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Abstract. This paper describes a multi-scale fracture framework, for modelling dy-
namic fracture in polycrystalline materials. The motivation behind developing such an
application is to provide a high fidelity tool to model and capture dynamic structural
deformations, at the macro scale, undergoing fracture at the micro scale. The application
links two highly scalable applications ParaFEM and CASUP, that model continuum using
the finite element method and fracture using cellular automata respectively. Linking the
two is done through a initial coupling step assigning the cellular automata to appropriate
finite elements. Each time step the application passes data between the two packages, a
stress tensor from ParaFEM to CASUP and a damage variable from CASUP to ParaFEM.
If the maximum resolved normal stress on any cleavage plane exceeds fracture stress, crack
propagation is induced through the material in the cellular automata, and the damage
variable changes appropriately, updating the macro properties of the structure, modelled
using finite elements. An example test case is shown, considering the degradation of a
structure using material with differing critical stresses. The case showed materials un-
dergoing permanent damage without failure and complete failure. Finally the parallel
scalability of the application was explored and found to scale to 1000’s of cores. Improved
fidelity from coupling multiple scales in simulations has a wide range of applications in
energy, aerospace and naval industries.

1 INTRODUCTION

Multi scale modelling to capture the physics at scales differing by orders of magnitudes
still poses a significant challenge. In the late 1990’s a paradigm shift towards simulation
based design and predictive modelling lead to the growth in research considering multi
scale modelling[1]. The concept of multiscale modelling is broad, involving a range of dis-
ciplines such as solid mechanics, materials science, physics, chemistry and fluid mechanics.
In particular it has become an established field of work within the area of material science
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and solid mechanics with a range of methods for coupling molecular dynamics physics
with continuum mechanics[2] and multi level finite element methods[3]. However applica-
tions capturing the effects of fracture in multiscale methods are limited.[4] is an example
of an application doing just that, however there are few others.

Modelling fracture in materials at a single length scale has been researched intensively
with scientists using extended finite element methods[5], cohesive zone models[6], multi
phase field methods[7] and cellular automata[8] to model crack propagation and cleavage.

This paper describes a mini-app[9] extended from the work by Shterenlikht and Margetts[10]
that couples a cellular automata library, CASUP[11], capable of modelling fracture at the
meso-scale with an finite element library, ParaFEM[12], capable of capturing detail at
the continuum scale. The paper describes the coupling interface at a high level before
exploring a test problem involving transient trans granular cleavage of a polycrystalline
material.

The paper is ordered as follows, Section 2 describes the method and implementation of
the application, Section 3, the results from a simple test problem and the parallel scaling
of the application and finally Section 5 discussing the value and impact of the work.

2 METHOD

This section provides an abstract view of the coupling between ParaFEM and CASUP,
Figure 1 shows how the key data is passed between the packages.

Stress tensor computed at 

continuum scale using 

finite elements

ParaFEM CASUP

[K]

Mechanistic modelling 

of fracture using 

cellular automata

Damage variable computed

 by homogenisation of the results

 of the cellular automata calculation

Update stiffness matrix

 in the finite element

 part and proceed

Figure 1: Flow Diagram of a CAFE iteration

At the start of the simulation, both applications are initialised. ParaFEM generates
the mesh and CASUP builds the cellular automata grid required. Each time step the
partial differential equations describing the continuum in ParaFEM are solved, with the
stress tensor passed to CASUP. Based on the stress tensor and a critical stress value
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defined by the user, CASUP determines whether cleavage will occur. If cleavage occurs
a homogenisation process is applied to the cellular automata mapped to a specific finite
element. This generates a value for a damage variable that is passed back to ParaFEM
for each finite element. The macro properties of the structure are updated. The process
repeats until failure of the material occurs or a user specified time limit for the simulation
is reached.

2.1 ParaFEM

ParaFEM is an open source parallel application written in Fortran made up of a series
of libraries and driver programs[12]. The driver programs each solve a different struc-
tural mechanics problem using the finite element method. The library has a range of
capabilities including thermomechanical analysis[13], stochastic monte carlo methods[14],
fluid-structure interaction[15] and large strain plasticity[16].

In the mini-app developed by the authors for this paper, ParaFEM is solving the tran-
sient linear elastic deformation of a solid using the assumption of small strain. Damping
is ignored and so Equation 1 represents the governing equation being solved at each time
step,

{f} = [K]{u} + [M ]{ü} (1)

where f represents an external force vector, [K] and [M ] the stiffness and mass matrices
respectively, u is the displacement vector and ü is the second derivative of displacement
in time.

