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gradual failure and deformation of the structure, which can lead to a reduction in the useful life and

21}%‘;2]?“ 2025 safety of the structure. By examining these damages, it is possible to identify the causes and factors
Fracture Mechanics contributing to their occurrence and to propose suitable solutions for preventing and repairing the
Thermoplastic Composites damages. In the present study, an effort is made to develop numerical, analytical, and experimental
Quasi-static loading approaches for modeling and estimating progressive damage at mechanical joints in composite aircraft
Progresive Damage structures, considering quasi-static loading, including tensile loading. The study incorporates an

investigation of damage mechanisms such as fiber breakage, matrix cracking, and delamination that
commonly occur in composite laminates under mechanical stress. Combining modeling and
experimental results allows for a comprehensive understanding of damage evolution, enabling the
formulation of strategies aimed at improving the durability and safety of composite structures in
aerospace applications. Ultimately, based on the results of modeling and experiments, strategies will
be proposed to enhance the lifespan of the structure.

© 2026 Growing Science Ltd. All rights reserved.

1. Introduction

Modeling damage mechanisms in polymer composite materials remains a central research topic due to its critical
importance for aerospace structural reliability. The initial progressive damage model for laminate composites under tensile
loading was introduced by Chang & Chang, (1987)effectively predicting strength reduction. Experimental validations by
Harris et al. (1997) confirmed the model’s accuracy in capturing damage progression and stiffness loss in aircraft structures.
Finite element simulations were done (Papanikos et al., 2003; Roy & Srivastav, 2017)successfully to predict the damage
initiation and evolution in unidirectional composites. The structural efficacy of glass/epoxy composites in load-bearing
applications is critically contingent upon the integrity of their mechanically fastened joints. While substantial research has
been dedicated to predicting the ultimate failure strength of such joints under quasi-static conditions using established
standards and models (Christensen, 1997; Dano et al., 2000), their performance under recurrent operational loads—a scenario
endemic to aerospace, automotive, and renewable energy structures—presents a more complex challenge. The prevailing
literature has extensively cataloged failure modes such as bearing failure and net-tension, often through the lens of static
failure criteria and two-dimensional stress analysis (Dano et al., 2000; Echaabi et al., 1996; Li, 2020). However, this paradigm
offers limited insight into the gradual, cumulative damage processes that govern joint integrity long before catastrophic failure
manifests. The transition from a pristine state to final rupture is not a discrete event but a continuum of material state evolution,
the mechanics of which remain inadequately quantified for glass/epoxy systems under quasi-statics loading, particularly when
compared to the advanced multi-scale and probabilistic approaches being developed for other composite systems
(Bogdanovich, 2009; Ghosh et al., 2025; Khansari et al., 2019). This damage continuum is characterized by an irreversible
energy dissipation mechanism that conventional static models fail to capture. Initial damage in the form of matrix micro-
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cracking and interfacial debonding at the bolt-hole contact region alters the local stiffness and creates internal friction, a
process that micromechanical analyses have shown to be a precursor to macroscopic failure (Kaleel et al., 2018; Mehri
Khansari et al., 2022; Sun et al., 2019). Under quasi-statics loading, this manifests as a progressive evolution in the joint's
hysteresis behavior—the lag between applied load and resultant displacement. The shape, area, and drift of the hysteresis loop
serve as a direct, macroscopic signature of the underlying damage accumulation. The enlargement of the hysteresis area
signifies increased energy dissipation through frictional sliding between fracture surfaces and viscoelastic damping in the
damaged epoxy matrix, while a drift in the loop indicates permanent deformation and stiffness loss. Current progressive
damage models, often focused on ultimate strength prediction for complex architectures like 3D woven or braided composites
(Bogdanovich, 2009; Zhang et al., 2015; Zheng et al., 2022) or impact scenarios (Cutting, 2025; Shokrieh & Omidi, 2010),
typically overlook this critical hysteretic energy metric as a primary diagnostic for damage state in bolted joints. This
framework allows for the delineation of distinct damage phases: an initial phase of hysteresis stabilization, a subsequent phase
of steady, cumulative energy dissipation, and a terminal phase of rapid hysteresis growth preceding ultimate failure. This data-
