100 hx 0 .4 x l0 - 3 = 12 MPa / m 
0 

In many cases 6K will have been lower (shallower defects, semi ell eptical 

defect shape, lower SCF). 
According to the crack growth results from I 31 and I 101 no or only a 
very s light influen ce of the sea water environment would be expected 

at 60
0 

= 100 N/mm2. The pre se nt crack propagation tests reveal however 

t hat crack growth in sea water may already be a factor 2 faster t han 

in air at 6K- values below 12 MPa Im (cf figure 2.4.17 ) . This impli es t hat 

at a stress range 60
0 

= 100 N/mm2 or even lower the fat igue life in sea­
water en vironment may be substantially shorter than in air, as emerges 

fro m I 141 . 
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A more t ho rough discussion of the investigations where these results 

have been taken from, vi z 131, 16-91, is outside t he scope of t hi s report . 
Nevertheless it shoul d be emph asi zed t hat in the region of low 6K-values 
the results of crack propagation tests are very sensitive to the presence 
of residual or secondary stresses , to the load shedding procedure applied , 
and to the operating procedure during testing . 
In sea-water t he crack growth rate proved to be about a factor 3 higher 
t han in air. This is in good agreemen t with t he results obtained by John ­

son I 3 I and with results obtai ned by Bristo 11 I 10 I . In bot h references 
t he tendency is no ticed that t he influence of t he sea-water environment is 
less severe at low 6K- values. This tendency appears to emerge fr om the 
present investigation as well, although t he region of low 6K-val ues was 
no t investigated extensi vely during the sea-water tests. 

At a stress ratio R = -1 the results of the present investigation show a 
relatively high initial crack growth rate when compared with similar test 

re sults at R = 0. 1. Thi s is at variance with t he results of Johnson 131 
who did not observe this trend . On the other hand Bri stoll llOI obse rved 
that the growth rate of cracks emanating from a notch was higher at 
R = - 1 than at R = 0.1 . When the notch was machined away t hi s difference 
disappeared however . Clearly the compressive part of the load cycle yi elded 
a contribution t o fatigue crack propagation in the former case, whereas 
it did not in the latter case. 
Although the da/dN- 6K curves for R = - 1 and R = 0.1 tend to converge as 6K 
increases it seems wort hwhil e t o pay adequate attention t o the initial high ­
(er) crack growth rates at R = -1. This may have a substantial influence 
on fatigue li fe, as the major par t of fat igue li fe coincides with the re ­
gion of relatively low 6K-values (crack propagati on rates) . 

During tests in sea-water a stress ratio R = 0.5 suggested a slightly 
highErcrack growth rate than at R = 0.1. This would be in accordance with 
results obtained by Johnson 131 and by Vos ikovsky lll l . The trend observed 
is obscured to some extent by experimental scatter , especia lly at re­
l ati vely low 6K-values. 

The observation t hat t he crack growth rate in t he weld metal and in the 
HAZ does not differ substantially from t he crack growth rate in the base 
material agrees with the finding s of Berge et . a 1. I 8 I and Benoit et. al . 

I 12 I . 
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For both specimens the results showed a decrease of the crack growth rate 

ending in a complete stop of any crack growth. In order to reinitiate the 

crack the load amplitude was raised in steps of 10% up to a level of 130% 

respectively 230% of the original load. Although specimen 48- 3 was planned 

to be tested in sea-water it was decided to restart crack growth at a higher 

frequency in air. The crack surfaces are shown in fig. 2.4.20. In fig . 2.4.21 

the crack growth is shown in relation to the load amplitude and the number 

of cycles. 
For reasons of comparability the crack surface of a specimen without mater­
ial defects is shown in figure 2.4.22. The testing of this specimen yielded 

valid results. 

In specimens 50- 1 and 50- 2, which had a relatively large thickhess, ~e crack 

front shape proved to be ·very irregular . For this reason the evaluation of 

the test results was considered doubtful and consequently omitted. 

Finally it should be remarked that some sea-water tests had to be terminated 

in a premature stage because of a very poor visibility of the crack, or 

because of a complete crack stop. 

Comparison with the results of other investigationson si mil ar or related 

materials 
-

In figure 2.4.23 the results of tests performed in air during the present 

investigation are compared with the results from some other investigations 

emerging from 111; these investigatio~enclose extensive and thorough 
studies on fatigue crack growth in BS 4360 : 500 steel. 
As the figure shows there is a good agreement with the results of Johnson 

et. al. 131. The line taken from the work by Austen 141 is lying somewhat 
above the lines mentioned before. This line has to be considered as an 
upper boundary however . The results of the various separate tests reported 

by Austen are all somewhat below the line in question. Consequently it may 
be stated that the present results are in good agreement with the results 

by Austen as well. Furthermore t here is an excellent agreement with the 
results of tests on an X-65 line- pipe steel as carried out by Vosikovsky 

I 5 I. 
Mutual compari son of other results of tests on fatigue crack propagation 
in similar materials in air , as shown in figure 2.4.24, reveals that these 

results sometimes show large differences , especially in the region of low 

~K-values . 
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2.4.6.6. Seearate _discus si on _of_the _results _of_some _tests 

Specimen 48- 2 was tested in sea-water at a stress ratio R = 0.1 . After 
load sheddi ng and applying a maximum value of the nominal bending stress 

of 37 N/mm2 the speci men was subjected to alternating loading periods with 

loading freque ncies of 0. 2 and 10 Hz. The duration of each period was 
sufficiently long for t he measurement of t he crack growth rate . This pro­
cedure was chosen to set a limit to t he duration of t he ex peri ment . 
The results are shown in 2. 4.18. 

The crack growth rate at a frequency of 0 .2 Hz i s larger than at a fre ­
quency of 10 Hz. This is in agreement with the findings of other i nvesti ­
gations which reveal a higher crack growth rate (increment of crack l ength 
per cycle) as the frequency is lower. At low values of 6K the crack growth 
rate in sea-water at a frequency of 0.2 Hz is a factor 1.4 higher t han in 

air. This is not at variance with the results discussed earlier in this 
report as these results were obtained in an interval of higher 6K-values. 

