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Abstract 

The fracture properties of a unidirectional polymer matrix composite are explored by an a 

priori calculation of a minimal energy fracture surface separating the microstructure model 

into two pieces. Subsequent simulations are performed using a regularized version of the 

extended finite element method in conjunction with the minimal energy fracture surface to 

derive strength and fracture properties for the microstructure. The resulting properties are 

compared to results of simulations using different crack paths within the microstructure and 

reduced interface properties. 

 

 

1. Introduction 

 

Qualification of material systems and certification of structures for use in aerospace or other 

applications are rigorous processes used to ensure safety of operation. These processes 

currently involve a great deal of empirical testing to populate property and performance 

databases.  The amount of testing required is typically time consuming and can be very 

expensive and thus restricts the utilization of new material and design solutions.  Rather, 

previously qualified materials are used to minimize cost and development time. In order to 

move past this paradigm, a multiscale simulation approach to offset a portion of the empirical 

testing is attractive.  The focus of this contribution is modeling damage at the microstructure 

scale to derive properties for the lamina scale. 

 

There are a few main methods by which mechanical damage at the microstructure scale of a 

composite is typically represented. Particulate, non-continuum approaches such as 

peridynamics [1] are being employed increasingly often due in part to the imbedded natural 

framework for fracture simulations. The continuum damage mechanics (CDM) approach [2, 

3] operates under the assumption that the effect of damage at finer length scales is a 

degradation of the local stiffness at the coarser scale. This approach is particularly attractive 

in a composite microstructure in which the stress field is far from uniform due to the 

reinforcements, voids, etc. However, as seen in [4], property degradation on the ply level of 

analysis leads to nonphysical results for local stresses in the damage area and difficulties of 

damage mode interaction modeling. To address this issue, the Discrete Damage Modeling 

(DDM) was proposed based on extended finite element method (XFEM) ideas [5] to model 

discrete cracks of various orientations independent of the mesh. 
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Multiscale analysis within DDM framework can be accomplished in a fully coupled and 

simply coupled scale analysis (SCSA) settings, with the simply coupled methods being 

especially attractive for practical applications. SCSA is an extension of the work [6] where 

stiffness homogenization and micro level stress bounds estimates where established for pre-

stressed composites including regions with nonperiodic microstructure. The proposed 

extension requires computation of homogenized strength and fracture toughness properties, 

which are considered below. A direct simulation of failure progression on the micro level is 

generally required to accomplish this objective. In the present work, we explore a simplified 

approach, where a minimal energy crack path definition method is proposed in combination 

with mesh-independent crack (MIC) modeling for micro level failure simulation.  The MICs 

are modeled by using regularized XFEM (rX-FEM) formulation of Iarve [7]. The resulting 

simulation of the microstructure is then used to predict lamina scale strength and mode-I 

fracture toughness and compared to experimental data.  

 

2. Methodology 

 

This section discusses how the minimal energy fracture surface is determined and then used in 

the fracture simulations to derive the strength and fracture properties compared in the results 

section.   

 

2.1 Determination of the Minimal Energy Fracture Surface 

 

The method described in this section is implemented and works in 3D, but we will use a 2D 

example to fix ideas. Consider the 2D slice of the composite microstructure pictured in Figure 

1. The black area represents the matrix phase and the white areas represent the fiber phase. 

The goal is to determine a minimal energy fracture surface, or path, through this 

microstructure.  If a discretization of the fiber boundaries is taken so the fibers are represented 

as polygonal objects, then the shortest path with obstacles problem is readily solved by 

constructing a visibility graph [8] followed by a shortest path algorithm such as the A* 

algorithm [9] or Dijkstra’s algorithm [10]. 

 

 

Figure 1. 2D Composite Microstructure Slice with 60 Fibers (scale in µm) 
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Simply finding the shortest path would result in a path proceeding directly through a fiber or, 

if we render the fibers impassible, a shortest path around the fibers as in the shortest path with 

obstacles problem referenced above.  In our case, we are interested in the minimal energy 

path problem, which we define to be the cleaving path connecting opposite sides of the 

microstructure having smallest fracture energy.  This is not necessarily the shortest path. In 

fact, the two only coincide when all material and interface fracture properties are equal or a 

straight line path exists through the weakest material in the system. Thus, the fracture energy 

of each material and each interface must be accounted for within our framework. 

