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ABSTRACT 
 

With an objective to understand the Fatigue Crack Growth (FCG) behaviour under different loading 
conditions, experimental investigations were carried out on plates of SA 516 Gr. 70 steel, with central semi-elliptical 
surface notch.  Totally 36 plate specimens were tested, 19 under pure membrane stress, 15 under pure bending 
stress, and two under combined loading.  The specimens had various initial notch dimensions giving different ratios 
of notch depth to plate thickness and notch length to notch depth.  During the tests, number of cycles to crack 
initiation, through thickness crack and final failure or end of test was recorded.  Crack growths in the depth and 
length directions were monitored continuously.  Generally, the test specimens had the approximate dimensions of 
overall length 560 mm, test section width in the range of 160 mm to 250 mm, and test section thickness in the range 
of 11.4 mm 18 mm.  Attempts were made to introduce beach marks at regular intervals during the FCG tests.  Based 
on the beach marks obtained in the fracture surface, FCG rate was determined accurately for the notched plates.  
FCG studies were also carried out on Eccentrically-loaded Single Edge Notch Tension, ESE(T), specimens prepared 
as per ASTM specifications.  The FCG data were used to determine the constants C and m required for using Paris’ 
crack growth equation. 
 
Keywords: Fatigue crack growth; rectangular plate specimens; SA 516 Gr. 70 steel; crack growth constants; stress 
intensity factor; beachmarking loading 
 
INTRODUCTION 
 

With an objective to obtain FCG data required to achieve Leak Before Break (LBB) justification in SA 516 
Gr. 70 steel used in nuclear pressure vessels/piping, experimental investigations were carried out, at the Structural 
Engineering Research Centre (SERC), Chennai, on Fatigue Crack Growth (FCG) behaviour in notched plate 
specimens.  Based on tension tests carried out, the material was found to have yield strength of 330 MPa, ultimate 
tensile strength of 530 MPa and elongation of 19% as against the specified values of 260 MPa, 485 to 620 MPa and, 
17%, respectively [1, 2]. 
 
EXPERIMENTAL INVESTIGATIONS 
 

FCG tests were conducted on notched plate specimens, with various notch dimensions giving different 
aspect ratios, under pure tension (pure membrane stress), pure bending stress and combined loading.  The notches 
were formed by electric discharge machining.  Typical notched plate specimen used for FCG test is shown in Fig. 1.  
Details of the specimens tested are given in Table 1.  The width and thickness mentioned in the table correspond to 
the dimensions at the test section. 
 
Studies under Pure Membrane Stress 

The pure membrane tests were conducted using a ±1000 kN capacity actuator.  The test stress range was 
175 MPa (20 MPa to 195 MPa), i.e., the stress range was kept at 0.53 times the yield strength with the maximum 
stress being equal to 0.59 times the yield strength of the material.  Typically, the load levels were of the order of 50 
kN to 500 kN (load range).  The test frequency was 1 to 2 Hz.  Figure 2 shows the experimental set-up of a notched 
plate specimen being tested under pure membrane stress.  Figure 3 shows close-up views of specimen PM7 on notch 
side and opposite side during FCG test.  During the tests, number of cycles to crack initiation, through thickness 
crack and final failure or end of test were recorded.  Table 2 gives results of FCG tests carried out under pure 
membrane stress, in terms of number of cycles.  Crack growth in the depth and length directions was monitored 
continuously.  A video microscope was used to magnify the notch location to record crack length at various 
intervals.  The image was magnified 50 to 70 times and the crack details were recorded.  Magnification of details 
also helped in making thorough observation of the plate surface on the opposite side of the notch and identify the 
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crack as soon as it appeared, thereby getting a reasonably good value of the number of cycles for through-wall crack.  
Figure 4 shows magnified video microscope images of specimen PM7 on notch side and opposite side during FCG 
test. 
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Fig. 1: Notched plate specimen for fatigue crack growth test 

 

 

 
 

 

Fig. 2: FCG test on a plate specimen under 
pure membrane stress 

Fig. 3: Close-up notch side and opposite side 
views of Specimen PM7 after 2,93,000 cycles 