At higher 6K-values the relation of Paris (da/ dN = C 6Km ) does not seem 

to be obeyed anymore; relatively low values oft were obtained as emerges 
from figure 2.4.18. This was thought to be due to crack closure effects, 
caused by corrosion products in the crack. During this stage of the test 
the crack front shape was not quite regular (straight) as could be con­
cluded from the inspection of the fracture surfaces, after termination of 
the test. It i s not clear if this is due to (macro- ) defects in the mater­
ial . If so, they could very well have been responsible for the relatively 

low crack growth rate. 

The results of the testing of specimens 49-1 and 49 - 2 were considered 
doubtful , as already stated before. Inspection of the fracture surfaces 
revealed the prese nce of defects which possibly have influenced the crack 
growth process. These ma teria l defects clearly emerge from t he photo­
graphs of t he fracture surfaces, as shown in fig ure 2.4.19. 

As speci men s 49- 1 and 49 - 2 were tested in the far beginning of the 
programme some addi tional tests were carried out on specimens 49 - 3 and 
48- 3; both specimens were taken out of the same region of t he ground plate . 

Unfortunately these speci mens seemed to have the same kind of defects re ­
sulting in even more severe effects on crack growth and consuming much 
testing time . 
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Inspection of the crack surfaces after testing learned that the results 

of specimen 59-2 are non -valid or at least doubtful. 

The different behaviour of this speci men may possibly be explained by the 

suppressing effect of mat~rial inhomogenities . 

Influence of stress ratio in sea-water - -- -- ,- - - - -- -- . - -- - - - - -- - .. - -- .. 

Figure 2.4.16 presents the result of a test in sea-water at R = - 1 and 
the results of tests at R = 0.1 . 

In accordance with the results in air (fig . 2.4.15), the initial crack 

growth rate at R = - 1 is notably higher than at R = 0.1. It seems that 

the effect of the stress ratio upon the crack growth rate is not influenced 
by the corrosive sea-water environment. 

Comparison with the results presented in fig. 2.4.14 suggests that at nega­

tive stress ratios again some time is needed before the influence of the 

sea-water environment becomes effective and perceptible . 

2.4.6.5. Weld metal 

The test results on weld metal ar~ presented and compared with the results 

on base material in figure 2.4.17. Concerning the tests carried out in air 

the figure shows that for the lower values of 6K the crack growth rate in 

the weld metal does not differ from the crack growth rate in the base metal . 
However, at larger values of 6K the increase in crack growth rate is found 

to be less than in base metal . The reason for this difference is not easy 

to explain. Besides, there still remains the question if the different be­
haviour of only one specimen can be considered to be representative for the 
behaviour of the weld metal. 

Regarding the tests in sea-water the results show a crack growth rate of 

about 2.5 to 3 times as large as in air. This is in full agreement with the 

results on base metal. However , contrary to the tests on the HAZ and on base 
metal the magnitude of the difference seems to be rather constant through ­

out the interval of 6K that was covered. There is no tendency of convergence 
to the results in air at lower and higher 6K values. It should be emphasi zed 

however that the test in sea-water was terminated at a lower value of 6K than 
the tests in air on base metal . 
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At lower 4K-values the crack growth rate in the HAZ appears to be some­
what larger t han in base metal. However, with increasing 6K-values (crack 

lengths} the difference disappears . Concerning t hese differences it shoul d 
be considered that similar differences are found between the results of 
the tests in different laboratories carried out under the same testing 

conditions as shown in fig. 2.4.7 . In this repect these differences are 
not consi dered to be really significant . 

Inf luence of sea-water (HAZ) - ~- -- - _,- - - - ' - - -- - - - -
In fig. 2.4.14 the results of three tests in sea -water are compared with 
t he results in air. All tests were carried at a stress ratio R = 0.1 . The 
results show a great similarity with t he res ults presented in fig. 2.4.11 . 

For the HAZ the crack growth rate in sea-water i s found t o be abou t 4 
times as high as in air, which is even larger than was found for crack 
propagation in base metal . 
More significantly than for the tests on base metal (fig. 2.4.11 ) the 
results in fig. 2.4. 14 show t hat initially the crack growth rate in sea­
water is hardly larger t han in air. It seems that during this stage of the 
test the influence of the sea-water on the crack growth rate is relatively small 

At high values of t he crack growth rate t he corrosive effect decreases, as 
wa s observed in the same way at the tests on base meta l . 

! nf l~eQc~ gf_s!r~s~ ~ra! ig i n_air_(~A~) 

In fig. 2.4.15 t he resu l ts are presented for one speci men tested at a 
stress ratio R = 0.1 and for two speci mens tested at R = -1. As men ti oned 
before the calculation of 6K i s based upon a stress range 6a only enclos ­
ing the tensile part of the load cycle, whereas the compres sive part is 
neglected. Comparison of specimen 54- 2 with 59-1 l earns that the crack 
growth rate during loading at R = -1 i s much higher than under load ing at 

R = 0.1. Especially during the initi al stage when the crack l eng t h is still 
small t he difference in crack growth rate i s very large. Compared with t he 
results on base meta l (fig. 2.4.10 ) t he crack growth rate at R = -1 is 
much higher in t he HAZ t han i n t he base metal. The difference does not 
disappear at larger crack lengths. The only explanation seems to be the 
presence of residual stresses due to the welding procedure in spite of 
stress - reli eving . 
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Influence of sea-water 
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In fig. 2. 4. 11 the results of the tests in sea-water are compared with 

the results of tests carried out in air. 

The specimens had a crack orientation TS and were tested at a stress ratio 

R = 0.1. For the tests in sea-water small perspex boxes were installed 

around the specimens, surrounding the notched part of the speci men and 

the expected crack path. 
Crack initiation was realised by applying a load shedding procedure under 

high frequency (6 Hz) in air. After crack initiation the tests were con­

tinued in sea-water at a frequency of 0.2 Hz . 

Figure 2.4.11 shows a significant influence of the environment with a 
crack growth rate in sea-water up to three times as high as in air. This 

is in accordance with the results as mentioned in the conclusions of 

chapter 2.2. At larger crack growth rates the difference decreases and 

seems to disappear. It seems if the crack growth rate has an upper limit 

above which the influence of the corrosive sea-water environment on crack 

growth vanishes . 

Concerning the results in the initial stage of crack propagation it is 

remarkable that the influence of the sea-water environment appears not 

immediately fully effective during this stage. 

