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Abstract  
 
Engine impeller burst containment test may lead to the impeller sub-fragmentation. The containment of the impeller 
debris from sub-fragmentation presents a new challenge, because of the unpredictable pattern of dynamic fracture.  
 
In this study, the capability of EFG failure method in predicting the dynamic fracture of the ductile material, used 
for the engine impeller under impact loading, is demonstrated.  In the EFG method, the combination of fast 
transformation method and meshfree visibility approach with cohesive fracture is proven to be an efficient way to 
model the progressive fracture in a general three-dimensional problem. In this study, the Mode-I fracture is adopted 
and the crack is assumed to propagate cell-by-cell in the direction of maximum principal stress. The meshfree 
visibility approach is introduced to impose the strong-discontinuity in the meshfree approximation as well as to 
compute the displacement jump in the initially rigid cohesive model.      

1 Introduction 

It is required by the customer and the Airworthiness Authorities to perform the engine impeller 
tri-hub burst containment test as part of new engine certification.  The test requires a full 
containment of all the debris resulting from the impact of the impeller burst. Prior to the test, the 
impeller is sliced with three cuts in radial direction 120˚ apart and each piece has one-third of the 
total rotor mass. The cuts are not complete, leaving some material to connect the three rotor 
segments as “fuses”. The “fuses” break at the designated rotor containment speed. The three 
impeller segments are free to hit the containment components. The success criterion is that the 
debris on the witness shield outside of the engine, if any, should have minimal kinetic energy.  
 
The explicit finite element code LS-DYNA® has a long history of being used in the aerospace 
industry to simulate the tri-hub containment test. The simulations not only guarantee the success 
of the costly containment test, but also help optimize the containment system for minimal cost 
and weight.  
 
The key to a successful containment simulation is the modeling of the impeller. The hardware of 
the most tests show that the impeller segments experience broken or severely damaged blades 
and rim, but the main hub regions show no fracture or significant deformation. The modeling of 
the impeller based on the test hardware had been very successful. 
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Recently, a containment test shows that the impeller experiences the sub-fragmentation at the 
main hub regions during the test, in additional to the damage of the blades and the rim, which 
leads to the containment test results significantly deviated from the prediction.  
 
Traditional finite element methodology cannot simulate the dynamic crack propagation without 
the prior knowledge of the crack propagation direction. As a result, the weak link is embedded in 
the impeller hub as shown in Figure 1a, based on the test hardware. The strength of the weak link 
is iterated to match the simulated damage of the containment system to the test hardware. 
Eventually, the weak link based analysis successfully predicts the result of the containment test 
with the improved containment system. 
 

 
(a)                                                                        (b) 

Figure 1: FEA models of impeller hub for (a) regular hexahedral elements with the weak link and 
(b) EFG tetrahedral elements 

 
However, there is a clear need for a methodology that can predict the impeller hub sub-
fragmentation during the containment simulation without the prior knowledge of the test. 
Element-Free Galerkin (EFG) method is an ideal candidate for this type of application.    

2 EFG Failure Analysis Method 

EFG method [1] has demonstrated extraordinary capabilities to solve problems with large 
deformation, material distortion and moving discontinuities. In the meshfree fracture method, the 
representation of crack is depicted by the so-called “visibility” criterion [1]. The mid-plane 
cohesive surface in meshfree domain is shown in Figure 2 and is given by 
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where domains on the upper and lower part of the crack are denoted by +Ω0  and −Ω0 , and are 

defined in the initial configuration. The visibility criterion states that the domain of influence of 
particles on one side of the crack (i.e. the filled dot in Figure 2) cannot go through the crack 
surface and the particles on one side of the crack cannot interact with the particles on other side 
of the crack. 
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Figure 2: Crack surface is defined by meshfree visibility. 

For the kinetics of the crack propagation, the so-called cohesive zone model is adopted to 
simulate the propagation of the cracks in a continuous body [2] (see Figure 3). Together with the 
fast transformation method [3], the developed methodology has demonstrated that it is an 
efficient way to simulate the dynamic fracture problems. Unlike the cohesive element method, 
with which the cracks can only exist and propagate along the edges or facets between elements, 
the cracks in EFG failure analysis can propagate in any direction in a three-dimensional media. 