 

 

Fig. 4: Video microscope images of crack on notch side and opposite side 
in Specimen PM7after 2,70,750 cycles; magnification x50 

Plate specimen 



Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-II: Paper ID# 623 

 3

Table 1: Details of notched plate specimens 
Specimen 

no. 
Width, w 

(mm) 
Thickness, t 

(mm) 
Notch dimensions (mm) 

a/t 2C/a 
depth, a length, 2C 

Tests under pure membrane stress 
PM5 140.5 18.2 4.5 56.0 0.25 12.44 
PM6 140.3 18.4 2.0 20.0 0.11 10.00 
PM7 140.0 17.9 2.6 20.0 0.15 7.58 
PM8 140.0 18.2 4.5 56.0 0.25 12.44 
PM9 140.5 18.0 4.5 9.5 0.25 2.11 

PM10 140.2 18.0 4.0 9.5 0.22 2.38 
PM11 141.0 18.0 4.5 9.5 0.25 2.11 
PM13 140.6 18.2 4.5 27.0 0.25 6.00 
PM14 141.0 18.2 5.0 27.0 0.27 5.40 
PM15 140.4 17.7 5.0 27.0 0.28 5.40 
PM16 141.0 18.6 2.0 20.0 0.11 10.00 
PM17 141.0 18.6 2.0 20.0 0.11 10.00 
PM18 140.0 18.0 9.0 24.0 0.50 2.67 
PM20 138.0 17.0 8.0 24.0 0.47 3.00 
PM21 140.0 17.9 2.0 3.5 0.11 1.75 
PM23 140.3 17.8 2.0 11.0 0.11 5.50 
PM25 190.0 18.2 9.0 55.0 0.49 6.11 
PM26 190.4 12.2 9.0 54.0 0.74 6.0 
PM27 220.1 18.14 9.0 108.0 0.5 12.0 

Tests under pure bending stress 
PB3 160.0 18.0 2.0 31.0 0.11 15.50 
PB4 160.0 18.0 2.0 29.0 0.11 14.50 
PB5 181.0 18.0 4.5 60.0 0.25 13.33 
PB6 180.0 18.0 10.0 120.0 0.56 12.00 
PB7 190.0 18.0 6.0 68.0 0.33 11.33 
PB8 190.1 18.0 2.0 20.0 0.11 10.00 
PB9 190.0 18.0 10.0 135.0 0.56 13.50 
PB10 190.0 12.6 3.0 20.0 0.24 6.67 
PB11 190.0 12.3 2.0 10.0 0.16 1.50 
PB13 251.0 11.4 2.5 20.0 0.22 8.00 
PB14 247.5 12.3 6.0 36.0 0.49 6.00 
PB15 250.0 11.6 6.0 36.0 0.52 6.00 
PB16 250.4 11.8 6.0 36.0 0.51 6.00 
PB17 250.0 12.5 1.0 6.5 0.08 6.50 
PB18 245.0 12.3 1.0 10.0 0.08 10.00 

Tests under combined membrane and bending stresses 
CL1 190.3 12.3 8.0 54.0 0.65 6.75 
CL2 220.0 13.7 4.0 70.0 0.29 17.50 

 
Studies under Pure Bending Stress 

The tests under pure bending stress were conducted using the ±500 kN capacity fatigue-rated UTM.  In 
specimens PB3 to PB9, it was observed that the crack would not reach the through thickness of the plate.  Before 
this, it would grow in the length direction to an extent that the remaining cross section of the plate would not be 
sufficient to resist the applied load and the plate would suffer plastic deformation.  In specimens PB10 and PB11, 
the plate width was maintained at 190 mm and thickness was reduced to 12.6 mm.  From PB13 onwards, the width 
and thickness were maintained at 250 mm and 12 mm respectively (the exact dimensions for specific specimens 
vary marginally around these values).  In the modified specimens with reduced thickness and increased width, good 
FCG data could be obtained and through thickness crack achieved.  Figure 5 shows the test set-up for FCG test on a 
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plate specimen using the ±500 kN capacity fatigue-rated UTM.  A close-up view of the specimen and bending 
fixture is given in Fig. 6.  As can be seen from the figures, four point bending test was carried out.  The notch on the 
plate was at the bottom surface and hence was not accessible for direct visual examination during testing.  Whenever 
the notch had to be observed during testing, a mirror was kept below the specimen to observe the reflected image of 
the notch. 

