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Abstract

This study presents a parametric Python framework to automate two-dimensional

�nite element model generation of staggered brick-and-matrix composites in

Abaqus/Standard. The suite includes four standalone scripts�for periodic

and �nite-gauge tensile models, double-cantilever beam (DCB), and three-point

end-notched �exure (3ENF) specimens�with three complementary plug-ins

that generate editable, native Abaqus/CAE databases. User-de�ned parameters

govern key geometric variables (brick length, ply count, layer o�set), material

assignments, cohesive interfaces, precracks, boundary conditions, and mesh dis-

cretization, facilitating systematic architectural evaluations. To ensure numerical

robustness, an analysis of potential numerical artifacts, mesh sensitivity, and the

validity of an RVE representation within a highly non-linear regime was conducted.

Given the mesh dependency of Hashin damage evolution, several postprocessing

criteria based on damage initiation were evaluated alongside published experi-

mental data to determine the optimal mesh size. Using this calibrated setup,
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the framework was deployed to analyze the mechanical e�ects of brick length

and layer o�set. Architectural comparisons showed that aligned matrix pockets

produced the lowest tensile sti�ness and load capacity, while a quarter-pitch o�set

achieved the highest tensile sti�ness and strength among non-aligned con�gura-

tions. Interestingly, the best-performing tensile con�guration did not provide the

best fracture performance, revealing a fundamental trade-o� between tensile and

fracture resistance.

Keywords: Staggered composites, Finite element automation, Abaqus, Mesh

sensitivity, Hashin damage, Delamination

1. Introduction

Fibre-reinforced polymer composites are widely used in aerospace, wind-energy,

automotive, rail and civil-engineering structures because they combine high speci�c

sti�ness and strength with durability and corrosion resistance. However, compos-

ites lack the capacity to redistribute stresses through plastic deformation, making

them less damage-tolerant to stress concentrations, �aws, and local impacts than

metallic materials [1, 2]. To enhance damage tolerance, strategies such as �bre

hybridisation, interleaving, and through-thickness reinforcement have been exten-

sively investigated [3�7].

Staggered, or brick-and-matrix, architectures o�er a compelling bio-inspired

alternative derived from nacre. Discontinuous sti� bricks are separated by a

more compliant matrix, and axial load is transferred between neighbouring bricks

partly by matrix shear. This arrangement e�ectively redistributes stresses, arrests

crack propagation, and alters damage localization paths [8�11]. Extensive research

demonstrates that brick length, matrix-pocket geometry, loading direction, layer

arrangement, and interface morphology strongly govern sti�ness, strength, and

fracture resistance [12�19].
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A comprehensive mechanical characterization of staggered composites re-

quires evaluating both axial performance and delamination resistance. Uniaxial

tensile tests quantify sti�ness, non-linearity, and ultimate strength, whereas

Mode I double-cantilever beam (DCB) and Mode II three-point end-notched

�exure (3ENF) tests evaluate opening- and shear-dominated interlaminar fracture

[20, 21]. Both regimes are critical when introducing staggered architectures into

structural repairs. However, experimentally screening every combination of brick

geometry, overlap o�set, layer count, and constituent interface properties requires

a prohibitively large manufacturing and testing campaign.

Finite element (FE) analysis o�ers a scalable alternative, yet manual model

construction in commercial software remains labor-intensive and prone to user er-

ror. Modifying architectural parameters�such as brick length, matrix-pocket size,

or ply stacking�forces the manual reconstruction of geometry, partitions, mate-

rial assignments, meshing, sets, surfaces, interactions, and boundary conditions.

Furthermore, periodic tensile unit cells require compatible boundary meshes and

multi-point constraints, while DCB and 3ENF models demand meticulous setup

of non-linearly interacting contact surfaces, cohesive zone properties, and traction-

free pre-cracks.

These simulations are also computationally challenging. Matrix plasticity and

ductile damage continuously interact with cohesive delamination, crack-face con-

tact, and potential intralaminar failure modes. While implicit solvers avoid the

small stable time increments of explicit quasi-static schemes, abrupt sti�ness degra-

dation and contact status changes frequently cause convergence failures or severe

cutbacks. Arti�cial damping techniques, such as automatic static stabilization and

cohesive viscosity, improve solver robustness but risk dissipating excessive arti�cial

energy, which can alter predicted peak loads and fracture paths [22�24]. Conse-

quently, arti�cial energy metrics must be rigorously monitored and controlled.
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Tensile modeling also introduces domain-size dependencies. Although periodic

unit cells are computationally e�cient and support non-linear boundary conditions

[25], post-peak damage localization presents a challenge: a single cell forces fail-

ure patterns to repeat periodically, potentially suppressing damage modes whose

characteristic wavelength exceeds the unit cell domain [26�28]. The validity of

a periodic representative volume element (RVE) must therefore be benchmarked

against full �nite-gauge specimens across the non-linear response.

To address these challenges, this work introduces Staggering, a Python frame-

work for automated two-dimensional tensile, DCB, and 3ENF �nite element mod-

eling of staggered composites in Abaqus/Standard. The suite features four stan-

dalone scripts that generate complete, execution-ready .inp �les without launch-

ing a graphical user interface, alongside three Abaqus/CAE plug-ins that produce

native, fully editable .cae databases. Both pathways instantiate model entities

directly from a uni�ed set of physical parameters, eliminating redundant manual

setup and ensuring strict geometric and boundary consistency across parametric

studies.

2. Software organisation and modelling capabilities

2.1. Scripts and generation routes

Figure 1 illustrates the architecture of Staggering categorized by test family

and generation route. Two complementary execution pathways are available: stan-

dalone Python scripts and Abaqus/CAE plug-ins.

The standalone scripts generate complete Abaqus input �les (.inp) rely-

ing strictly on the Python standard library, supporting both Python 2.7 and

Python 3. Because model generation operates independently of the Abaqus/CAE

GUI, no GUI license is consumed, rendering this pathway ideal for automated

command-line parameter sweeps and reproducible simulation campaigns. An
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Abaqus/Standard solver license is subsequently required to execute the resulting

analyses.

The Abaqus/CAE plug-ins utilize the Abaqus Scripting Application Program-

ming Interface (API) to construct native parts, partitions, section assignments,

interactions, steps, meshes, and job de�nitions. The generated model databases

(.cae) remain fully interactive, enabling visual inspection, manual post-processing,

or custom feature modi�cations. This suite was developed and veri�ed on Abaqus

2018.

Both generation routes support tensile, double-cantilever beam (DCB), and

three-point end-notched �exure (3ENF) �nite element models. For tensile loading,

users can specify either a longitudinally periodic unit cell or a �nite-gauge specimen

subject to uniform axial displacement. Table 1 summarizes the available entry

points and their corresponding output models.

Table 1: Overview of Staggering script entry points and primary generated output models.

Test Standalone Python entry point Native plug-in Output model

Tension generate_tensile_periodic_in

p.py; generate_tensile_unifo

rm_inp.py

StaggeringTens

ile

Longitudinally periodic cell

or �nite-gauge model with

uniform end displacement

DCB generate_dcb_inp.py StaggeringDCB Mode I specimen with

precrack and user-selected

candidate interfaces

3ENF generate_3enf_inp.py Staggering3ENF Mode II specimen, precrack,

supports, and central

indenter
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Staggering

Standalone
Python scripts

Abaqus/CAE
plug-ins

Create Abaqus
input files

(.inp)

Create Abaqus
CAE files

(.cae)

COMMON TEST COVERAGE

TENSION DCB 3ENF

Full specimen Periodic cell

Figure 1: Generation pathways and test coverage of Staggering. Standalone Python scripts write

raw Abaqus input �les, whereas Abaqus/CAE plug-ins build native, editable CAE databases.

