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Introduction 
Investigation of trabecular bone strength and 
compaction is important for fracture risk 
prediction and stability of dental and 
orthopedic implants. Trabecular bone damage 
leads to stress-softening and eventually bone 
fractures under relatively large compressions. 
The aim of this work is to improve our current 
continuum damage model of trabecular bone 
[Charlebois, 2010] and [Hosseini, 2012] by 
preventing the influence of finite element mesh 
size on the large compression of bone 
structures.  
 
Methods 
At the onset of yield, damage starts to grow 
monotonically and gradually reduces the 
stiffness of the material. By undergoing 
compressive deformations, a sharp drop of 
stress occurs, resulting in an unrealistic high 
gradient of strain in the layers of elements 
undergoing softening. This purely numerical 
phenomenon may be circumvented by 
introducing the gradient of the cumulated 
plastic strain into the constitutive law of the 
classical, local continuum damage model. To 
this end, an over-nonlocal implicit gradient 
damage model of trabecular bone was 
developed and implemented into the FE 
software ABAQUS using user element (UEL) 
and user material (UMAT) subroutines. The 
validity of the model was tested against 
experimental step-wise loading result of a 
human vertebral trabecular bone biopsy. The 
high resolution µCT images (36µ) enabled 3D 
tracking of the localization band, providing a 
reliable tool to further investigate the mesh 
sensitivity of bone model under large 
compressive strains.  
 
Results 
The numerical outcomes of the gradient 
enhanced damage model revealed reduction of 
the finite element mesh dependency compared 
to the local continuum damage model, Fig. (1) 
and (2), when the critical element size was 
below the heterogeneity. 

 
Figure 1: Experimental and numerical force-
displacement data, obtained from stepwise loading 
tests and local and nonlocal damage models.  

 
Figure 2: µCT image and corresponding FE 
models after 10% of nominal compressive strain. 
 
Discussion 
Using the developed nonlocal damage model, 
trabecular bone failure and fracture risk can be 
investigated independent of the element size. 
Moreover, the current improvement further 
stabilizes our model to analyze bone 
compaction as in osteoporotic fractures and 
implant migration, where large deformation of 
bone plays a key role. 
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