 
Table 2: Fatigue test results on notched plate specimens under pure membrane stress 

Specimen 
no. a/t 2C/a 

Stress 
range 
(MPa) 

Number of cycles to 
Crack length at the 

time of through-wall 
crack 

crack 
initiation 

through-
wall crack 

failure or 
end of test 

notch 
side 

opposite 
side 

PM5 0.25 12.44 215 - 31,707 32,896 75.0 - 
PM6 0.11 10.00 

175 

1,50,000 3,80,000 3,83,957 62.0 - 
PM7 0.15 7.58 1,58,000 2,50,000 2,66,384 47.2 9.3 
PM8 0.25 12.44 31,000 87,654 88,294 80 - 
PM9 0.25 2.11 - 3,66,380 3,69,394 63.5 - 

PM10 0.22 2.38 78,565 2,80,230 2,98,759 37 - 
PM11 0.25 2.11 64,890 >2,95,000 2,99,715 - - 
PM13 0.25 6.00 28,540 1,43,200 1,47,093 74 - 
PM14 0.27 5.40 30,000 1,18,170 1,30,156 53 10 
PM15 0.28 5.40 25,300 1,36,230 1,51,765 49 - 
PM16 0.11 10.00 46,285 4,01,800 4,14,714 51 24 
PM17 0.11 10.00 56,700 5,00,643 5,14,313 48 - 
PM18 0.50 2.67 15,000 75,000 89,552 47.5 22 
PM20 0.47 3.00 10,000 77,000 91,129 47 22 
PM21 0.11 1.75 1,25,000 9,52,000 9,69,338 45.5 16 
PM23 0.11 5.50 27,000 4,04,000 4,17,860 46.6 16.7 
PM25 0.74 6.00 14,000 25,200 34,911 64.5 21.5 
PM26 0.50 12.00 2,800 8408 24,426 54 8 
PM27 0.50 12.00 155 4,000 17,300 18,676 109 23 

 

 

 
 
 
 
 
 
 

Fig. 5: FCG test on a plate specimen 
under pure bending stress 

Fig. 6: Close-up view - FCG test on a plate 
specimen under pure bending stress 

Plate specimen 

Plate specimen 
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Table 3 gives results of FCG tests carried out under pure bending stress.  In those specimens tested under 
bending wherein crack growth was achieved, as in the case of tests under membrane stress, crack depth and length 
have been recorded.  Also, introduction of beach marks has been tried.  Based on the pure bending tests conducted, 
it is seen that the test results are much below the master curve given in A16: “French guide for defect assessment 
and leak before break analysis” [3]. 
 

Table 3: Fatigue test results on notched specimens under pure bending stress 

Specimen 
no. a/t 2C/a 

Stress 
range 
(MPa) 

Number of cycles to 
Crack length at the 

time of through-wall 
crack (mm) 

crack 
initiation 

through wall 
crack 

final failure 
or end of test 

notch 
side 

opposite 
side 

PB3 0.11 15.50 175 2,23,000 - 20,00,000 - - 

PB4 0.11 
0.25 

14.50 
13.33 

160 2,10,000 - 2,10,000 - - 
210 - - 20,00,000 - - 

PB5 0.56 12.00 

275 

20,000 - 1,49,481 - - 
PB6 0.33 11.33 - - 24,810 - - 
PB7 0.11 10.00 - - 1,47,991 - - 
PB8 0.56 13.50 - - 9,96,239 - - 
PB9 0.24 6.67 

225 

- - 56,771 - - 
PB10 0.16 1.50 - 8,27,825 8,30,123 146.5 47 
PB11 0.22 8.00 - - 19,83,393 - - 
PB13 0.49 6.00 - 27,44,000 28,43,141 137.5 43 
PB14 0.52 6.00 7,90,000 - 9,24,000 - - 
PB15 0.51 6.00 11,40,000 12,55,000 12,70,294 171 70.8 
PB16 0.08 6.50 3,00,000 15,62,000 15,62,000 156 - 
PB17 0.08 10.00 - 17,43,000 17,76,307 135.5 - 
PB18 0.11 15.50 - 32,21,950 32,95,960 148 32. 

