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Summary. To simulate the crack propagation due to blade cutting of a thin-walled shell 
structure, we propose a numerical technique based on solid shell finite elements  and explicit 
time integration. The limitation on the critical time step due to the small thickness along the 
out-of-plane direction is overcome through a selective mass scaling, capable to optimally 
define the artificial mass coefficient for distorted elements in finite strains: since the selective 
scaling cuts the undesired, spurious contributions from the highest eigenfreqeuencies, but 
saves the lowest frequencies associated to the structural response, and since the method 
preserves the lumped form of the mass matrix, the calculations in the time domain are 
conveniently speeded up. The interaction of the cutting blade with the cohesive process zone 
in the crack tip region is accounted for by means of the so-called directional cohesive 
interface concept. Unlike in previous implementations, through-the-thickness crack 
propagation is also considered. This is of critical importance in particular in the case of 
layered shells, where one solid-shell element per layer is used for the discretization in the 
thickness direction and it is a necessary ingredient for future possible consideration of 
delamination processes. We show by applying the proposed procedure to the cutting of a thin-
walled laminate used for packaging applications that this is a promising tool for the 
prediction of the structural response of thin-walled structures in the presence of crack 
propagation induced by blade cutting.  

 
 
1 INTRODUCTION 

In this paper we consider the simulation of the opening process of a thin laminate 
membrane sealing a carton package by means of cutting blades. This problem is actually 
challenging from a computational point of view, since the simulation must account for 
fracture initiation and propagation through a thin-walled laminate. The nonlinear material 
behaviour of the single layer and the small laminate thickness make recently introduced [1-2] 
approaches, based on solid-shell elements particularly attractive. Moreover, the dynamic 
nature of the fracture process and the severe nonlinearity due in particular to the interaction 
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with the cutting blade suggest to use an explicit dynamics time integration scheme. These 
issues require a detailed analysis of numerous numerical problems, whose solution is briefly 
recalled in the following sections. The simulation approach considered here is based on the 
directional cohesive element concept, first proposed in [14] to simulate blade-induced crack 
propagation in classical elastic shell elements and later reformulated for application to solid-
shell elements [3]. Directional cohesive elements are special interface elements, to be 
interposed between adjacent shell elements, capable to account for the interaction between the 
cutting blade and the cohesive process zone. Section 2 briefly recalls the adopted solid-shell 
finite element formulation, section 3 details the selective mass scaling approach; in section 4 
we sketch the ideas, i.e. the directional cohesive elements, at the base of the interaction 
between the cutting blade and the fracture resistance of the laminate, and in section 5 we show 
the application of the modelling to an opening laminate in the packaging industry. 

2 SOLID SHELL ELEMENT FORMULATION 

Solid-shell finite elements, unlike standard, structural shell elements make use of only 
translational degrees of freedom. Because of the three-dimensional kinematic formulation, the 
constitutive laws used for continuum, three-dimensional finite elements can be adopted as 
well, including direct consideration of thickness deformation. Unlike standard finite elements, 
solid-shell elements can be conveniently used for the discretization of layered thin-walled 
structures, by simple stacking a number of solid-shell elements, typically one or more per 
layer, one on top of the other through the shell thickness. In the following we choose the 
Q1STS finite element proposed by Schwarze and Reese [1-2], an eight-node hexahedron 
including a reduced integration and hourglass control, recently adapted to explicit dynamics in 
[6]. Solid-shell elements are affected by numerical problems, such as Poisson, volumetric, 
curvature and shear locking and by hourglassing, the latter due to reduced integration which is 
an important ingredient for an efficient explicit time integration scheme. In Schwarze and 
Reese implementation volumetric and Poisson’s locking are dealt with by the enhanced 
assumed strain (EAS) approach, while the assumed natural strain (ANS) concept is used for 
the transverse shear and curvature thickness locking. Hourglassing is controlled by adding 
suitably constructed artificial stiffness. 

