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Abstract. In the last few decades, constraint effects and plastic strain ahead of crack front have 

played important roles in stress corrosion cracking (SCC) behaviour of reactor pressure vessels 

(RPV) and pipes. At the same average J-integral, the local three-dimensional stress-strain fields 

around crack fronts were simulated, the effects of out-of-plane constraint (specimen thickness) 

on plastic strain, plastic zone and SCC driving force along crack fronts were analyzed. The 

results show that the strains of thinner specimens near the free surface are more 

sensitive to out-of-plane constraint effect. The strain gradients of thinner specimens are 

more sensitive to out-of-plane constraint, especially near the free surface. The results may be 

used in incorporating out-of-plane constraint effects in structures for improving structural 

integrity assessments and analyses of RPVs and pipes. 

1. Introduction 

Both fracture behaviour and constraint effects play important roles in structural integrity assessment 

and design, especially for integrity analyses of RPVs and pipes. As the resistance of structures against 

the crack-tip plastic deformation, constraints have attracted much attention in the research of material 

fracture behaviour. Constraints can be divided into in-plane constraint and out-of-plane constraint. The 

in-plane constraint, such as the crack length, relates to the specimen dimension in the direction of 

growing crack. While, the out-of-plane constraint, such as the specimen thickness, relates to the 

specimen dimension parallel to crack front. In the last few decades, many constraint parameters has 

been investigated to establish a unified correlation of in-plane and out-of-plane constraints with 

fracture toughness for improving structural integrity accuracy [1-3]. However, a great deal of evidence 

and experiments indicated that the material plasticity and residual plastic strain ahead of crack front 

also have great effect SCC behaviours of RPVs and pipes [4,5], which has been paid more attention in 

the nuclear power industry. In order to increase the accuracy of structural integrity assessment, the 

constraint effects on the plastic strain around crack fronts and the crack driving force must be 

considered. 

At the same average J-integral, the local stress-strain fields ahead of crack fronts were calculated 

by using elastic-plastic finite element method (EPFEM). Moreover, the effect of out-of-plane 

constraint on plastic strain, plastic zone and SCC driving force along the specimen crack fronts were 
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analyzed. The SCC crack growth rates of C(T) specimen with different thickness were also discussed 

in this paper. 

2. Finite element modelling 

2.1. Specimen model 

A compact tension (CT) specimen with a constant load was used to measure SCC growth rate in high 

temperature water environment [6]. Five types of C(T) specimens (specimen width W=50 mm) with 

thickness-to-width ratio B/W=0.0625, 0.125, 0.25, 0.5 and 1 were chosen, and their relative crack 

length a/W=0.5 after pre-cracking. The geometry and size configurations of a C(T)50 specimen is 

shown in figure 1. It can be considered that the out-of-plane constraints were changed by the changing 

specimen thickness B, and the specimen sizes are shown in table 1. 

 
Figure1. Geometry of C(T)50 specimen (W=50 mm) 

The calculated results of fracture toughness are also listed in table 1. The stress-strain field 

distributions along crack fronts were calculated at the same average J-integral value of Jave=20 kJ/m
2
 

along the specimen crack fronts with different out-of-plane constraints, and the maximum values of 

J-internal Jmax at the crack fronts mid-point were also listed. The values of fracture toughness Kmax in 

table 1 were calculated from Jmax by equation 1.                                                                                                                    

max max 21

E
K J





                                (1) 

Where, E is the Young’s modulus and ν is the Poisson’s ratio. 

Table 1. C(T) specimen sizes and the calculated results of fracture toughness 

Specimen a/W B (mm) B/W  P (kN)  Kmax (MPa·m
1/2

) Jmax (kJ·m
-2

) 

C(T)50 0.5 

3.125 0.0625 1.83 74.78 23.67 

6.25 0.125 3.7 74.56 23.53 

12.5 0.25 7.57 74.27 23.35 

25 0.5 15.6 74.05 23.21 

50 1 32.4 74.02 23.19 

2.2. Material model 

The pressure vessel steel 22NiMoCr3-7 is investigated in this paper, and its non-linear relationship 

between stress and strain beyond yield can be described by Ramberg-Osgood equation [7]: 

0 0 0

n

  


  

 
   

 

 (2) 
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Where ε is the strain, including elastic and plastic strain. σ is the total stress; ε0 is the yield strain of 

the material, σ0 is the yield stress of the material, and n is the strain hardening exponent of the material, 

α is the material offset coefficient. 

The mechanical properties data and the Ramberg-Osgood constitutive parameters of 22NiMoCr3-7 

steel at -60℃ are given in table 2.  

Table 2. Mechanical properties of 22NiMoCr3-7 steel at -60℃[8] 

Material 
Young’s modulus 

E (MPa) 

Poison ratio 

 

Yield stress 

σ0 (MPa) 

Hardening exponent  

n  

Hardening parameter 

 

22NiMoCr3-7 215 000 0.3 517 3.7 6.2 

2.3. FE Model 

Five 3D finite element models in table 1 were built by the commercial finite element code ABAQUS 

[9]. The eight-node isoperimetric elements with reduced integration (C3D8R) were used for all models. 

