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ABSTRACT 

 
Under a static or quasi-static load case, plane strain fracture toughness is used to determine whether the 

crack will initiate, and to evaluate its stability. Nonetheless, even if KⅠ is less than KⅠC, cyclic load or sustaining 
load can still make the crack propagate. Pressure oscillation happens to steam generator (SG) tubes time to time, so 
fatigue crack analysis must be done. If Paris Law is employed to analyze the fatigue propagation of a crack, 
problems can be very cumbersome. This paper uses NASGRO to analyze the fatigue propagation and rupture of a 
crack, and also to assess the structural life. Because NASGRO only provides some simple models and crack shapes, 
if model is a little complicated, like curved pipe, reducing pipe and so on, ABAQUS is demanded to compute 
congruent relationship between stress intensity factor and crack size, then it’s imported into NASGRO. At last, 
“Data Tables” module of NASGRO is used to analyze the fatigue propagation of this crack, and to predict the 
fatigue life. 
 
INTRODUCTION 

 
  It is thought that fracture mechanics is one of the most important achievements of solid mechanics in 20th 

century, and critical stress intensity factor is usually used to evaluate the structure safety. When the structure is 
under a static or quasi-static load case, there is no doubt to do so. Nonetheless, even if stress intensity factor is less 
than its threshold value, cyclic load or sustaining load can still make the crack propagate. Pressure oscillation 
happens to steam generator tubes time to time, so fatigue crack propagation analysis must be done for steam 
generator tubes. 

Paris Law is usually employed to analyze the fatigue propagation of a crack, if we do so, problems can be 
very cumbersome. In this paper, NASGRO is used to analyze the fatigue propagation and rupture of a crack in steam 
generator tubes, and also to assess the structural life. Because NASGRO only provides some simple models and 
crack shapes, if model is a little complicated, like curved pipe, reducing pipe and so on, ABAQUS is demanded to 
compute congruent relationship between stress intensity factor and crack size, then it’s imported into NASGRO. At 
last, “Data Tables” module of NASGRO is used to analyze the fatigue propagation of this kind of crack, and to 
predict the fatigue life. 
 
TWO DIFFERENT MODELS OF FATIGUE CRACK PROPAGATION SIMULATION 

 
Paris Law 

Research of fatigue crack propagation has been lasted for over fifty years, and a significant progress during 
this period is that, in 1957, Paris [1, 2] used stress intensity factor range in the quantitative description of fatigue 
crack growth rate. And on this basis, in 1963, Paris presented the power-law form of fatigue crack growth rate 
formula, which is also named as Paris law. It is given by, 

 

  
nda c K

dN
   (1) 

 
Where a is the crack length, N is the number of applied fatigue cycles, ΔK=Kmax-Kmin, is the stress intensity factor 
range, and c and n are the material constants. 

By the use of Paris law and finite element analysis software, such as ABAQUS, a numerical method of 
fatigue crack propagation simulation can be established. This method will divide the applied fatigue cycles into 
several blocks, and make sure that the crack size won’t change too much in one block, which contains 500 cycles or 
less. After a block, the new crack size can be obtained, and the crack region must be remodeled. This process will be 
repeated until all the applied fatigue cycles are addressed. 
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As can be seen above, using Paris law to compute the fatigue crack growth length is very cumbersome in 
engineering applications, so the following method using NASGRO is presented. 
 
NASGRO Equation 

NASGRO is engineering software for fracture mechanics and fatigue crack growth analysis. Crack growth 
rate calculations in NASGRO use a relationship called the NASGRO equation [3] and it is given by, 
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where N is the number of applied fatigue cycles, a is the crack length, R is the stress ratio, ΔK is the stress intensity 
factor range, C, n, p, and q are empirically derived constants, f is the crack opening function, ΔKth is the threshold 
stress intensity factor, and Kc is the critical stress intensity factor. 

When using NASGRO to do fatigue crack propagation analysis, the most important factor is the material 
properties, including elastic modulus, yield strength, ultimate strength, critical stress intensity factor, equation of 
fatigue crack growth rate, and etc. 
 
FATIGUE CRACK PROPAGATION ANALYSIS OF STRAIGHT TUBES WITH A SIMPLE CRACK 

 
NASFLA is the core life prediction module of NASGRO. This module includes two different ways to 

model the crack, i.e. geometry models and “Data Table”. And this paper will demonstrate how to model the crack in 
both ways. 

In straight tubes, surface and TW cracks, both axial and circumferential, are commonly analyzed. And in 
most cases, circumferential cracks are more dangerous. So, an axial and a circumferential crack in straight tubes will 
be analyzed, and the basic steps are as follows: 

a) Choosing the appropriate geometry model and crack form 
b) Inputting the geometry dimension and the crack size 
c) Inputting the material property 
d) Inputting the applied load and computing to obtain the result 
This paper takes SG tubes of 10WM high temperature gas cooled reactor (HTR-10) in Tsinghua University 

as an example. The outside diameter of the straight SG tubes is 18mm, and the thickness is 2mm. The SG tubes are 
made of 2.25Cr1Mo, and the mechanical property of this material at 540℃ , which is the normal operating 
temperature of SG tubes, is shown in Table 1. And its equation of fatigue crack growth rate is shown in Eq. (3) [4]. 
 