In the cohesive zone model, a cohesive constitutive law defines the relation of the traction force 
to the opening displacement between the crack surfaces, and the initially rigid cohesive law is 
used in the failure analysis.  The linear cohesive law is shown in Figure 3.  

 

Figure 3: Cohesive zone model and a linear initially rigid cohesive law. 

With the initially rigid cohesive law, a crack will initialize and propagate when the maximum 
tensile principal stress maxσ reaches the material ultimate strength. The reason to use the 

maximum tensile stress criterion for both the crack initiation and crack propagation is to manage 
the complicated fracture patterns, such as crack branching and crack propagation in complex 
fracture surfaces. The crack surfaces become traction free if the crack opening displacement 
exceeds the critical value uΔ , which is calculated based on the available traction and the critical 
energy release rate GIC (or the critical stress intensity factor KIC). However, in our original 
implementation of the EFG failure method, the crack surface is intrinsic and does not physically 
exist in the continuous domain. In order to introduce material separation and better handle the 
interaction between the free crack surfaces, we implement the erosion technique in our method 
so we can use the self contact algorithm in LS-DYNA® to implement the traction-free crack 
surfaces. This erosion technique is different from the element erosion method used in the regular 
finite element failure model and is only activated where the cohesive zone becomes traction free. 
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2.1 Pressure Smoothing 
 
The cohesive law used in this study describes the relationship of crack opening (known as the 
displacement jump) and surface traction along the cracked surface. The surface traction is 
computed at each stress point inside the meshfree computation domain. Since stresses are usually 
oscillated using the displacement-based Galerkin approach, certain stress smoothing is suggested 
to provide a better stress calculation in the cohesive law. The following pressure smoothing 
algorithm is implemented in this study to enhance the performance of the crack propagation in a 
continuous media.  

First, we consider an L2 projection of pressure in a least-squared sense for each stress point as 
shown in Figure 4 and given by 
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or in a discrete form 
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where P is the coefficient column-vector to be determined at a point of interest; Q is the row-
vector that contains a lower-order pressure approximation functions; QP is smoothed pressure; 
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is the pressure directly computed from the displacement field. In Figure 4, all the 

filled dots are the stress points and the open dot is the one whose smoothed pressure is computed. 

Minimization of )(PΦ  leads to 
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Linearization of the above equation yields the incremental smoothed pressure needed in the 
computation and is given by  
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The smoothed gradient matrix B
~

 associated with the smoothed pressure for the right-hand side 
becomes 

∫Ω
− Ω= dT gBQQMB 1~

 (6) 

where g is the row vector form of 1−
ijJF and B is the regular gradient matrix associated with the 
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deformation gradient constructed using the meshfree approximation. 

 

Figure 4: A stress smoothing for the related stress point in meshfree domain. 

The new parameter to activate the pressure smoothing is located at the first variable of card 3 in 
the keyword *SECTION_SOLID_EFG and is described as follows: 

*SECTION_SOLID_EFG 

Card 3 

Variable IPS STIME IKEN SF MID IBR DS ECUT 
Type I F I F I I F F 

Default 0 1.e+20 0 0.0   1 1.01 0.1 
 

IPS  =  0 (default) without smoothing;  
             1 with smoothing. 
 
2.2 Failure Strain Criterion for Ductile Materials 
 
For ductile materials, the strain based failure criterion is often used, which states that the material 
fails when the maximum effective plastic strain exceeds the material failure strain. To account 
for this effect in ductile fracture, we add a failure strain criterion to the EFG fracture analysis, in 
addition to the maximum tensile stress criterion used in the cohesive zone model for crack 
initiation. With both the failure strain criterion and the maximum tensile stress criterion, a crack 
will initiate when its effective plastic strain exceeds the material failure strain and the maximum 
tensile stress exceeds the material tensile strength. The crack propagation direction, however, is 
determined by the maximum principal tensile stress. 

The failure strain can be specified by the 4th variable of card 3 in the keyword 
*SECTION_SOLID_EFG and is described as follows: 

*SECTION_SOLID_EFG 
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Card 3 

Variable IPS STIME IKEN SF MID IBR DS ECUT 
Type I F I F I I F F 

Default 0 1.e+20 0 0.0   1 1.01 0.1 
 

2.3 Cohesive Law for Ductile Materials 
 
Initially, only triangular shaped cohesive law (see Figure 3) is implemented in the EFG failure 
analysis, which is more suitable to model the brittle crack propagation. In order to simulate crack 
propagation in ductile materials, the Tvergaard and Hutchinson cohesive model [4] is 
implemented in this study, as illustrated in Figure 5.  