Jnf l~eQc~ 9f_s!r~s~ ra!i2 {R _>_02 

In fig. 2.4.12 the results of tests in sea-water are presented. The ex ­

periments were carried out at stress ratios R = 0.1 and R = 0. 5. As is 

shown in fig. 2.4.12, only a slight influence of the stress ratio has been 
found. However, it should be noticed that all R-value s are positive; con­

sequently no compressive part is included in the stress cycles. 
For the lower values of ~Ka wide scatter and variability in crack growth 

rate can be observed for one of the specimens. The reason for this behaviour 

is not clear. 

2.4.6.4. Heat Affected Zone ------------------
~o~p~ris2n_of ~A~ ~i!h_b~s~ ~e!al in_air_ 

In fig. 2.4.13 t he results of tests on materia l from the heat affected zone 

are compared with tests on base metal. 
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For the time being it is not possible to explain these phenomena in a 
satisfactory way . They may be due to small changes in the residual stress 

distribution, the microstructure and crack closure effects , as these para­
meters and effects may signifi cantly influence the crack growth rate at 

low values of ~Kand for small crack lengths . 

l nfl~eQC~ 9f_s!r~s~ ~a!i2 iR_=_O~l_aQd_R_=_- !) 

The results of the tests with different R-values are given in fig . 2. 4.10. 
Comparing these results it should be notified that the results of the ex ­
periments with a positive stress ratio (R ~ 0) are based upon a calculation , 

of ~K-values, using ~a = omax - omin' being the double stress amplitude. 
However, for the results of the experiments with a negative stress ratio 

(R < 0), ~K is calculated using ~a= omax' being the tensile part of the 
double stress amplitude. 
Comparing the results it is found that at small crack lengths the crack 
growth rate at a negative stress ratio (R = -1 ) is much higher than the 
crack growth rate at a positive stress ratio (R = 0.1). This difference 
disappears at further crack growth. In order to explain this apparent 
anomaly it is remembered that the fatigue crack originated at the root of 

a mechanical notch. At the root of such a notch there will be a stress 
singularity, not only during tensile loading but also during compressive 
loading . Consequently a certain degree of compressive plastic deformation 
at the notch root will occur during the compressive phase of the load 
cycle. \✓ hen the fatigue crack is still very short the material surrounding 
the entire crack will undergo the last -mentioned compressive plastic deforma­
tion. Because of this deformation the crack may already open up after the 
moment the load has passed its minimum value so that the compressive phase -
at least partly - contributes to crack growth. With increasing crack length 
the crack tip moves away from the notch root. As a consequence the effect 
of the mechanism described above (stress singurality at the notch root 
during compressive loading) will fade out as testing proceeds . 
Although in fig. 2.4 . 10 also the results of the specimens 49 - 1 and 49 - 2 
are given, their reliability is open to doubt . Obviously the rate of crack 

growth is notably smaller at larger ~K values. This may - possibly - be due 
to a suppressing effect of material inhomogenities (inclusions ) . The re ­
sul ts of these tests will be di scussed separate ly . 
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Only in t he region of low t K-values and crack growth rates small differences 
are found between the results from the different laboratories , which diff­

erences are not considered to be significant. 

The results can be described in a quantitative way by the relation 

.; = 6. 1 x 10-9 x t K3·0 (.; in mm/c ; t K in MPalrii) 

As emerges from figure 2.3 . 7 the relation of Paris (.; = C tKm) gives a 

very satisfactory description of these crack growth data between t Kz6 and 

tK ~ 80 MPalrn. The line representing the relation.; = 6. 1 x 10 -9 x tK3·0 

is also drawn in the subsequent.; - tK plots. 

Influence of crack orientation 

The results of tests on specimens with crack orientations LS, TS and TL 

are presented in fig. 2.4.8 . 
The results do not show a significant difference due to the influence 

of the crack orientation. 

!nfl~e~c~ 9f_s!~~s~ celi~ving and ~a~-~u!ting 

From the first experiments on crack propagation it was learned that the 
crack front shows a tendency of lagging behind at half thickness, especially 
at small crack lengths, i.e. during the first stage of the tests. This 

phenomenon was attributed to internal stresses due to oxygen cutting. To 

verify this assumption it was decided to test some specimens after stress 
relieving, whereas some other specimens were taken out of the plate by 

saw- cutting. Inspection of the crack surfaces after testing revealed how ­

ever that the initial anomalous crack front shape was not eliminated by 
stress relieving or saw- cutting. 
The results of these tests are compared in fig. 2.4.9. It seems evident that 
in the case of stress relieving and saw- cutting initially the crack growth 
rate is suppressed. However, for further crack growth no difference is found 

between a saw-cut specimen and an oxygen- cut specimen. The same result 
is found for one of the stress relieved specimens. The other stress re ­
lieved specimen shows an increased crack growth rate on further crack growth. 
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At TN0 crack length values a were primarily calculated from the values of 
the electrical potential drop V over the notch opening using a theoretical 

solution for the relation between a and V Ill . These values were compared 
with the results of the optical crack l ength measurements. From this com­
pari son a new set of crack length values was determined . Subsequently , a 

best fitting polynomial of t he second degree was laid along seven conse­
cutive points of t he a vs N graph ; t he values .of a and da/dN at the middl e 

N value were calculated. This procedure was repeated for a number of points. 

The value of t he range of t he stress intensity factor ~K was calculated 

according to t he formula (taken from Ill) . 

6K = 60/1ra ' F(a/b) 

with F(a/b) V2b 1ra 0. 923 + 0. 199 (1 - si n 75") 4 

= 1ra tan 75 cos 1ra 
2b 

In this formula 60 represents the double amplitude of the nominal bending 
stress, a the crack length and b the specimen height . 

The results thus obtained were plotted in diagrams in which the crack 
growth rate was plotted - on a logarithmic sca le - as a function of tK 

(al so on a logarithmic scale), the range of the stress intensity factor . 

2. 4.6.2. Base metal in air 

Base_m~t~ l _tested i n_tbr~e_p~r!i~iea!i~g_l~bgr~tgrie~ 

The results of the tests on specimens of base metal were singl ed out as a 
primary base for comparison. The specimens had a crack orientation LS and 
were tested in air at a stress ratio R = 0.1. 