 
FCG Measurements using Beach Marks 

Crack growth measurements in the length and depth directions of the material are very important for 
carrying out LBB analyses of nuclear pressure vessels/piping components and also getting accurate FCG rate 
(FCGR) in the material.  Hence, emphasis is laid on accurate crack growth measurement.  As already mentioned, in 
the case of pure membrane tests, crack growth in the length direction on the notch side was continuously measured 
using a video microscope.  A crack depth meter was used to measure the crack growth in the thickness direction of 
the plate.  This instrument works based on Alternating Current Potential Difference (ACPD) technique.  Voltage 
measurement is made at various locations along the length of crack by locating probe tips on either side of the crack.  
The measured voltage is directly dependent on the crack depth; the instrument gives directly the value of crack 
depth in mm. 

As with any other measuring technique, this technique also has limitations within which it would give good 
values of crack depth and the measured values would be erroneous outside this range.  Some of these instruments 
give good results when used in large scale components, but fail to do so when used in plates with finite width.  In the 
present case also, reliable crack depth values could not be obtained by using crack depth meters.  Hence, attempts 
were made to introduce beach marks at regular intervals during the tests to obtain reliable FCG data.  Fatigue 
loading during the tests consisted of active blocks during which crack would grow and passive blocks during which 
crack growth would be negligible; these passive blocks would create beach marks.  At regular intervals during the 
FCG tests, the stress range was reduced drastically and the fatigue test was continued for a few thousand cycles at 
this reduced stress range.  After this, the test was returned to the original test stress range.  The stress range and 
number of cycles should be so selected for beach marking that they do not contribute significantly to the growth of 
the crack.  Hence, expertise and experience would help in obtaining good number of fine beach marks in a fractured 
surface during FCG tests.  Based on the beach marks obtained in the fractured surface, FCGR is determined 
accurately for the plate specimens. 
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Figure 7 shows video microscope image of fractured surface of Specimen PM23.  This image was obtained 
by magnifying the fractured surface 10 times.  Totally 10 beach marks were given in this specimen.  The figure 
shows only the last seven of these beach marks.  The first three beach marks also could be seen after magnifying the 
fractured surface 50 times.  As already mentioned, the test stress range was 175 MPa (20 MPa to 195 MPa).  During 
beach mark loading, the maximum stress was maintained the same and the minimum stress was increased to 125 
MPa, i.e., the stress range was reduced to 70 MPa.  Based on the FCG data obtained from the beach marks, crack 
profile development is obtained, as shown in Fig. 8.  Figure 9 shows crack growth, in Specimen PM23, in thickness 
direction at the centre and length direction. 
 

  

4 

 

Fig. 7: Video microscope image of fractured surface of Specimen PM23 showing  
beach marks 4 to 10 (figure built up from three separate images; x10) 
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Fig. 8: Crack profile development in Specimen PM23 based on beach marks in the fractured surface 
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Fig. 9: Crack growth in thickness direction at the centre and length direction in Specimen PM23 
 
Figure 10 shows the master curve given in Appendix A 16 of RCC-MR French Guide and results of the present 
experimental studies under pure membrane stress and pure bending.  The results of pure bending stress are found to 
be much below the master curve of A16.  Under combined loading, the eccentricity at which the load is to be applied 
works out to be in millimeters; hence it is very difficult to get combined loading test results. 
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Fig. 10: Experimental results of FCG tests on notched plate specimens 