Both routes accommodate tension, DCB, and 3ENF con�gurations; the tensile module includes

both �nite-gauge and longitudinally periodic formulations.
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2.2. Modelling approach and capabilities of each script

2.2.1. Script work�ow

For every script, the analyst speci�es the fundamental geometric parameters:

brick length Lbrick, matrix-pocket length Lmatrix, ply thickness t, ply count n, total

modelled length, and individual layer o�sets. The longitudinal pitch p is de�ned

as

p = Lbrick + Lmatrix. (1)

Layer o�sets can be prescribed as non-dimensional fractions of p or speci�ed inde-

pendently for each ply. Furthermore, the generators accommodate a continuous-

ply baseline reference by removing the longitudinal matrix pockets while preserv-

ing specimen dimensions, interlayer interfaces, boundary/loading conditions, and

pre-crack con�gurations.

Model generation commences with input parameter validation, followed by the

explicit calculation of brick�matrix interface boundaries, layer o�sets, and test-

speci�c spatial coordinates. These coordinates de�ne distinct material domains

and establish a fully structured mesh whose element boundaries align strictly with

material transitions. The framework then assigns section properties, brick material

orientations, cohesive interfaces, boundary conditions, solver controls, and �eld

output requests before writing the execution-ready input �le or saving the native

CAE database. Consequently, modifying architectural parameters automatically

regenerates all geometric partitions and mesh distributions.

The framework provides comprehensive control over numerical settings, includ-

ing geometric non-linearity (NLGEOM), unsymmetric matrix storage, automatic time-

incrementation parameters, and explicit output time points. Independent controls

govern damage initiation, progressive damage evolution, cohesive viscosity, and au-

tomatic static-step stabilization. In addition, normal and shear cohesive sti�nesses

(Knn, Kss, and Ktt) are treated as independent input parameters. These numerical
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capabilities are deployed for the benchmark studies detailed in Section 3, where

speci�c input values are systematically documented.

2.2.2. Longitudinally periodic tensile cell

The script generate_tensile_periodic_inp.py generates the material-

scale periodic tensile model depicted in Figure 2(a). Each ply comprises one or

more complete brick-and-matrix periods. Discontinuous bricks are modeled as or-

thotropic unidirectional domains incorporating Hashin damage initiation and op-

tional energy-based damage evolution. The matrix is represented as an isotropic

elastoplastic material with optional ductile damage, while surface-based cohesive

interactions govern the interfaces between adjacent plies. A plane-stress formula-

tion is adopted to maintain compatibility with the built-in Abaqus Hashin damage

failure criteria [32].

Longitudinal periodic boundary conditions (PBCs) are enforced via kinematic

constraint equations according to

uR
1 − uL

1 = Umacro
1 , uR

2 − uL
2 = 0, (2)

where R and L denote paired boundary nodes on the right and left periodic edges,

respectively, and Umacro
1 = uRP

1 represents the prescribed macroscopic displacement

applied at a dedicated control reference point. To eliminate rigid-body translation

without suppressing transverse Poisson contraction, a single node near the mid-

point of the bottom boundary is pinned (u1 = u2 = 0).

The script accommodates both a single unit cell and multi-period supercell

domains. Standardized �eld and history output requests are automatically con-

�gured for reference-point displacement and reaction forces, constituent damage

state variables, cohesive-interface traction/separation �elds, and global energy bal-

ance histories. These outputs provide the macroscopic stress�strain response and
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rigid-body anchor

RP

U1
macro

t

H

p=Lbrick+Lmatrix

P

P

crack tip

t
2h

a0 Lbrick

brick, aligned 0°

matrix, isotropic

paired boundary nodes

surface-based cohesive interface

longitudinal periodic boundary

cohesive plane

precrack, initially debonded

(a) Periodic tension

(b) DCB

P indenter

t

2h
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(c) 3ENF

Figure 2: Finite element model schematics generated by Staggering : (a) longitudinally periodic

tensile cell, (b) DCB specimen, and (c) 3ENF specimen. In (a), red boundaries denote paired

periodic nodes, p = Lbrick + Lmatrix, t represents ply thickness, n is the ply count, and total

height H = nt. In (b) and (c), a0 indicates the initial pre-crack length, while blue dashed lines

designate candidate cohesive crack propagation paths.
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localized stress �elds necessary to evaluate damage initiation, progressive failure,

and arti�cial numerical dissipation.p

2.2.3. Finite-gauge tensile specimen

Although periodic boundary conditions accommodate non-linear constitutive

behaviour [29], localized damage and cohesive softening can lead to strain local-

ization and a loss of unit-cell representativeness [30]. Enforcing periodic boundary

constraints inherently restricts admissible kinematic deformation patterns; thus,

geometric periodicity alone does not guarantee that a unit cell accurately repro-

duces the progressive failure mechanics of a �nite specimen [31].

To evaluate these domain-size dependencies, the script generate_tensile_uni

form_inp.py generates a �nite-gauge tensile model utilizing identical architectural

parameters, constitutive formulations, and mesh discretization procedures as the

periodic cell. Uniform longitudinal displacements applied at the specimen ends

replace periodic boundary conditions. The underlying architecture can be repeated

along the gauge length to match physical specimen dimensions, allowing strain

localization and failure modes to evolve unconstrained across multiple architectural

periods without enforcing kinematic periodicity on the solution.

2.2.4. Double cantilever beam

The script generate_dcb_inp.py constructs the Mode I DCB specimen de-

picted in Figure 2(b). Equal and opposite transverse displacements prescribed at

reference points drive symmetric opening of the two arms, yielding a total sep-

aration of δ = 2|U2|, where the reaction force at either control node de�nes the

applied load. Discontinuous bricks retain their orthotropic constitutive description,

whereas the matrix accommodates elastoplastic deformation with optional ductile

damage. Standardized output requests for interface elements facilitate tracking of

cohesive process zone development ahead of the pre-crack tip.
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The crack geometry and candidate propagation pathways are governed by three

primary parameters: the initial pre-crack length a0, the interface index hosting

the pre-crack, and a user-de�ned set of candidate fracture interfaces. These inputs

collectively de�ne the crack-tip coordinate and the ply boundaries along which

delamination can propagate or migrate. Modifying any parameter automatically

regenerates the corresponding geometric partitions, surface de�nitions, and con-

tact/cohesive interactions.

Each candidate interface comprises two opposing surfaces partitioned at x = a0.

On the pre-cracked interface, the region behind the crack tip (x < a0) is ini-

tially unbonded and assigned hard normal contact with frictionless tangential be-

haviour, preventing crack-face interpenetration without transmitting cohesive trac-

tions. Ahead of the tip (x ≥ a0), surface-based cohesive behavior models the intact

ligament. Hard normal contact remains active following cohesive degradation to

transfer compressive forces upon crack closure.

For secondary candidate interfaces, the region behind x = a0 is joined via

node-to-surface tie constraints, while the region ahead receives the same cohesive

formulation to provide alternative delamination paths. To prevent over-constraint

and solver singularities, boundary nodes at x = a0 are explicitly assigned to co-

hesive surface de�nitions and excluded from tie constraints. Non-candidate inter-

faces remain permanently bonded either through shared nodes where meshing is

conforming, or through full-length tie constraints between independently meshed

domains.

This partitioning strategy also permits localized mesh re�nement within the

plies adjacent to the pre-crack without forcing globally re�ned element grids. For

each tie constraint, the generator automatically designates the coarser mesh dis-

cretization as the master surface and constructs non-overlapping set de�nitions for
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tied, cohesive, and contact-only domains. This architecture is shared by both the

standalone generator and the Abaqus/CAE plug-in.

Linear or exponential cohesive softening laws can be selected. Furthermore,

viscous regularization (cohesive viscosity) and automatic static-step stabilization

can be adjusted independently.

2.2.5. Three-point end-notched �exure

The script generate_3enf_inp.py constructs the Mode II shear-dominated

fracture specimen shown in Figure 2(c). It inherits the architectural layout, pre-

crack controls, and candidate interface logic from the DCB formulation, while

introducing two analytical rigid support rollers and a central loading indenter.

Fixture geometry is governed by user-de�ned roller radii and span positions.

Finite-sliding surface-to-surface contact models the interaction between the

specimen and rigid �xtures. Analytical rigid entities serve as master surfaces;

hard normal contact prevents boundary penetration, while penalty-based tangen-

tial contact accounts for roller�specimen friction. The pre-crack interface retains

the frictionless crack-face contact formulation described for the DCB model. Reac-

tion forces and vertical displacements recorded at the indenter reference node yield

the macroscopic load�displacement curve, while cohesive interface state variables

and global energy histories enable detailed monitoring of shear crack propagation

and numerical dissipation.