In order to check t he comparability of results obtained in different labor­
atories, the three laboratori es carried out some tests on similar specimens 
under t he same testi ng conditions. 
The results of these tests are shown in fig. 2.4.7, and prove to be in 
good accordance , es pecially when emerging from experi ments carried out in 
the same laboratory . 
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load shedding procedure. This technique was applied to facilitate crack 

initiation and to produce a straight crack front . 

Experi ments in sea-water were carried out by surrounding the notched part 

of the specimen by a small perspex box . Synthetic sea-water which wa s 
aerated continuously was circulated throu~h this box . The composition was 

in accorda nce with t he ASTM specification Dll41- 52, however without addi ­

tion of stock so lu ti on no . 3. More detailed information about t he sea­
water composition has been suppli ed in chapter 2.2. The sea-water tempera­

ture (18- 21°C ) and t he pH (8, 0-8,2 ) were moni t ored conti nuou sly . The com­

pos i ti on of t he sea-water was controll ed periodically and adjusted when 

necessary; regu l arly a fresh mixture of sea-water was suppli ed. All para ­

meters were kept in agreement with table 2.2 -5. 

During all experiments in sea-water the loading frequency was 0.2 Hz. 

During all experiments in ai r a much higher frequency was applied (20 

Hz ultimately) . During a number of tests the frequency was periodically 

decreased to a lower value (e.g. 1 Hz ) and increased to the original value 

afterwards in order to produce beach marks or t o minimise the amount of 

crack growth during the absence of the responsible operat or . 

No uniform values for the minor and the major span were used . The minor 

span was at least twice the specimen height however . During t he experi ­

ments in sea-water the minor span generally had a larger value because of 

the presence of the pers pex box. 

Experi ments were terminated when t he ratio crack length/specimen height 

had reached a value of about 0.6 . 

2.4.6 . Discussion of results 

2:4.6.1. Evaluation_and _Qresentation 

The resu l ts of the exper iments carried out at t he Univers ity of Tec hnology 
in Del ft and at the Univers ity of Technology in Ei ndhoven were evaluated 

by plotting - for each experi ment - crack l ength (a ) versus number of load 

cycles (N) . The value of da/dN at various crack length s was ca l culated 
from the a versus N graph of t he speci men in questi on . 
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It was set in operation automatically after a preset , sufficiently large 

increase of the electrical potential drop across t he notch . The i ncrease 

in crack length between two consecutive recordings of t he video-equipment 
was chosen to be about 0.3 mm . 

Parall~ lines (perpendicular to the crack ; spacing 1 mm) were grooved into 

both sides of the specimens so that the position of the crack tip co~ld 

be localised rather accurately . 
+ The accuracy of these recordi ng s was 0. 1 mm . 

Programme 

Main Qarameters; _number_of_tests 

The programme carried out is listed in ta bl e 2.3- I 

Detail s about test conditions 

The experiments were carried out under constant amplitude loading (s ine 
wave form). At the beginning of most tests a load sheddiTig procedure had to be 
applied to realise crack initi ati on at t he notch root within an acceptable 

time . Frequently this was acc ompli shed by sta rting -the test at a value between 
130 and 180% of the intended range of the cyclic load . _This v.a.l ue 

wa s subsequently lowered in steps of about 10% after penetration of t he 

crack through the corresponding crack tip plastic zone. On the whol e t he 

stress ratio R was kept constant during the load shedding procedure. al ­
t hough in some tests with a stress ratio R = 0.1 t he lower value of the 

load was kept constant. The entire load shedding procedure whi ch has always 
been carried out in air at room temperature, took about 2- 3 mm crack growt h. 

Therefore only meas urements from a crack length of 9- 10 mm on are consider­
ed to be valid ; results obtained at a lower ·crack l ength value are cons idered 

to be infl uenced by the load shedding procedure and are consequently re­
jected. 

During t he exper iments performed at t he University of Technology in 

Eindhoven and during severa l experi ments performed at t he Metal Research 

Institute t he specimen was initially inserted into t he test mac hine in a 
reversed position (no tc h reg ion loaded in compression ) . In t hi s position 

it was subjected to some ten - thousands of load cycles with the same maxi ­
mum load value as at the start of the load shedding procedure. Subse­

quently t he. specimen was rever sed and subj ec t ed to the described 
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In specimens for experiments on crack growth in the HAZ the centre of the 
initial notch was located at a distance of 1 mm from the fusion boundary , 
in the HAZ. In specimens for experiments on crack growth in the weld metal 
the initial notch was in the weld metal , a few mm from the fusion boundary . 
Thi s is illustrated in figure 2.4. 5. In welded specimens only experiments 
on crack growth in the short transverse direction were performed . 

All welded specimens were post weld heat treated before testing . Two 
specimens made from base material were post weld heat treated before testing 
as well, vi z 48-4 and 53-3. 

2.4 . 4. Equipment 

2.4. 4. 1. Loading_eguipment 

At the University of Technology in Delft three loading machines with capa­
cities of 50, 100 and 350 kN were used simultaneously; the latter was used 
for experiments in a sea-water environment. 
At the University of Technology in Eindhoven a 120 kN loading machine was 
used, whereas at the Metal Research Institute a 350 kN machine was used. In 
all loading machines a double acting hydraulic actuator was operating under 
precision servoyalve control in a closed loop system~ Figure ·2. 4;6a shows 
a -general view of one of the testing facilities whereas a detail of another 
testing equipment is shown in figure 2.4.6b. 
All test fixtures were designed to allow the support pins to rotate and 
move apart slightly, thus maintaining rolling contact throughout the test . 

2. 4. 4. 2. Measuring _eguipment 

At the Universities of Technology in Delft and Eindhoven the crack length 
was measured periodically at both sides of the specimens by means of micro­
scopes. In order to facilitate accurate measurements of the crack length a 
grid was printed on both specimen sides in the vicinity of the crack path . 
The accuracy of the measurements was± 0.05 mm in air and± 0. 1 mm in sea­
water . 

At the Metal Research Institute crack growth was recorded in two ways , Vi z. 
by video- recording at both specimen sides and by continuous r ecording of 
the el ectric~l potential drop acros s the notch opening (PD- t echnique using 
DC) . The video- recording equipment was no t operating cont inuou sly bu t in 
an intermi tting way. 
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2.4. 3. Specimens 

Crack growth studies have been performed using single edge notched 
specimens loaded in four point bending. 

