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Abstract. This paper investigates, by combining theoretical and nu-
merical approaches, the mechanical behavior of an arcuate adhesion
(debond) crack located at the fiber—-matrix interface in a unidirec-
tional fiber-reinforced polymer-matrix composite subjected to longi-
tudinal sliding (Mode IlI, antiplane) loading. The composite medium
is modeled as a transversely isotropic elastic material. The distribu-
tion of interfacial shear stresses, stress concentration at the crack tip,
and the energy release rate required for crack propagation are evalu-
ated within the framework of a cohesive zone model (CZM). The crack
growth threshold is determined using the energy criterion G > G,
where G is the interfacial energy release rate and G is the critical
fracture energy inherent to the material—interface system. Example cal-
culations and parametric studies show that the stress field localizes at
the crack tip and the energy dissipation intensifies; increasing the in-
terface stiffness k; suppresses crack advance and limits energy spread-
ing. The proposed modeling scheme provides a practical methodolog-
ical basis for assessing microcracks in composite structures, selecting
interface-strengthening strategies, and improving structural durability
in high-reliability aerospace and automotive applications.
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1 Introduction

The widespread use of composite materials in aerospace, automotive, energy, and mechan-
ical structures is driven by their high specific strength, low weight, and design flexibility
[3,9]. In particular, in unidirectional fiber-reinforced polymer-matrix composites, the major
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portion of load-carrying capacity is provided by the fibers, while the matrix binds the fibers,
transfers the load, and maintains geometric stability [9].

A significant part of the failure mechanisms in these materials occurs at the fiber—matrix
interface. Since stress transfer from fibers to matrix under external loading depends di-
rectly on interface quality, interfacial weakening (adhesion loss, delamination, micro-bond
rupture) can lead to the formation of arcuate or partial debond cracks [12,14]. Under lon-
gitudinal sliding (Mode III) loading, interfacial shear stresses dominate; therefore, sharp
stress concentration and energy accumulation develop near the crack tip, accelerating crack
propagation [6,19].

Classical linear elastic fracture mechanics (LEFM) often predicts singular (infinite)
stresses at the crack tip and thus cannot fully capture physically observed gradual soft-
ening and progressive bond breaking in real materials [16]. For this reason, cohesive zone
models have been widely adopted over recent decades because they provide a more physi-
cally realistic description of finite crack-tip stresses and energy-based fracture mechanisms
[19].

The aim of this study is to model the stress and energy distributions for an arcuate
adhesion crack at the fiber—matrix interface in a unidirectional composite under longitudinal
sliding loading, and to systematically evaluate how key parameters (interface stiffness, fiber
volume fraction, and elastic property ratios) influence crack development.

2 Literature review

Fundamental references on failure mechanisms in fiber composites indicate that fracture
typically develops through a combination of fiber breakage, matrix cracking, and interfacial
debonding processes [9]. Although classical elasticity and LEFM-based models are useful
for simplified descriptions, their accuracy is limited in real systems due to heterogeneous
microstructure, anisotropic mechanical response, and nonlinear separation along the inter-
face [3,18].

Within the framework of transversely isotropic and laminate composite mechanics, dif-
ferences in mechanical properties along the fiber direction and in the transverse direction
affect both the stress field and the crack growth direction [3,18]. Because shear compo-
nents are dominant in antiplane (Mode III) conditions, analysis of interface cracks under
longitudinal sliding occupies a special place [6,16].

Cohesive zone models account for the “process zone” (softening zone) near the crack tip
and link failure to energy via traction—separation laws, allowing crack initiation and propa-
gation to be assessed in a unified framework [19]. This approach more adequately describes
progressive bond rupture, micro-friction associated with sliding, and energy absorption at
the fiber—matrix interface [12,19].

Overall, the literature shows that the stability of interface cracks in fiber composites is
governed not only by the maximum stress, but also by the energy release rate, interface stiff-
ness, and the ratios of material properties [6, 12]. Therefore, multifactor models combining
analytical and FEM-based methods are more appropriate for engineering applications.

