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A B S T R A C T

In engineering, thermal, and mechanical field quantities (i.e., stress, deformation, temperature) are calculated
at every point in a complex structure to ensure quality performance before costly manufacturing. These cal-
culations are often performed using finite element analysis. However, for determination of some performance
metrics (usually relating to fracture), a local measure at every point is insufficient—as a larger (nonlocal) region
of the structure affects values at a single point. The code here calculates nonlocal results without modifying
the finite element software source code. The code is parallelized for large calculations typical of finite element
analysis problems.
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1. Introduction

1.1. Motivation

In engineering, thermal, and mechanical field quantities (i.e., stress,
deformation, temperature) are calculated at every point in a complex
structure (i.e., part, component, device, etc.) to ensure quality perfor-
mance before costly manufacturing. The software here is designed to
allow engineers to calculate nonlocal field quantities (usually stress,
strain, or related quantities).

To determine if a structure will fail, the most important mechanical
field quantities are stress and strain. Stress (𝜎) is a force (𝐹 ) per area
𝐴) where 𝜎 = 𝐹∕𝐴; strain (𝜀) is a change in length (𝛥𝐿) per length
where 𝜀 = 𝛥𝐿∕𝐿. Two examples illustrate how these quantities

elate to fracture. (1) Your weight (force) is the same whether you
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stand on a book or a nail, but the pain is much higher when your
weight is distributed over the low area nail. (2) If a machine were to
stretch a 100 m steel girder 1 cm it would not fail, but if a machine
stretched a 1 cm slice of steel wire an additional 1 cm, it would fail.
Thus stress/strain rather than force/displacement govern failure. In
finite element analysis stress/strain are calculated in elements; whereas
force/displacement are calculated at nodes (see Figs. 1 and 2 for
examples of elements and nodes).

Stress and strain are important in determining if a structure will fail
under a static load (fracture) or fail under repeated cyclic loads (fa-
tigue). Increasingly, engineers use software, analysis, and experiments
to design structural (i.e., load bearing) materials for specific applica-
tions. This is called Integrated Computational Materials Engineering
(ICME) [1–3]. These designers look under a microscope and calculate
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Fig. 1. Stress profile in an example microstructure modeled using FEA. The microstruc-
ture contains two voids and three defects of dissimilar material each with the stress
value annotated. The white dashed circles are nonlocal volumes.

Fig. 2. A 20-node finite element and the boundary of a nonlocal volume.

he stress around material imperfections they see. From this informa-
ion they can process the material differently to avoid the defects that
ost limit a material’s life.
A very common approach to calculating stress and strain is finite

lement analysis (FEA) [4]. FEA is particularly well suited for modeling
tructures with complex shapes [4]. Rather than produce a stress profile
hat has infinite resolution, FEA divides a structure into a finite number
f elements over which stress/strain are calculated. These elements are
llustrated by a multitude of quadrilateral shapes in Fig. 1. The entire
set of elements is called a mesh.

In fracture analysis, it is known that larger material defects, im-
purities, pores, or cracks will drive a structure to failure more readily
than smaller features [5–8]. Fig. 1 shows five different microstructural
eatures that one might see under a microscope in a structural material:
wo pores (voids), and three inclusions of dissimilar material. The
quare inclusion has a different stress than the round inclusions; and
he pores have different stresses than the round inclusions. However,
he stresses between round pores are very similar. The same is true
or inclusions. For example, the large void has a 3% higher stress than
he small void; however, it is known from the references above that the

Table 1
Connectivity matrix example.
Element number Node #1 Node #2 … Node #𝑛

1 1, 2, 3,4,5,6,7, 8
2 5, 6, 7,8,9,10,11, 12

Table 2
Node position example.
Node number 𝑥 𝑦 𝑧

1 0.0, 0.0, 0.0
2 0.1, 0.0, 0.0

driving force for crack formation of the large void is much greater than
3% of that of the small void. However, if the stress is average over a
constant volume (see dashed lines in Fig. 1) then the large void gives
a higher nonlocal stress than the small void—which is more consistent
with observation. The software here calculates these nonlocal volumes,
such that they can be used in FEA, and averages results over these
volumes.

