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Abstract- Hostile environments and mechanical loading combinations result in failure when through-wall or part-through-
wall cracks are present in nuclear power plants steam generator tubes. When the steam pressure magnitude becomes high 
enough, a tube might burst or existing single cracks sizes might become sufficiently large or existing small neighboring 
cracks might coalesce which leads to an unacceptable operational condition. All of the above result in catastrophic failure of 
the steam generator tube. This study is aimed at investigating failure of steam generator tubes under internal pressure in the 
presence of multiple cracks. Failures in steam generator tubes due to leak and rupture for single crack configuration in tubes 
are well documented in the literature. However, when multiple cracks interact, the tube pressure under which the ligament 
between cracks fails could be far less than the critical pressure for a tube with an individual crack. This failure pressure is 
termed coalescence pressure. In this investigation, both leak and rupture failures will be considered for tubes with two 
axially aligned and offset cracks. For leak failures, the fracture mechanics approach is used to investigate crack coalescence 
due to crack propagation mechanisms. The J-integral determined and used for failure parameters. For rupture, flow stress 
used as failure criteria. Finite element simulations are used to determine the above stated leak and rupture parameters. Two 
different models are developed in ABAQUS (a commercial finite element software) using Line-spring elements and 3D 
solidelements. Leak and rupture failures are assessed for varying pressures and varying crack depths (70 - 100% of tube 
thickness). The obtained finite element results are compared with each other and experimental results.  
 
 
I. INTRODUCTION 
 
Steam generator (SG) tubesare important part of 
pressurized water reactor (PWR) typenuclear power 
plants.Steam generators hold from 3,000 to 16,000 
tubes, each about three-quarters of an inch in 
diameter. SG tubes are one of many barriers between 
the radioactive core and the environment. Failure of 
these tubes can release radioactivity to the 
environment. It is very important to inspect these 
tubesat regular time interval to assure thestructural 
integrity of the reactor. 
Tubes often crack as a consequence of combined 
mechanical loading, fatigue and stress corrosive 
environments. Different types of cracks occur in the 
tubes including single cracks, multiple cracks, 
through wall cracks and part through wall cracks. 
Cracks can initiate atouter surface or inner surface. 
When cracks are present, the tube can fail at a lower 
pressure than expected and create a hazardous 
situation. Non-destructive testing, inspection of 
removed steam generator tube and in service 
inspection results reveal the formation of multiple 
cracks is more common [3, 4]. Tubes with multiple 
cracks fail at much lower pressure than those with 
single cracks. It is necessary to predict the failure 
pressure of SG tubes when multiple cracks are 
present. Many studies have been conducted to predict 
the failure pressure and many failure criteria are 
proposed.Most of these studies carried out finite 
element simulation to assess tube failure. The failure 
criteriaused in the literature to determine failure 
pressure include ligament thinning, stresses in the 
ligament, J-integral and stress intensity factors, Crack 

opening displacement (COD), Crack opening profile 
(COP) and plastic zone size approach. 
Abou Hanna, et al [5] performed simulations using 
finite element method, specifically using 3D shell 
elements. Failure of tube is considered when local 
instability of the ligament occurs under plain strain 
condition. Due to this local instability the ligament 
thickness reduces drastically and the tube can no 
longer sustain the pressure. Results from FEA 
analysis were compared with experimental results. 
This study was done on multiple through wall cracks 
withtwo different crack configurations namely 
circumferentially offset and axially offset. 
Saurin Majmudar, et al [6]used extended finite 
element method to predict failure pressure. When 
maximum principal stress increases the limiting 
principal stress (average of yield strength and 
ultimate tensile strength) crack grows in radial 
direction and ruptures the last ligamentat inner 
diameter surface. This study wascarried out for 60, 
75, 85, 95%part through wall singlecrack. Results 
were compared with experimental results from ANL 
(Argonne National Laboratory). 
Work of Jin Ho Leeet al.[7], Moon et al.[8] and 
Chang et al.[9]used 3D finite element models to 
predict failure of the SG tubes. Different criteria are 
considered to predict failure. Optimum criterion was 
found out by comparing the analysis results to 
experimental results from ANL (Argonne National 
Laboratory)and Framatome Laboratory. Through wall 
cracks are considered in their analysis with different 
ligament size and crack configurations. 
Most of the work done in the past concentrated on 
through wall cracks. It is necessary to predict failure 
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of the tube having part through cracks. In this 
paper,finite elementsimulations are carried out using 
Line spring elementsof ABAQUS to find the failure 
pressure. The finite element model is developed for 
two collinear axial cracks with varying crack depth 
and pressure loading. Two different approaches for 
tube failure assessment are used. These are stress 
based and the fracture mechanics based.For the 
stress-based failure, a flow stress criterionwhich 
compares the maximum Von Mises stresses in the 
ligament to the material strength, is used [10]. For the 
fracture mechanics based failure, J-integral and stress 
intensity factor values are used as parameters used to 
predictthe failure pressure. 
 