Table 1: Mechanical property of 2.25Cr1Mo at 540℃ 

Material Young’s modulus 
/103MPa Poisson’s ratio Yield strength 

/MPa 
ultimate 

strength/MPa 
Stress intensity 

factor/MPa·m1/2 
2.25Cr1Mo 169 0.3 162.8 218.4 88 
 

 

  
2.470276.82294 10da dN K    (3) 

 

Since volumetric in-service inspection is not applicable for HTR-10 SG tubes, and the humidity monitoring 
system can only detect the through wall (TW) cracks, this paper only analyzes the axial and circumferential TW 
crack in SG tubes. These two models with TW cracks in NASGRO are shown in Fig. 1[3]. Where, D is the outside 
diameter, c is crack half length, t is the thickness, α is half circumferential crack angle, and R is the mean radius. 
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(a) axial TW crack    (b) circumferential TW crack 

Fig. 1 Axial and circumferential TW crack models given in NASGRO 
 
 

After inputting the dimension of the tubes, the hypothetical initial crack length 4mm, and the material 
property, a hypothetical applied fatigue cycles in a life time, which is shown in Table 2, is used to conduct the 
computation. 
 

Table 2: Hypothetical pressure fluctuation and cycles in a life time 
Serial number Pressure fluctuation range /MPa Cycles 

1 0~6.4 4000 
2 0~7.04 4000 
3 0~10 4000 

 
 

After the input conditions are established, NASGRO will conduct the analysis automatically. And both the 
axial and circumferential crack fatigue propagation results are shown in Fig. 2. 
 

 
(a) axial TW crack                              (b) circumferential TW crack 

Fig. 2 Axial and circumferential TW crack fatigue propagation results 
 
 

As can be seen in Fig.2, for an axial crack, though the result gives out the crack size of about 49mm, the 
crack will grow too fast when it exceeds 12mm. So, it is thought that the tubes are no longer safe in the practical 
engineering application, and appropriate measures must be taken. This illustrates that in the practical engineering 
application, if a crack grows too fast to take appropriate safety precautions, the tubes are thought to be not safe 
anymore. For a circumferential crack, it is relative more safe than an axial crack under the same loads, because it 
grows more slowly, but its equivalent critical crack size is a little smaller. And another significant difference 
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between them is that failure happening to tubes with the circumferential crack is caused by that the net-section stress 
exceeds the flow stress, other than its fracture parameters exceed the threshold value. 
 
FATIGUE CRACK PROPAGATION ANALYSIS OF REDUCING TUBES WITH A CIRCUMFERENTIAL 

CRACK 

In HTR-10 SG, tubes are not all straight, and they contain curved tubes, reducing tubes, and etc. This paper 
takes the reducing tubes into account, and analyzes its fatigue propagation process in an expected life to obtain its 
final crack size. The basic steps in above sections are not suitable for this kind of tubes, and first the dimension of 
these tubes must be given. And the dimensions can be found in Table 3 
 

Table 3: Dimensions of the reducing tubes 
OD of the bigger 

end/mm 
OD of the smaller 

end/mm 
Thickness of the bigger 

end/mm 
Thickness of the smaller 

end/mm length/mm 

22 18 2.5 2 50 
 
 

Since the reducing tubes contain circumferential welds, cracks induced in this region are circumferential 
cracks very likely. The initial equivalent crack length is set to be 3.73mm, which is the minimum crack that the 
humidity monitoring system can detect. The material is also 2.25Cr1Mo, and its mechanical property has been listed 
out in the former section. As mentioned before, the reducing tubes have no corresponding geometry models in 
NASGRO, so “Data Table” module is demanded to model this kind of tubes. “Data Table” module is based on the 
principle, that under combined loading, the stress intensity factor can be expressed as Eq. (4). 
 
  0 0 1 1 2 2 3 3 4 4K S F S F S F S F S F a      (4) 
 
where the stress quantities S0, S1, S2, and S3 are the applied tension/compression, bending in the thickness and width 
directions, and pin bearing pressures, and Fi is the correction factor. For the circumferential crack in the reducing 
tubes, only the former two of the polynomial are needed to be considered, i.e. the axial stress S0, and the bending 
stress S1, and their corresponding factors F0 and F1. By the use of ABAQUS, the congruent relationship between the 
crack size and Fi can be determined as shown in Fig. 3. 
 

 
Fig. 3 The congruent relationship between the crack size and Fi 
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Referring to the design transient summary table of the reactor coolant system of HTR-10, load spectrums of 
all the varieties of operating conditions during the lifetime are set as the input conditions. 

After inputting all the input conditions, NASGRO will compute the final dimension of the circumferential 
crack as shown in Fig. 4. 
 

 
Fig. 4 Fatigue crack propagation process in a lifetime 

 
 

As can be seen from the result, the minimum crack, which can be detected by the humidity monitoring 
system, is safe under the applied fatigue cycles given by the design transient summary of the reactor coolant system 
of HTR-10. And in the practical engineering application, the more accurate way is to real-time monitor the pressure 
fluctuations of the SG tubes during the operation of the reactor, and put in NASGRO as the load spectrum input to 
get the real fatigue crack propagation result. 
 

CONCLUSION 

 
Pressure oscillation happens to SG tubes time to time, and it may cause the crack propagation even if the 

stress intensity factor is below the threshold value, so it is significant to consider the fatigue crack propagation of SG 
tubes. SG tubes are of a variety of shapes, and some of them, such as the straight tubes, can be found in the 
geometry model database, and some cannot, such as the curved tubes, reducing tubes, and so on. For the former kind 
of tubes, problems are relatively simple. And for the later kind, in order to model the crack in “Data Table” module, 
ABAQUS must be used to determine the congruent relationship between the crack size and Fi. Since the humidity 
monitoring system can monitor the leakage, the initial equivalent crack size can be determined. And if the pressure 
fluctuations of the SG tubes during the operation of the reactor can be monitored real-time, and put in NASGRO  ，
then the real fatigue crack propagation result can be obtained. 
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