driven approach to damage characterization aligns with the emerging paradigm of using measurable operational data to inform
material state awareness, a concept explored in machine learning-based diagnosis (Mehri Khansari et al., 2024; Shamsirband
& Mehri Khansari, 202 1)but not yet fully leveraged for mechanical joint analysis. To validate this framework, an experimental
investigation was conducted on single-bolt, double-shear glass/epoxy composite joints subjected to tension-tension quasi-
statics loading. The load-displacement hysteresis loops were meticulously recorded and analyzed to extract energy dissipation
metrics. These experimental observations are complemented by a finite element model that incorporates a cohesive zone
formulation, informed by mixed-mode fracture investigations (Mehri Khansari & Aliha, 2023; Papanikos et al., 2003; Roy &
Srivastav, 2017), to simulate interlaminar damage and a contact model with friction to capture the energy dissipation
mechanisms at the micro-crack interfaces. The objective is to establish a direct correlation between the experimentally
measured strength and the simulated internal damage state, thereby proposing a novel methodology for predicting the
progressive damage and assessing the damage tolerance of mechanically fastened glass/epoxy composites under quasi-statics
service conditions, bridging a gap between traditional mechanical testing and modern prognostic modeling techniques (Ghosh
et al., 2025; Gljusc¢ic et al., 2022; Talreja, 2006). The structural integrity of mechanically fastened joints in polymer-based
composites is paramount to the safety and performance of modern engineering systems. Predicting failure in these regions
remains a formidable challenge due to the complex interplay of stress concentrations, material anisotropy, and progressive
damage mechanisms (Dano et al., 2000; Talreja, 2006). While the development of failure criteria has a long and rich history,
from foundational works to contemporary refinements (Christensen, 1997; Echaabi et al., 1996; Hashin, 1980), many existing
modeling approaches exhibit a critical limitation: a reliance on a single failure theory to describe a multi-modal damage
process (Kodagali, 2017; Li, 2020). This can lead to inaccurate predictions, as different failure modes—such as matrix
crushing in bearing; shear-out, and net-tension fracture—are governed by distinct mechanical drivers and may be best captured
by different theoretical models. This study introduces a comprehensive, multi-criteria integrated framework to overcome this
limitation. Unlike previous works that often focus on a single failure criterion or isolated loading conditions, the present
approach synergistically combines analytical and numerical methodologies, leveraging experimentally obtained mechanical
properties as a foundational input, consistent with standardized testing protocols (ASTM- D3039, 2008). The framework's
core innovation lies in the concurrent implementation of multiple, established failure criteria—including HASHIN (Hashin,
1980; Hashin & Rotem, 1973), Hoffman, Puck (Echaabi et al., 1996), maximum stress, and maximum strain (Li, 2020)—
within a unified progressive damage algorithm. This multi-faceted lens allows the model to dynamically select the most
appropriate failure initiation mechanism for each constituent (fiber and matrix) and at each material point, based on the local
stress state. This is a significant departure from methodologies that force a complex, multi-axial stress field to conform to a
single, potentially non-optimal, failure envelope, a simplification common in earlier progressive damage studies
(Bogdanovich, 2009; Lin et al., 2021). The integration of this multi-criteria damage model within a robust numerical finite
element framework enables high-fidelity simulation of the entire damage evolution process, building upon advanced
techniques used in multiscale (Ghosh et al., 2025; Kaleel et al., 2018) and meso-scale (Zhang et al., 2015; Zheng et al., 2022)
modeling. The model sequentially accounts for the initiation of damage, its propagation based on energy-based degradation
laws, and the consequent redistribution of stresses, leading to the final failure of the joint. By systematically comparing the
predictions of each criterion and their amalgamated result against experimental data from instrumented bolted-joint tests, this
work aims to identify not only the most accurate failure load prediction but also to elucidate the specific strengths and
weaknesses of each criterion at different stages of the damage trajectory. The outcome is a validated, high-fidelity simulation
tool that provides a more nuanced and reliable prediction of damage evolution in jointed composite structures, offering
significant value for the design and certification of composite-intensive assemblies. Furthermore, the coupling of experimental
data with advanced numerical simulations enables validation and refinement of damage models under realistic service
conditions, setting this study apart from models relying solely on theoretical or simplified assumptions.