3. Numerical assessment

The framework was deployed to conduct tensile mesh-sensitivity studies, evalu-

ate the validity of the longitudinally periodic unit cell, and perform global energy

balance checks to establish the numerical reliability and physical limitations of

predicted responses. Systematic mesh re�nement quanti�es the discretization sen-

sitivity of damage initiation and maximum stress, whereas comparisons against
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�nite-gauge specimens assess whether a periodic cell adequately captures progres-

sive damage localization. Furthermore, energy balance monitoring quanti�es ar-

ti�cial numerical damping and viscous dissipation. Together, these benchmarks

justify the selected working model and de�ne the response range over which sub-

sequent architectural trade-o�s can be interpreted.

Reference geometries, material properties, cohesive parameters, mesh speci�-

cations, and solver controls are detailed in Appendix A. Case-speci�c parameter

variations are documented within the corresponding studies.

3.1. Mesh sensitivity and initiation-only failure indicators

The periodic tensile module was applied to a reference cell featuring 10 mm

bricks and 0.5 mm matrix pockets. Four spatial discretizations, designated e2, e4,

e6, and e8, incorporate two, four, six, and eight elements through the thickness of

each ply, corresponding to nominal element heights of 0.070, 0.035, approximately

0.0233, and 0.0175 mm, respectively. All constituent material and interface param-

eters were held constant across these meshes. Predictions from progressive Hashin

damage simulations are benchmarked against initiation-only post-processing crite-

ria and published experimental test data [19].

3.1.1. Mesh sensitivity with and without Hashin damage evolution

Mesh sensitivity was evaluated by comparing full progressive failure simula-

tions against an initiation-only formulation. The progressive model incorporates

sti�ness degradation and viscous regularization during damage evolution, whereas

the initiation-only variant evaluates Hashin initiation criteria without enacting

subsequent softening.

Tensile strength was determined from the maximum macroscopic stress in the

progressive model and from the stress corresponding to the �rst full-ply connected

initiation event in the initiation-only model (evaluated using the post-processing
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criteria detailed in Section 3.1.2). Truncating the response curve at this initiation

event establishes a consistent, initiation-based strength indicator across meshes

without altering constitutive equations or introducing softening-induced mesh de-

pendencies.
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(a) Hashin damage evolution
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Experiment: 850 ± 50 MPa
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Figure 3: Mesh sensitivity of the 10 mm-brick periodic tensile cell across e2, e4, e6, and e8

meshes: (a) progressive Hashin damage evolution and (b) Hashin initiation without post-peak

sti�ness degradation. Filled symbols designate progressive stress maxima, crosses indicate the

�nal converged increments, and open symbols denote the full-ply connected initiation event.

The dashed line and shaded band represent the experimental mean and standard deviation

(850± 50 MPa) [19].

As shown in Figure 3, the mechanical responses of all four meshes coincide

prior to damage initiation. However, once progressive Hashin damage evolution is

activated, the predicted ultimate strength exhibits severe mesh dependency. Peak

computed stresses are 597.9, 792.5, 658.0, and 624.2 MPa for e2, e4, e6, and e8,

respectively, displaying a non-monotonic dependence on mesh re�nement.

In contrast, the initiation-only calculations evaluated via the full-ply connected

criterion exhibit marked numerical stability. The corresponding event stresses are

785.7, 812.4, 814.8, and 813.5 MPa�a variation range of approximately 29 MPa

(3.6% relative to e4). This con�rms that initiation-based indicators provide mesh-
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converged failure estimates. However, because initiation-only calculations omit

damage evolution, they cannot capture post-peak stress redistribution or residual

load-bearing capacity resulting from progressive intralaminar failure.

Comparing progressive damage predictions with experimental measurements

(850±50 MPa) [19] yields relative errors of −29.7%, −6.8%, −22.6%, and −26.6%

for e2, e4, e6, and e8, respectively. The e4 discretization (0.035 mm element height,

four elements per 0.14 mm ply) provides the closest agreement with experimen-

tal data, lying just 7.5 MPa below the lower experimental bound. Consequently,

the e4 mesh is selected as the baseline discretization for subsequent comparisons.

It should be emphasized that this choice represents an experimentally informed

working discretization for the speci�c material system and geometry considered,

rather than a generally applicable or formally mesh-converged solution.

3.1.2. Initiation-only failure indicators

To identify spatially coherent �bre-tension failure onset from initiation-only cal-

culations, two non-local post-processing methodologies were developed: connected-

band criteria and an enriched-ply criterion. Both strategies operate strictly on

stored output databases without altering �nite element equations or introducing

constitutive damage softening.

The connected-band approach groups active brick elements satisfying HSNFTCRT≥

0.95 into contiguous spatial components within a given ply. Connectivity requires

a shared complete element edge. Active components must contain at least two

elements and span at least 25%, 50%, or 99% of the ply thickness to qualify as

quarter-, half-, or full-ply failure events, respectively. A custom Python script

scans stored Abaqus output frames, identi�es the earliest frame satisfying the

given spatial threshold, records the corresponding macroscopic stress and strain,

and truncates the reported response curve at that point.
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The enriched-ply criterion evaluates damage initiation over a �xed physical

characteristic domain. The post-processor reconstructs a spatial screening index

from the 2D Hashin �bre-tension expression:

Fft,j =

(
⟨σ11,j⟩+
XT

)2

+ α

(
τ12,j
SL

)2

, (3)

where ⟨·⟩+ denotes the positive part (Macaulay brackets) and α = 1.0. For tensile

axial stress (σ11 ≥ 0), Equation (3) matches the standard undegraded Hashin

criterion. Under compressive axial stress (σ11 < 0), the post-processor isolates the

shear contribution, serving strictly as a tensile screening index.

This point-wise index is spatially averaged around element i using a kernel

weighting function:

F ft,i(R) =

∑
j∈Ni(R)

Aj

[
1− (rij/R)2

]2
Fft,j∑

j∈Ni(R)

Aj

[
1− (rij/R)2

]2 , (4)

where Aj is the element area and rij represents the distance between element

centroids. The neighborhood Ni(R) includes only elements within characteristic

radius R that reside within the same ply and connected brick region. Periodic dis-

tance metrics are enforced across longitudinal cell boundaries. Damage initiation

is de�ned by the �rst interpolated state where maxi F ft,i = 1.0. The characteristic

radius is �xed to the ply thickness (R = t = 0.14 mm) during mesh re�nement.

Figure 4 compares these four initiation criteria across mesh densities. The

quarter-ply criterion shows step-like sensitivity due to the discrete row counts

required to satisfy its span threshold. Conversely, the enriched-ply prediction

exhibits exceptional convergence, shifting by only 4.6 MPa (778.5 to 773.9 MPa)

between e2 and e8.

Across all evaluated brick lengths and meshes, the half-ply and full-ply criteria

trigger in identical output frames, yielding identical event stresses. This concur-
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Figure 4: Comparison of ply-scale tensile strength indicators for the 10 mm-brick cell across e2�e8

meshes. The shaded band and dashed line represent the experimental range (850±50 MPa) and

mean [19]; bold labels mark predictions falling within this experimental interval. Un-averaged

local initiation and progressive peak stresses are included for baseline comparison.
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rence indicates rapid transverse growth of the damaged zone relative to frame

output intervals rather than theoretical equivalence between the two de�nitions.

Table 2 summarizes mesh sensitivity (de�ned as the stress range across e2�

e8 normalized by the e4 value) and experimental agreement (measured via mean

absolute percentage error, MAPE, relative to experimental means across 10, 25,

and 50 mm brick lengths).

Table 2: Mesh sensitivity and experimental error of ply-scale damage initiation post-processing

criteria.

Criterion Relative mesh range (%) e4 MAPE

(%)

10 mm 25 mm 50 mm
10/25/50

mm

Quarter ply 10.38 9.94 10.62a 15.99

Half ply 3.59 3.62 3.89 12.93

Full ply 3.59 3.62 3.89 12.93

Enriched ply,

R = t

0.60 0.45 0.37 13.88

a The 50 mm quarter-ply range incorporates e2�e6 because the e8 event was

unrecorded; all other criteria evaluate e2�e8.

