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ABSTRACT 
 

For components made of ductile materials, finite element approaches which incorporate material 
damage constitutive models are able to predict the failure behaviour and the corresponding process with high 
accuracy. However, these local approaches suffer from the problem of mesh-dependency of the results. One way 
to avoid this problem is to use a fixed mesh size near the crack tip. This mesh size is usually related to the mean 
distance between the relevant inclusions and second phase particles in a material. However, problem arises 
when one needs to simulate large stress gradients and model miniaturized specimens, where the fixed mesh size 
is large enough for a converged solution. Nonlocal regularization of the material state variables can alleviate this 
problem and this has been investigated by various researchers over the years. Recently, the authors have 
developed a nonlocal version of the Rousselier’s damage model and showed that the results of this model are 
mesh-independent. However, the ability of the model to predict the effect of specimen size, geometry, crack 
depth, loading and boundary conditions etc. on the load-displacement and fracture resistance behaviour has not 
been studied before in detail. In this work, we use the nonlocal Rousselier’s model to investigate these effects on 
the response of two different types of fracture mechanics specimens. The differences between the results of local 
and nonlocal model were compared. It was shown that local damage models are not able to predict several of 
these effects including the important aspect of the use of symmetric boundary conditions in finite element 
analysis. 
Keywords: Nonlocal damage model; Rousselier’s model; ductile fracture; finite element simulation 
 
INTRODUCTION 
 
 Safety analysis of critical components is an important task for designers and operators of nuclear power 
plants. It is essential to know the allowable loads and the corresponding failure behaviour (e.g., crack initiation, 
growth and instability) of the component. For components made of ductile metals (e.g., reactor grade steels), 
finite element approaches which incorporate material damage constitutive models are able to predict the failure 
behaviour and the corresponding process with high accuracy [1-4]. In the last two decades, damage models like 
Rousselier's [5] or Gurson's model (and its modified versions) [6-7] have become powerful tools in the safety 
analysis of nuclear reactor components (pressure vessels, shell-nozzle junctions, pipings, headers and elbows 
etc.). These damage models predict the material behaviour on the basis of the micromechanical processes (i.e., 
void nucleation, growth and coalescence) leading to ductile fracture. Due to the local nature of the formulation, 
the damage tends to localize in one element layer [8-16]. As a result of this localization, the finite element 
results become mesh-dependent. Problems also arise when it is required to simulate high stress gradients or 
small amounts of crack growth using these damage models. 
 In order to overcome this problem, nonlocal and gradient based formulations have been developed by 
various researchers all over the world [11-16]. Recently, the authors have developed a new nonlocal form of the 
Rousselier’s damage model [15-16] and have used it to demonstrate that the results of the model are 
independent of mesh size when the fracture behaviour of standard fracture mechanics specimens are simulated. 
However, the ability of these nonlocal models to accurately predict the effects of specimen geometry, size, 
loading and boundary conditions (i.e., symmetric vs. full model) on fracture resistance behaviour has not been 
discussed earlier. In this work, the following issues and their solution in the context of use of nonlocal damage 
models have been discussed, i.e., dependence of fracture resistance behaviour on 
-Crack depth (shallow crack vs. deep crack); 
-Specimen geometry (CT vs. SEB); 
-Specimen size (1T, 2T and 4T CT specimens); 
-Boundary conditions. 
 Almost all the specimens (especially, the fracture mechanics specimens) are symmetric to the expected 
crack plane. In finite element calculations, this symmetry is usually exploited and hence, only the half of the 
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specimen is included in the geometrical model. In local damage mechanics calculations, the damage tend to 
localize at the integration points. As a consequence, the predicted crack moves through the interior of the 
element (and not along the element borders as expected). This is in contradiction to experimental observation 
where the crack propagation path is on the element borders (and not through the element) in a symmetrically 
loaded specimen, unless there are heterogeneities in material property and micro-defect distribution in certain 
planes or directions. It was noted that there is a major difference between the results of local and nonlocal 
models when the symmetric boundary conditions are used. 
 The advantage of nonlocal models is that the predicted results are not dependent upon the mesh size 
near the crack tip. It is also able to accurately predict the effect of specimen geometry, size, loading and 
boundary conditions on the fracture resistance behaviour. However, it is more computationally intensive 
because of the use of nonlocal damage as an additional degree of freedom in the finite element formulation. 
 