An iterative procedure, the preconditioned conjugate gradient(PCG) method, is used
to solve the partial differential equations. Unlike direct solvers, iterative solvers can scale
to much higher core counts[17]. Along with this ParaFEM decomposes the mesh on an
element by element basis, using the Message Passing Interface (MPI) for communication
between processes. This combination of methods has lead to ParaFEM showing good
scaling on up to 32,000 cores[12] for various engineering problems.

Table 1 provides a description of the key steps within the mini-app.

Table 1: Summary of key steps in ParaFEM

Routine Description
Initialise Load the mesh and build the communication matrices

Update [K] Update the stiffness matrix based on an updated Youngs Modulus
Solve Eqn. 1 Solve the governing equations using PCG method
Recover [σ] Get elemental stresses and pass to CASUP

Non-linear material behaviour within the structure are induced through the changing
macro properties, altered by the interaction with CASUP, and even with such a simple
model a range of phenomena can be simulated.
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2.2 CASUP

The Cellular Automata library for SUPercomputers (CASUP) is a general purpose cel-
lular automata library written in Fortran making extensive use of 2008 and 2018 coarrays.
In the authors mini-app, the CASUP library is used to generate the granular structure
be seen in Figure 2, and simulate the transgranular cleavage cracking.

CASUP does not solve a series of governing equations in the classic sense, but uses
a series of rules and algorithms to decide if a crack will propagate. Table 2 provides a
summary of the important steps within CASUP.

Table 2: Summary of key steps in CASUP

Routine Description
Initialise Generate initial grain structure in domain
Propagate crack Using a series of rules, decide if a crack propagates
Calculate D Calculate the damage scalar
Update E Use the damage scalar to update the Youngs Modulus

The domain is initialised with each cell being empty, a number of grain nuclei are
assigned randomly within the domain and allowed to grow, until the entire domain is
represented by either a grain or grain boundary. Typically the CA cells are much smaller
than the representative FE size, such that every element occupies a space covering a
cluster of CA cells. Every time step the FE stress tensor is passed to CA where it is
redistributed over the cluster of cells attached to this FE. This is a classical localisation
step of any multi-scale technique. Any CA cell in which the maximum resolved normal
stress on {100} or {110} planes exceeds the material fracture stress (which is a function
of the surface energy [10]) becomes failed. A number of CA cells can fail in a single CA
iteration, together all failed cells form a micro-scale crack. The damage scalar is calculated
based on the proportion of failed cells to live cells within a finite element. This value is
used to update the stiffness of each finite element.

3 CASE STUDY DESCRIPTION

The problem involves the forced vibration of a cantilever beam, with only a specified
region containing the cellular automata. Figure 2 provides a diagrammatic view of the
problem test case.

The beam is 5mm in height with a 1mm2 cross sectional area. At the center of the beam
a 1mm3 volume of cellular automata cells exist, as shown in Figure 2. The structure has
a Youngs modulus of 200 GPa, a density of 7874 kg/m3 and Poissons ratio of 0.3, which
corresponds to Iron. There are approximately 135,000 isotropic, quadratic hexahedral
finite elements within the structure. The cellular automata volume is made up of around
625 grains with 1e5 cells per grain.

The beam is forced in time, f(t), at a frequency of w = 1000 rad/s, which excites
only the first mode of vibration within the structure. The beam is vibrated for an initial
period of 0.05 seconds without any cracking present. A crack is subsequently initialised
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f(t)=F.cos(wt)
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Figure 2: Problem setup

at x = z = 0 and y = 0.5mm, which corresponds to a point at the edge of the cellular
automata zone and half way up the y axis. Two theoretical materials are chosen to
highlight the capabilities of the framework, with the critical stresses or cleavage plane
stresses differing by an order of magnitude. The length scale of the cellular automata is
set such that each timestep a crack can propagate 0.2mm or 1/5 of the model.

4 RESULTS

4.1 Test case

The deflection of the tip of the beam is plotted against time for two materials in Figure
3. Mat A has incurred some permanent damage and Mat B has undergone catastrophic
failure.

When the crack is initiated in Mat A some permanent damage occurs, seen by the
divergence from the elastic response. Within the cellular automata a micro crack was
seen to propagate to the grain boundary but not develop further. Further more the
material continues to sit within the response of the elastic regime suggesting the material
has not failed but just endured some permanent plastic damage in part of the structure.

