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Abstract.
Peridynamics  (PD)  naturally  captures  crack  initiation  and  propagation,  but  fully  PD fatigue 
simulations are computationally demanding. Hybrid CUF–PD approaches address this limitation 
by confining the 3D PD model to crack-prone regions and using efficient refined finite elements 
elsewhere.  This  work  represents  an  initial  attempt  to  extend  the  2D CUF–3D PD coupling 
framework to fatigue crack analysis by incorporating Silling’s peridynamic fatigue damage model. 
The resulting formulation enables efficient prediction of fatigue crack initiation and growth in plate 
and shell structures while preserving the high-fidelity crack description of 3D PD.

Introduction
Peridynamics (PD) provides an effective framework for fracture and fatigue analysis, as cracks can 
naturally initiate and propagate through the progressive failure of nonlocal bonds. Peridynamic 
fatigue models describe bond-level damage accumulation, enabling fatigue crack nucleation and 
growth  without  prescribing  crack  paths.  However,  fully  peridynamic  simulations  remain 
computationally  expensive,  particularly  for  3D fatigue  problems involving  numerous  loading 
cycles and repeated updates of nonlocal interactions.
Hybrid local–nonlocal modelling reduces this cost by limiting the PD discretization to damage-
prone regions and using more efficient local structural models elsewhere. In this context,  the 
Carrera  Unified  Formulation  (CUF)  provides  a  hierarchical  framework  for  refined  structural  
modelling with reduced computational cost.  Previous studies have shown the effectiveness of 
coupling 3D PD with CUF-based refined structural models[1], [2], [3]. More recently, a 2D CUF–
3D PD framework  [4] was developed for fracture analysis of plate- and shell-like structures, 
combining the efficiency of 2D refined models with the crack description capability of 3D PD. 
However, to the best of the authors’ knowledge, the use of a coupled 2D refined FEM/CUF–3D PD 
framework for fatigue crack initiation and propagation has not yet been reported.
Building on this framework, the present work incorporates Silling’s peridynamic fatigue damage 
model to extend 2D CUF–3D PD coupling to fatigue crack analysis. The proposed formulation 
enables fatigue crack initiation and propagation in plate- and shell-like structures under cyclic  
loading.

Methodology



This work extends the existing 2D CUF–3D PD coupling framework, originally developed for 
quasi-static fracture analysis, to fatigue cracking analysis. The 3D peridynamic model is used only 
in the expected damage region, whereas the surrounding elastic domain is represented by refined 
2D CUF elements for computational efficiency. In the peridynamic subdomain, material particles 
interact  with  neighboring  particles  within  a  finite  horizon,  and  the  linearized  bond-based 

equilibrium equation of material point  is written as
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where is the relative position vector,  is the volume associated with particle , and 

 denotes the family of particles within the horizon of particle  . The micromodulus tensor 

 defines  the  bond  stiffness.  After  assembling  all  pairwise  interactions,  the  discrete 
peridynamic equilibrium equation is expressed as
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The  elastic  subdomain  is  represented  by  2D CUF plate  elements,  which  reconstruct  the  3D 
displacement field from the x−y reference surface through a thickness-wise expansion: 
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where  are the 2D finite element shape functions defined on the plate reference surface, 

 are the CUF expansion functions along the thickness direction, and are the generalized 
nodal displacement variables. This formulation allows the 2D finite element region to retain a 3D 
displacement description while using a reduced structural model for the elastic part of the domain.
Substitution of this kinematic approximation into the principle of virtual work gives the discrete 
equilibrium equation of the CUF plate region:
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Here,   is obtained from the 3D constitutive relations integrated over the plate surface and 
thickness.  Therefore,  although  the  finite  element  model  is  2D  in  its  reference  domain,  the 
displacement and stress fields retain a 3D representation through the CUF thickness expansion. 
This point is essential for distinguishing the present 2D CUF–3D PD framework from previous 1D 
CUF–3D PD beam formulations.
Displacement compatibility between the 3D peridynamic grid and the 2D CUF plate region is  

