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Abstract
Over the past two decades, Peridynamics (PD) research has exhibited remark-
able diversity, with contributions spanningmore than 180 journals and involving
over 1000 researchers. Despite its broad applicability, a persistent challenge
remains—how to foster widespread adoption. In the engineering domain, clas-
sical continuum mechanics, predominantly facilitated by the finite element
method, enjoys extensive utilization, supported by a plethora of commercial and
open-source software tools. PD simulation tools often find themselves compet-
ing with these well-established counterparts. In research, custom codes tailored
for specific applications are frequently created and applied, with little consider-
ation for their future reuse or third-party utilization. The complexity is further
exacerbated in High-performance computing (HPC) applications, where a deep
understanding of solvers, parallel computing, and PD is imperative for a suc-
cessful software development. Given the constraints of a typical doctoral thesis,
large-scale problems are often left unexplored, and research tends to be con-
fined to simplistic geometries. This paper aims to elucidate various pathways
for the seamless integration and utilization of a PD framework. We will show-
case examples that illustrate how the barriers for both users and developers can
be significantly lowered, ultimately propelling PD simulation tools to a higher
standard of maturity in the medium term.

1 INTRODUCTION

In engineering applications, the mechanical behavior of materials and structures is typically modeled using classical
continuummechanics. This approach utilizes the Partial Differential Equation (PDE) div𝝈 + 𝐛 = 𝜌𝐮̈; to describe the rela-
tionship between external loads 𝐛, inertia loads 𝜌𝐮̈, and the internal reaction of the material div𝝈, where the mechanical
stresses 𝝈 are determined by spatial derivatives of the displacements 𝐮. While this approach is commonly solved using
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F IGURE 1 Deformation and interaction of material points 𝐱 and 𝐱′ in the NOSB theory and their respective neighborhoods𝐱 and𝐱′ .
NOSB, non-ordinary state-based.

the Finite Element Method (FEM), it has limitations when dealing with fractures, as the derivative at the crack tip is not
determinable. In such cases and if a critical stress value is exceeded, a switch to fracture mechanics is typically required
[1].

1.1 Peridynamics (PD)

A novel modeling approach was proposed in the early 2000s in the form of PD [2] and is an alternative to the widely used
phase-field model [3]. PD may be thought of as a continuum version of molecular dynamics [4], replacing the continuum
mechanics PDE with an integral equation. In PD, a material point interacts with all other material points within a finite
domain, called a neighborhood, as illustrated by the colored circles around points 𝐱 and 𝐱′ in Figure 1. Over the last two
decades, three main modeling approaches within PD have been developed, namely the Bond-based (BB), Ordinary state-
based (OSB) and Non-ordinary state-based (NOSB) PD formulations, each differing in the way they fulfill conservation of
momentum and angular momentum. This has implications for material modeling, while the BB model is limited to fixed
Poisson’s numbers but has a simple and computationally efficient implementation, the non-ordinary state-based model
allows any material model to be implemented.
To utilizematerial models from classical continuummechanics, a nonlocal deformation gradient is typically calculated,

which allows for the determination of nonlocal strain measures and stress-strain relations [5].
PD research has been very diverse in the last 20 years, with publications in over 180 journals and more than 1000

involved researchers, as shown in Figure 2. While this section does not claim to be comprehensive, it aims to provide an
overview of the topics in the field, given that PD covers a wide range of applications.

1.2 PD software

Mesh-free particle-based methods are mostly used for the numerical approximation of PD equations. Table 1 provides an
overview of current PD software developments. In addition to this list, many local research groups are also developing
their own in-house software. Most of the listed tools are problem specific or developed by a single person. Peridigm and
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F IGURE 2 PD related articles per year in database (Dec. 2021). PD, peridynamics.

TABLE 1 Overview about PD software tools.

Name Language Maturity level License References

PeriPy Python Medium MIT [11]
PeriDem C++, Python Low [12]
PeriPyDIC Python Low GPLv3.0 [13]
PeriPyVFM Python Low GPLv3.0 [14]
BB_PD Matlab, C Low-medium no defined [15]
LAMMPS Python Low GPLv2 [16]
PeriFlakes Python, C Low GPLv3.0 [17]
NLMech C++ Medium [12]
Relation-based software C++ Medium MIT [18]
EMU Fortran High Closed source [19]
Peridigm C, C++ High BSD [20–22]
PeriHub C, C++ High BSD [23, 24]

Abbreviations: BB, bond base; BSD, Berkeley software distributions; PD, peridynamics; LAMMPS, Large-scale Atomic/Molecular Massively Parallel Simulator;
MIT, Massachusetts Institute of Technology.