However, in the bottom plot clear failure can be seen. After the crack has been initiated
the beam continues to deflect in its first mode for approximately 1 period. There is some
micro cracking present and so the results diverge from the purely elastic response. At the
point of maximum deflection, when the material stress is at its highest, a large level of
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Figure 3: Tip Displacement

crack propagation takes place and the large number of micro cracks rapidly form a macro
crack. This completely reduces the strength of the structure, which can be seen by the
sharp increase of tip displacement. Although the simulation will not crash the solution is
no longer physically realistic.

Figure 4 shows the finite element models of the beam for two positions. The top set
of figures represents the displacement of the elements in x,y and z under tension, and the
bottom half under compression.

Figure 4: Displacement of cracked zone under tension in X, Y and Z direction
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Figure 5: Displacement of cracked zone under compression in X, Y and Z direction

The deformation patterns look similar to a bar under tension with necking. A clear
region of failure can be seen, with the contours showing how the material is now reacting.
One image of particular note is the bottom left, when the material is under compression,
it can be seen that the the material is being forced out at the edges, with relatively
concentrated regions of displacement in the failed region.

x
y

Formation of a macro crack

Figure 6: Typical crack formations(left) and cracking viewed in x-y plane(right)

An image of the typical crack formation within the cellular automata zone is shown in
Figure 6. The grey and blue represent cracks on the {100} and {110} planes, which have
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the lowest critical stresses of the material. A number of flat micro cracks can be seen. It
was noticeable from the 3D view of the model that the micro cracks formed in a distinct
band in the x-y plane, joining up to form macro-cracks The banding seen in Figure 6,
right, seems counter-intuitive, with the major displacement occurring in the out of plane
direction. However it is consistent with the formation of shear bands.

4.2 Scaling

One important issue with multiscale modelling is that capturing the different scales
such as the crack growth and macro deformation, can be computationally expensive[18].
It is important that applications such as these scale to high core counts to keep simulation
times reasonable.

The strong scaling of the application has been tested using 10 time steps. Approxi-
mately 23 million nodes were used in the finite element mesh, corresponding to just over
63 million equations to be solved. The cellular automata contained approximately 62.5
million cells. Figures 7 and 8 show the speed up of application in terms of total execution
time and then the speed up achieved by the “Solve PCG” routine per iteration, the most
time consuming operation within this problem.
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Figure 7: Total simulation time
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Figure 8: “Solve PCG” solution/iteration

It can be seen that the application scales well on 1000’s of cores. In the timing data(not
presented here) it was noticed that the scalability of CASUP dropped before that of
ParaFEM which the authors believe to be due to a lack of work per core. It should be
noted that the scaling tests of the application were run excluding the IO operations.

5 CONCLUSION

The paper has presented a multiscale framework for modelling transient transgranular
cracking in heterogeneous materials.

The simple test case that has been used for initial testing, has highlighted a number
of parameters that can be considered when modelling at multiple length scales. Time
and length scales pose a challenging task when modelling multiscale processes. Careful
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calibration of theses parameters along with critical material stresses may be required on a
material by material and model by model basis. However once completed the application
offers a powerful tool for huge parameter sweeps across 1000’s of cores, for material opti-
misation purposes, and to model different materials such as composites that are prevalent
in aerospace and the energy industries[19].

The authors consider that the application currently lies at level 3 in terms of technology
readiness levels with further work into exploring the parameter space and validation with
experimental data to move the project forward. A range of modern 3D imaging techniques
exist that can provide experimental data for validation and verification[20].

The authors plan to explore the parameter space in more detail, including considering
the impact of the length scale, number of grains and their sizes, on failure under dynamic
loading conditions.

Acknowledgements

The authors highly appreciate the financial support of General Electric and EPSRC
through grants EP/N026136/1 and EP/M507969/1.

REFERENCES

[1] M. F. Horstemeyer, Multiscale Modeling: A Review, in: Practical Aspects of
Computational Chemistry, Springer Netherlands, Dordrecht, 2009, pp. 87–135.
doi:10.1007/978-90-481-2687-3 4.

[2] R. E. Miller, E. B. Tadmor, A unified framework and performance benchmark of
fourteen multiscale atomistic/continuum coupling methods, Modelling and Simula-
tion in Materials Science and Engineering 17 (5) (2009) 053001. doi:10.1088/0965-
0393/17/5/053001.

[3] F. Feyel, J.-L. Chaboche, FEˆ2 multiscale approach for modelling the elastovis-
coplastic behaviour of long fibre SiC/Ti composite materials, Computer Methods
in Applied Mechanics and Engineering 183 (3-4) (2000) 309–330. doi:10.1016/S0045-
7825(99)00224-8.