3 Research aim and objectives

Studies in fracture mechanics of fiber-reinforced composites indicate that the overall dura-
bility of a material depends not only on the properties of the fibers and matrix, but also on
processes occurring in their boundary region—the interface. In particular, under longitudi-
nal sliding loading, the formation and growth of arcuate adhesion cracks at the fiber—matrix
interface can severely weaken the structural integrity of the composite.
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3.1 Main aim

To model the mechanical behavior of an arcuate adhesion crack at the fiber—matrix inter-
face in a composite under longitudinal sliding, and to investigate the crack-tip stress and
energy distributions from both theoretical and applied perspectives. For this purpose, the
main mechanical parameters influencing the crack growth trajectory are identified, and the
localization of the stress field and the intensity of energy dissipation are evaluated.

3.2 Main objectives

— Review of the scientific literature: systematic study of previous research on frac-
ture mechanics of fiber composites, cohesive zone models, and analysis of interfacial
stresses;

— Model formulation: mathematical modeling of an arcuate crack at the fiber—matrix
boundary in a transversely isotropic elastic composite under longitudinal sliding;

— Boundary and equilibrium conditions: formulation of appropriate boundary condi-
tions and static equilibrium equations for accurate stress and displacement evaluation;

— Application of the cohesive zone model: definition of energy-based boundary functions
and fracture criteria along the cohesive zone near the crack tip;

— Energy dissipation calculation: analysis of the energy dissipation level along and
around the crack and assessment of the stability criterion;

— Parametric investigation: study of the effects of fiber volume fraction, interface stiff-
ness, and elastic modulus ratios on crack growth and stress distribution;

— Engineering applicability: evaluation of the potential of modeling results for practical
engineering structures, especially in aerospace and automotive industries.

4 Mathematical model and methodology
4.1 Transversely isotropic representation of the medium

Because elastic properties differ along the fiber direction and in the transverse direction in
unidirectional fiber-reinforced composites, the medium is modeled as transversely isotropic
elastic [3,18]. The main elastic parameters include:

— Ej—elastic modulus along the fiber direction;

— Fy = E3—elastic moduli in the transverse directions;
— (G12 = G13—shear moduli in fiber-transverse planes;
— 19 = 113 and 93—Poisson’s ratios.

Based on these parameters, linear elastic relations are established and the stress—strain rela-
tion accounts for anisotropic mechanical response [3,18].

4.2 Longitudinal slip (Mode III, antiplane) scheme

The displacement in the longitudinal slip mode is mainly described by the u(z, y) compo-
nent and the main shear stresses are [7,10]:

ou ou
Tz = G13 a;a Tyz = Goas 8; . 4.1)
The equilibrium equation (without considering body forces) is written as follows:
Or: \ Om _, 4.2)

ox dy
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Substituting expression (4.1) into (4.2), the following governing equation is obtained:

0 ou, 0 ou,
- =0. 4,
o7 (G13 oz > + y <G23 ay > 0 4.3)

This approach is consistent with the standard antiplane formulation of Mode III crack me-
chanics [6, 16].

4.3 Interfacial stress distribution and stress concentration

For a simplified analytical estimate, the interfacial shear stress is assumed to decrease lin-
early away from the crack tip:
x
() = Tinas (1 7) . 0<z<l, (4.4)
where x is the coordinate along the interface from the crack tip, [ is the characteristic crack
(or cohesive zone) length, and 7, is the maximum interfacial shear stress at the crack tip.
Nominal (average) breaking stress:

1 7
F= / 7(z) dz. 4.5)
L Jo
When expression (4.4) is substituted into (4.5),
Tmax
T = . 4.6
T 5 (4.6)

For nominal stress 7,om = 7, the stress concentration factor is

K, = Tmax 4.7
T

Considering expression (4.6) in (4.7),
K, =2. (4.8)

This parameter provides a compact characterization of the influence of interface weakness
on failure [6,16].

4.4 Cohesive zone model (CZM) and energy criterion

Progressive bond degradation at the crack tip is described using CZM. A linear softening
traction—separation law is adopted:

J

7-(5) = Tmax <1 - 5) ) 0<6 <, 4.9)

where 0 is the sliding displacement and ¢, is the critical displacement.
The energy dissipation rate (interface dissipation energy) is

5c
G = / 7(8) ds. (4.10)
0
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Integrating expression (4.9) in (4.10) gives

d

¢ 19 TmaxO,

G:/ Timax <1—> dy = 2 4.11)
0 Se 2

The crack propagation condition is given by the energy criterion
G > G, (4.12)

where G, is the critical fracture energy of the interface [19]. Thus, from expressions (4.11)
and (4.12), the crack progression condition is written directly as

Tma;(sc R (4.13)

In this work, energy is expressed in N/mm. Since

1 MPa -mm =1 -mm = 1 N/mm, (4.14)

mm?

the units used in the numerical example are mutually consistent.