3 SELECTIVE MASS SCALING 

In explicit structural dynamics the advantage of algorithm simplicity (there are no linear 
systems to be solved) is balanced by the small allowed stable time step; in the case of the 
widely diffused central difference scheme, the time step ∆  is dependent on the maximum 
eigenfrequency max of the finite element mesh according to 

∆
2

max
 

(1)

in the undamped case [8]. max is in turn conservatively bounded by the maximum 
eigenfrequency of the single finite element max: 

max max max . (2)

Moreover, because of the large difference between the thickness and the in-plane dimensions 
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(6a,7b)

where  is the 12x12 identity matrix. A similar transformation can be followed also for 
displacements, velocities and, finally, accelerations, which in particular read: 

,				
∆

 . (8a-c)

The principle of virtual work for the motion of an undamped system can be therefore 
transformed as follows: 

,lumped  (9)

with  equal to the transformed virtual acceleration of the nodes of element e, 
 the difference between external and internal (transformed) equivalent nodal forces for the 

single FE, and	 ,lumped the lumped form of the selectively scaled mass matrix, namely 

	 ,lumped 	  
(10)

 and  being 12x12 diagonal matrices collecting the element nodal masses at the 
upper and lower surface nodes, respectively, and  being the element scaling coefficient. 
Notice that  is applied only to the difference in nodal acceleration between the upper and 
lower surface and not to the middle surface nodal accelerations that are responsible for the 
element translational rigid body motion. In case of a single layer thin-walled structure, this 
mass matrix evidently does not change the diagonal form of the problem and can be directly 
inserted in the explicit solver routines written in the transformed variables. In case, instead, of 
a layered structure, it is necessary to reverse to original coordinates; in fact, after assembly, 
the nodal masses of adjacent layers belonging to the same multi-layer fiber sum up, thus 
requiring to solve a small linear system. While a detailed presentation is present in [9], the 
basic idea can be grasped by considering the three layers (labelled as a, b, c) example in 
figure 2. For each fiber f in this case the problem to be solved is 

 (11)

with 

	  

and ∑ 1 , 	 ∑ 1 , 
where, for each node, the sum operator has to be interpreted as the assembly over the layer 
l=a,b,c of the elements sharing that node. 
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(LDPE); this laminate has a thickness ranging from 70 to 78 m, with the aluminum core 6-9 
m thick, while a LDPE layer coat this interior core from both sides.  

 

 
       (a)                     (b)                       (c) 

Figure 5: (a) package with hole for opening, (b) package with the screw thread applied,  
(c) detail of the cutting teeth (upside down view). 

In the modelling we assume a circular membrane with radius equal to 10.2 mm and thickness 
0.074 mm. The 14% larger diameter accounts for the slackness of the actual membrane due to 
the manufacturing process. As shown in figure 5c, the cutting tool (referred to as the “blade” 
from now on) has a radius of 9.4 mm and its edges present a curvature radius of 0.1 mm (see 
also figure 6b). We consider the blade (figure 6a) as a rigid body whose motion is given: it 
has a rotation around its vertical axis and a translation along the same axis penetrating the 
three-layer membrane shown in figure 6b. 

(a) 

 
(b) 

 
Figure 6: (a) FE model of blade and membrane; (b) detail of the three layers membrane. 

The composite laminate in this example is assumed as an equivalent and homogenized 
membrane with Young modulus E=176 GPa, Poisson’s ratio =0.3 and density =210-9 
Ns2/mm4. A hardening behavior is adopted according to the yielding function 

1 exp  (27)

where =11 MPa is the initial stress, the saturation parameter  is equal to 40 MPa, and the 
hardening exponent =6.63. The chosen fracture parameters are 30 N/mm and	 = 18 
MPa. The blades produces several cuts along their circular path as shown in figure 6a; the cut 
appearance (figure 7a) is in good qualitative agreement with experimental observations of the 
opening process, as much as the torque vs cap rotation response shown in figure 7b. This 
comparison shows that, neglecting the initial mismatch between the two curves, due to the 
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lack of friction imposed on the rotating teeth before contact with the laminate, the agreement 
is reasonable. 

 
(a) 

 
(b) 

Figure 7: (a) upside down view of the membrane cut by the blades;  
(b) comparison between numerical and experimental torque during the rotation. 

6 CONCLUSIONS 

A simulation approach for the numerical evaluation of the opening process of a thin-walled 
laminate has been presented. It makes use of solid-shell elements enriched to correct known 
locking issues, in a finite strain formulation. To conveniently exploit the advantages of an 
explicit time integration scheme in structural dynamics, an effective selective mass scaling 
technique has been implemented, whereby only the highest eigenfrequencies responsible of 
the smallness of the time step are reduced. To correctly describe the interaction between the 
blade and the fracturing multi-layered thin-walled membrane, interface directional cohesive 
elements have been used. We have shown that several layers can be used for the description 
of the laminate, and fracture initiation and propagation in multi-layered structures is well 
represented; in the future the possible delamination between layers will be considered. 
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