 

The method by which we determine the minimal energy path is to 1) Discretize the fibers, 

interfaces, and matrix phases, 2) Create an undirected, weighted graph of the discretized 

nodes, and 3) Use a graph search algorithm to compute a minimal energy cleaving path on the 

weighted graph. The discretization of the space can be performed in any manner, except to 

note that the nodes of the discretization become vertices in the graph.  Thus, the density of the 

nodes is, in general, proportional to the total energy error measured from the global minimum 

energy path.  

 

We will assume that our crack is only allowed to crack in straight line segments originating at 

one vertex and terminating at a second, distinct vertex.  Thus each edge of the graph 

represents a possible path the crack could take. Once the vertices are known, the creation of 

the graph is essentially the determination of the edges of the graph and the assigning of a 

“weight” or energy, to traverse the edge. We define the weight of the edge to be the fracture 

toughness multiplied by the distance between the vertices. The fracture toughness for each 

edge is defined by the appropriate material constant (fiber, matrix, or interface). We consider 

an edge to exist between two vertices if the distance between the vertices is less than a cut-off 

radius and either the points are in the same material phase or one vertex is in the interface (see 

Figure 2).  Thus, a crack cannot directly move from the matrix phase to the fiber phase 

without passing through a vertex on the interface.   

 

 

Figure 2. Edge Determination for the Graph 
 

Additionally, we have a visibility requirement so that matrix edges and interface edges cannot 

pass through a different material phase (see Figure 3). 

 



ECCM16 - 16
TH

 EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014 

 

4 

 

 

Figure 3. Visibility Restriction on Edges of the Graph 
 

Finally, we supply the weighted graph and an initiation point to the search algorithm to 

determine the minimum energy path from the initiation point to the goal surface(s). The 

initiation point may lie on either the interior or exterior of the microstructure, and the crack 

can be required to fulfill periodicity conditions on the exterior surfaces of the microstructure. 

  

2.2 Calculation of Strength and Fracture Toughness of the Microstructure 

 

The microstructure model undergoes a monotonic loading to failure (two-piece separation). 

For a microstructure of size    
    

    
 having the    axis being parallel to the axial 

direction of the fibers, the boundary conditions on the model are monotonic displacement 

loading on the      and       
 surfaces,    

   on the      and       
 surfaces, 

   
   on the      surface, and traction-free on the       

 surface. The simulation of 

the progressive damage in the microstructure proceeds by using the minimal energy crack 

path to define a MIC using the regularized XFEM method described in [7]. Fiber-matrix 

disbonding is performed in conjunction with the MICs by the surface cohesive law described 

in [11]. 

 

The calculation of the strength and fracture toughness is based on the relationship between the 

traction and the extension due to damage.  The traction – displacement gap relationship, 

     )), is calculated from the load-displacement curve according to (1)   

 

     )  {
  〈 〉  (   

)

      
    

[( 〈 〉)
  

         ]
, (1) 

 

where 〈 〉 is the volume average stress tensor,    is the displacement gap,   is the volume 

average compliance tensor, and          is the inelastic strain due to mismatch in thermal 

expansion coefficients. The displacement gap is thus the difference between the total applied 

displacement and the elastic displacement resulting from the traction at the current load step 

(i.e. the displacement due to damage). The transverse strength (  ) and mode-I fracture 

toughness (GIc) are calculated from the traction – displacement gap relationship as in [12] 

according to equations (2) and (3).  

 

       
     

     )) (2) 
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     ∫     )    )
  

 (3) 

 

For simplicity,          was taken to be zero in all cases in this paper. For reference, the 

constituent material properties used for simulations and comparison are summarized in Table 

1 [13]. It should be noted that the composite properties listed in Table 1 are for a 60% fiber 

volume fraction, while the composite microstructure used in this paper is only 52% fiber. 