4.5 Numerical modeling using FEM

In addition to analytical estimates, a 2D FEM model is employed to more realistically cap-
ture stress localization and boundary effects [18]. In the model:

— the bottom boundary is fixed (clamped);
— alongitudinal sliding load is applied on the top boundary;
— the interface crack and cohesive zone parameters are introduced along the interface.

This approach enables visualization and numerical quantification of crack-tip stress accu-
mulation and energy distribution.

The studied composite consists of a polymer matrix reinforced with unidirectional fibers.
Fibers mainly provide load transfer, and the matrix bonds them together. The interface re-
gion is mechanically weaker and can serve as a crack initiation site. A schematic cross-
section of the composite is shown in Fig. 4.5.

Fig.4.1. Cross-section of the composite structure.
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The mutual positioning of fibers, matrix, and the interface region in the microstructure
is presented in Fig. 4.5. This visualization clearly reflects functional regions of the inter-
nal structure and their mechanical roles. The light blue region represents the matrix phase,
which forms the structure, transfers load between fibers, holds fibers in place, and helps dis-
tribute external loads. The dark circles represent the fibers, aligned primarily in the longitu-
dinal direction, carrying the majority of the load and exhibiting high stiffness and strength.
The bright red band represents the adhesion crack along the fiber—matrix interface, which
symbolizes microcracks where stresses concentrate and failure may initiate.

In this study, a longitudinal sliding load is applied to the arcuate adhesion crack. The
load acts mainly along the fiber axis and generates interfacial shear stresses. The stress
distribution reaches a maximum near the crack tip and drives crack growth. This mechanical
action is schematically illustrated in Fig. 4.5.

Tappl

Fig.4.2.Shear loading scheme: an interface crack under longitudinal sliding (Mode III) loading and the applied shear
stress.

5 Example calculations and results

5.1 Material and model parameters

To more realistically evaluate the growth of adhesion cracks at the fiber—matrix interface,
example calculations and parametric analyses are carried out. The parameters are chosen for

a carbon fiber—epoxy system and used as input for the transversely isotropic elastic model
and the cohesive zone model [19].

Table 1 Mechanical and cohesive parameters used in the modeling of a unidirectional fiber-reinforced composite.

Parameter Symbol Value Unit
Fiber elastic modulus Ey 210 GPa
Matrix elastic modulus Em 3.5 GPa
Fiber volume fraction Vi 0.55 -
Poisson’s ratio (fiber—matrix) V19 0.28 -
Interface stiffness ki 2.0 x 103 MPa/mm
Crack length l 2.0 mm
Maximum cohesive shear stress Tmax 50 MPa
Critical displacement dc 0.015 mm

The material and cohesive parameters used in the model are given in Table 1. These
values fall within typical engineering ranges for carbon-fiber-reinforced epoxy composites
and are used as input in analytical calculations and FEM simulations.
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5.2 Analytical evaluation of interfacial shear stress along the crack

According to the adopted distribution,

T(Z) = Tmax (1 — 7) .
For example,
x=0: 7(0) = Tmax = 50 MPa, x=101=20mm: 7(l) =0 MPa.

The average shear stress is

_ 1 ! Tmax
T=-[ 7(x)dx = = 25 MPa.
L Jo 2
Thus, the stress concentration factor becomes
Tmax 90
K = = — = 2
T T o5

This result indicates that the crack-tip shear stress is twice the nominal level and confirms
that failure risk increases primarily in the crack-tip region [6, 16].

5.3 Energy release rate calculation (CZM)

The energy release rate is

TmaxOc

dc
G:/ 7(8) ds =
0 2

Substituting numerical values gives

50 x 0.015
G= % = 0.375 N/mm.

Therefore, if the critical interface energy satisfies G < 0.375 N/mm, crack propagation is
energetically feasible and the fracture process initiates [19].

To evaluate local energy dissipation and stress concentration at the crack tip, the cohesive
zone model is applied. The typical traction—separation relation for the cohesive zone is
shown in Fig. 5.3.