The orie.ntation of the specimens has been characterised . according to the 
ASTM- system . In this system Lis used for the indication of the longitudi ­
nal direction (direction of rolling) , T(transverse) for the transverse 
direction, and S(short transverse) for the thickness direction . Acom­
bination of two letters is used to specify the orientation; the first 
letter refers to the direction of loading (tensile direction) , the second 
letter refers to the direction of crack growth . This is shown in fig . 2. 4. 1. 
Figure 2.4.2 shows the pattern according to which the specimens from series 
47 through 61 were taken out of the plate. 

Generally the specimens were taken out of the plates by oxygen cutting. 
Two specimens however, were taken out by saw cutting (71 - 1 and 71 -3) . 

For the majority of the specimens (orientations LS and TS ) the values of 
the nominal thickness and the nominal width were 35 mm and 70 mm respec ­
tively. Two specimens with the orientation TL had a square nominal section 
(70 X 70 mm ) , whereas two additional specimens with the orientation LS 
had a thickness of 130 mm and a width of 70 mm. 

The majority of the specimens was notched by making a 1 mm wide and 5 mm 
deep saw cut; in the root a finer saw cut was made with a width of 0.3 mm 
and a depth of 2 mm as shown in figure 2.4.3a. The specimens tested at 
the University of Technology in Eindhoven were notched in a different way 
leading to a slight chevron- like notch; this is shown in figure 2.4 . 3b . 

Specimens for experiments with respect to crack growth in the weld metal 
and in the heat affected zone (HAZ) were taken from the plates obtained 
by welding plate parts as indicated in figure 2.4 . 2 in the vertical up 
position (3G). The geometry of the weld and the build- up sequence is shown 
in figure 2.4. 4. The welding procedure was the same as described in 
chapter 2. 1. 
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2.4 . 1. Introduction 

Complementary to the endurance tests crack propagation studies have been 

carried out in order to generate diagrams in which the crack growth rate 
is plotted as a function of the range of the stress intensity factor . 

Such plots will reveal the influence of the material condition (base metal ; 
heat affected zone; weld metal) , as well as the influence of the orien ­
tation. Moreover, it wa s envisaged to check if the influence of the 

environment observed during the testing of welded joints would be con­
firmed by crack growth studies based on a fracture mechanics approach. 

Another important parameter to be varied was R, the stress ratio being the 
ratio of the minimum and the maximum nominal stress during fatigue loading. 

Finally crack propagation data would supp1y a basis for the calculation 
of fatigue life of welded joints. For such joints the period of crack 

initiation is often assumed to be relatively short. Neglecting this initia­
tion period the fatigue life of the joint in question may be obtained by 
integration of a suitable crack propagation law . 

The above mentioned crack growth studies were performed at the University 

of Technology in Delft (Ship Structures Laboratory), the University of 
Technology in Eindhoven (Laboratory of Structural Fatigue) and the Metal 

Research Institute TNO in Apeldoorn. 

2. 4. 2. Material; welding consumables 

The specimens have been taken from a normalised carbon manganese steel in 

accordance with Euronorm 113- 72 Grade Fe E355 KT requirements . The material 
thickness was 70 mm. The chemical composition and the mechanical proper­
ties have been listed in chapter 2.1 , table 2.1 -1 and table 2. 1-2. 

Some series of specimens have been taken from welded plates. These plates 
were manufactured by manual metal arc welding using bas ic coated low 

hydrogen electrodes , AWS clas s E7016 . Welding details have been tabulated 
in chapter 2. 1, tabl e 2. 1- 4. 
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Fig . 2.3.10 Fracture surface , test in seawater 
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Fig . 2.3 . 9 Fracture surface, test in air 
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2.3. 11. Figures 
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2.3.10. Tab les 

Tabl e 2.3. 1. Summary of test condition s 

Loading 

Irregul arity factor 

Block length 

Peak (range ) distribution 

Crest factor 

Frequency band 

Environment 

Specimen co ndi tio n 

pse udo random 

narrow band process, J > 0.99 

100 .000 cycles 

Gaus s ian and Rayleigh 

5. 4 (bo th di st ributions) 

2.29 + 0. 15 Hz in air 

0. 229 + 0.015 Hz in seawater 

air and synthe t ic seawater 

as -welded 
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1 2 

2 2 
a✓- a 

1T 

3 

3 
3a ✓ 4 1T 

4 5 

15 5 ✓ 8 a TI 

When x is not an integer , as is usual when x i s derived from experi mental 
results, E(Tx} can be interpolated or read from a graph of 

as a function of x as is given in fig. · 2.3.A2. 
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(so when J + 1) , F(t ) can be written as 

F(t ) = T(t ) sin 2nft 

The en velope T(t) of t he load signal contains *) all t he peaks 1. 
These peaks occur at constant ti me intervals 1 and t herefore 

p(T) = p(1l 

and al so 

a(T) = a(1) 

No te however that 

F rms = ½ ✓2 • a ( 1) 

f 

as the area under the envelope i s only partially filled by the 
si nusoidal signal (see fig. 2.3.A I) . 

Gaussian : 

(83) 

For the Gaus sian distribution the envelope can be regarded as 11 double 
recti fied 11 so that 

00 

E(1x) = 2 / ,1x p(1}d1 
0 

Rayleigh : 

As the Rayleigh distribution is defined for 1 ~ O t he expectation 
of 1x can be calculated 

Values of E(1x) when p(1) has a Rayl eigh c.q. a Gaussian probability 
density are given in the following table. 

* }this is correct when the bandwidth of T(t ) is very small compared 
to f . For small bandwidths it is a good approximation . 
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2.3 .9. Appendix 2.3 .- I 

Expected life according to Miners ~ule for narrow-band random loading . 

To compare the variable amplitude tests , here the expected life is 
given according to Miners rule : 

where n. = number of cycles at level T
1
• 

1. 

N. = number of cycles to failure at level T-
1. 1 

The expected number of cycles n; at level Ti within the life n is 

n. Tmax 
1 1 ... n I p~Hr 

~ TI:" = = 1 
1 

Tmin 

When the T-N curve for constant amplitude loading is given by TxN = C, 
it follows that (neglecting a fatigue limit): 

Tmax .. . ~ I ,x p ( T) dT = I 

T . 
m,n 

Now the integral is the expectation of Tx and can be calculated, so 

and 

the expectancy of Tx 

When a random load, F(t), is operating within a narrow frequency band 
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processes difficulties arise in t he defining amplitudes . 