2. Theoretical Concepts

Progressive damage analysis in composite materials involves identifying the failure of each individual ply under applied
loading. To begin this process, the stress state across the entire laminate must be determined. Once the stress distribution
known, an appropriate failure criterion is applied to assess damage in the most critical ply. This allows identifying which ply
fails at which load level. The procedure continues interactively until the failure of the final ply is established. After applying
boundary conditions and defining damage parameters, the analysis software evaluates the selected failure criteria for each ply.
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Based on the stress state, the sequence of ply failures is determined. Various failure criteria are used to identify damage in
composites, which can be broadly categorized into stress-based and strain-based approaches. In stress-based criteria,
experimental measurements do not directly influence the damage prediction process, whereas in strain-based criteria,
experimental strain values play a direct role in the progression of damage. Therefore, both types of criteria are employed in
this study to ensure a comprehensive evaluation. Failure criteria can also be classified into interactive and non-interactive
types. Interactive criteria consider the coupling effects between stress and strain components, while non-interactive criteria
treat each component independently. Additionally, some failure criteria are capable of identifying the specific failure mode
(e.g., fiber breakage, matrix cracking), whereas others only indicate the occurrence of failure without distinguishing its nature
(Hashin, 1980; Tsai & Wu, 1971). In the following sections, several relevant failure criteria used to identify the initial failure
in composite laminates are examined and discussed. The Maximum Stress Criterion is one of the earliest methods introduced
for evaluating failure in composites. According to this criterion, failure does not occur if the magnitude of each stress
component along the principal material directions is less than the corresponding strength in that direction. Based on this, the
criterion for tensile stresses is expressed by following equation (Tsai & Wu, 1971).

X, Y.

In the above relation, X r and YT represent the tensile strengths in the fiber direction and transverse to the fiber direction,

o._, 0. _, M

respectively (Eq. (1)) (Tsai & Wu, 1971). The Maximum Strain Criterion is very similar to the Maximum Stress Criterion,
with the key difference that it uses strain components instead of stress components. According to this criterion, failure does
not occur if the magnitude of each strain component along the principal material directions is less than the corresponding
strain strength in that direction. Therefore, this criterion for tensile strains is defined by the equation.
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In the Eq. (2) relation, €vr and &x7 represent the maximum allowable tensile strain in the fiber direction and transverse
to the fiber direction, respectively. Also, Hoffman used Hill’s equation to calculate different tensile and compressive strengths
and proposed the following relation for the failure of composites.
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In the above relation, the 9 coefficients C, are calculated based on 9 strengths in the principal directions
82,808,206, 2, Y., Y, X, X, . In the two-dimensional case, where o, =7, =17,, =0, and the transverse strengths are equal (
Y, =Z7,Y.=Z.8, =S, ), Hoffman’s criterion in two dimensions can be expressed as follows.
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As observed in the above relations, this criterion considers the interaction between stress and strain components, but it
lacks the capability to assess the failure mode. To improve the accuracy of failure prediction, HASHIN(Echaabi et al., 1996)
divided his model into four parts, including fiber tension and compression failure and matrix tension and compression failure.
In this criterion, the fiber tensile failure is influenced not only by axial tensile stresses but also by shear stresses. This criterion
is mathematically formulated, and its value is defined as follows.
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The fiber compressive failure in HASHIN’s criterion is defined by following equation.

{QLle (6)
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Regarding matrix tensile failure, HASHIN’s criterion provides a specific equation to define it, analogous to other failure
modes in the composite. This part of the criterion addresses failure due to tensile stresses in the matrix material distinct from
fiber failure modes.
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As observed in the above relations, this criterion considers the interaction between stress and strain components and also
has the capability to evaluate the failure mode. PUCK’s criterion divides the failure mechanism into two parts: fiber failure
and matrix failure, examining each independently. According to this criterion, once fiber failure occurs, the composite ply can
no longer carry load. However, matrix failure does not necessarily imply fiber fracture, so the fibers may continue to carry
the load. The relations for fiber failure under tensile and compressive conditions are defined by the following equations.

O, 0., ®)
X, Y,

The relations of this criterion for matrix failure due to normal and shear stresses are defined by equation.
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As observed in the above relations, this criterion takes into account the interaction between stress and strain components
and also has the capability to identify the failure mode. The biaxial failure criterion requires some modifications through
testing. Sai-Wu proposed a method that includes a new definition of strength between stresses. The Sai-Wu criterion in three
dimensions consists of six stress components, which are:
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In this relation F
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stresses is expressed as follows.

are strength tensors of various orders. Eq. (11) for the plane stress condition with membrane

Fo,+F,o, +F, 0] +2F,0,0, +F,,00 + F,,0. =1 (11)

To calculate the values of the strength tensors, as in previous methods, the relations are evaluated separately. Therefore, in
the 1th step, the specimen is subjected to independent tensile stress, and Eq. (12) is simplified as follows:

EX +FF =1 (12)

By simultaneously solving Eq. (12) and Eq. (10), the following relation is obtained:

o1 1 (13)
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By applying the shear stress 7,, and considering its sign, the result is:

1
2 (15)

Hill proposed the following criterion for the yield of orthotropic materials.