The enriched-ply criterion achieves superior mesh independence across all brick

lengths (< 0.60% variation). However, the half- and full-ply criteria achieve

lower overall experimental MAPE (12.93%). Selection depends on study objec-

tives: connected-ply criteria o�er closer absolute agreement with physical test

data, whereas the spatially averaged enriched-ply measure provides maximum ob-

jectivity against mesh re�nement.
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3.2. Assessment of the periodic cell against a �nite-gauge specimen

The computationally e�cient one-period longitudinally periodic cell was

compared with an 84.5 mm �nite-gauge specimen containing eight periods and

uniformly coupled ends. Both models use the e4 local discretization and the

constituent, interface, and progressive Hashin parameters detailed in Tables A.2

and A.3. The target nominal strain is 1.2%, corresponding to axial extensions of

0.126 mm for the periodic cell and 1.014 mm for the �nite gauge. This comparison

evaluates whether the single-period domain reproduces key elastic and pre-peak

response metrics; it serves as a consistency check between boundary formulations

rather than an independent physical validation.
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Figure 5: Nominal stress�strain response of the one-period longitudinally periodic tensile cell

compared against the eight-period �nite-gauge specimen.

The periodic cell yields an initial elastic modulus of 101.83 GPa and a maximum

stress of 792.47 MPa at 0.853% strain. The corresponding �nite-gauge values are

101.40 GPa and 771.67 MPa at 0.829% strain. Relative to the periodic unit cell,

the �nite-gauge modulus, peak stress, and strain at maximum stress are lower
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by 0.42%, 2.63%, and 2.88%, respectively. Furthermore, Hashin matrix-tension

initiation occurs at an identical nominal strain of 0.324% in both models.

These minor discrepancies con�rm that a single periodic cell accurately cap-

tures elastic sti�ness, pre-peak non-linearity, and damage initiation for this de-

terministic architecture. However, periodic boundary conditions enforce arti�cial

damage periodicity during post-peak degradation, suppressing domain-scale dam-

age localization. Consequently, a full �nite-gauge specimen or an enlarged super-

cell remains necessary when studying post-peak softening, defect sensitivity, or

boundary-induced stress concentrations.

3.3. Numerical energy assessment

Implicit �nite element convergence is frequently challenged in these models by

non-linear interactions among matrix plasticity, severe damage-induced sti�ness

loss, and evolving contact boundary conditions. Abrupt damage propagation or

cohesive interface failure can trigger repeated time-increment cutbacks or complete

solver stagnation. Although unsymmetric matrix storage and tailored solver con-

trols enhance robustness, viscous regularization or automatic static stabilization is

often required to maintain numerical stability. Because excessive dissipation can

distort predicted structural responses, all associated numerical energy components

are continuously monitored throughout the loading range.

Three regularization mechanisms may be active depending on the simulation

type:

1. Hashin damage viscosity, regularizing intralaminar damage evolution in the

bricks;

2. Cohesive viscosity, regularizing damage evolution across surface-based cohe-

sive interfaces; and

3. Automatic static-step stabilization (*STATIC, STABILIZE), introducing arti-

�cial viscous damping at the analysis-step level.
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Each mechanism is controlled independently and can be deactivated without alter-

ing the settings of the others.

Table 3 summarizes the global energy outputs monitored during numerical

assessment. Each numerical contribution ALLX is normalized relative to the total

internal energy (ALLIE) as a percentage ratio:

RX = 100× ALLX

ALLIE
. (5)

Ratios are evaluated only after ALLIE exceeds a non-zero threshold to prevent spu-

rious energy spikes at the onset of loading. For automatic static-step stabilization,

an upper screening limit of RSD ≤ 5% is enforced, with values substantially below

1% preferred [24]. Although no universal threshold exists for viscous dissipation

(ALLCD), its in�uence is veri�ed by ensuring that further viscosity reductions yield

negligible changes in macroscopic force�displacement responses.

Table 3: Global energy outputs monitored during numerical assessment.

Output Physical / Numerical Interpretation

ALLIE Total internal energy (used for normalization).

ALLSE Recoverable elastic strain energy.

ALLPD Energy dissipated by matrix plasticity.

ALLDMD Energy dissipated by bulk-material damage initiation and

evolution.

ALLCD Energy associated with Hashin and/or cohesive viscous

damage regularization.

ALLSD Energy dissipated by automatic static-step stabilization

forces.

ALLVD Additional viscous dissipation reported by the solver.

ALLAE Arti�cial strain energy (monitored as a hourglassing

diagnostic).
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In progressive tensile models, ALLCD combines Hashin and cohesive viscous

contributions, which cannot be separated using global history outputs alone. In

initiation-only tensile models and fracture simulations (DCB and 3ENF), Hashin

evolution is deactivated; ALLCD is therefore attributed entirely to cohesive viscous

regularization.

3.3.1. Energy ratios up to maximum tensile strength

The global energy balance for the e4 baseline model was evaluated across 10, 25,

and 50 mm brick lengths. Table 4 reports the macroscopic response and numerical

energy ratios evaluated via Equation (5) at peak nominal stress.

Table 4: Response and numerical energy ratios at maximum tensile strength for the e4 baseline

discretization.

Lbrick

(mm)

Maximum

stress (MPa)

Strain at

maximum

(%)

RCD (%) RAE (%)

10 792.5 0.853 0.000010 0.003684

25 819.6 0.771 0.001371 0.007848

50 776.5 0.689 0.0000003 0.000818

As shown in Table 4, viscous dissipation (RCD) and arti�cial strain energy (RAE)

remain negligible (< 0.01%) at maximum stress. History outputs con�rm that

numerical energy contributions remain minimal throughout the pre-peak regime,

justifying the use of progressive models for determining elastic sti�ness, pre-peak

non-linearity, and maximum strength.

Conversely, as illustrated in Figure 6, the post-peak response exhibits numerical

sensitivity: viscous dissipation rises sharply during post-peak failure in the 10 mm

model, whereas the 25 mm and 50 mm simulations terminate shortly after reaching

peak load. Consequently, subsequent comparisons restrict evaluation to maximum
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Figure 6: Nominal stress and numerical energy histories for e4 models with brick lengths of (a) 10,

(b) 25, and (c) 50 mm. Black lines denote nominal stress, blue lines represent 100 ALLCD/ALLIE,

and red lines represent 100 ALLAE/ALLIE. Open circles mark maximum tensile strength.

converged stress; descending branches are not considered su�ciently objective to

establish residual strength or fracture energy.

3.3.2. Energy assessment of the fracture simulations

Mode I DCB and Mode II 3ENF fracture simulations require an independent

energy audit due to di�erences in constitutive models, discretizations, and stabi-

lization settings. Figures 7 and 8 display the load�displacement responses and

energy ratios for representative 30 mm-brick con�gurations subjected to full load-

ing histories. Because intralaminar Hashin evolution is deactivated in these anal-

yses, ALLCD isolates cohesive viscous regularization. Additional monitored contri-

butions include static-step stabilization dissipation (ALLSD) and arti�cial strain

energy (ALLAE).

The DCB model reaches a peak load of 145.1 N at an opening displacement of

8.11 mm. At peak load, RCD = 0.0032%, RSD = 0.0320%, and RAE = 0.2773%.

Cohesive viscous dissipation increases during post-peak crack growth, reaching a

peak ratio of approximately 0.69%. Arti�cial strain energy and static-step stabi-
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Figure 7: Numerical energy assessment of the DCB model with 30 mm bricks: (a) force versus

total opening displacement and (b) cohesive viscous dissipation, static-step stabilization dissipa-

tion, and arti�cial strain energy normalized by internal energy. The vertical dotted line marks

maximum load. Forces correspond to a specimen width of 22 mm.
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Figure 8: Numerical energy assessment of the 3ENF model with 30 mm bricks: (a) force versus

indenter displacement and (b) cohesive viscous dissipation, static-step stabilization dissipation,

and arti�cial strain energy normalized by internal energy. The vertical dotted line marks maxi-

mum load. Forces correspond to a specimen width of 22 mm.