- Statistical distributions are descr ibed by their stat istical 

moments. For the commo n stat istical distributions the second 

stat istical moment , and so the rms - yalue , is a good measure of 

t heir intensity . For a one- parameter distribution therms - value 

(and any other parameter) fu lly describes t he distribution . 

- Somet imes t he max imum stress ra nge in the spectr um is used to 

plot fatig ue test results. Although the max imum stress range is 

very useful for design purposes, it i s inadequate to charaterize 

test results, because t he influence of (very)high ranges on t he 
endurance is no t sol ved. 

In narrow band testing t he in f luence of the crest factor seems 

to be very low [1J , whil e in wide band test ing its in f luence 

can be l arge [6] but is not cl ear. 

So the charm of usi ng urms in fatigue is that it i s an important 
statist ical parameter and t hat it i s not biased by fatigue. 

2.3.7 . Conclusions 

From t he here reported narrow band random fatigue tests on welded 

specimen s in air and synthet ic seawater environmen t t he fol lowing 

co nclu s ions ca n be drawn : 

1. On the base of therms - value of the stresses or t he ranges , t here 

i s littl e difference in endurance between 2 spectra t hat are 

quite different in low amplitude content. 

2. The meas ured endurance i s a fa ctor 1.0 - 1.3 larger than t he 

expected li fe as ca lcul ated through Miner s rule. 

3. The ratio of the endurance for t he 2 load spectra i s NR/NG = 1.25 

and almo st eq ual to t he ratio of their Miners summatio ns. 

4. The endurance in seawater i s a facto r 2.2 shorter t han the 

endurance in air . This result comoares well with t he results 

for constant amp li tude tests reported i n chapter 2.2. 
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The ratio between the average random endurance N and the expected 
- r. N 2 life n atvrms = 30 /mm is then as follows: 

Gaussian Rayleigh 

air N 1. 3 1. 2 - --n 

seawater N 1. 2 1.0 - --n 
In view of experimental scatter and analytic approximations (a.o . no 

fatigue limit) one can say that Miners rule yields good results. 

Furthermore, for a cubic relationship between Sand N, the ratio 

-n - N R/nG = 1.20 while the experimental determined ratio is R/NG = 1.25 

in air as well as in seawater. The difference between the calculated 

and the experimental determined ratio is very low indeed in view of 

the differences in spectra as explained in the previous paragraph . 

Similar results were reported in [1] and proposals to use Miners 

rule for synthesizing- spectra have been done before [2,3] . 

2.3.6.3. The use ofGrms 

In the preceding paragraphs the random loading is characterized by 

the root mean square value of the stress G(t) and some arguments 

are forwarded to clarify its use. 

The term Grms is incorrect . What is meant is the standard deviation. 
Only when R = - 1, these two items are equal. However, as the term 

is already widely in use it will be difficult to change it. 

- Urms bears no relationship to the fatigue process . It is defined 
in the time domain and the definition of fatigue as rereated 

plastic deformation excludes time effects. However , on the basis 

of Grms endurances tend to amalgamate [1 ,4,5]. 

- The same holds for the (power)spectral den sity as frequency 
effects are low in "laboratory air" environment and are excluded 

in plasticity. 

- It may be argued that therms - value of the stress amplitude i s 

more mea ningful. For narrow band excitation the ampl itudes are well 

defined , and (rms)ampl = (rms)stress·VZ· Howev er, for wide-band 
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2. 3.6. Discussion of re sults 

2.3.6. 1. Load _s pectra 

As can be seen from f igure 2.3. 2a , t he major differences between the 

two different types of random loading are as follows: 

The Gaussian distribution contains large amounts of cycl es with low 

to very low amplitudes, while the Rayleigh one contain s only small 

amounts of thes e. 

On the other hand th e Rayleigh di stribution contains more high 

amplitudes . 

The corresponding load spectra , plotted as dimensionless stress 

versus number of exceedings on a double logarithmic scale , are shown 

in fig . 2. 3. 2b. 

2.3 .6. 2. Cumulative_damage 

The influence of the shape of load spectra is usually expressed 

through a fatigue damage calculation based on Miners rule. Thi s rule , 

originally stated as T ni/Ni = 1 in relation to blocks of different 

constant amplitude , can also be expressed in the parameters of a 

statistically defined load spectrum. The derivation of the expected 

endurance n is given in Appendix I. 

Cumulative damage calculations based on this appendi x yields the 

following results: 

I s3 . 0N Cl 1. 60 - 1. 33 N = nG = nR = 
C . a. 

II S3.3N c2 1. 97 - 1. 51 N = nG = nR = 
C . a . 

I II S3 . 5N c3 2. 17 - 1. 61 - N = nG = nR = c. a . 

I is the adopted - and well fitting - relationship for the random 

tests 
II holds for constant amplitude te st s in air at R = 0. 1 (table 

2.2 . 7) 
III hold s for c.a. t ests in seawater at R = 0. 1 (tabl e 2.2.7 ) . 

No res ul ts at c.a. and R = - 1 are avail abl e. However , as t he 

spec imens were tested in t he as-welded co ndi t ion , t he di ffere nce 

between R-rat i os of 0.1 and - 1 will be smal l . So t he ex pected l ife 

ca l cu l atio ns were based on tab l e 2.2.7. 
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Tests were terminated (= end urance N) when t he crack depth at the 

sides of t he specimens had grown to at least half the plate thick ­

ness. As can be seen from fig. 2.3.9 and 2.3.10,the remaining un ­
cracked area was then less than 40% of the cross section . 

2.3.5.2. Test . results 

Test results are given in table 2.3.2 and plotted in fig. 2.3.3 

t hroug h 2. 3. 6 on the base of Grms. 
Fig. 2.3.3 and 2.3.4 show t he results in air versus those in sea­

water. Fig. 2.3.5 and 2.3.6 show the influenc e of peakdistribution. 

Furthermore, these test results are also plotted as a f un ction of 

the maximum stress range in fig. 2.3.7 and 2.3.8 (see al so fig. 

2.3.2b) . 

As the number of test results is too low to ca l cu late a reliable 

S-N curve, an S-N curve of the type s3N = C wa s adopted and plotted 

in fig. 2.3.3 through 2.3.8. 