 

   IM7 Fiber 5250-4 Matrix Composite 

E11 (GPa) 276 3.45 167 

E22, E33 (GPa) 27.6  11.0 

        0.3 0.35 0.32 

    0.8  0.51 

G12, G13 (GPa) 138 1.28 5.33 

G23 (GPa) 7.67  2.72 

    (/°C) -0.0360x10
-6

 46.8x10
-6

 0.372x10
-6

 

        (/°C) 5.04x10
-6

  24.3x10
-6

 

Trans. Stren. (MPa)  77.0 66.0 

GC or GIc (N/m)  177.0 225.0 

Table 1. Constituent and Composite Material Properties 

 

Results 

 

Four initiation points were picked inside the microstructure based on the largest values of 

failure criteria obtained from the elastic solution. Two crack paths were generated through 

each initiation point using the minimal energy crack path procedure described above. One 

path for each initiation point was generated using equal matrix fracture toughness and 

fiber/matrix interface fracture toughness, and the other was generated using a 20% reduction 

in the interface fracture toughness (interface strength was not changed). Table 2 summarizes 

the naming scheme, properties, and crack length for each fracture surface, and Figure 4 shows 

the microstructure, paths, and initiation points. 

 

Path Name Initiation Point ( m)      
 (N/m) Crack Length ( m) 

P00 (0.00, -2.04, 5.30) 177.0 48.86 

P00r (0.00, -2.04, 5.30) 141.6 49.71 

P01 (0.00, 17.30, 7.21) 177.0 49.34 

P01r (0.00, 17.30, 7.21) 141.6 50.96 

P02 (0.00, 2.65, -6.09) 177.0 48.16 

P02r (0.00, 2.65, -6.09) 141.6 50.32 

P03 (0.00, -18.35, -0.86) 177.0 49.97 

P03r (0.00, -18.35, -0.86) 141.6 50.51 

Table 2: Fracture Surface Length for Four Initiation Points and Varying Interface Fracture Energy 
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As expected, the paths through each initiation point are very similar except for the preference 

of interfacial fracture when the fiber/matrix fracture energy was decreased. To further study 

the effect of the path and interfacial fracture toughness on the ply level transverse strength and 

mode I fracture toughness, both the matrix fracture toughness value and the 20% reduction 

were applied to all crack paths (in separate runs). Thus, 16 total progressive damage 

simulations were completed, with the ply level strength and fracture toughness predictions 

summarized in Table 3. 

 

Path Name      
 (N/m) Crack Length ( m)     (N/m)    (MPa) 

P00 177.0 48.86 224.1 102.5 

P00 141.6 48.86 205.5 102.4 

P00r 177.0 49.71 250.3 106.5 

P00r 141.6 49.71 216.3 105.9 

P01 177.0 49.34 237.9 103.3 

P01 141.6 49.34 225.9 103.2 

P01r 177.0 50.96 237.4 106.4 

P01r 141.6 50.96 213.1 106.3 

P02 177.0 48.16 236.4 100.8 

P02 141.6 48.16 226.9 100.7 

P02r 177.0 50.32 232.3 106.3 

P02r 141.6 50.32 208.5 106.3 

P03 177.0 49.97 271.4 100.5 

P03 141.6 49.97 247.5 100.4 

P03r 177.0 50.51 235.0 106.4 

P03r 141.6 50.51 209.7 106.3 

Table 3: Mode-I Fracture Toughness and Transverse Strength Results 
 

 

Figure 4: Crack Paths Generated Using the Minimal Energy Method 
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Figure 5: Strength and Fracture Toughness by Crack Length 
 

Conclusions 

 

As expected, the simulations with reduced interfacial fracture toughness predicted a 

systematically lower ply level mode-I fracture toughness. A 20% reduction in the interfacial 

fracture energy resulted in a decrease of approximately 10% in the ply level mode-I fracture 

toughness. The ply level mode-I fracture toughness appears to be somewhat sensitive to the 

crack length, however, as crack length scatter of 6% produced a 20% scatter in the predicted 

fracture toughness. It is doubtful that a direct relationship between crack length and fracture 

toughness exists, as can be seen in Figure 5.  

 

The interfacial fracture toughness had no noticeable effect on the predicted transverse strength 

(see Table 3 and FIGURE 5). The 6% scatter of crack length produced a strength scatter of 

6%, but the strengths predicted in this study are so large (150% of the experimentally 

measured value) that the agreement in scatter may just be coincidence.  

 

Prediction of mode-I fracture toughness appears to be captured well by this method. Strength 

requires further examination and may require varying the strength of the interface and/or the 

inclusion of defects such as porosity. 
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