25



lization dissipation remain below 0.34% and 0.066%, respectively, throughout the

simulation.

The 3ENF model reaches a maximum load of 1306.1 N at an indenter dis-

placement of 3.61 mm. At peak load, static-step stabilization constitutes the

primary numerical contribution (RSD = 0.6381%), whereas RCD = 0.0013% and

RAE = 0.0010%. During post-peak shear propagation, cohesive viscous dissipation

and stabilization ratios increase to peak values of 0.81% and 0.94%, respectively,

while arti�cial strain energy remains below 0.020%.

All monitored numerical energy contributions remain strictly below 1% of in-

ternal energy across both fracture modes. These results con�rm that arti�cial

numerical damping and viscous regularization do not spuriously alter predicted

peak loads or delamination propagation responses.

4. E�ect of brick length and layer o�set

Brick length and layer o�set govern the spatial distribution of matrix pockets

and the overlap domain between adjacent plies. Their mechanical in�uence is evalu-

ated in this section under uniaxial tensile, Mode I double-cantilever beam (DCB),

and Mode II three-point end-notched �exure (3ENF) loading conditions. Con-

stituent properties, cohesive parameters, target mesh discretizations, and solver

controls are held constant within each parametric sweep. Table A.1 de�nes the ref-

erence geometries, while Appendix A records the matrix damage energies applied

across campaigns.

The DCB and 3ENF fracture sweeps utilize 28-ply specimens featuring a 66 mm

initial pre-crack positioned between plies 14 and 15. Interfaces 13�15 provide

candidate cohesive failure paths (Section 2.2.4). These analyses incorporate ma-

trix plasticity and cohesive interface damage while deactivating intraply Hashin

degradation, isolating interlaminar crack propagation from progressive �bre fail-
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ure. Both fracture con�gurations are discretized using plane-strain 4-node reduced-

integration (CPE4R) elements, with target element heights of 0.0417 mm within the

two plies bounding the pre-crack and 0.0833 mm throughout the outer blocks.

For DCB modeling, the reference mesh comprises 187,680 elements. Equal

and opposite vertical displacements of ±12.5 mm are applied at reference points

located at x = 21 mm, generating a total opening displacement of 25 mm. The

implicit static analysis utilizes unsymmetric matrix storage, initial and minimum

time increments of 10−5 and 10−8, a maximum increment of 0.1, and a static

stabilization factor of 2× 10−6 with an adaptive tolerance of 0.05.

For 3ENF modeling, the reference mesh contains 119,136 elements. Lower

support rollers located at x = 31 mm and 131 mm establish a 100 mm span, while

a central indenter at x = 81 mm imposes a downward displacement of 3.8 mm. All

three cylindrical rollers feature a 5 mm radius with a roller-to-specimen friction

coe�cient of 0.10. Contact conditions develop naturally during loading without a

separate seating phase. Unsymmetric storage is enforced with initial, minimum,

and maximum increments of 10−5, 10−8, and 10−2, respectively, alongside step

stabilization of 10−7. Table A.3 details the cohesive traction-separation parameters

and viscosity coe�cients.

4.1. E�ect of brick length

4.1.1. Tensile response

The tensile brick-length study compares 10, 25, and 50 mm brick geometries

discretized using four elements per ply (e4 mesh) with progressive Hashin damage

evolution. Each architecture incorporates 0.5 mm matrix pockets and an alternat-

ing half-pitch o�set sequence. Numerical tensile strength predictions are presented

in Figure 9 and Table 5, benchmarked against experimental data for the same ma-

terial system [19].
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Figure 9: Maximum tensile stress of the e4 progressive Hashin models compared with experimen-

tal means and standard deviations for 10, 25, and 50 mm brick lengths [19]. Percentage labels

indicate relative �nite element error relative to experimental means.

Table 5: Comparison of e4 progressive tensile strength predictions against experimental measure-

ments.

Lbrick (mm) Experiment (MPa) FE maximum

(MPa)

Error (%)

10 850± 50 792.5 −6.8

25 960± 80 819.6 −14.6

50 690± 70 776.5 +12.5
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The numerical model underestimates experimental strength by 6.8% and 14.6%

for 10 mm and 25 mm bricks, respectively, while overestimating strength by 12.5%

for 50 mm bricks.

4.1.2. DCB response

Interlaminar fracture behavior was evaluated across brick lengths ranging from

10 to 50 mm at 5 mm increments. The resulting load�displacement responses in

Figure 10 and maximum loads in Table 6 illustrate the in�uence of brick dimensions

on Mode I opening and Mode II shear fracture.
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Figure 10: E�ect of brick length (10 to 50 mm) on (a) DCB load versus total opening displacement

and (b) 3ENF load versus indenter displacement. Open endpoint symbols denote incomplete

analyses (15 mm and 45 mm 3ENF). The inset highlights the 3ENF peak load domain.

All DCB simulations successfully achieved the prescribed 25 mm opening dis-

placement. Peak DCB loads ranged from 140.7 N (15 mm bricks) to 156.3 N

(50 mm bricks), representing an 11.1% variation relative to the minimum. Interme-

diate brick lengths exhibited non-monotonic trends: peak load decreased between

20 mm and 35 mm before rising at 40 mm. While initial opening compliance re-

mained insensitive to brick length, the displacement and magnitude of post-peak

load drops varied systematically due to spatial shifts in matrix pocket locations
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Table 6: Maximum recorded fracture loads across the brick-length parametric sweep. Parentheses

designate incomplete analyses.

Lbrick (mm) DCB maximum

(N)

3ENF maximum

(N)

3ENF state

10 141.8 1218.7 Complete

15 140.7 (1163.9) 95.9%

20 148.0 1255.9 Complete

25 146.3 1310.8 Complete

30 145.1 1306.1 Complete

35 141.0 1220.9 Complete

40 154.4 1310.9 Complete

45 150.5 (1290.8) 96.9%

50 156.3 1300.0 Complete

relative to the initial crack tip. Figure 11 illustrates the transverse normal stress

(S22) concentration surrounding the propagating crack tip.

DCB – brick length 30 mm

Figure 11: Transverse normal stress distribution (S22, in MPa) during DCB loading for a 30 mm

brick length, showing crack-tip stress concentrations.

4.1.3. 3ENF response

Completed 3ENF simulations yielded peak loads between 1218.7 N and

1310.9 N. The 25, 30, and 40 mm brick con�gurations achieved the highest peak
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loads, whereas 10 mm and 35 mm bricks produced lower maxima. This ranking

contrasts with Mode I DCB testing, where 50 mm bricks sustained the highest

load. The 15 mm and 45 mm 3ENF simulations terminated prematurely at

95.9% and 96.9% of total displacement; their recorded values are parenthesized in

Table 6 and excluded from peak load comparisons.

Combined fracture results demonstrate that increasing brick length does not

monotonically enhance structural load capacity. Because altering brick length

alters the spatial o�set between matrix pockets, initial crack tips, and external

loading points, observed fracture performance depends heavily on the interaction

between architectural geometry and loading mode. Figure 12 displays the in-plane

shear stress (S12) distribution during Mode II delamination.

3ENF – brick length 30 mm

Figure 12: In-plane shear stress distribution (S12, in MPa) during 3ENF loading for a 30 mm

brick length, highlighting crack-tip shear stress concentration.

4.2. E�ect of layer o�set

4.2.1. Tensile response

The layer-o�set study maintained a constant 10 mm brick length while evalu-

ating four stacking arrangements: alternating half pitch, aligned pockets, quarter-

pitch progression, and an irregular sequence.

As shown in Figure 13, layer arrangement strongly governs tensile sti�ness and

strength. The quarter-pitch sequence achieved the highest initial elastic modulus
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evaluated at identical nominal strain.
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(103.9 GPa) and ultimate strength (818.9 MPa), compared to 101.8 GPa and

794.2 MPa for alternating half-pitch o�sets. The irregular sequence retained a

high initial modulus (100.6 GPa) but exhibited premature damage localization,

limiting maximum stress to 446.8 MPa.