Figure 5.3 presents a typical shear traction—displacement 7—0 relation in the cohesive
zone near the crack tip. The blue curve shows how traction decreases linearly with increas-
ing displacement until it reaches zero. The shaded area represents the dissipated energy

G = fo ¢7(8) dd, which is a key parameter defining the crack growth threshold. This plot
is essential for energy-based fracture assessments, since it accounts not only for maximum
stress but also for energy dissipation and damage tendency.

Figure 5.3 shows the interfacial shear stress distribution 7(z). As seen from the graph,
the shear stress reaches the maximum 7,5 at the crack tip and decreases with distance
along the crack, approaching zero at x = [. This confirms that stress concentration forms at
the crack tip and that the critical zone governing failure is located at the crack tip. This type
of distribution is a typical analytical approximation for assessing interface crack growth
under Mode III loading.

The fact that interfacial shear stress is maximal at the crack tip and decreases with dis-
tance, as observed in Fig. 5.3, confirms stress concentration in the crack-tip region. Such
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Fig.5.2.Shear stress distribution along the crack.

analyses also provide a basis for verifying cohesive zone models and for practical validation
of mathematical modeling results.

The dependence of dissipated energy on interface stiffness is important from an engi-
neering standpoint. A stiffer interface provides higher resistance and therefore dissipates
less energy. Figure 5.3 shows the general trend between energy release rate (G and inter-
face stiffness k;. As k; increases, sliding displacements at the interface are constrained,
the deformation zone “narrows,” and energy absorption decreases. In other words, a stiffer
interface stabilizes load transfer, weakening the effective energy distribution required for
crack advance. This result explains the beneficial effect of interface strengthening measures
(surface treatment, coatings, appropriate coupling systems) on crack durability.

As interface stiffness increases, plastic deformation in the interface region decreases,
meaning less internal friction and more effective load transfer. Consequently, energy loss
during transfer is reduced and total energy dissipation decreases. This behavior is noticeable
in the range of interface stiffness from 1.0 MPa/mm to 3.0 MPa/mm. In addition, increased
stiffness helps preserve structural integrity and suppress microcrack initiation. A stiffer in-
terface distributes stresses more uniformly and prevents local energy accumulation.
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Fig.5.3. Energy release rate GG versus interface stiffness k; (inverse trend).

Thus, Fig. 5.3 indicates that increasing interface stiffness plays an important role in
composite optimization and can be considered a key technological parameter for improving
energy efficiency and crack resistance.

To analyze crack growth in composite structures, simulations based on the proposed
cohesive zone model are carried out. Using FEM, the crack-tip stress distribution and in-
terfacial energy distribution are determined. Model inputs are based on realistic material
properties.

Figure 5.3 shows the simulation environment developed using FEM and boundary con-
ditions. Layers and inclusions representing microstructural features are shown. Different

mesh densities are used in upper and lower regions to model different material characteris-
tics.

The bottom boundary is fixed, and mechanical loading is applied from the top. The lon-
gitudinal direction (X -axis) is indicated and deformation/energy transfer is tracked along it.
Circular inclusions represent the stiff phase in the composite. The parameters provided cor-
respond to the main mechanical and physical inputs: the modulus ratio of reinforcement to
matrix, the critical energy release rate, the stiffness parameter, and the fiber volume fraction.

Y I
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k; =67 MPas»

: V= 0.5
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Fig.5.4. Simulation environment (FEM model with boundary conditions).
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Accordingly, the FEM modeling environment and boundary conditions shown in Fig. 5.3
form the computational scheme for numerical analysis.

Figure 5.3 shows the stress field obtained from the FEM simulation. The stress com-
ponent distribution within the model is presented in MPa. The color scale indicates stress
intensity. Red/orange regions correspond to the maximum stresses (approximately 80-90
MPa), while blue regions correspond to minimal stresses (0—10 MPa).

Y

Fig.5.5.FEM result: stress field distribution.

The circular inclusions again represent the reinforcing phase. Higher stress concentra-
tion is observed near the crack tip on the right side, demonstrating how stresses accumulate
in critical regions under loading. Such simulations are valuable for identifying weak points
and potential fracture initiation zones. The stress increase aligned with the crack direction
supports damage prediction in structural mechanics. Thus, the analysis provides essential
information for improving durability and proposing optimal design solutions. Consequently,
stress localization near the crack tip observed in Fig. 5.3 is qualitatively consistent with the
analytical predictions.