II. GEOMETRY AND CRACK MODELLING 
 
The study presented here investigates twocollinear 
axially offset through and part-through cracks in 
steam generator tubes made of Alloy 600. The cracks 
considered hereare originating from the inner surface 
of the tube. The considered tube has an inner 
diameter of 22mm and a thickness of 1.27mm. 
Material properties aregiven in table 1.  
Table 1 Material properties for Alloy 600 
Young’s modulus (GPa) 200 
Poisson’s ratio 0.3 
Yield strength,σy, (MPa) 296 

Ultimate tensile strength σu (MPa) 684 
Critical J Integral JIC(kJ/m2)[11] 415 
Fracture Toughness-KIC (in H and 
low temperature water) 
MPa√m[11] 

66 

The tube length is considered to be 220mm which 
satisfies thin walled cylindercriterion. The tube has 
twoaxially aligned but offset cracks with equal 
lengths of 6.35mm and separated by 0.254mm 
ligament. Plastic stress-strain values for Alloy 
600arelisted in table 2. Figure 1 shows the geometry 
of the tube with the twopartthrough cracksat the tube 
inner surface. 

 
Table 2: Stress and plastic strain for alloy 600 

Stress 
(MPa) 

Plastic Strain 
(mm/mm) 

300 0 
512 0.09274 
687 0.178865 
840 0.2582 
946 0.33177 
1125 0.5 
1700 1.05 

 

Figure 1. Tube containing two collinear axially offsetpart-through cracks 
 
III. FINITE ELEMENT MODEL 
 
In this work, finite element simulations are used to 
study SG (Steam Generator) tube failure. The 
simulations arecarried out using ABAQUS. Two 
different models are developed for the simulations. 
The first is a shell model that uses line spring 
elements to model the crack. The second model is a 
3D solid model that uses 3D elements. 
Figure 2a shows the mesh used for a quarter-
symmetry shell model. Figure 2b shows a zoomed-in 

view of the shell model in the vicinity of the crack. 
The tube is modelled using shell elements (S8R). The 
crack is modelled with line spring (LS) elements. In 
ABAQUS, LS elements, which are used with shell 
elements, are defined as a series of one-dimensional 
elements placed along part through cracks.ABAQUS 
has two types of LS elements, LS3S and LS6. LS3S 
elements are 3-noded elements used when a crack is 
on the symmetry plane. LS6 elements, on the other 
hand, are 6-noded elements used in non-symmetric 
models.LS elements give accurate results for pipes 
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having crack depths ranging between 2% and 95%. 
Above 95%, the analysis results are unstable [12]. 
With LS elements,the complexity of modelling and 
analysis run time are reduced. Furthermore, it is 
easier to change crack depth and run the analysis 
again. 
 
In the shell model, 50 LS3S elements are used to 
model the crack. Dense mesh is created near the crack 
as shown in fig. 2b. The number of elements in the 
ligament between the cracks is controlled by the mesh 
density in the crack vicinity. 

 

 
(a) Shell model 

 

 
(b) Mesh around crack region 

 
Figure 2 Quarter symmetry finite element model  
For the 3D solid model, ABAQUS C3D20R brick 
elements are used. The tube geometry and material 
properties of the model are same as those of the shell 
model.A crack tip radius of 0.05 mm is usedin the 
model. Different mesh density trials areused for mesh 
convergence. Figure 3a shows the 3D mesh used for 
the quarter-symmetry solid model, while Figure 3b 
shows the mesh around the tip of the crack.  

 
(a) 3D solid model 

 
(b)Mesh around crack region 

Figure 3 Quarter Symmetry 3Dsolid finite element model 
 

IV. RESULTS AND DISCUSSION 
 
The aim of thisStudy is to find the failure (or 
coalescence pressure) through the use of finite 
element simulations. The failure is assessed through 
the use of rupture approach and fracture mechanics 
approach. The results of the simulations from both 
shell and 3D solid models will be used to determine 
the parameters of each of the above approaches to 
predict the tube failure pressure. These parameters are 
determined for the tube undervarying pressures 
andwith different crack depths (70%-100%). For the 
3D solid model however, only the through wall crack 
is considered. 
Failure based on rupture is assessed through the use 
of the flow stress concept. In this concept, the failure 
pressureis determined by comparing the flow stress 
value which is based the material strength to the 
maximum Von Mises stress found in the ligament 
from finite element simulations for both shell and 3D 
cases. Two criteria are usedfor the flow stress value. 
In criterion one, the flow stress is the average of the 
yield and the ultimate tensile strength. For criterion 
two, theflow stress value is taken as material ultimate 
tensile strength. 
For the shell model (with LS elements), the average 
of the maximum Von Mises stress in the ligament 
region is calculated and once this value reaches or 
exceeds the flow stress, the ligament is considered as 
fully yielded and the pressure at this point is 
considered the failure (coalescence) pressure. The 
simulations with the shell model is carried out by 
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varying the internal pressure for crack depths ranging 
between 70 to 95%. 
Figure 4 summarizes the findings of this study. It 
shows graphs of failure pressure for different crack 
depthsusing different criteria. It is stated above that 
line spring element models can accurately 
predictstresses for crack depth less than 95%.In this 
study many analysis are done for crack depths above 
95% and it is found that the results confirmed the 
statement. It is found, as can be shown in figure 4, 
that the relationship between the failure pressure and 
the crack depth is linear. From the results, an 
empirical relationbetween the failure pressure and 
crack depth is developed.The failure pressure for the 
given crack configuration for different crack depths 
can be found using the following linear relation: 
Pf = -0.231 a + 43.01 