NONLOCAL ROUSSELIER’S DAMAGE MODEL 
 
Recently, the authors have developed a nonlocal formulation of Rousselier’s model using nonlocal damage d as 
a nodal degree of freedom in the FE mesh [15-16]. The increment of the nonlocal damage variable d  in a 
material point x  is mathematically defined as a weighted average of the increment of the local void volume 
fraction f in a domainΩ [Fig. 1], i.e., 

 ( ) ( ) ( ) ( ) ( )1 ;d x y x f y d y
x Ω

= Ψ Ω
Ψ ∫  (1) 

where y is the position vector of the infinitesimally small volume dΩ and ( );y xΨ  is the Gaussian weight 
function given by 
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Fig. 1: Regularization of the internal variable ‘f’ 
through a weighted integral in a volume Ω

Fig. 2: True stress vs. true plastic strain curve of the 
material DIN 22NiMOCr3-7

 
The length parameter l  in Eq. (2) determines the size of the volume, which effectively contributes to the 
nonlocal quantity and is related to the scale of the microstructure. The above integral nonlocal kernel holds the 
property that the local continuum is retrieved if 0l → . By expanding ( )f y in Taylor’s series and substituting 
in Eq. (1) and doing some algebra, one can obtain the damage diffusion equation as 
 2 0lengthd f C d− − ∇ =  (3) 
where lengthC is the characteristic length parameter of the material [43, 44]. The yield function of the Rousselier’s 

model [30] is modified by substituting the nonlocal damage d in place of the local ductile void volume fraction 
f as [15-16] 
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where D and kσ  are the parameters of the Rousselier’s model and are constants for a material. With loading, the 
void volume fraction evolves from the initial void volume fraction 0f  (volume fraction of eligible second phase 
particles responsible for nucleation of voids upon plastic deformation) in the material. At a critical void volume 
fraction cf , the voids coalesce with each other and at the final void volume fraction ff , the material points loses 
its stress carrying capability. Hence, the above three void parameters (i.e., 0 ,  and c ff f f ) are also the material 
properties of the damage model. For solving the boundary value problem of the nonlocal damage continuum, 
one needs to solve the partial differential equation (3) along with the mechanical equilibrium equation 
 . 0bfσ∇ + =  (5) 
and the associated boundary conditions, where σ  is the Cauchy stress tensor and bf  is the body force per unit 
volume. For the nonlocal damage degree of freedom, the additional (i.e., Neumann) boundary condition is used 
and is expressed as 
 . 0

d
d n

Γ
∇ =  (6) 

Where 
f

n
Γ

 is the normal to the boundary fΓ . By discretizing the weak forms of the governing differential 

equations (3) and (5), we obtain the FE equations in matrix form as [34, 42] 
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It may be noted that the stiffness terms ,  ud duK K and ddK in the element stiffness matrix are contributions of the 
nonlocal formulation. The matrix uuK  represents the conventional stiffness of the finite element and it 
represents the mechanical stiffness, which corresponds to the relationship of the nodal mechanical forces and 
nodal displacement vectors. Similarly, udK  represents the matrix, which produces nodal damage vector 
corresponding to applied mechanical force vector. The matrix duK produces nodal displacement vector 
corresponding to an applied damage force vector and ddK  produces nodal damage vector corresponding to 
applied damage force vector respectively. int

mf and ext
mf are the internal and external mechanical force vectors 

respectively, whereas int
df is the internal damage force vector. 

 
RESULTS AND DISCUSSION 
 

The programming and simulation efforts for a non local damage model are considerably higher than those 
required for a corresponding local model. However, there are obvious advantages of the nonlocal formulation 
and these will be discussed in this section in the context of simulation of different types of fracture mechanics 
specimens. Initially, the standard 1T compact tension (CT) specimen was simulated to obtain the load-
displacement and the fracture resistance behaviour. The effect of the finite element mesh size (in the crack tip 
region) on the load-displacement behaviour of the CT specimen was studied using both local and nonlocal 
damage models. The effect of crack depth on the load-displacement response of the single-edged notched bend 
(SEB) specimens was studied next. Different sizes of CT specimens were also analysed. The effect of the use of 
symmetric boundary conditions on the results of local and nonlocal models was investigated. Experiments were 
conducted on all these different types of fracture mechanics specimens [17] and the results of analysis were 
compared with those experiment. 