6 Discussion

The results show that the behavior of an interface crack under longitudinal sliding is gov-
erned by the combined effects of two mechanisms: stress localization at the crack tip and en-
ergy absorption in the cohesive zone. The analytical distribution shown in Fig. 5.3 confirms
the maximum crack-tip shear stress and the decrease of 7(z) along the crack, indicating that
the crack-tip region is the governing zone controlling crack advance.

From an energy viewpoint, the relation G = Tyax0./2 directly links crack propagation
capability to cohesive parameters. In the example, G = 0.375 N/mm; therefore, if G, is
lower than this value, crack propagation is energetically favorable. This provides a more
stable and physically meaningful assessment than a “maximum stress only” criterion.

Parametric trends show that increasing interface stiffness k; suppresses crack propaga-
tion (Fig. 5.3). This is a crucial design signal: interface strengthening methods (fiber surface
treatment, coupling agents, coating layers) can enhance crack durability and improve ser-
vice reliability. Although increasing fiber volume fraction V7 raises load-carrying capacity,
if the interface is weak the crack-tip stresses can become more critical; hence, increasing
fiber content for high strength must be balanced by interface quality.
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FEM results shown in Figs. 5.3 and 5.3 qualitatively agree with analytical predictions:
maximum stresses concentrate near the crack tip, and the high stress gradient indicates that
crack growth will initiate from that region.

Overall, the results demonstrate the effectiveness of energy-based approaches and cohe-
sive zone models for modeling crack growth at the fiber—matrix interface. The study con-
firms that applying a multifactor approach (stress, stiffness, energy, fiber volume fraction,
etc.) provides a more accurate prediction of real mechanical behavior than elasticity theory
alone. The findings have application potential in high-reliability fields such as aerospace
and automotive industries.

7 Conclusion

This study modeled the behavior of an arcuate adhesion crack at the fiber—matrix interface
in a unidirectional fiber-reinforced composite under longitudinal sliding (Mode III) by com-
bining an analytical approach (simplified stress distribution plus cohesive zone model) and
FEM. The main conclusions are as follows.

1 Stress concentration and crack-tip effect. Analytical and FEM results show that the
maximum interfacial shear stress occurs at the crack tip and decreases with distance
(Figs. 5.3 and 5.3). This confirms that crack initiation and growth are governed by the
crack-tip region and that interface weakness directly affects structural durability.

2 Validation of the energy-based stability criterion. In the cohesive zone model, the
energy release rate is

Tmax0c

2

In the example, G = 0.375 N/mm, showing that crack growth depends directly on the
critical energy parameter G..

3 Effect of interface stiffness on crack durability. Parametric analysis indicates that in-
creasing k; reduces deformation amplitude in the cohesive zone and limits energy dissi-
pation (Fig. 5.3), slowing crack propagation and improving overall mechanical stability.

4 Effect of elastic modulus ratio. As the modulus ratio increases, load transfer shifts
more strongly to the fibers and the interfacial stress distribution changes, indicating that
interface quality is critical for high-stiffness composites.

5 Consistency between FEM and analytical predictions. FEM qualitatively confirms
analytical predictions, especially stress localization near the crack tip and the corre-
spondence with the energy dissipation zone, supporting the physical adequacy of the
cohesive zone model.

G =

Thus, the modeling demonstrates that interface stiffness and cohesive parameters are
the key factors controlling crack growth in unidirectional fiber composites, and optimizing
these parameters is an effective engineering strategy to improve mechanical reliability.

Recommendations and application prospects

1 Material selection for interface strengthening: selecting interface systems with higher
adhesion capability and chemical/mechanical compatibility is recommended.

2 Structural optimization controlling crack orientation: optimizing fiber arrangement,
particularly increasing fiber density in critical zones, can help suppress crack growth.

3 Multiscale simulation: extending the present 2D approach to 3D analyses will improve
accuracy for real structures.
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4 Experimental validation: experiments should be conducted on analogous physical mod-
els to calibrate and validate the numerical model.

5 Engineering applications: the approach is applicable in aerospace, automotive, con-
struction, and energy sectors for assessing safety in heavily loaded composite compo-
nents.

6 Integration into digital twin systems: integrating the simulation scheme into Digital
Twin platforms can enable real-time monitoring and prediction of crack evolution for
structural health management.
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