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1. Introduction 
 
Residual stresses have significant effect on the crack-tip constraint [1, 2], which 
can further influence the fracture toughness of materials. Understanding how 
residual stresses influence the fracture behavior becomes more and more 
important when high strength steels are increasingly utilized in offshore industry. 
 
Panontin and Hill [3] investigated the effect of residual stresses on the 
micromechanics of fracture initiation and found that the residual stress reduced 
the brittle fracture toughness significantly. They also pointed out that the 
reduction of the brittle fracture toughness is due to the change of the crack-tip 
constraint conditions caused by the residual stresses. Hill and Panontin [4] 
employed the RKR [5] failure theory to predict the brittle fracture for three-point 
bending samples with and without residual stresses. Their results showed that the 
residual stress affects both the crack driving force and the crack-tip constraint, 
and together these effects decrease the fracture toughness.  
 
In this study, a modified boundary layer (MBL) model has been used to 
investigate the effect of the residual stress on fracture resistance. The residual 
stress was introduced by so-called “eigenstrain” method. Results showed that the 
residual stress reduces both the initiation fracture toughness and fracture 
resistance significantly.  It is found that the effect of residual stress is more 
significant for larger T-stress. The effect of residual stress on the fracture 
resistance also dependents on the material hardening.  
 
2. Numerical procedure 
 
This study concerns an ideal problem. A large round cylinder with a “spot” weld 
in the center was investigated. The cylinder was simulated by a modified 
boundary layer model with the remote boundary conditions controlled by the 
elastic K-field and T-stress, which has the following form:  
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where 21-IK EJ v=  under plane strain condition; E is Young’s modulus, υ  is 
Poisson’s ratio; r and θ  are polar coordinates centered at the crack tip with 0θ =  
corresponding to the crack tip; T represents the T-stress. 
 
The simulations were performed by ABAQUS/CAE. The analyses were carried 
out under model I, plain strain conditions. The MBL model used for this study 
consists of a weld-metal region located in the center of the model and an outer 
base-metal region, and a sharp crack was assumed in the center of weld-metal 
region. The radius of the MBL model was taken as 4000mm to ensure that the 
small scale yielding condition is fulfilled. A layer of uniform size (0.1mm) 
cohesive element is placed on the central line behind the crack tip to simulate the 
crack initiation and propagation. The length of the cohesive elements layer is 4.8 
mm.  The weld- and base-metal region of the model was meshed by standard 
four-node elements with reduced integration, CPE4R, with finer mesh in the 
crack-tip region. The cohesive zone is meshed by standard cohesive element 
COH2D4. The behavior of the cohesive elements is described by a bi-linear 
traction-separation law, which is characteristic of brittle materials [6]. The 
maximum traction stress maxσ  and the fracture energy 0Γ are two important 
parameters to characterize the traction-separation-law. The finite element model 
has 5397 elements and the meshes are shown in Fig.1.  

 
(a) 

 

 
(b) 

 
Fig.1. Modified boundary layer model, (a) global mesh; (b) crack-tip mesh. 
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The base-metal and the weld-metal were assumed to have the same elastic 
properties (E =2.07×105 MPa, 0.3υ = ) and plastic properties. It should be noted 
that the mismatch between the base-metal and the weld-metal was not taken in 
account. Rate-independent power law strain hardening materials were used, which 
have the form of 
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where n is the strain hardening exponent; fσ  is the flow stress; 

p
ε  is the 

equivalent plastic strain; 0σ  is the yield stress, 0 0 Eε σ= is the yield strain, 
where E is the Young’s modulus.  The Poisson’s ratio is 0.3, Young’s modulus E 
is 207, 000 MPa, yield stress is 460 MPa, which corresponds to a typical modern 
pipeline steel. 
 
      The residual stress field was introduced into the model by so-called 
eigenstrain method that was also called “inherent strain” method when first 
introduced by Ueda [7]. The basic idea of eigenstrain method is that the source of 
residual stress is an incompatible strain field caused by plastic deformation, 
thermal strains and phase-transformation etc. [8]. Thus, if the distribution of the 
eigenstrain is known, the distribution of residual stresses can be obtained through 
linear elastic calculation by using the finite element method. In this study, the 
eigenstrain values were assumed to be equal to the thermal expansion coefficients 
of two regions ( wα and bα ), respectively. The residual stresses were then 
introduced by loading the model with a unit temperature change. Fig.2 presents 
the redistributed residual stress after the crack was introduced for the case with 
eigenstrain 0 nd 0.003 aw bα α= = . The stress components were normalized by the 
yield stress, and the distance from the crack tip was normalized by the radius of 
the weld metal region c. 
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Fig.2. Residual stress field introduced by the eigenstrain method. 
 