The constant C as ca lculated by linear regression is then: 

di stribution environment 3 
G' rms N = C 

Gaussian air 5.22 X 1010 

Gaussian seawater 2.52 X 1010 

Rayl eigh air 6.94 X 1010 

Rayleigh seawater 2.95 X 1010 

From the above it follows that: 

The endurance in seawater i s reduced by a factor 2.2 with regard to 

the endurance in air. N . 
2 2 a 1 r = . (Gauss and Rayleigh) 

Nseawater 

The endurance for a Rayleigh distribution of load ranges is 1.25 

ti mes t he endurance for a Ga uss ian one 

NRayleigh = 1.25 
NGauss 

(air and seawater) 
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i s eq ual to (amplitude;½) , therms value of the modul ated carrier 

is therms of x(t) divided by Vi., and the crestfactor becomes 

3.80½ = 5.4. Fig . 2.3.2 shows a graph of t he distribution . 

Ratleigh _distribution _of_~eaks _{ranges} 

The Rayleigh distribution was produced by shapi ng t he noi se 

generator output by mean s of non - l i near ampli ficatio n before feeding 

it into t he VCA -oscillator . 

Details and accuracy of this shapi ng are gi ven in Appendi x A of [1] . 

Fig . 2.3.2 shows a graoh of t his distribution . 

2. 3.5 . Test condi t ions and res ul ts 

2.3.5.1 . Test condi ti ons 

Testing conditions were restricted by the following: 

- In view of the testing time involved at a frequency of 0. 2 Hz in 

seawate r , the number of cycles to failure had t o be restricted to 

roughly 2 million cycles. 

The ma ximum bending stress was restricted to 2; 3 R0_2 in view of 

pl ast i city effects and usual maximum design stresses. 
At R0_2 = 400 N/mm 2 t hi s mea ns a ma x. stress of G = 270 N/mm2, 

and, together with a crestfactor of 5. 4, a maxi mum urms = 50 ~1/mm 2. 
For t hi s reason t he Ray l eigh distribution wa s clipped to equa l t he 

crestfactor (5.4 ) of t he Gaussian distribution, and fu rthermo re 

alternating loading , that i s R = - 1, was applied throughout . 

- As the lower numbers of cycles to failure were of the order of 

300 .000 , t he ap pli ed blockl eng t h was set at 100.000 cyc l es . 

A summary of the ·testcondi t ions is given in tabte 2.3.2. 

During all tests t he spec imens were regularly inspected for cracks 

with t he hel p of a magni fyi ng glass. The number of cyc l es to initia­

tion , as given in tab l e 2.3. 2 corresponds to t he first obse rved 

crack of 10 - 30 mm in length . This l ength depended upon inspection 
interval and vi sib ility , t he la tte r of which i s poor in seawater . 

Multiple crac k initiation was often observed , esoecia ll y for weld 

toes with a more smooth appearance. 
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For this purpose, arms A were bolted to the ends of the specimens. 

These arms were connected throug h knuckle joints to the fixed 

machine head Band to the symmetrica l swivelarm C, mounted on the 

actuator rod. So both speci mens are loaded by t he same normal load, 

but as the l ength of arms A can be chosen, the bending moment in the 

two specimens can be quite different. 

The ratio normal stress/ma x. bending stress was l ess t han 2%. 

Although the friction in the joints caused some hysteresi s, the 

peak (ranoe) distribution wa s not affected by friction as proven by 

dynamic strai ngage measurements. 

Furthermore the stresses in the speci mens were oeriodically 

monitored by dynamic straingage readings from the straingages D 

on the specimens. 

2.3.4.2. Machine_in~ut_signal 

For controlling the fatigue machines , pseudo- random generators of 

the type Hewlett- Packard 3722A were used throughout. These generators 

deliver a digital generated, reoeatable outout signal x(t) with an 

almost Gaussian probability together with a constant power snectral 

density within the bandwidth. 

The selected bandwidth wa s O - 0.15 (0.015) Hz at a blocklength of 

43690 (436900) seconds. 
The corresponding crestfactor ( max.peak/rms ) was 3.80. 

The output of this noi se generator was fed into a VCA -osc illator in 

order to modulate a sinusoidal carrier s ignal of 2.29 (0 .229 ) Hz. 

In this way a sinusoidal s ignal with random varying amplitude and an 

irregularity factor J - 1 was produced with a b 1 ockl ength of 

43690 times 2.29 = 100.000 cycles. 

The peak or range distribution of this signal is now equal to the 

probability density (time domain) of x(t ) , while its frequencyband 

is within a narrow band of magnitude 2.29 + 0.15 (0.229 + 0.015 Hz). 

Gaussian _distribution_of_~eaks _{ranges} 

As the pseudo- random generator delivers an outout signal x(t) with 
a Gaussian probability density , the modulated .carrier has a Gaussian 

distribution of peaks or ranges. Fig. 2.3.2 shows the dimensionles s 

"load" spectrum . However , as the rms value of a s inu soidal s ignal 
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Air 

Experiments were carried out under normal laboratory conditions. 

Monitors have indicated : 

a temperature range of 17 - 26 °c 
a relative humidity range of 45 - 60 %. 
All specimens were thoroughly degreased by organic so lvents before 

testing. 
Testing frequency was 2.29 cps. 

Seawater 

Experiments in seawater were carried out by inserting the fatigue 

critical part in an open perspex box (see fig. 2.3.1). Synthetic 

seawater, which was aerated continuously, was circulated through this 

box. The composition of the seawater was in accordance with ASTM 

D 1141-52, except for omitting stock solution 3. Further details are 

given in chapter 2.2. 5. 

Seawater temperature (20 ± 1 °c) and pH (8 . 0 - 8.2) were monitored 

continuously. The composition of the seawater was controlled 

regularly and adjusted when necessary. Periodically a fresh mixture 

of seawater was supplied. All parameters were kept in agreement with 

tabel 2.2.5. Testing frequency was 0.229 cps, which is slightly 

higher than the test frequency (0.20 cps) used for the constant 

amplitude tests reported in chapter 2.2 and 2.4. 

This deviation in frequency was necessary in order to generate a 

random block of 100.000 cycles. 