1.2. Nonlocal quantity of interest

Many nonlocal quantities related to stress and strain can be of inter-
est for fracture analysis [8–10]. The software here calculates a function
of both stress and strain known as a fatigue indicator parameter (FIP)
but any nonlocal output of FEA could be calculated. The FIP is given
by:

𝐹𝐼𝑃 = 𝛥𝜀𝑝

2

(

1 + 𝜅 𝜎
𝑛

𝜎𝑦

)

, (1)

where 𝛥𝜀𝑝 is the change in plastic strain over a fatigue cycle, 𝜎𝑛 is the
stress normal to a critical plane on which a crack will form, 𝜎𝑦 is the
yield stress of the material and 𝜅 is a calibration parameter.

1.3. FEA software

Many FEA software exist. To name only a few: Ansys, Abaqus,
Comsol, and Nastran are commercially available, ALE3D and Sierra
are government owned, and MFEM, FEniCS, and JAX are open source.
However, the user rarely has access to source code for commercial
software, government software is restricted in use, and open-source
software can be difficult for non-software engineers to modify while
also focusing on broader engineering goals. The software here not only
calculates nonlocal volumes, but it also performs this task without mod-
ifying the source code of the FEA software. The current code examples
are for Abaqus but any FEA software could be used to generate the
mesh and run the analysis.

2. Methods

The goal of the software is to efficiently determine a nonlocal
volume of elements surrounding any given single finite element. In FEA,
every finite element has several associated nodes at the corners or along
edges of elements as shown in Fig. 2. Each node represents a set of
equations that must be solved by FEA software. So, for a single finite
element there will be several nodes with different positions in space.

FEA codes hold element and node information in an array known
as a connectivity matrix as shown in Table 1. The associated node
positions are then stored in a separate array shown in Table 2.

The software here includes a method to extract the connectivity ma-
trix from an Abaqus input deck; however, this matrix can be extracted
from any FEA software.

Determining which elements to include in the nonlocal volume
shown in Fig. 2 requires establishing the nearest neighbor elements
to every element in a mesh. Therefore, using the connectivity matrix
2



J.A. Moore, C. Martinez and A. Chandel Software Impacts 18 (2023) 100595

l
b

3

i

m

h
n
t

v
t

4

l
b
i
a
l

o
b
f
(
t

u
i
m
Q
t

h
r
e
2
a

and node position array only, a code must search the position of
every node in every element and establish if a majority of nodes
in any given element are within the nonlocal volume. This is then
repeated for every element in the mesh which becomes computationally
inefficient—especially for the common 20-node elements as shown in
Fig. 2. Fig. 2 also shows that simply establishing if a single node is in the
nonlocal volume might greatly overestimate the number of elements
that should lie in the volume. Thus, the more efficient approach em-
ployed here is to first find the geometric centroid of each element, then
store this single value in a matrix and search the position of element
centroids rather than position of several nodes.

Finally, determining the nonlocal volume for each element is an
embarrassingly parallel task. Thus, the software here is written for
parallelization using Python’s multiprocessing module [11,12].
Further parallelization uses the open-source Python library Dask [13]
(specifically the dask.distributed library) which can scale to a
arge number of high-performance computing nodes for large meshes,
ut this version has yet to be released.

. Code usage

NOCAL-FEA is controlled by a python dictionary where all the user
nputs (i.e., cards) are stored. This file must be called dictionary.py .
In pre-processing the user can choose to extract the connectivity
atrix from an Abaqus input using the deckName card. The user can

set the dx card to modify the length of an edge of cubic nonlocal
volumes, for spherical nonconformal volumes NOCAL-FEA will convert
this value into a sphere with an equivalent volume to the cube. The
user can choose whether to employ a cubic conformal or a spherical
nonconformal volume using the isNonConf card and also choose
ow many processors to use in determining volumes. The determined
onlocal volumes can also be visualized by storing them as images via
he plotVolumes and vol2Plot cards.
For post-processing the user can choose a weighted or non-weighted

olume average (see [14]). The user can also choose to use only one of
hese operations at a time via the runOnly card.