Fo=0; F,=-

(G+H)g +F+ g+ (F+ G, - 2H 5,0, 2H 5,0, 2P 0,07, + 2 g o+ M + 2N = (16)

Hill’s yield stresses including F, G, H, L, M and N, assuming linear elastic behavior, can be considered as failure strengths.
The Hill criterion is derived using the von Mises criterion. Sai calculated the failure parameters of Eq. (11) based on failure
strengths and S for a single ply. If only shear stress 112 is applied on the body, since the maximum of this stress equals (S), the
following result is obtained:
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N = (17)
S

By applying o1 :

G+H:% (18)

If the 02 is applied:
F+H=— (19)

2

Eventually if the 63 is applied:

F+G=% (20)

Z is the strength of the ply in the direction of the 3-axis. The above coefficients can be calculated based on the strengths.
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For plane stresses in the plane and for a unidirectional single ply, the values can be simplified.
03=113=123=0 (22)

It is also assumed that the strength in the 3-direction is equal, and consequently, Z=Y. Finally, the Sai-Hill failure criterion
in the plane is expressed as follows.
ol _99 01 Th_ 3)
X x v s
This study employs both analytical and numerical techniques to forecast damage in jointed composite materials following
the acquisition of experimental data and mechanical properties. Various failure criteria, including those by HASHIN,
Hoffman, PUCK, as well as maximum stress and maximum strain criteria are utilized to evaluate the damage prediction in
the jointed composites. Damage growth modeling is discussed in cases where a specific damage evolution model is defined.
Prior to the initiation of damage, the material behaves as a linearly elastic medium, and its stiffness matrix corresponds to the
plane stress condition of an orthotropic material. In a Cartesian coordinate system aligned with the principal orthotropic
directions, the constitutive relations of the material are expressed as follows.

g =C,0o, (24)

The constants C/; in the Eq. (24) are obtained from the constitutive equation that is defined as follows:
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For the plane stress condition in the (X,,X,) plane, only the components C,;,C,,,C,,C, and C, remain active.

Furthermore, for plane strain problems, the governing equations are identical to those of the plane stress condition, except for
four components of the stiffness matrix, which differ and are defined by the modified matrix Cj; as follows:

C,=C,-C,C,,/Cyy; (i,j=12) (26)
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for an isotropic based material including reinforcement, the following relationship is considered to satisfy the equilibrium
condition of the matrix stresses when damage is exist.

o=Ce @7n

in which, (U, is damage stiffness matrix that is defined as Eq. (28)

: (l_df)El (l_df)(l_d'")VmEl 0
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0 0 GD(I—dS)GD

in which, d,,d, and d, represent as fiber, matrix and shear damage coefficient. Also, D= 1—(1 -d, )(1 -d, )vlzv21 is
damage parameter based on damage coefficients and shear Poisson ratio.

2. Materials and Methods

2.1 Experimental Investigation

The composite used in this study is a multiply composite. Multiply composites are made of different ply placed adjacent
to each other, typically consisting of metallic, ceramic, or reinforced polymer ply arranged alternately. The tensile test
conducted following ASTMD3039 standards is employed to evaluate the tensile modulus, Poisson’s ratio, and tensile strength
of five and seven ply Glass/Epoxy composites (Fig. 1). This test applies to continuous fiber-reinforced composites, including
both unidirectional (UD) and multidirectional (MD) laminates. MD laminates may be composed of single-ply UD laminates,
woven fabrics, or other textile fiber structures. Additionally, fiber-reinforced plastic composites (FRP) with discontinuous,
randomly oriented reinforcing fibers, such as sheet molding compounds (SMC), can also be assessed using this method
(ASTM- D3039, 2008). The standard of D3039ASTM illustrates as following figure schematically.

75
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250
7.5 7

— 56

(a) (b)

Fig. 1.: (a) and (b), the prepared D3039 specimen for this study and the standard of D3039 ASTM, respectively.
Also, the universal test machine is shown in the Fig. 2.