 
DETERMINATION OF C AND m 
 
In order to determine the constants C and m required for using Paris’ crack growth equation, test data of totally 
twelve plate specimens, six specimens subjected to pure bending stress and six specimens subjected to pure 
membrane stress were anlysed.  The Stress Intensity Factor (SIF) range (∆K) values for crack depth and length 
directions at various cycles were obtained using the SIF expressions proposed by Newman and Raju [3].  In 
addition, finite element analyses were also carried out to evaluate SIF values at the notch location.  Fatigue crack 
growth rates in depth direction (da/dN) and length direction (dc/dN) were evaluated.  Logarithmic plots were 
obtained between (da/dN) vs. ∆KA and (dc/dN) vs. ∆KB for each specimen.  Power equations were fitted in the form 
of Paris equation and fatigue crack growth constants C and m were obtained in both the length and depth directions.  
For specimens subjected to pure bending stress, the value of C varied from 0.1×10-11 MPa√m to 0.4×10-11 MPa√m in 
the depth direction and 0.2×10-11 MPa√m to 4×10-11 MPa√m in the length direction.  The value of m ranged from 
2.96 to 3.86 in the depth and length directions.  For specimens subjected to pure membrane stress the value of C 
varied form 0.02×10-11 MPa√m to 0.5×10-11 MPa√m in the depth direction and 0.5×10-11 MPa√m to 7×10-11 MPa√m 
in the length direction. The value of m ranged from 2.84 to 3.63. 
 
FCG tests were also carried out on Eccentrically-loaded Single Edge notch Tension, ESE(T), specimens made of SA 
516 Gr. 70 steel.  ASTM E 647-00 - “Test Method for Measurement of Fatigue Crack Growth Rates” was followed 
in preparing the test specimens and carrying out the fatigue tests.  Figures 11 and 12 show FCG test on an ESE(T) 
specimen and the close-up view of an ESE(T) specimen during FCG test.  The length, width and thickness of the 
specimens were 277.5 mm, 75 mm and 12 mm respectively.  Constant amplitude fatigue load was applied using a 
±250 kN capacity fatigue rated UTM.  The test frequency varied between 2 Hz and 10 Hz and the stress ratio was 
0.1.  The maximum and minimum load values were 24 kN and 2.4 kN respectively.  Crack length was observed and 
images were recorded at regular intervals of fatigue cycles using a Video Microscope.  ACPD technique based 
Crack Microgauge was also used to measure the crack length at regular intervals during the fatigue tests.  The crack 
growth data were anlaysed and the FCG constants C and m were found to be 0.2×10-11 MPa√m and 3.52.  Table 4 
gives comparison of FCG constants. 
 

Table 4: Comparison of FCG constants 

Specimen 
Material constants 

Depth direction Length direction 
C m C m 

Plate 
Subjected to pure bending stress 0.20×10-11 3.15 0.90×10-11 3.22 

Subjected to pure membrane stress 0.17×10-11 3.16 2.82×10-11 3.17 
ESE(T) - - 0.20×10-11 3.52 
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Fig. 11: FCG test on an ESE(T) specimen Fig. 12: Close-up view of an ESE(T) specimen  

 
CONCLUSIONS 
 

FCG tests were conducted on notched plate specimens, with various notch dimensions giving different 
aspect ratios, under pure membrane stress, pure bending stress and combined loading.  Totally 36 plate specimens, 
fabricated from SA 516 Gr. 70 steel, were tested.  Fatigue life values in terms of number of cycles to crack initiation, 
through thickness crack and final failure or end of test were recorded.  Crack growth in the depth and length 
directions was monitored continuously.  Attempts were made to introduce beach marks at regular intervals during 
the tests to obtain reliable FCG data.  The experimental investigations have resulted in valuable FCG data in notched 
plate specimens under membrane and bending stresses and combined loading. The FCG data have been used to 
determine the constants C and m required for using Paris’ crack growth equation.  C and m values were also 
obtained based on FCG studies carried out on ESE(T) specimens.  The experimental FCG data are compared with 
the master curve given in Appendix A 16 of RCC-MR French Guide.  The results of pure bending stress are found to 
be much below the master curve of A16.  Under combined loading, the eccentricity at which the load is to be applied 
works out to be in millimeters; hence it is very difficult to get combined loading test results. 
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