Completely aligned pockets severely compromised performance, reducing initial

modulus to 50.5 GPa and maximum stress to 98.8 MPa. Aligning pockets creates

continuous, transverse matrix-rich planes through the laminate thickness, forming

highly compliant channels that concentrate plastic strain and damage. O�setting

pockets breaks up these continuous soft channels, redistributing load through shear

stress transfer across adjacent bricks (Figure 14).

4.2.2. DCB response

The four layer-o�set sequences were evaluated in 28-ply fracture specimens

utilizing 25 mm bricks.
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incomplete aligned simulations.
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Table 7: Layer-o�set comparison for Mode I DCB and Mode II 3ENF fracture simulations.

Sequence DCB

maximum (N)

3ENF

maximum (N)

Aligned 103.0 724.6

Alternating half

pitch

146.6 1310.8

Quarter-pitch

progression

151.1 1264.0

Irregular 151.5 1293.1

Completed DCB simulations exhibited similar peak opening loads: 146.6 N for

alternating half pitch, 151.1 N for quarter-pitch progression, and 151.5 N for the

irregular sequence (Table 7), representing a 3.3% spread relative to the alternating

baseline. Conversely, aligned matrix pockets resulted in signi�cantly increased

compliance and a substantially lower peak load of 103.0 N (Figure 15).

4.2.3. 3ENF response

In 3ENF shear fracture tests, alternating half-pitch o�sets sustained the highest

peak load (1310.8 N), followed by the irregular sequence (1293.1 N) and quarter-

pitch progression (1264.0 N). These peak loads varied by only 3.7%, though their

relative ranking di�ered from DCB opening response. Layer arrangement exercised

a stronger in�uence on post-peak softening behavior, with load drops ranging

from 13.6% to 33.5%. The aligned sequence again exhibited the lowest mechanical

performance (724.6 N peak load).

Optimal architectural parameters depend on the dominant loading mode and

performance criteria. While 25 mm bricks provided maximum tensile strength

among tested lengths, 50 mm bricks sustained the highest Mode I DCB peak

load. Similarly, quarter-pitch o�sets maximized tensile strength, whereas alternat-
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ing half-pitch o�sets yielded the highest Mode II 3ENF peak load. These �ndings

highlight the necessity of tailoring brick dimensions and o�set sequences to speci�c

structural loading environments rather than relying on a single universal architec-

tural con�guration.

5. Discussion and Conclusions

The developed scripts provide a repeatable framework for investigating the ten-

sile and fracture responses of staggered brick-and-matrix composites. Two tensile

scripts generate periodic-cell and �nite-gauge models, while dedicated DCB and

3ENF scripts generate Mode I and Mode II fracture specimens. Three Abaqus/CAE

plug-ins reproduce the principal model de�nitions as editable native models. To-

gether, these tools support systematic domain veri�cation, mesh assessment, ex-

perimental comparison, and architectural optimization.

For the baseline architecture examined, the di�erences in initial elastic modulus

and maximum tensile stress between the single-period unit cell and the eight-period

�nite-gauge specimen are only 0.42% and 2.63%, respectively. This close agreement

supports the use of a computationally e�cient unit cell with longitudinal periodic

boundary conditions to predict elastic sti�ness and pre-peak strength, despite the

non-linearities associated with damage initiation.

The mesh-sensitivity study demonstrates that activating intralaminar Hashin

damage evolution introduces severe discretization dependence in predicted ulti-

mate stress. Conversely, non-local initiation-only post-processing criteria elimi-

nate softening-induced mesh dependence. The full-ply and half-ply connected-

band criteria yield the closest agreement with experimental test data, whereas

the enriched-ply spatial averaging criterion provides maximum objectivity against

mesh re�nement (< 0.60% variation).
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The global energy audit con�rms that viscous regularization (ALLCD), arti�cial

strain energy (ALLAE), and static stabilization (ALLSD) remain negligible (< 1%

of internal energy) prior to peak load across all evaluated models. However, the

sharp increase in ALLCD during post-peak load shedding highlights that descending

load�displacement branches require careful veri�cation before extracting residual

strength or fracture energy.

Parametric architectural sweeps demonstrate that altering brick length changes

load-transfer paths, resulting in a non-monotonic tensile strength response. Layer

o�set alignment exerts an even stronger e�ect: continuous transverse matrix chan-

nels severely reduce both initial elastic modulus (50.5 GPa vs. 101.8 GPa) and

peak tensile capacity (98.8 MPa vs. 794.2 MPa) by localizing plastic deformation.

Interlaminar fracture simulations show similar sensitivity to matrix pocket lo-

cations relative to crack tips and loading points. Changing brick length shifts

crack propagation events, producing non-monotonic peak load trends. Among

non-aligned o�set sequences, peak loads vary within narrow bands (3.3% in DCB

and 3.7% in 3ENF), whereas post-peak load drop and crack propagation paths

display pronounced structural variations. Fully aligned architectures consistently

exhibit degraded mechanical performance across both fracture modes.

These conclusions are speci�c to the material properties, geometries, boundary

conditions, and solver controls evaluated within this two-dimensional framework.

Applying these �ndings to alternative composite architectures requires repeating

numerical veri�cation and experimental validation rather than assuming universal

transferability. The automated framework established here directly enables such

systematic investigations.
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Data availability

The Staggering model-generation scripts, Abaqus/CAE plug-ins, postprocess-

ing evaluators, selected processed numerical datasets, and associated documenta-

tion are publicly available at https://github.com/ResearchIdea/Staggering-softw

are. The postprocessing collection is located in postprocessing/ply_criteria

and includes full-, half-, quarter-, and enriched-ply criteria, comparison scripts, ref-

erence data, and usage instructions. Abaqus output databases and the complete

simulation campaign outputs are not publicly available.
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A. Reference model parameters

This appendix collects the reference geometries, discretisations, constituent

properties and cohesive parameters used in the numerical applications. Case-

speci�c changes are identi�ed in the corresponding studies.

A.1. Geometry and discretisation

Table A.1 lists the reference con�gurations. All plies are 0.14 mm thick. Unless

stated otherwise, successive plies alternate between o�sets of 0 and p/2, and brick

material direction 1 follows the longitudinal axis. DCB and 3ENF reactions from

the unit-thickness models are scaled to a specimen width of 22 mm.
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Table A.1: Reference geometries and discretisations.

Model Formulation Length (mm) Plies Thickness

(mm)

Lbrick/Lmatrix

(mm)

Mesh size

(mm)

Tension CPS4R, plane

stress

10.5 / 84.5a 8 1.12 10/0.5 0.035

DCB CPE4R, plane

strain

230 28 3.92 25/0.5 0.0417 /

0.0833

3ENF CPE4R, plane

strain

146 28 3.92 25/0.5 0.0417 /

0.0833

a One-period longitudinally periodic cell / eight-period �nite-gauge specimen. The �nite gauge

includes an additional 0.5 mm matrix-pocket allowance at its ends:

L = 8p+ Lmatrix = 84.5 mm.

A.2. Constituent and cohesive properties

Tables A.2 and A.3 specify the constituent and interface properties, including

di�erences between the tensile and fracture-test applications.

A.3. Matrix ductile damage

The matrix damage energy requires care because Abaqus converts the softening

law using the characteristic element length. Approximating the toughness density

as Ut ≃ σyεf gives 98 × 0.30 = 29.4 MPa. For the baseline characteristic length

of 0.035 mm, the corresponding value is Gf ≃ 1.029 N/mm. The adopted value of

1.50 N/mm is retained as the tensile reference parameter. It is �xed throughout the

tensile mesh comparisons rather than �tted separately to each mesh. The fracture

brick-length sweep uses the archived value of 1.47 N/mm; the later fracture-o�set

and matched-route studies use 1.50 N/mm. These campaigns are therefore com-

pared internally, not treated as identical realisations of one reference model.
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Table A.2: Reference constituent properties. Elastic moduli and strengths are in MPa; fracture

energies are in N/mm.