 

 
Figure 4. Failure pressure vscrack depth 

 
In the above equation Pf is the failure pressure (MPa) 
anda is the crack depth (as % value). For a depth of 
90%,aisentered as 90 in the equation. The above 
equation is derived for criterion one of the flow 
stress. A similar linear relation can be derived for 
criterion two with only the constants value (43.01) 
changing. It is worth mentioning that the failure 
pressure value for a through wall crack is predicted 
from the above linear equation. This is verified using 
the results from the 3D solid model with same 
internal pressure applied to the inner surface of a tube 
having similar cracks but through wall depth.  
For the 3D solid model, criterion one for the flow 
stress is used. Figure 5 shows the contours of the 
maximum Von Mises stresses in the ligament and 
around the crack tip for pressure values near 
failure.From 5a, it can be observed that at 20MPa the 
ligament maximum Von Mises stress has not reached 
the flow stress value. But, when pressure is increased 
to 20.5 MPa, the entire ligament region has reached 
or exceeded the flow stress value. Failure is predicted 
to occur at this pressure. The failure pressure from 
shell (with LS elements) model is found to be 20.2 
MPa. 

 
(a) 20 MPa 

 
(b) 20.5 MPa 

Fig 5.Contours of maximum Von Mises stresses for respective 
pressures 20 and 20.5 MPa. 

 
It can be stated that, the results from both shell model 
(with LS elements) and 3D solid model are in 
complete agreement. In this comparison, criterion one 
of the flow stress is used in both the shell and the 
solid models.  
Findings from other numerical and experimental 
investigation are in agreement with the 
abovementioned failure values for exactly similar 
cases of crack geometries, tube material and loadings. 
Abou-Hanna et al. [5] estimated the failure pressure 
to be 19.5MPa as reported in figure 4. Experimental 
results from ANL (Argonne National Laboratory) for 
similar conditions but 80% crack depth found failure 
pressure to be 28.3MPa [13] while the shell model 
results with criterion one predicts that to be 24.5 
MPa. Figure 4 shows the linear curve obtained for the 
shell model with criterion two for the flow stress. It 
can be seen from the graph that when ultimate tensile 
strength criterion is used for flow stress, the obtained 
failure pressure is totally underestimated. Criterion 
one for shell model which is validated by the 3D solid 
might be considered relatively conservative. The 
ANL experimental failure pressure seems to fall 
somewhere between the two failure criteria.  
To predict failure pressure using fracture based 
approach, J-integral and stress intensity factor (KI) 
values are noted for different pressures using results 
from the shell (with LS elements) model. For this 
approach, failure is predicted to occur when the 
computed values for the J-integral and the stress 
intensity factor values obtained from the simulation 
results exceed the material critical values for these 
parameters. These values are given in Table 1 above. 
Figure 6 shows plots of these two parameters.  J-
integral values for varying crack depths and varying 
pressuresare plotted in figure 6a. It can be seen that, 
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for the failure pressure range obtained from the shell 
model (with LS elements),that the J-integral values 
are far less than the critical value. The same can be 
said about the stress intensity factor, KI, values shown 
in figure 6b. Hence fracture is not a failure concern 
when designing with Alloy 600[13].One needs to 
mention the known fact that the stress intensity 
factor, KI, application is valid only when the elastic 
region size is relatively small.  

 

 
(a) J-integral vs Pressure 

 
(b) Stress intensity factor (KI) vs Pressure 

Figure 6.Graphs showing J-integral and stress intensity factor 
values at applied pressure. 

 
CONCLUSIONS 
 
In this study, finite element simulations are carried 
out to assess failure pressures in tubes containing two 
collinear axially offsetpart-through and through wall 
cracks. For the simulations,3D shell model are used 
along with line spring elementsto model the cracks. 
3D solid models are used for comparison and 
validation of the LS results. The failure pressures are 
predicted using rupture and fracture approaches. The 
obtained results are compared and validated by other 
reported simulations and experimental results. The 
followings are concluded: 
 

1. Comparison of the LS model results with 
those obtained by experimental and numerical 
simulations shows that the results are in complete 
agreement. The error percentage is very insignificant.  
 
2. As shown in this study, results of LS models 
can be used to generate empirical relationsthat can be 
used to find failure pressures for part-through or 
through crack depths.  
 
3. Using the LS models in simulation of cracks 
is economical in regard toboth resources and time 
required for running the analysis than other 3D 
model. 
 
4. Failure predicted through flow stress 
criterion one seems to be conservative while ultimate 
tensile strength criterion underestimates the results. 
 
5. The results of J-integral show that, Alloy 
600 possesses high enough toughness that fracture 
mode failure is not a design or operational concern. 
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