2.3.4. Equipment 

2.3.4.1. Iesting_machines 

Tests were carried out on 2 fatigue machines with capacity 250 kN 

and 120 kN respectively . Both machines are equiped with servo ­

controlled hydraulic actuators. Load feedback was used throughout . 

In order to double the testing capacity , two speci men s were tested 

together in special ly built rigs . Fig . 2.3.l shows the set- up. 

The specimens were loaded in bending by a highly excentric load . 
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2.3.1. Introduction 

Additional to the endurance tests under constant amplitude loading, 

tests were carried out under random loading . The reason to do these 

tests is an obvious one: off-s hore structures are loaded by random 

varying magnitudes of wind and waterforces. 

The loading spectra chosen are: 

- a Rayleigh distribution of ranges 

- a Gaussian distribution of ranges . 

The first spectrum corresponds to a sea- state (storm) as adopted in the 

English part of this E.C. program . 

The second spectrum corresponds to a sea-state (storm) as adopted in the 

German part of the E.C. program . 

Tests were carried out using air as well as seawater as an environment. 

2.3.2. Material and specimens 

The steel used to fabricate the specimens i s a normalised carbon-manganese 

steel. It complies with Grade Fe E355 KT according to Euro- norm 113-72. 

The chemical composition and mechanical properties are given in table 

2.1.1 and table 2.1.2. 

Plate thickness was 40 mm. 

The specimens were T-s haped , (type A, fig. 2.2.1) and consisted of strip s 

L x W = 1000 x 218 mm to which a gusset plate, 80 mm high, was welded in 

the traverse direction by a full penetration, K-type weld. 

Consumables used were basic coated low hydrogen electrodes AWS class 

E7016. 

The specimens were tested in the as welded condition. 

Further details about material s, consumables and welding procedure are 

given in par. 2.2.3. 

2.3.3. Environment and test frequency 

During the endurance tests the following environments were used : 
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Eindhoven Universtty of Techno lo gy 

Laboratory for Structural Fatigue 

2.3 Random- load tests on plate specimens 

Ei ndhoven , April 1981. 

ir . M.H.J.M. Zwaans 

P.A.M . Jonkers 
ir . J . L. Overbee ke 
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As we lded (A40- 1- 3) 

TIG- dressed - (M0- 22- 3) 

Grinding (A40 - 20- 3} 

Grindin9 (A40 - 20 - 5) 

Fig . 2.2.75 Effect of fi ni shin g the weld toe on the decreasing of t he 

formation of multiple crack initiation 
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Fig . 2.2 .73 Striation spacing as a function of crack depth from 
specimen A40 - 24- 2- L- RO . 
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Fig . 2.2.71 Striation soacing as a f un ction of crack depth from 
· specimen A40 - 20 - 3- L- RO 
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Fig. 2. 2~9 magn . O.Sx 

Fig. 2.2.70 magn . 4x 

Figi i 2.2.69 and 2.2.70 are macrographs of cracks developed at the side of t he 

gusset opposite the main crack. Fig. 2.2.70 is a detail of fig. 2.2.69 (left) . 
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Fig. 2.2.68 magn . 0.8x 
Macrograph of secondary cracks developed near the weld at the side of the gusset 
opposite the main crack. 
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maga. 9000 x 

magn . 9,000x 

Figs . 2.2 . 67A and 2.2.67B are TEM-micrograph s of the fracture surface 

A40- l -5- L- RO. Each ~icrograph shows differences in spaci ng 

depth ( 18 mm) . 

of specimen 

at the same 
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Fig. 2.2.65A magn . 12 ,OOOx 

Fig . 2. 2.65B magn . 12,000x 

TEM-micrographs of t he fracture surface of specimen A40 - 1-5-L- RO 

Fracture appearances at 1 mm (Fig . 2. 2. 65A) and 3 mm (Fig . 2.2. 65B) 
from crack origin . 
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Fig. 2.2.64A magn . 12,000x 

Fig . 2,2 .64B magn . 12,000x 

Figs. 2.2.64A and 2.2.64B are TEM-micrographs of the fracture surface 

of speci men A40 - l - 5- L- R0. Fracture appearance at 0 .4 mm from crack origin, 
Mean striation spacing is 0 . 04

1
,Um . 
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Fig. 2.2.63A 

Fig. 2.2.63B 

Figs . 2.2.63A and 2.2.63B are SEM-micrographs of the fracture surface 
of specimen A40- 1- 5- L- RO . Crack growth direction is fro m bottom left 
to top right in both photographs. Striation spacing is 0 ,3).J m 
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Fig. 2.2.61 magn . 600x 

Detail of an area broken by clea vage (see black arrow , Fig. 2.2.60) 

Fig . 2. 2, 62 magn. l,000x 

Appearance of the fatig ue fracture in the weld material . 

The centre of the micrograph shows a facet of cleavage . 
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Fig . 2.2.59 magn . 6x 
Detail of the fracture surface shown in Fig. 2.2.57. The arrow indicates an area 

·, 
where a crack has been initiated . Note the coarse structure at the crack's origin , 
corre$ponding with the coarse structure in the upper part of t he specimen shown in 
Fig . 2.2.58 

Fig. 2.2.60 
magn o 130x 

SEM-micrograph of the coarse structure indicated by the arrow in 

Fig. 2.2.59. Crack growth direct ion i s fro m bottom left to top right 
in this rho tograp h. The arrows indicate areas broken by cl eavage . 
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FR ACT UR E S U~FACE ---~ 

WELD 

WELD COA RS E ARE) - - --..--
..__ __ __,,, __ H. A.2. . 

' 

' ··~ 

.. ... "'!-
. •. ~-. 

Fig . 2. 2. 58 magn . 25x 

Cross - section at the fatigue fracture surface opposite ~f the 

surface shown in Fig . 2. 2. 57 . The arrow indicates the direction 
of crack growth . The sketch above shows how the specimen has been 
pre pared, 
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Fig. 2,2.57 mag . 0.8x 
Fracture surtace of speci men A40- l - 5- L- RO. The arrow indicates where, on t he 

counterpart of t hi s fracture surface, a metallographic specimen was prepared . 
(See Fig. 2.2 . 58) 
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Fig . 2. 2.48 Crack front markings generated during testing of a 40mm specimen. 
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Fig . 2. 2.AO Angl e of tra nsiti on between t he weld and t he main plate of t he 
four different speci men types . 
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