Fig. 3: Geometry, dimension and loading conditions for CT specimen 
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For all these analyses, the material properties of the German pressure vessel steel DIN 22NiMoCr3-7 were used. 
This material is homogeneous from the point of chemical composition and possesses good ductility. The true 
stress-strain curve of the material used in FE analysis is shown in Fig. 2. Other material properties including the 
Rousselier’s constants, characteristic length parameter and the void volume fractions (initial, final and at 
coalescence) are shown in Table-1. 
 
Table-1: Material properties of DIN 22NiMoCr3-7 pressure vessel steel 

 
Effect of mesh size on the load-deformation and fracture resistance behaviour of the CT specimen 

In order to demonstrate that the results of the nonlocal damage model are mesh-independent, a standard 
1T CT specimen was analysed. The specimen has a thickness B of 25 mm and with a width W of 50 mm. The 
geometry and dimensions of the specimen are shown in Fig. 3. The specimen is 20% side grooved and the a/W 
(initial crack length to width ratio) ratio is 0.52. In the FE mesh, 8-noded iso-parametric elements were used and 
2D plane strain analysis was carried out. In the region of the crack tip, quadratic square-shaped elements with 
different edge lengths (i.e., 0.1 mm, 0.2 mm and 0.4 mm) were used. Fig. 4 shows the load-CMOD (crack 
mouth opening displacement) response of the CT specimen as computed using the local Rousselier’s model. The 
CMOD is measured as VLL as shown in Fig. 3. The results of analysis with different mesh sizes are also 
compared with the experimental data. It can be observed that results of the local model with mesh size of 0.4 
mm compares very well with that of experiment though load values are higher for FE analysis for a given value 
of CMOD. This is because of the use of 2D plane strain elements in the FE analysis where actual experimental 
condition corresponds to that of 3D. 

Fig. 4: Load-CMOD response of a 1T CT specimen with different mesh sizes (result with local damage model) 
 
The load-CMOD response for the case of 0.2 and 0.1 mm mesh sizes show considerable softening 

behaviour and the load falls much more rapidly compared to experiments. This is because of faster crack growth 
in the analysis compared to that observed during experiment. This is the characteristics of local damage or 
softening models where localization of damage takes place (due to loss of ellipticity of the governing 
differential equation) in a narrow region which is decided by the size of elements used in the analysis. The finer 
the mesh, the lesser the energy it takes for damage accumulation and hence, faster the crack growth. The use of 
non-localization of the damage parameter avoids this problem. 

The nonlocal model was used for the simulation of the load-CMOD response of the CT specimen with 
different mesh sizes and the results are shown in Fig. 5. It can be observed that the load-CMOD response for all 
the mesh sizes are almost same and they also compare very well with experimental data. This is because the 
crack growth is very well predicted as a function of applied displacement. This aspect will be clear when the 
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fracture resistance (J-R or J vs. crack growth) curve is evaluated from the area under the load-displacement 
curve of the CT specimen with ASTM standard techniques. The J-R curve obtained with different mesh sizes 
with the use of nonlocal damage model is shown in Fig. 6 along with the experimental data. It may be observed 
that the results of the nonlocal model are mesh-independent and the FE results compare very well with the 
experimental data. The nonlocal model has later been used to predict the effect of specimen geometry, size, 
crack-depth etc. on the load-deformation response and the results were also compared with those of experiment. 