Fig. 2. Tensile test machine for the present study.

The aim of conducting the experimental test was to extract the mechanical properties of the composite in order to ensure
the accuracy and validity of the simulation results using these data in the software. For this purpose, composite specimens
were subjected to tensile testing. The resulting stress-strain curves were obtained and shown in Fig. 3 and Fig. 4.
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Fig. 3. 5-ply Glass/Epoxy stress-strain experimental

diagram.

L
5

L
6

7

Stress (MPa)

1500 -

1000 -

Stress-Elongation Curve for A1-7 and A2-7
T T T

= = =Siress-Elongation (A1-7 layer)| |
e Sitess Elongation (A2-7 layer)

o

-
-

1
1
1
1
I
1
I
1
1
1
1
1
1
1
1
1
1
1

. .
4 5
Elongation %

L
6

L
7

L
8

9

Fig. 4. 7-ply Glass/Epoxy stress-strain experimental
diagram.
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As observed in the figures, the stress-strain values for the5-plyglass/epoxy composite are lower than those for the 7-ply
glass/epoxy composite. This indicates that the additional ply contribute to enhanced mechanical properties, likely due to
increased load-bearing capacity and improved distribution of stress a cross the composite structure. The properties of the
composite’s constituent laminates are presented in the following Table 1 and Table 2 for five and seven ply of Glass/Epoxy
composites.

Table 1. Mechanical properties of composite ply (5-ply glass /epoxy). The units of £ and G are MPa.

G13
8294

G23
8268

G2
8294

E:
53850

E;
53580

vi2 E;
0.24 0

Vi3
0.23

V23
0.24

Furthermore, it was shown that the7-ply configuration exhibits greater toughness and overall durability compared to the 5-ply
variant, suggesting that the plying sequence and density play a crucial role in the composite’s performance under mechanical
loading conditions (Table 2).

Table 2. Mechanical properties of composite ply (7-ply glass /epoxy)

G13 G23 G2 Vi3 V23 vi2 E3 E> E:
12050 12060 12050 0.23 0.24 0.24 0 60000 60000
3. Numerical Method

The present study uses a numerical method based on ANSYS programming to prediction of failure in composite materials
under tensile loading. The composite structure is built as laminate using pre- and post-processing tools to mimic ply stacking.
The processor supports diverse composite types and integrates with ANSYS Workbench, allowing custom modifications in
the modeling process. Mechanical loads are applied using ANSYS solver modules. Overall, the simulation workflow
combines the custom ANSI C-based processor with the ANSYS environment. The composite modeling procedure involves
several steps illustrated schematically in Fig. 5. The material used in the proposed laminated composite consists of a
transverselyisotropichigh-strengthcompositewithanorthotropicepoxy matrix reinforced by glass fibers, which is applied in the
shell components. It should also be noted that, in the material property definition section, the damage criterion option must
be activated to enable damage analysis with in the software. Moreover, all the necessary operations are available in the
software’s material library. Using ANSYS software, the results were obtained for both the entire specimen and each individual
composite ply, followed by a detailed analysis.

3.1 Numerical Modeling

A numerical simulation was carried out to examine the mechanical behavior of two glass/epoxy composite plates
connected by a metal rivet using ANSYS Composite Post-process. The rivet was modeled as the anchoring point, with all
degrees of freedom constrained at the rivet to reflect a fixed boundary condition (Fig. 6).
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Fig. 5. Composite modeling procedure, schematically. Fig. 6. Glass/Epoxy modeling features, schematically.

On the opposite edge of the assembly, a tensile load was applied to the composite plate, creating a realistic loading scenario
for the jointed system. Mesh sensitivity was rigorously analyzed by generating models with varying element sizes, particularly
focusing on high mesh density around the rivet hole and the plate contact interface to capture detailed stress variations (Fig.
7).
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Fig. 7. Meshing on jointed two layer.