EMU are the most sophisticated software tools. EMU is not open source, but researchers can request the code. However,
due to the code developments at the Sandia National labs and the rules of development, the code is officially not usable,
as it violates the Treaty on the NonProliferation of Nuclear Weapon. Peridigm is an open-source tool that can be used for
large-scale problems. It includes multiple material laws, simple damage models, and BB, OSB, and NOSB PD modeling
approaches. Peridigm is usable under a Berkeley Software Distribution (BSD) license. Currently, there is some irregular
development ongoing. It provides multiple ways of model input and provides ParaView readable output. The entire code
allows the analysis of large-scale problems. A lot of research has been performed utilizing the software [6–10].
One significant challenge still remains: How can PD gain widespread adoption? In the engineering field, classical con-

tinuummechanics is extensively utilized through the FEM.Numerous software tools are readily available for this purpose.
However, when it comes to PD, the situation is quite different.While Peridigm stands as one of themost advanced options
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and it offers an open-source code with a rich set of functionalities, unfortunately the process of implementing it is quite
demanding, and the installation can be both arduous and time-consuming.
To implement even the simplest material law in Peridigm a minimum of five files are required to be modified. Addi-

tionally, if the user wishes to introduce new files and directories to the project, he must contend with CMake scripts and
the associated complexities.
Furthermore, it is worth noting that Peridigm is only partiallymaintained. This results in valuable research discoveries

being underutilized. Consequently, PD struggles to find applications beyond specific niche problems. There is an evident
and pressing need for software that seamlessly combines functionality, user-friendly installation, and easy integration.
This paper introduces a solution called PeriLab, which is built using Julia and incorporates Message Passing Interface

(MPI) to manage a large number of degrees of freedom (dof). The objectives for PeriLab encompass:

∙ Installation: The installation process must be straightforward and not pose a barrier to using the tool.
∙ Usability: The tool should offer simplicity and flexibility to cater to various user needs.
∙ Implementation and Extension: It should be designed in a way that facilitates efficient research code development and
extension.

∙ Functionality: All existing functionalities must be well-documented and thoroughly tested.

2 APPROACH

PeriLab is divided into several core areas:

∙ IO—responsible for reading input and writing results.
∙ Physics—encompasses all physical models and analyses.
∙ Core—houses all solvers, currently including the Verlet solver.
∙ Compute—calculates resultant quantities that are of interest to the user but not necessary for problem-solving.
∙ Support—contains utility routines used in various parts of the program.
∙ MPI_Communication—handles High performance computing (HPC) communication.

2.1 Installation

To install PeriLab, first of all Julia must be downloaded and installed. To utilize PeriLab two simple options occur. The
first utilizes the built in Julia package manager (Pkg) and the official latest release of PeriLab:

1. start Julia in batch shell
2. type “]”, in order to start the Pkg
3. write “add PeriLab”

After installation of the module and its dependencies you can use PeriLab via “using PeriLab” in your Julia code.
Alternatively, if you want to contribute or be able to adapt the software, you can compile and install PeriLab’s current
development version via the source code:

1. Clone the repository: “git clone https://github.com/PeriHub/PeriLab.jl”
2. Move into the directory “cd PeriLab.jl”
3. type “]”, in order to start the Pkg
4. activate the project “activate.”
5. compile PeriLab “precompile”

In comparison to the Peridigm installation the time needed is reduced from hours to minutes. It is much simpler,
because the modern package distribution system of Julia resolves all the package dependencies.

 16177061, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pam

m
.202400160 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [30/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/PeriHub/PeriLab.jl


5 of 10

2.2 Usability

The usability has been improved compared to Peridigm. Inputs are allowed as in mesh text files. Internally these meshes
are stored as data frames, Listing 1. Besides the minimum definition (x, y, [optional z], volume and block_id) the variables
defined in the header of the mesh file can be referenced throughout PeriLab. The types of these fields are determined
automatically. In the example, Listing 1, coordinates will have the type Int64 and Volume the type Float64. The type
is defined by the entries, meaning if a Float value occurs the whole field will be float. The list can also be defined as a
Boolean if needed.