Fig. 5: Load-CMOD response of a 1T CT specimen with different mesh sizes (nonlocal damage model) 
 

Fig. 6: Mesh-independent result for the J-R curve of a 1T CT specimen (nonlocal damage model) 
 
Effect of crack depth on load-deformation response of SEB specimens 
 In order to study the effect of crack depth on load-deformation response, experiments have been 
conducted on SEB specimens with initial a/W ratios of 0.13 and 0.522 respectively. The standard SEB specimen 
has a thickness B of 25mm thickness, width W of 50mm. The dimensions and loading conditions of the 
specimens are shown in Fig. 7. The specimen is 20% side-grooved and hence, the net thickness in the un-
cracked remaining ligament is 20 mm. A 2-D plane strain analysis with 8-noded iso-parametric quadrilateral 
elements has also been carried out. Due to symmetry, only half of the specimen has been analysed. The load-
CMOD response of the shallow cracked and deeply-cracked specimens are plotted in Fig. 8 along with 
experimental data. Same parameters, as used for the analysis of the CT specimen, have been used here. A very 
good correspondence of the FE analysis results with experiment can be observed in Fig. 8. Hence, the capability 
of the nonlocal model to predict the effect of crack-depth of the load-CMOD response could be demonstrated. 

Fig. 7: Geometry, dimension and loading conditions for SEB specimen 
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Fig. 8: Effect of crack depth on the load-CMOD response of the SEB specimen (results of nonlocal model) 
 
Effect of geometry, specimen size and loading condition on the load-deformation response 
 It may be noted that CT and SEB specimen have different geometry and loading conditions. The crack-
tip region of the CT specimen is predominantly loaded in tension (though some bending component is also 
present due to offset of the loading axis with respect to the crack-tip) whereas the crack-tip of the SEB specimen 
is mainly loaded in bending. We want to demonstrate that the parameters of the nonlocal not only could predict 
the behaviour of the CT specimen, but also could predict the response when the crack-tip is loaded in different 
states of stress. Fig. 9 shows the response of the CT and SEB specimens as obtained from FE analysis. The 
results are also compared with experiment and one can observe a very good agreement between the results of 
analysis and experiment. 

Fig. 9: Effect of specimen geometry and loading conditions on the load-CMOD response (nonlocal model) 
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Rousselier’s damage model are not only mesh-dependent, but also dependent upon the choice of the boundary 
condition. Fig. 11 shows the load-CMOD response of the 1T CT specimen as obtained from FE analysis when 
local model was used for the half and the full model respectively. It can be observed that the two results are 
different. However, the nonlocal model predict the exactly the same result for both cases. It is because of the 
localization of crack growth in one side of the symmetry line in case of the local model as can be seen from Fig. 
12. In case of the nonlocal model, damage also occurs in a symmetric fashion on both sides of the line of 
symmetry demonstrating that the crack also grows along the centre line when all the conditions for symmetry 
are met. Hence, the results of the nonlocal model are more realistic when compared to the local model. Due to 
the above observation, one must be careful about the use of local damage models for prediction of crack path 
when the geometry, crack configurations and loading conditions are complex. 

Fig. 10: Effect of the size of CT specimen on the load-CMOD response (nonlocal model) 
 

 
Fig. 11: Effect of the symmetric boundary condition vs. full model on the load-CMOD response 
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Fig. 12: Crack growth path for a full specimen (without symmetric boundary conditions, local vs. nonlocal 
model) 
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CONCLUSIONS 
 

Though local damage models (for ductile crack growth simulation) have been very successful in 
predicting the load-deformation and fracture resistance behaviour of different types of specimens and 
components, it is not able to simulate the condition of large stress gradients. This is due to the mesh-dependence 
nature of the solutions. In addition, the size effect cannot be predicted (by scaling the mesh of the reference 
specimen) unless one changes the mesh design in the analysis. Symmetric boundary conditions are widely used 
in FE analysis to save computational effort. In certain situations, the symmetric boundary conditions cannot be 
used due to several types of non-symmetries. In these situations, the results of the nonlocal model are more 
realistic when compared to the local model. Due to the above observation, one must be careful about the use of 
local damage models for prediction of crack path when the geometry, crack configurations and loading 
conditions are complex. The local formulation of the Rousselier model is able to predict the failure behaviour of 
most specimens and components if the mesh size is coupled to the microstructure and if the above restrictions 
are taken into account. The nonlocal model, however, is much more powerful. The corresponding restrictions 
with the use of the local formulation are overcome when the nonlocal formulation is used. The results of the 
nonlocal model are also independent of mesh size. 
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