To reduce the computation time, considering the loading and geometry symmetry, only 1/4th of the 

specimen was modeled. The symmetry boundary conditions were applied on the un-cracked ligaments. 

The finite element model meshes of C(T)50 specimen with B=25 mm and a/W=0.5 are shown in figure 

2. 

 

 

(a) Mesh of global model (b) Mesh around crack front 

Figure 2. The global model mesh and mesh around crack front of C(T)50 specimen with 

B=25 mm and a/W=0.5 

3. Results and Discussion 

Mechanical affecting factors of crack driving force, such as plastic zone, plastic strain and plastic 

strain rate ahead of crack tips are crucial to quantitatively predict SCC growth rate. Therefore, to 

analyze the effect of out-of-plane constraint on the plastic strain along crack front, the 5 specimens 

with different out-of-plane constraints in table 1 were modelled and the local stress-strain fields 

around crack fronts with different specimen thickness were calculated by FEM. The loading condition 

is at the same average J-integral value of Jave=20 kJ/m
2
 along crack fronts (specimen thickness) for the 

C(T)50 specimens with different out-of-plane constraint in table 1.  

3.1. Local strain zones around crack fronts  

The equivalent plastic strain distributions around crack fronts are shown in figure 3, the radius of the 

researched zone is 0.5 mm. From figure 3(a) to (e), the high strain zones have similar distributions and 

the low strain zones decrease with the increasing specimen thickness B, which implies that the strains 

of the low strain zones are more sensitive to the out-of-plane constraints in the centre region.  
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(a) B/W=0.0625 (b) B/W=0.125 

  
 

(c) B/W=0.25 (d) B/W=0.5 

 
 (e) B/W=1 

Figure3. Plastic strain zones around crack fronts at Jave=20 kJ/m
2 
with different B/W  

3.2. Plastic strain curves along crack fronts  

Figure 4 shows the equivalent plastic strain curves for C(T) specimens along crack fronts with the 

same a/W=0.5 (in-plane constraint) and different thickness B (out-of-plane constraint). The strains 

were calculated and evaluated at r=2J/σ0 and θ=0, where r is the distance from a crack tip and θ is the 

polar coordinate at the crack tip in the middle plane. 

The curves are plotted against the normalized specimen thickness z/B, where z/B=0 means the 

middle plane and z/B=0.5 means the free surface of the specimens. It can be seen from figure 4 that the 

centre region (from z/B=0 to 0.4) of all specimens has lower strain, and the surface region (near z/B = 

0.5) has higher strain. The stains along crack fronts of thicker specimens in the centre region (from 

z/B=0 to 0.3) have small variation while the stains of thinner specimens near the free surface (from 

z/B=0.3 to 0.5) have great variation with the increasing thickness B. This indicates that the strains of 

thinner specimens near the free surface are more sensitive to out-of-plane constraint effect induced by 

thickness B.  
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C(T)50     W=50 mm,  a=0.5W
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Figure 4. Equivalent plastic strain along crack fronts at Jave=20 kJ/m

2
 

3.3. Plastic strain rate curves along crack fronts  

In the film slip/dissolution oxidation model and FRI model of estimating SCC growth rate, the 

equivalent plastic strain rate can be used as the basic factor to quantitatively estimate SCC growth at 

flaws of actual LWR components in a specific high temperature oxygenated aqueous system [10]. 

Combined with the elastic-plastic FEM, the equivalent plastic strain gradient of a regular 

electrochemical environment where the crack fronts exposed can be calculated and the result curves 

are shown in figure 5.  

The strain gradients along crack fronts in the centre region (from z/B=0 to 0.3) have small variation 

with the increasing thickness B, while the strain gradients of thinner specimens near the free surface 

(from z/B=0.3 to 0.5) are much higher than those of thicker specimens. It indicates that the SCC 

driving force decreases with the increasing thickness B, and the thinner specimens have much higher 

SCC crack growth rates than the thicker specimens at the same average J-integral. Figure 5 shows that 

the strain gradients of thinner specimens are more sensitive to out-of-plane constraint, especially near 

the free surface.  
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Figure 5. Equivalent plastic strain gradient along crack fronts at Jave=20 kJ/m

2
 

4. Conclusion 

Three-dimensional finite numerical simulations are carried out to analyze the stress-strain fields and 

plastic strain gradients along crack fronts with different out-of-plane constraints. The effect of 

out-of-plane constraint on crack driving force is also considered. Conclusions are as follows: 

(1) The stains along crack fronts of thicker specimens in the centre region (from z/B=0 to 0.3) have 

small variation while the stains of thinner specimens near the free surface (from z/B=0.3 to 0.5) have 

great variation with the increasing thickness B. The strains of thinner specimens near the free surface 

are more sensitive to out-of-plane constraint effect induced by thickness B. 
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(2) SCC driving force decreases with the increasing thickness B, and the thinner specimens have 

much higher SCC crack growth rates than the thicker specimens at the same average J-integral. The 

strain gradients of thinner specimens are more sensitive to out-of-plane constraint, especially near the 

free surface.  
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