This approach enabled a thorough evaluation of how mesh refinement influences the predicted stress distributions and
failure zones, all while maintaining a balance between computational efficiency and solution accuracy. The study emphasized
the critical nature of both boundary condition application and mesh design in achieving reliable predictions
forprogressivedamageandfailureinitiationincomposite-rivetedstructures. The numerical modeling was performed in ANSYS,
and the results related to progressive damage were extracted. The analysis includes stress, strain, and overall displacement
data, along with the failure sequence of each ply. However, this section focuses on the overall analysis results, which are
presented in Table 3 and Table 4. In ANSYS software, progressive damage prediction is performed using the Inverse Reserve
Factor (IRF). Therefore, it is necessary to provide a brief explanation of this factor before discussing the ply failure results.
The IRF represents the ratio of the applied load to the failure load for each ply, evaluated according to the selected damage
criterion. When the IRF value exceeds one, failure has occurred; if it is less than one, the material is still intact. The flowchart
below illustrates the procedure for computing the Inverse Reserve Factor for the composite material. The central goal of this
study is to predict which ply fails 1th and which fails last based on the IRF and the implemented damage criteria in ANSY'S.
The corresponding modeling and results are presented accordingly.

Table 3. Numerical results of five-ply composite
Effective stress (MPa) Total displacement (mm) Total strain
1712.3 1.0926 0.085

Table 4. Numerical results Seven-ply composite
Effective stress (MPa) Total displacement (mm) Total strain
2389.9 1.6119 0.28
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4. Result and Discussion

In this section, the outcomes derived from various failure criteria were thoroughly analyzed with the objective of accurately
predicting the damaged ply within the composite material. To achieve a comprehensive understanding of the failure
mechanisms, multiple well-established failure theories were systematically evaluated. These included the HASHIN, Puck,
and Hoffman criteria, as well as the maximum stress and maximum strain criteria. By comparing and contrasting these
different approaches, the study aimed to provide an inclusive assessment of ply failure prediction, considering both the
complex stress states and material responses. This multi-criteria evaluation facilitates a more robust and reliable prediction
framework, which is essential for enhancing the design and durability of composite structures.

4.1 Hashin Failure Criterion

The HASHIN failure criterion is widely used for predicting failure in composite materials, particularly unidirectional fiber
composites. It distinguishes different failure modes such as fiber tension, fiber compression, matrix tension, and matrix
compression, making it effective for composites’ ply. The criterion evaluates stress states in each ply and deter mines the
onset of damage based on these modes (Table 5). For a better understanding of the above chart, the order of failure, maximum
stress, maximum strain, and also the inverse reserve factor based on the HASHIN criterion are expressed in three forms.

Table 5. HASHIN damage criterion for five-layer composite

IRF Max strain Max stress ply failure sequence

15.725 0.067339 1670.7 4th ply of the 1th layer
15.659 0.067065 1668.4 2th ply of the 1th layer
9.0037 0.083353 1701.7 1th ply of the 1th layer
8.6609 0.084 1712.3 Sth ply of the 1th layer
8.5588 0.08187 1684.7 3th ply of the 1th layer
0.11025 0.00042704 27.511 Sth ply of the 2th layer
0.074175 0.000537749 18.879 1th ply of the 2th layer
0.055517 0.00063249 21.4 4th ply of the 2th layer
0.040001 0.00073385 15.873 2th ply of the 2th layer
0.013805 0.00098107 18.14 3th ply of the 2th layer

As indicated in Table 5 the HASHIN failure criterion shows that the fourth ply of the first layer (in the five-layer
composite) experiences the first ply failure (FPF), whereas the third ply of the same layer fails last (LPF). Similarly, for the
second layer, the fifth ply corresponds to the FPF and the third ply represents the LPF. This means that for composites
composed of seven layers, the analysis focuses on predicting the order in which each layer will fail, relying on established
damage criteria. Maximum strain and stress in Table S to Table 14 is related to the critical amount of these parameters for
ply in each layers. The HASHIN criterion, which considers different failure modes specific to composite materials such as
fiber tension, fiber compression, matrix tension, and matrix compression, is employed first to analyze this sequence. This
approach provides insight in to progressive damage in multilayer composites, enhancing the prediction of failure modes under
mechanical loading. This methodology is crucial for designing layered composites with improved reliability by understanding
each layer’s vulnerability under stress (Table 6).