[4] H. Talebi, M. Silani, S. P. Bordas, P. Kerfriden, T. Rabczuk, A computational library
for multiscale modeling of material failure, Computational Mechanics 53 (5) (2014)
1047–1071. doi:10.1007/s00466-013-0948-2.

[5] A. Zamani, M. R. Eslami, Implementation of the extended finite element method
for dynamic thermoelastic fracture initiation, International Journal of Solids and
Structures 47 (10) (2010) 1392–1404. doi:10.1016/j.ijsolstr.2010.01.024.

[6] I. Simonovski, L. Cizelj, Cohesive zone modeling of intergranular cracking in
polycrystalline aggregates, Nuclear Engineering and Design 283 (2015) 139–147.
doi:10.1016/j.nucengdes.2014.09.041.

9



S. Hewitt, A. Shterenlikht, L. Margetts and A. Revell

[7] T. T. Nguyen, J. Réthoré, J. Yvonnet, M. C. Baietto, Multi-phase-field modeling of
anisotropic crack propagation for polycrystalline materials, Computational Mechan-
ics 60 (2) (2017) 289–314. doi:10.1007/s00466-017-1409-0.

[8] A. Shterenlikht, I. C. Howard, The CAFE model of fracture - Application to a TMCR
steel, Fatigue and Fracture of Engineering Materials and Structures 29 (9-10) (2006)
770–787. doi:10.1111/j.1460-2695.2006.01031.x.

[9] M. and others Heroux, Improving Performance via Mini-applications, Tech. rep. (jun
2009). doi:10.1108/13620439610118528.

[10] A. Shterenlikht, L. Margetts, Three-dimensional cellular automata modelling of
cleavage propagation across crystal boundaries in polycrystalline microstructures,
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sci-
ences 471 (2177) (2015) 20150039–20150039. doi:10.1098/rspa.2015.0039.

[11] CASUP - Cellular Automata library for SUPercomputers (2013).

[12] I. M. Smith, D. V. Griffiths, L. Margetts, Programming the Finite Element Method,
5th Edition, John Wiley & Sons, Ltd, 2014.

[13] L. Evans, L. Margetts, V. Casalegno, L. Lever, J. Bushell, T. Lowe, A. Wallwork,
P. Young, A. Lindemann, M. Schmidt, P. Mummery, Transient Thermal Finite Ele-
ment Analysis of CFC-Cu ITER Monoblock using X-Ray Tomography data, Fusion
Engineering and Design 100 (2015) 100–111. doi:10.1016/j.fusengdes.2015.04.048.

[14] J. D. Arregui-Mena, L. Margetts, D. V. Griffiths, L. Lever, G. Hall, P. M. Mum-
mery, Spatial Variability in the Coefficient of Thermal Expansion Induces Pre-Service
Stresses in Computer Models of Virgin Gilsocarbon Bricks, Journal of Nuclear Ma-
terials 465 (2015) 793–804. doi:10.1016/j.jnucmat.2015.05.058.

[15] S. Hewitt, L. Margetts, A. Revell, Parallel Performance of an Open Source Fluid
Structure Interaction Application, in: Proceedings of the 25th UKACM Conference
on Computational Mechanics, Birmingham, 2017.

[16] F. Levrero-Florencio, K. Manda, L. Margetts, P. Pankaj, Effect of including damage
at the tissue level in the nonlinear homogenisation of trabecular bone., Biomechanics
and modeling in mechanobiology 16 (5) (2017) 1681–1695. doi:10.1007/s10237-017-
0913-7.

[17] I. M. Smith, L. Margetts, The convergence variability of parallel iterative solvers,
Engineering Computations 23 (2) (2006) 154–165. doi:10.1108/02644400610644522.

[18] L. Saucedo-Mora, T. J. Marrow, FEMME: A multi-scale Finite Element Mi-
crostructure MEshfree fracture model for quasi-brittle materials with com-
plex microstructures, Engineering Fracture Mechanics 147 (2015) 355–372.
doi:10.1016/j.engfracmech.2015.05.059.

10



S. Hewitt, A. Shterenlikht, L. Margetts and A. Revell

[19] S. Hewitt, L. Margetts, A. Revell, Building a Digital Wind Farm (apr 2017).
doi:10.1007/s11831-017-9222-7.

[20] A. Qsymah, R. Sharma, Z. Yang, L. Margetts, P. Mummery, Micro X-ray com-
puted tomography image-based two-scale homogenisation of ultra high performance
fibre reinforced concrete, Construction and Building Materials 130 (2017) 230–240.
doi:10.1016/j.conbuildmat.2016.09.020.

11