Constituent Constitutive

component

Parameters

Brick Orthotropic

elasticity

E1/E2/E3 = 120000/9000/9000;

ν12/ν13/ν23 = 0.30/0.30/0.40;

G12/G13/G23 = 3500/3500/2000

Brick Hashin initiation Xt/Xc/Yt/Yc/SL/ST = 1860/1489/105/250/70/70

Brick Hashin evolution Gft/Gfc/Gmt/Gmc = 80/100/1/1; viscosities

10−5/5× 10−5/5× 10−5/5× 10−5

Matrix Isotropic elasticity

and plasticity

E = 4000, ν = 0.30; (σy, ε̄
p) = (98, 0) and (101, 0.045) in

tension, with the second plastic strain set to 0.04 in DCB

and 3ENF

Matrix Ductile damage Initiation at ε̄p = 0.30, stress triaxiality 0.333 and strain rate

0; energy-based evolution with Gf = 1.50 in tension and the

fracture-o�set study, and Gf = 1.47 in the archived fracture

brick-length sweep

Table A.3: Reference surface-based cohesive properties.

Property Tension DCB 3ENF

Knn/Kss/Ktt

(MPa/mm)

106/106/106 104/104/104 104/104/104

Initiation Maximum nominal

stress

Quadratic nominal

stress

Quadratic nominal

stress

t0n/t
0
s/t

0
t (MPa) 118/144/144 60/80/80 60/80/80

Evolution Linear, energy based,

BK 1.5

Linear, energy based,

BK 1.5

Linear, energy based,

BK 1.5

GI/GII/GIII

(N/mm)

1.76/3.00/3.00 1.50/3.00/3.00 1.76/3.00/3.00

Reference viscosity 5× 10−5 2× 10−5 2× 10−5
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B. Cross-route implementation veri�cation

Matched 25 mm-brick models were generated through the standalone and na-

tive routes using equal parameter dictionaries. Table B.1 reports the semantic

and numerical checks. Each pair has the same element count. The two tensile

curves agree to numerical precision over their common converged interval. The

DCB and 3ENF peak-load di�erences are 0.016 and 0.007%, respectively. DCB

curve NRMSE is larger, 0.406%, because discrete crack-growth drops shift slightly

despite almost identical peak and work.
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Figure B.1: End-to-end comparison of matched standalone and native models. The comparison

veri�es implementation consistency and is not presented as a separate physical validation.

The �nal step times of the tensile pairs show that both progressive-damage

analyses terminate after passing their maximum load; the comparison is limited to
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Table B.1: Matched route-veri�cation cases. Di�erences are calculated over the common con-

verged interval.

Case Ne

NRMSE
(%)

Peak
di�. (%)

Work
di�. (%)

Final
step time

Finite-gauge

tension

23744 1.1× 10−6 0.000 6.5× 10−7 0.831 / 0.831

Periodic tension 23296 1.8× 10−6 6.9× 10−6 1.3× 10−6 0.820 / 0.821

DCB 187680 0.406 0.016 0.203 1.000 / 1.000

3ENF 119136 0.0045 0.0072 0.0030 1.000 / 1.000

the common converged response. Route veri�cation con�rms equal implementation

of the chosen model. This implementation check is distinct from the experimental

comparison in Section 4.1.1.

C. Standalone generator command reference

The four standalone generators use only the Python standard library. Each can

be run with Python 2.7 or Python 3, and every argument is optional. Omitting

an argument retains the value stored in the script's DEFAULTS or P dictionary. The

complete help for a generator is displayed with �help, for example:

python generate_tensile_periodic_inp.py --help

Tables C.1�C.3 list the published command-line interfaces. Options separated

by a slash are mutually exclusive. The progressive tensile calculations use --hashin,

which activates Hashin initiation and energy-based damage evolution; --no-hashin

omits the Hashin model entirely. The spatial-screening study starts from a --hashin

input �le. A separate initiation-only copy is prepared by removing the brick-

material damage-evolution and damage-stabilisation blocks while retaining Hashin

initiation and its �eld outputs, as described in Appendix C.1.
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Table C.1: Command-line options shared by the periodic and �nite-gauge tensile generators.

Group Arguments Function

Files and

formulation

--out-file, --job-name, --analysis-type Set the output path, job name and

plane-stress or plane-strain

formulation.

Architecture --ply-thickness, --n-plies, --brick-length,

--matrix-pocket-length,

--continuous-plies/--matrix-pockets,

--n-periods-x, --layer-o�sets, --ply-angles

De�ne the specimen, repeated cells,

material pockets, layer sequence and

brick orientations.

Mesh and load --elements-per-ply, --imposed-ux Set the through-ply mesh density

and prescribed positive tensile

extension.

Brick and

matrix damage

--hashin/--no-hashin, --max-degradation,

--matrix-damage-energy, --matrix-E,

--matrix-nu

Activate progressive Hashin damage,

set residual-sti�ness control and

de�ne the exposed matrix

properties.

Cohesive law --Knn, --Kss, --Ktt, --tn0, --ts0, --tt0, --GIc,

--GIIc, --GIIIc, --bk-power

Set independent penalty sti�nesses,

nominal strengths, fracture energies

and the Benzeggagh�Kenane

exponent.

Solution

controls

--linear/--nlgeom,

--unsymmetric-matrix/--symmetric-matrix,

--time-incrementation-controls/--default-time-i

ncrementation-controls, --initial-increment,

--minimum-increment, --maximum-increment,

--maximum-increments

Control geometric nonlinearity,

equation storage and static-step

increments.

Regularisation --cohesive-viscosity, --cohesive-stabilizati

on/--no-cohesive-stabilization,

--step-stabilization/--no-step-stabilization,

--step-stabilization-factor,

--adaptive-damping-ratio

Control cohesive viscous

regularisation and static-step

stabilisation independently.

Output --field-frequency, --history-time-interval,

--exact-time-marks/--no-exact-time-marks,

--node-field-variables,

--element-field-variables,

--contact-field-variables,

--energy-history-variables,

--rp-history-variables

Select �eld and history intervals,

exact marks and requested variables.
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Table C.2: Command-line options of generate_dcb_inp.py.

Group Arguments Function

Files and

formulation

--out-file, --job-name, --analysis-type Set the output path, job name and

plane-strain or plane-stress elements.

Architecture --length, --full-specimen-length, --width,

--n-layers, --layer-thickness, --brick-length,

--matrix-pocket-length,

--continuous-plies/--matrix-pockets,

--layer-o�sets/--layer-o�set-file

De�ne specimen dimensions,

brick-and-matrix geometry and one

o�set per layer.

Crack and

mesh

--initial-crack, --precrack-interface,

--potential-crack-interfaces, --nx,

--fine-element-size, --coarse-element-size

De�ne the initial delamination,

candidate paths and independent

central and outer mesh densities.

Material and

cohesive law

--matrix-damage-energy, --cohesive-sti�ness,

--cohesive-softening, --cohesive-stabilizati

on/--no-cohesive-stabilization,

--cohesive-damage-stabilization

Set matrix damage energy, common

cohesive sti�ness, linear or

exponential softening and cohesive

viscosity.

Loading and

solution

--grip-distance, --grip-rp-o�set,

--total-opening-displacement, --nlgeom,

--main-stabilization,

--unsymmetric-matrix/--symmetric-matrix,

--time-incrementation-controls/--default-time-i

ncrementation-controls, --linear-check

De�ne loading and nonlinear

controls. A zero main-stabilisation

factor disables step-level

stabilisation; --linear-check creates a

diagnostic 1 mm run.
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Table C.3: Command-line options of generate_3enf_inp.py.

Group Arguments Function

Files and

formulation

--out-file, --job-name, --analysis-type Set the output path, job name and

element formulation.

Architecture --length, --full-specimen-length, --width,

--n-layers, --layer-thickness, --brick-length,

--matrix-pocket-length,

--continuous-plies/--matrix-pockets

De�ne specimen dimensions and

select the staggered or

continuous-ply geometry.

Crack, �xture

and mesh

--initial-crack, --precrack-interface,

--potential-crack-interfaces, --left-support-x,

--nx, --fine-element-size, --coarse-element-size

De�ne the delamination, candidate

paths, �xture position and mesh

densities.

