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ABSTRACT:  We present the results of numerical simulations of tensile failure of snow samples.  Several 
material models for quasibrittle tensile failure were implemented using an open source finite element 
code.  The models simulate continuum strain softening and distributed cracking and damage as 
approximations for the distributed cracking of bonds between snow grains in the tensile failure of snow 
slabs.  Each failure model has slightly different formulations, assumptions and paramaterizations, and 
these were compared from the perspective of computational efficiency, mesh objectivity and 
correspondence with observed test results.   Model parameters such as the elastic modulus, tensile 
strength and fracture energy were derived or directly measured in laboratory three point bending tests.
Animated simulations of the numerical failure process are shown and compared to high speed films of the 
laboratory tests to highlight the evolution of the principal stresses, strain localization and crack 
propagation in the models.

1. INTRODUCTION  

The open source software finite element software 
OOFEM (Patzák and Bittnar 2001, Patzák et al. 
2001) was used to model the loading and failure of 
an unnotched three point bending test.  The 
geometry of the finite element mesh was the same 
as slab samples that were fractured in a cold 
laboratory.  This allowed calibration of the model 
parameters and comparison of results against 
hundreds of laboratory measurements.  

Several material models for quasibrittle failure 
were implemented to simulate the distributed 
cracking and damage in the slab samples.  The 
models included the nonlocal rotating crack model, 
the isotropic damage model and the microplane 
damage model.  The model input parameters 
included or were functions of the fracture energy, 
tensile strength, strain at failure and nonlocal 
interaction radius.  All of these parameters could 
be measured, calculated or estimated from the 
laboratory experiments.  

Several features of the models, including the 
evolution of principal stresses and strains, the 
coalescence of the initial fracture following 
distributed damage and the predicted load-
displacement curve were compared to 
measurements and videos of the lab tests.  

The purpose of the modeling at this stage was to 
test different material models to determine which 
are the most appropriate for the fracture of snow. 
Furthermore, the extensive laboratory data on slab 
fractures allowed calibration of model parameter 
values for different types of snow and loading 
rates.  This will give confidence to the results of 
more complex and realistic fracture mechanical 
modeling scenarios.

2. METHODS
 
2.1 Mesh and elements

Triangular plane stress elements were used 
throughout the mesh.  The element size was 
reduced in regions that experienced large tensile 
stresses.  Figure 1 shows the mesh and loading 
geometry.  

2.2. Material models

The nonlocal rotating crack model with transition 
to scalar damage, isotropic damage model and 
microplane damage model were implemented 
using the mesh shown in Figure 1 and the same 
material properties and boundary conditions.  See 
Bažant and Planas (1998) for more information on 
these models.  

3. RESULTS

Many of the qualitative features of the different 
material models were similar.  Detailed 
comparison of the similarities and differences 
between the models is beyond the scope of the 
present paper.  For illustrative purposes, several 

*Corresponding author address:  
Chris Borstad, Department of Civil Engineering, 
1984 West Mall, Vancouver, B.C. V6T 1Z2 
Canada
email: cborstad@gmail.com

2010 International Snow Science Workshop

221



features of the nonlocal isotropic damage model 
are shown below.  The model parameters included 
a Young's modulus of 10 MPa, Poisson's   
ratio 0.2, softening slope (a function of the tensile 
strength) 0.015 and maximum effective (Mazar) 
strain at peak 0.001.

Figure 2 shows the distribution of tensile stresses 
at the bottom of the beam just prior to crack 
coalescence.  Once the crack initates, the 
stresses at the bottom of the sample are relieved 

and the crack propagates with a region of high 
stress and damage around the crack tip (Figure 3). 

The crack opening displacement can be seen in 
the relative displacement field in Figure 4.  Figure 
5 shows the region of damaged elements around 
the propagating crack.  The width of this region 
(around 1-2 cm) was constrained by laboratory 
experiments.

Figure 1.  Finite element mesh.  Arrows incidate locations where boundary conditions were 
enforced.  The element size is smallest where tensile stresses are the largest.   

Figure 2.  Tensile stresses prior to crack initiation. 
Red indicates high stress and blue low stress. 

Figure 3.  Tensile stresses just after crack 
initiation.

Figure 4.  Relative displacement field showing 
crack opening in the middle of the sample.

Figure 5.  Principal damage around the 
propagating crack.  Red indicates elements 
within the nonlocal interaction radius around the 
crack that experienced damage. 
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Figure 6 shows the load-displacement curve 
predicted by the model.  The shape of the curve is 
similar to that measured in the lab for similar 
material properties.  The softening slope after 
peak load does not descend to zero load due to 
numerical difficulties with the propagating crack 
interacting with point of load application at the top 
of the sample.  

4. DISCUSSION

The features shown in Figures 2-6 are consistent 
with the results of laboratory fracture experiments 
on beam samples of the same geometry.  Future 
work will continue to calibrate these failure models 
to obtain confidence intervals on the input 
parameters for use in future modeling scenarios.  
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Figure 6.  Applied load versus displacement of 
the bottom of the beam.  Same model run as in 
previous figures.
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