It can be seen that the residual stresses along both the parallel and opening 
directions have a sharp turning point at the interface of the base-metal and weld- 
metal. The reason for the sharp turning point is that the assumed distribution of 
the eigenstrain is not continuous between the two regions. It can also be seen that 
both the parallel and opening residual stresses in the weld metal are tensile. In the 
base-metal region, the residual stress parallel to the crack plane is also tensile in a 
large range while the opening residual stress is compressive to counter balance the 
tensile stress in the weld-metal. 
 
3. Results and discussion 
 
Fracture is sensitive to the near tip stress field. There is no or negligible plastic 
deformation before failure for brittle materials. The effect of residual stress on the 
fracture resistance was investigated in this study. It should also be noted that the 
J-integral was adopted as the measure of the crack driving force. The computed J-
integral by ABAQUS shows practically path-independence beyond the large 
strain region for the cases investigated.  
 
3.1 Effect of residual stress on fracture resistance  
 
In order to study the effect of the residual stress on the initiation and the 
propagation of the crack, the fracture resistance curve for the cases with and 
without residual stress effect are compared in Fig 3. Three residual stress cases 
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were analyzed, and the fracture resistance curves start when the first cohesive 
element failed. 
 

 
 

Fig.3. Fracture resistance curves of the case with and without residual stresses.  
0 450,  0.3, 0.1;E nσ υ= = =  Cohesive energy 0 =100 N/mm,Γ  and the maximum 

stress max 0=3 .σ σ  The solid curve with 0wα =  corresponds to the case without 
residual stress.  
 
It can be seen that the residual stresses reduce the initiation fracture toughness 
significantly. Also, with the increasing of the residual stresses, the fracture 
resistance curve shifted downwards. The opening stress plays an important role 
for cleavage fracture. In our previous work [2], a crack-tip constraint parameter R 
was defined based on the difference of the opening components between the 
reference field (small-scale-yielding solution without residual stresses) and the 
full stress field including the residual stress at the position 0/ ( / ) 2r J σ = . It was 
found that a higher level residual stress field induced higher crack-tip constraint. 
Thus, the reduction of fracture resistance in Fig.3 may be explained as the crack-
tip constraint increasing caused by the residual stresses. 
 
3.2 Effect of the residual stress on the fracture resistance for materials with 
different hardening components 
 
The material properties may also influence the residual stress-induced crack-tip 
constraint [2]. In this study, the effect of the residual stress on the fracture 
resistance curve was also investigated for three hardening components, as shown 
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in Fig. 4. It should be noted that the same residual stress field of 0.002wα =  was 
used.  
 
 

 
Fig.4. Fracture resistance curves with different values of N for the same residual 
stress field. 0 0 m450,  0.3; 150 N/mm; 3 .E ax 0σ υ σ= = Γ = = σ

/ 0.5,  0

 
 
It can be seen that the fracture resistance curve is lower for the material with the 
larger hardening component. Our previous study showed that the residual stress-
induced crack-tip constraint is higher when the material hardening component is 
larger [2], which may causes a lower fracture resistance curve as shown in Fig.4.   
 
3.3 Effect of the residual stress on the fracture resistance with different T-stress 

It is interesting to investigate the effect of the residual stress on the fracture 
resistance curves for different T-stresses. As showed in Section 2, the remote 
displacement field of the MBL model is controlled by the elastic K-field and T-
stress applied at the round boundary. By changing the T-stress, different crack-tip 
constraint conditions can be obtained. In this study, the cases of T 0σ =  
and -0.5 were studied. The same residual stress field of 0.0005wα = was 
introduced. The fracture resistance curves of both with and without residual stress 
under three T-stress cases are plotted in Fig.5 
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Fig.5. Fracture resistance curves of both with and without residual stress cases 
under different T-stress. 0 450,  0.3, 0.1; 0.0005;wE nσ υ α= = = =  the cohesive 
energy  0 50 N/mm.Γ =
 
It can be seen that the effect of residual stress on the fracture resistance is stronger 
for smaller T-stress. It is also interesting to find that the reduction of the fracture 
resistance caused by the residual stress is approximately same for 0/ 0T .5σ =  and 

0/T 0σ = . However, the difference is relatively large for T=-0.5 case. Results in 
[2] indicated that the effect of the residual stress is weaker for higher geometry 
constraint condition, which can probably explain the result in Fig.5. 
 
4. Concluding remarks 
 
In this study, the effect of residual stress on fracture resistance is studied by 
cohesive zone modeling under mode I, plane stain conditions. The modified 
boundary layer simulations are performed with the remote boundary conditions 
controlled by the elastic K-field and T-stress. The eigenstrain method is used to 
introduce a two-dimensional tensile residual stress field near the crack tip.  
 
It is found that the residual stress reduces both the initiation fracture toughness 
and fracture resistance significantly. With the increasing of the residual stress 
field, the fracture resistance curves move downwards. The residual stress-induced 
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crack-tip constraint can explain the effect on fracture toughness. The residual 
stress affects the fracture resistance more significantly under lower geometry 
constraint condition. The fracture resistance seems lower for higher hardening 
component materials when the same residual stress field was introduced. 
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