Listing 1: Mesh input example.� �
1 data = Dataframe(Dict("x" => [1, 1, 3],
2 "y" => [25, 30, 22],
3 "z" => [25, 30, 22],
4 "volume" => [1.2, 0.8, 1],
5 "block_id" => [1, 2, 1],
6 "active_x" => [true, true, false],
7 "active_y" => [true, true, false],
8 "active_z" => [true, true, false],
9 "field" => [1.0, 3.3, 2.3]
10 ))

� �

The advantage of this approach is that point-associated information can easily be mapped from the pre-processor into
PeriLab. An example would be predefined temperatures or coordinate system definitions. These fields are defined as con-
stant fields and are not time-dependent. The data type is defined by the input and can be of type Int64, Float64, or Boolean.
As stated all these fields are accessible through the data manager everywhere in the software, using the given names.
Besides the mesh file a YAML input-deck is specified to define material properties, nodes sets, blocks, and so forth.

Parameter names can be addressed directly in the models. For boundary conditions all parameters which are defined
in PeriLab can be addressed and utilized by a function evaluator, meaning that time-, location- or material-depending
conditions can be provided.
For the export of results, the Exodus.jl package is utilized. It provides an interface to a C++ library. Also a Comma-

separated values (CSV) export is included to provide global variables in an already human readable way.
Additionally PeriLab provides the option to utilize already existing input data, in the form of user materials or input

files from Abaqus, making it easier for new users. Also experienced HPC users will benefit, as functionalities such as
logging processing core information or a debugging mode are included. In total the usability of PeriLab is drastically
increased for users as well as developers.

2.3 Implementation and extension

Introducing custom models in Peridigm or Abaqus (as a nonPD example) can be challenging. You need to have a deep
understanding of how the compiler works and where to call your functions. In the context of PeriLab, creating a new
material model involves copying your module file into the “material” folder, effectively creating a new material model
using the template shown in Listing 2. You have the flexibility to choose your module name. The material name serves as
an identifier within your input deck. When you use this name as a material model option in your input deck, this module
is activated.
For implementing a newmaterial model in Peridigm, at least five files need to be created ormodified. This number can

vary and increase, especially when dealing with CMake files. In PeriLab, only one file is created with a provided template
and placed in the corresponding directory. This is done by using the meta programing feature provided by Julia. Figure 3
highlights this workflow. The software will search for modules within the project folder. Within the YAML file the model
name is specified and can be referenced. This name has to be defined within the new material module in a function. If
the name of a module and the definition are equal, the module will be included and compiled. The whole procedure is
done automatically and works for the basic models (additive, damage, material, and thermal). Extensions are possible by
using the same strategy.
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F IGURE 3 Concept of macro usage to include modules in PeriLab.

2.4 Functionality

Compared to Peridigm, the current functionality is reduced. It includes only a subset ofmaterial and damage routines and
a single solver. The program flow after compilation is shown in Figure 4. The PeriLab module is included in a main.jl
file and the program is started via PeriLab.main(). The main file is used to check if the Project.toml and the resulting
Manifest.toml exists and will activate the project.
After starting the main function with a batch command the input-deck is expected. This file is parsed in the IOmodule.

This module is used to read all files needed for model creation and to distribute all the data in the data manager and
processing cores if MPI is used. After that the solver is initialized. For the currently implemented solver the step width is
determined and all fields and the physics models will be initialized. If they are not used, no initialization will occur. The
Exodus output file and / or the CSV file is also created. Afterwards the solving process will be started and the physical
models are evaluated. In parallel the simulation results are written. At the end of this process the result files are merged
if needed and the program stops.

2.5 Documentation and testing

When it comes to developing complex algorithms, such as those found in PD, proper documentation and testing are
crucial components.
Proper documentation is essential for any software, especially one that involves complex algorithms like PD. Documen-

tation serves as a guide for users and developers alike, providing insights into how the code works, what it does, and how
to use it effectively. In the case of PD software, documentation can help bridge the gap between researchers and developers
by making complex concepts more accessible.
In Julia, documentation is typically written using Markdown syntax. This allows for easy inclusion into project repos-

itories on platforms like GitHub. Moreover, tools like Documenter.jl make it simple to generate HTML documentation
for projects.
Testing is another critical aspect of software development. It ensures that the code behaves as expected, catching bugs

and errors before they affect users. In Julia, testing frameworks like Test.jl provide an easy way to write tests for your code.
These tests can be run using the julia command-line tool or integrated into CI/CD pipelines for automated testing. For
PeriLab a main goal was to get the test code coverage as high as possible. That is why the software includes extensive
unit- as well as full-scale tests, which will be executed every commit that is submitted to the repository.
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F IGURE 4 Program flow of PeriLab.