Material and

cohesive law

--matrix-damage-energy, --cohesive-sti�ness,

--knn, --kss, --ktt, --cohesive-softening, --coh

esive-stabilization/--no-cohesive-stabilization,

--cohesive-damage-stabilization

Set matrix damage energy and

common or independent cohesive

properties.

Loading and

solution

--main-displacement, --nlgeom,

--step-stabilization/--no-step-stabilization,

--main-stabilization,

--unsymmetric-matrix/--symmetric-matrix,

--time-incrementation-controls/--default-time-i

ncrementation-controls

Set indenter displacement, geometric

nonlinearity and independent solver

and step-stabilisation controls.

Output --history-time-interval, --exact-time-marks Set history spacing and optionally

require exact output times; exact

marks may force smaller increments.
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C.1. Examples of input-�le generation

The following examples use mm, N and MPa and are run from the directory

that contains each generator. A trailing backslash denotes continuation in a POSIX

shell; in Windows PowerShell it can be replaced by a backtick, or the complete

command can be entered on one line. Generation writes the input �le but does

not start Abaqus/CAE or submit an analysis.

C.1.1. Finite-gauge tensile model
python generate_tensile_uniform_inp.py \

--out-file example_tensile_uniform.inp \

--job-name example_tensile_uniform \

--brick-length 25 --matrix-pocket-length 0.5 \

--n-plies 8 --n-periods-x 1 --elements-per-ply 4 \

--imposed-ux 0.10 --max-degradation 0.95 \

--hashin --nlgeom --unsymmetric-matrix

C.1.2. Longitudinally periodic tensile cell
python generate_tensile_periodic_inp.py \

--out-file example_tensile_periodic.inp \

--job-name example_tensile_periodic \

--brick-length 25 --matrix-pocket-length 0.5 \

--n-plies 8 --n-periods-x 1 --elements-per-ply 4 \

--imposed-ux 0.10 --max-degradation 0.95 \

--hashin --nlgeom --unsymmetric-matrix

C.1.3. Spatially averaged Hashin screening

Unlike the other generation examples, this work�ow starts from the reposi-

tory root. First, generate a periodic tensile input �le with Hashin initiation and

evolution enabled:
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python \

python_inp_generators/tensile/generate_tensile_periodic_inp.py \

--out-file example_tensile_periodic.inp \

--job-name example_tensile_periodic \

--brick-length 25 --matrix-pocket-length 0.5 \

--n-plies 8 --n-periods-x 1 --elements-per-ply 4 \

--imposed-ux 0.306 --maximum-increment 0.005 \

--hashin --nlgeom --unsymmetric-matrix

Create a copy named example_tensile_periodic_init.inp. In this copy,

remove the *DAMAGE EVOLUTION and *DAMAGE STABILIZATION keyword blocks, in-

cluding their associated data lines, from the brick material de�nition (*MATERIAL,

NAME=COMPOSITE) only. Retain the Hashin damage-initiation de�nition and its

output requests. Do not remove the matrix damage or cohesive-interface de�ni-

tions. The --no-hashin option is unsuitable for this preparation because it removes

Hashin initiation as well as evolution.

Submit the initiation-only model from the repository root:

abaqus job=example_tensile_periodic_init \

input=example_tensile_periodic_init.inp cpus=1 \

interactive ask_delete=OFF

Then enter the postprocessing directory and evaluate the resulting ODB:

cd postprocessing/ply_criteria/studies/tensile_validation

abaqus python \

spatial_hashin_prototype/evaluate_hashin_spatial_average.py \

-- --odb ../../../../example_tensile_periodic_init.odb \

--json spatial_event.json --csv spatial_event.csv \

--trace spatial_trace.csv --gauge-length 25.5 \

--periodic-length 25.5 --radii 0.14

cd ../../../..
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The JSON and CSV outputs are written in the postprocessing directory. The

prescribed displacement corresponds to a target nominal strain of 1.2%. Con�rm

that the converged history reaches the screening threshold; otherwise, the failure

event cannot be determined from that analysis. This example illustrates the work-

�ow rather than reproducing the complete numerical campaign. The radius is a

physical length in millimetres and must not be changed when the mesh is re�ned.

For a di�erent ply thickness or material system it must be calibrated and then

checked against independent con�gurations.

C.1.4. DCB model
python generate_dcb_inp.py \

--out-file example_dcb.inp --job-name example_dcb \

--brick-length 25 --matrix-pocket-length 0.5 \

--n-layers 28 --initial-crack 66 \

--potential-crack-interfaces 13,14,15 \

--cohesive-softening linear --cohesive-stabilization \

--cohesive-damage-stabilization 2e-5 \

--main-stabilization 2e-6 \

--total-opening-displacement 25 --nlgeom YES

C.1.5. 3ENF model
python generate_3enf_inp.py \

--out-file example_3enf.inp --job-name example_3enf \

--brick-length 25 --matrix-pocket-length 0.5 \

--n-layers 28 --initial-crack 66 \

--potential-crack-interfaces 13,14,15 \

--left-support-x 31 --cohesive-softening linear \

--cohesive-stabilization \

--cohesive-damage-stabilization 2e-5 \

--step-stabilization --main-stabilization 1e-7 \

--main-displacement -3.8 --nlgeom YES
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After generation, an input �le can be submitted to Abaqus/Standard separately.

For example, the following command runs the periodic tensile case with one CPU

and double precision:

abaqus job=example_tensile_periodic \

input=example_tensile_periodic.inp cpus=1 \

interactive ask_delete=OFF

The processor count and precision mode are execution choices rather than

model generation parameters. The native plug-ins are instead launched from the

Abaqus/CAE Plug-ins menu and require no shell command.
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D. Enriched-ply post-processing method and script

The enriched-ply calculation is implemented in postprocessing/ply_criteri

a/studies/tensile_validation/spatial_hashin_prototype/evaluate_has

hin_spatial_average.py. It is a read-only Abaqus Python postprocessor: it does

not change the input �le, material law, mesh or ODB. Its purpose is to replace

a mesh-row-based onset de�nition by an index evaluated over a �xed physical

neighbourhood. The supplied implementation requires odbAccess, NumPy, the

stress �eld S, a brick element set named BRICK_ALL by default, and one history

region that contains U1 and RF1.

The script performs the following operations:

1. It opens the ODB in read-only mode and extracts the displacement and

reaction histories used to reconstruct nominal strain, stress and force.

2. It reconstructs the brick-element geometry from nodal coordinates, calculat-

ing each centroid, bounding box and area. Elements are assigned to a ply

from their centroid coordinate.

3. Within each ply, a union��nd graph separates disconnected brick regions

using shared full edges. When a periodic length is supplied, matching regions

at the two longitudinal boundaries are joined.

4. For every output frame, it evaluates Eq. (3) at each integration point, with

the positive-part extension described in Section 3.1.2, and retains the largest

value for each brick element. The stored stress components are assumed to

follow the material 1�2 directions used by the model.

5. It constructs neighbour pairs only within the same connected brick and ply.

Candidate searches are accelerated with spatial bins. For each requested

radius, the pair weight is

wij(R) = Aj

[
1− (rij/R)2

]2
, rij ≤ R, (D.1)
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and zero otherwise. Normalisation of these weights gives Eq. (4).

6. It locates the �rst frame for which the largest enriched index reaches the

requested threshold. The crossing time is linearly interpolated between ad-

jacent frames, after which U1 and RF1 are interpolated at the same time.

7. It writes a JSON record with the method and critical location, a CSV of �rst-

crossing events for every radius, and a CSV trace containing the maximum

local and enriched indices in every processed frame.

Table D.1 summarises the principal command-line inputs. The complete invo-

cation used for the examples is given in Appendix C. Radii are expressed in the

model length unit and must be held �xed when the mesh is re�ned.

The enrichment radius is not identi�ed by the mesh study. The value R = t

is retained as a layer-scale trial because it is �xed in physical units and does not

average beyond a single-ply length scale. It must nevertheless be calibrated once

and checked against independent geometries before the enriched criterion is used

as a predictive failure model. The current script evaluates �bre-tension initiation

only; it does not provide sti�ness degradation, post-peak evolution or a mixed-

mode intralaminar criterion for DCB and 3ENF.
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