               

Figure 5: Initially rigid Tvergaard and Hutchinson cohesive law. 

The keyword input for this cohesive law is similar as the original cohesive law, with an 
additional parameter which can be specified by the second variable in card 2 in the keyword 
*MAT_COHESIVE_TH. 

*MAT_COHESIVE_TH 

Card 1 

Variable MID RO ROFLG INTFAIL SIGMAX NLS TLS  
Type A F I I F F F  

Default   0 1      

 

maxσ

δ  
2δ cδ  
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Card 2 

Variable LAMDA1 LAMDA2 LAMDAF STFSF     
Type F F F F     

Default 0.0  0.0        

 cδδ
3

2
2 =  is used in this study. If 0.02 =δ , this cohesive law changes back to the triangular 

shaped cohesive law as mentioned initially. 

3 Numerical Results 

EFG needs no mesh by definition. However, the EFG failure method requires four-noded 
tetrahedral element as its background mesh to establish the particle associativity. As such, the 
original hexahedral mesh of the impeller hub, as shown in Figure 1a, is transformed into the 
tetrahedral mesh, as shown in Figure 1b. The number of nodes in Figure 1a is the same as the 
number of particles in Figure 1b. 

All the other components in the analysis, except the impeller, are kept unchanged as the regular 
FEA mesh. 

The material for impeller is titanium alloy and is modeled by piecewise linear plasticity with 
strain hardening and strain-rate effect.  

The most challenge part in the analysis is to determine the critical strain for crack initiation. If 
the critical value is set to be low, which leads to the crack early initiation, the impeller hub will 
erode into numerous small pieces, which is not what happened in the test. If the critical value is 
set to be high, which leads to the crack late initiation, the impeller hub sub-fragmentation does 
not occur. Once the crack is initiated, the propagation is governed by the cohesive zone model, 
based on the test data of KIC. 

We do not know the correct value of the failure strain for the titanium alloy which should be 
used. Based on the material stress-strain curve, the failure strain obtained is about 0.04 at the 
operating temperature. To study the effect of the failure strain, simulations with three failure 
strains are tested — 0.01, 0.02 and 0.04.   

The numerical results for the failure strain 04.0=fε  are shown in Figure 6 and Figure 7, which 

has better correlation with the test hardware than that from the other two failure strains. The 
results of the other two failure strains show much more significant sub-fragmentation and 
erosion of the impeller.  

The fracture patterns from the inner and outer views of the sub-fragmented impellers are similar 
to the test hardware for some pieces (e.g. see Figure 7 impeller piece 2), but not the other pieces. 
The fragmented pieces in the rim of the impeller erode significantly in the simulation, which 
does not happen in the test. More importantly, the regular FEA simulation with the impeller 
weak link successfully simulates the damage of the containment components, but the EFG 
method does not. 
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4 Conclusion and Suggested Future Work 

Numerical simulation results demonstrate that the current implementation of the EFG failure 
analysis method can simulate the impeller sub-fragmentation during the containment test. 
However, more work is needed in order for this technology to have practical significance.   

The major problem in current simulation is the balance of the crack initiation and propagation. 
One of the possible solutions for improvement is to increase the mesh density, or the particle 
density. After many numerical tests, it is realized that the mesh density, as well as the 
distribution of the mesh density, can have significant impact on the results. The other possible 
area of improvement is to use a cohesive law that takes the strain and strain-rate effect into 
account [5]. 

               

T = 100 μs            T = 200 μs                 T = 300 μs                   T = 400 μs       

 

             

T = 500 μs            T = 600 μs                 T = 700 μs                   T = 800 μs       

                      

T = 900 μs                           T = 1000 μs       

Figure 6: Comparison of the impeller sub-fragmentation at different time. 
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 Impeller Piece 1  

Impeller Piece 2    

 Impeller Piece 3    

Outer View                            Inner View 

Figure 7: The final shape of the engine impeller fragments with 04.0=fε . 
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