. Impact overview

This software allows the user to ask scientific questions about non-
ocal length scales, nonlocal volumes, etc. and receive answers quickly,
ecause many types of volumes are easily folded into FEA. As shown
n [14], the nonconformal volumes produced by this software also
llow for a more accurate prediction of the spread in statistical fatigue
ife data.
The software here can determine conformal volumes (that do not

verlap) or nonconformal volumes (that do overlap). This software is
eing used extensively on the project: Determining the Driving Force
or Fatigue Crack Nucleation in a Superelastic Nickel Titanium Alloy
see Acknowledgements). The conformal version is used in [15–17] and
he nonconformal version is used in [14].
Materials design companies such as QuesTek Innovations often

se computational FEA models to steer designs. The software here
s useful in that process, specifically for design of fatigue resistant
aterials, as in [18–23]. The authors have previously collaborated with
uesTek [24,25] and future collaborations could support their use of
he software here.
Specifically for analyzing mechanical fatigue, the software here

as potential for industrial impact in the area of biomedical fatigue
esistant devices. Companies such as Confluent Medical (and even gov-
rnment entities, such as the U.S. Food and Drug Administration [26,
7]), often perform research in the area of microscale or microstrain
nalysis using FEA (where nonlocal fatigue analysis is needed [26–28]).
As of 2023, the Google Scholar search for the exact phrase ‘‘Fatigue
Indicator Parameter’’ yielded 412 results [29] which illustrates the
potential for impact of the software here on fatigue analysis.

This software also has the propensity for incorporation (or at least
coupled usage) with other engineering software. The Thermocalc Addi-
tive Manufacturing Module ‘‘Allows you to calculate ... size of melt pool
[and]...Property variations through the melt pool (viscosity, thermal
conductivity, density)’’ [30] of which size dependance necessitates non-
local analysis facilitated by this software. The software JAX AM [31,32]
which ‘‘runs on CPU/GPU with high performance ... [and ] is natural
for research of AI for science/engineering, because JAX is intended for
machine learning research’’ [33] and The Exascale Project [34] both
model microstructural features where nonlocal effects are present and
can benefit from the scalable nonlocal tools in the software here. Fi-
nally, Abaqus FEA software has user defined field usdfld capabilities
which ‘‘allows users to define field variables at material points as a
function of time’’ [35]; the nonlocal volumes created by the software
could be incorporated in a real-time simulation process (as opposed
to post-process). This would allow for real-time nonlocal calculations
(as in [8]) using usdfld. Neper software [36–38] – from which the
microstructures used in the current software were created – could also
incorporate the software here’s nonlocal volumes directly.

As a result of the software here, new research questions in several
fields can be pursued. As shown in Fig. 1, those researching the
structure–property relationship in materials can use nonlocal volumes
to apply size-effect to microstructural feature and determine the re-
sulting fatigue life accurately. Also, nonlocal modeling (and thus, this
software) is valuable to research in other disciplines in engineering
and science such as: ‘‘geomechanics’’ [39], ‘‘image analysis’’ [39],
‘‘signal and image processing and medical imaging digital image cor-
relation’’ [39], ‘‘discrete data analysis’’ [39], ‘‘inverse problems’’ [39],
and ‘‘mathematical biology’’ [39].

This software will also be developed in the future by the authors.
The focus of future development is on scalability and extensibility. As
mentioned, ideally the software would scale to an unlimited number
of computing nodes for large FEA meshes. This work is already in
progress, and code with dask implemented has been committed to
the repo in Code metadata. However, this dask code has yet to be
released. Future implementation with dask will focus on user-friendly
environments which load the required openssl toolkit [40] and
memory management for scaling to a large number of nodes.

Other future development by the authors will focus on extensibility.
First a graphical user interface (GUI) will be developed using Tkinker
to increase ease-of-use for those more comfortable with software GUIs.
Currently, a writeResults branch has been created for implementa-
tion of verification tools. These tools will produce sample results data
that will allow users to check their code (i.e., these results will allow the
user to know what the nonlocal results should be). This will hopefully
make it easier to implement new features such as alternative averaging
schemes and nonlocal volume shapes. Finally, the authors also study
porosity and ductile failure modeling [41–43], and would like to extend
this work to porosity evolution for fracture problems which has been
shown to be nonlocal [8].
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