2.6 Features

The system’s design prioritizes ease of expansion and scalability. Consequently, we have avoided using structs in favor of a
data manager, which plays a pivotal role in memory allocation and ensuring the assignment of unique names to variables
or fields. This approach simplifies data access.
As already mentioned all input variables can be flexibly named, and they are automatically integrated into the data

manager. If a field ends with “x,” and the following one ends with “y,” it is recognized as a multidimensional field. An
example in the code is illustrated in Listing 1 (typically, a CSV file is read, yielding the same result). The reader utilizes the
Dataframe.jl package to create a dataframe. This dataframe is analyzed, and fields are generated. The datafield entries x, y,
and z are combined into “Coordinates” with a size equal to the number of nodes times three. Active fields such as active_x,
active_y, and active_z have dimensions equal to the number of nodes times three, while “block_id” has a size equivalent
to the number of nodes. The field size is determined by the “x,” “y,” or “z” in the field names. The coordinates x, y, and z
define the spatial order of the problem. It is important to note that the mesh dof fields cannot exceed this dimension.
Time-dependent fields are accessible through “N” and “NP1,” which correspond to the current and future time steps.
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F IGURE 5 Displacement plot of a dogbone model example.

With configurable options, the data manager allows you to specify which parameters should be synchronized across
all processing cores and in which directions. This approach streamlines access at the top layer, enabling a focus on model
building and integration.
The central routine is the “compute_force” function, responsible for calculating force densities. You can choose to per-

form this calculationwithin this function or distribute it acrossmultiple routines. Additionally, you can employ additional
modules as needed. Material parameters are provided through the input deck and can be accessed using the specified
parameter names. These names are consistent with the input deck. The data manager facilitates the creation of new fields
or retrieval of data from existing fields. If you create a field with an existing name, you will obtain information about that
field. Should you require information synchronization via overlap nodes, you can also define it using the data manager.
All these features collectively enable a straightforward and adaptable integration of new models into PeriLab. This

approach remains consistent across various model types, including additive, damage, and thermal models.

Listing 1: Template formaterial modules.� �
1 module Material_template
2 export compute_forces
3 export material_name
4 function material_name()
5 return "Material Template"
6 end
7 function compute_forces(datamanager, nodes, material_parameter, time, dt)
8 return datamanager
9 end
10 end

� �

The way it is done is the following. Julia allows the use of macros. These macros create code within code. The module
folder are searched for the model modules and than they are include in the code. The code is run afterwards. For the
compiler the code exists already. Therefore, there are no performance issues.

Listing 1: Automated integration of modules.� �
1 function create_module_specifics(name::String, module_list::Vector{Any},

→ specifics::Dict{String,String}, values::Tuple)
2 for m in module_list
3 parse_statement = module_name=" *m["Module Name"] * "." * specifics["Name"]* "

→ ()"
4 if eval(Meta.parse(parse_statement)) == name
5 parse_statement = m["Module Name"] *"." * specifics["Call Function"]
6 function_call = eval(Meta.parse(parse_statement))
7 return function_call(values\ldots)
8 end
9 end
10 end

� �

3 EXAMPLES

PeriLab OFFERS A RANGE OF BASIC examples to assist users in transitioning to more intricate geometries and appli-
cations. This paper highlights two specific models: a dogbone (refer to Figure 5) and a Compact Tension (CT) model (refer
to Figure 6). It is important to note that these models showcase results generated from the finalized software, though
ongoing work on verification and validation is still underway.
In the case of the dogbone model, which undergoes deformation when loaded on the left side, the results exhibit the

anticipated uniformly increasing deformations. The model employs a linear elastic correspondence.
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F IGURE 6 Scaled deformation and damage index plot of a CT specimen. CT, compact tension.

The second model incorporates an anisotropic energy-based damage model, initially developed by Foster et al. [25, 26].
The CT specimen features a pre-crack and is subjected to loading on the left-hand side, with the upper part pulled upwards
and the lower part pulled downwards. This configuration initiates a deflected crack to the upper right corner, due to the
anisotropic material behavior and a material orientation of 45◦, as illustrated in the accompanying figure.

4 CONCLUSION

The paper introduces PeriLab, an innovative simulation software tailored for PD applications. This software is metic-
ulously crafted to enhance accessibility for both developers and users, with a primary emphasis on simplifying the
integration of new capabilities. Notably, PeriLab supports the seamless incorporation and parallel computation of
diverse models.
Julia was selected as the programing language for PeriLab, leveraging its optimal combination of speed and developer-

friendly features. This strategic choice facilitates a smoother and more efficient development process.
In the paper, twomodels sourced from the software repository are computed and succinctly presented, offering a glimpse

into the software’s practical applications. The software is available as an open-source project. The overarching objective is
to foster collaborative evolution, establishing PeriLabs a standard simulation tool within the PD domain. This collective
effort aims to create a shared foundation for advancing simulation capabilities in the field.
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