imposed by Lagrange multipliers at  the coupling interface.  For each interface particle  ,  the 
peridynamic displacement is constrained to match the displacement reconstructed from the CUF 
plate approximation as.
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where  and  are the in-plane finite element shape functions and thickness expansion functions, 
respectively.
The resulting coupled system is
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where  is the coupling matrix assembled from the displacement compatibility constraints, and 

is  the  vector  of  Lagrange  multipliers.  This  treatment  does  not  require  a  one-to-one 
correspondence between the peridynamic particles and the finite element nodes, which allows the 
refined 2D CUF mesh and the 3D peridynamic grid to be selected independently according to 
accuracy and efficiency requirements.
Fatigue damage is introduced into the peridynamic subdomain through a bond-level remaining-life 

law. Each peridynamic bond is assigned a fatigue life variable , which evolves with the 

number of load cycles  as
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where  is the cyclic bond strain, and  and are fatigue parameters calibrated from experimental 
fatigue data. When the remaining-life variable reaches zero, the corresponding bond is irreversibly 
broken and removed from the peridynamic interaction list. In this way, fatigue crack initiation and 
propagation are captured naturally within the nonlocal region without prescribing an external crack 
path or additional crack-growth criterion.
The fatigue update is embedded into the 2D CUF–3D PD solution procedure. After each coupled 
equilibrium solution under cyclic loading, the cyclic bond strain is evaluated from the relative 
displacement of interacting peridynamic particles; the remaining bond life is then updated, and 
failed bonds are removed from the interaction list. In this way, the existing quasi-static 2D CUF–3D 
PD fracture framework is extended to fatigue cracking analysis.

Numerical Results
A square  plate  made  of  7075-T651 aluminum alloy  and subjected  to  an  in-plane  prescribed 
displacement was used as the first static verification example. The geometry, boundary conditions, 
and 2D CUF–3D PD coupling strategy are shown in Fig. 1a. The three-dimensional PD region was 
placed at the center of the plate, while the surrounding domain was discretized using high-order 
two-dimensional  finite  elements,  with  displacement  compatibility  enforced  through  the 
overlapping  region.  Fig.  1b  and  1c  also  present  the  Y-direction  displacement  field  and  the 
displacement  profile  extracted  along  the  plate  centerline.  The  results  show  a  continuous 
displacement transition across the FE region, PD region, and coupling zone, with no evident 
interfacial discontinuity, indicating that the proposed coupling method can correctly reproduce the 
static deformation response of the structure. 



(a)  Dimension, BCs and Modeling (b)  Y Displacementfield (c)  Displacement-coordinated relation in Y axle
Figure 1: Static verification of plate

A pre-crack was further introduced into the same square plate model along the X-direction, with an 
initial  crack  length  of  1.2  mm,  as  shown  in  Fig.  2a.  The  fatigue  parameters  were  set  as  

 and , with a PD grid spacing of 0.4 mm. Fig 2b and 2c show the damage 
distributions  after  N=400  and  N=600  loading  cycles,  respectively.  The  crack  progressively 
propagates from the initial crack tips under cyclic loading, demonstrating that the proposed model 
can capture fatigue crack growth without prescribing the crack path in advance.

(a) Predefined crack (b) N = 400 (c) N = 600
Figure 2: Fatigue cracking verification of plate

Conclusions
This work extends the existing 2D CUF–3D peridynamics coupling framework to fatigue crack 
analysis by incorporating a bond-level peridynamic fatigue damage model. The 3D PD model is 
restricted to the crack-prone region, while the surrounding elastic domain is represented by refined 
2D CUF plate elements, allowing local fatigue damage evolution to be captured with reduced 
computational cost. The static verification example shows a continuous displacement transition 
across the FE, PD, and coupling regions. The fatigue example further demonstrates that the model 
can reproduce progressive crack growth from an initial crack without prescribing the crack path. 
These preliminary results indicate the potential of the proposed framework for efficient fatigue 
crack analysis of plate-like structures.
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