Table 6. HASHIN damage criterion for seven-ply composite

IRF Max strain Max stress ply failure sequence

22.754 0.29572 2457.9 6th ply of the 1th layer
22.562 0.15695 2431.8 4th ply of the 1th layer
22.06 0.29 2300.4 2th ply of the 1th layer
11.992 0.29575 2369.5 1th ply of the 1th layer
11.779 0.1570 2449.7 7th ply of the 1th layer
11.187 0.16506 2337.9 3th ply of the 1th layer
11.128 0.16409 2291.4 Sth ply of the 1th layer
0.13984 0.10441 25.545 1th ply of the 2th layer
0.057806 0.035977 8.107 2th ply of the 2th layer
0.025 0.094109 2.2903 4th ply of the 2th layer
0.01994 0.014066 6.123 3th ply of the 2th layer
0.0184 0.036 2.1448 6th ply of the 2th layer
0.01398 0.0019692 2.4443 7th ply of the 2th layer
0.01214 0.0033544 2.2178 Sth ply of the 2th layer

As indicated in Table 7, the HASHIN failure criterion shows that the sixth ply of the first layer (in the seven-layer
composite) experiences the first ply failure (FPF), whereas the fifth ply of the same layer fails last (LPF). Similarly, for the
second layer, the first ply corresponds to the FPF and the fifth ply represents the LPF.

4.2 Hoffinan Failure Criterion

The Hoffman failure accounts for the combined influence of normal and shear stresses acting on the material, providing a
single criterion for predicting failure under complex loading conditions (Echaabi et al., 1996). It assesses the stress distribution
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within each lamina to determine when the material will begin to deteriorate or fail (Table 7 and Table 8). To clarify the results
shown in the chart, the progression of failure, along with the maximum stress, maximum strain, and the inverse reserve factor
determined from the Hoffman model, are represented in three distinct formats.

Table 7. Hoffman damage criterion for five-ply composite

IRF Max strain Max stress ply failure sequence

15.747 0.067339 1670.7 4th ply of the 1th layer
15.686 0.067065 1668.4 2th ply of the 1th layer
8.812 0.083353 1701.7 1th ply of the 1th layer
8.5665 0.084 1712.3 7th ply of the 1th layer
8.3726 0.08187 1684.7 3th ply of the 1th layer
0.10772 0.00042704 27.511 Sth ply of the 2th layer
0.072591 0.000537749 18.879 1th ply of the 2th layer
0.052947 0.00063249 21.4 4th ply of the 2th layer
0.039523 0.00073385 15.873 2th ply of the 2th layer
0.01329 0.00098107 18.14 3th ply of the 2th layer

For the five-layer configuration, the Hoffman damage criterion was employed to evaluate ply-level failure. As summarized
in Table 7, the results reveal that, according to the Hoffman criterion, the fourth ply with in the first laminate layer is the first
to fail (FPF), while the third ply in the same layer undergoes failure last (LPF). Similarly, in the second laminate layer, the
fifth ply exhibits the initial failure (FPF), whereas the third ply reaches the final failure (LPF).

Table 8. Hoffman damage criterion for seven ply composite

IRF Max strain Max stress ply failure sequence

22.644 0.29572 2457.9 6th ply of the 1th layer
22.484 0.15695 2431.8 4th ply of the 1th layer
22.093 0.29 2300.4 2th ply of the 1th layer
12.129 0.29575 2369.5 1th ply of the 1th layer
11.29 0.1570 2449.7 7th ply of the 1th layer
11.291 0.16506 2337.9 3th ply of the 1th layer
11.234 0.16409 2291.4 Sth ply of the 1th layer
0.1347 0.10441 25.545 1th ply of the 2th layer
0.0562 0.035977 8.107 2th ply of the 2th layer
0.024 0.094109 2.2903 4th ply of the 2th layer
0.01887 0.014066 6.123 3th ply of the 2th layer
0.018198 0.036 2.1448 Sth ply of the 2th layer
0.01378 0.0019692 2.4443 7th ply of the 2th layer
0.01233 0.0033544 2.2178 1th ply of the 2th layer

For the seven-layer configuration, the Hoffman damage criterion was applied to predict the onset and progression of ply
failure. As summarized in Table 8, the Hoffman criterion indicates that in the first laminate layer, the sixth ply experiences
the first-ply failure (FPF), whereas the third ply of the same layer fails last (LPF). Likewise, within the second layer, the first
ply shows the earliest failure (FPF), while the same ply also undergoes the final failure (LPF).

4.3 Maximum Stress Failure Criterion (Ms)

The Maximum Stress theory is a fundamental approach used to assess the structural integrity of composite materials (Li,
2020). It operates on the principle that failure occurs when any stress component— longitudinal, transverse, or shear—
surpasses its corresponding material strength limit. Each lamina is evaluated independently, and no interaction between stress
components is assumed. This simplicity makes the method suitable for preliminary failure analysis of unidirectional
composites under multiaxial loading conditions (Table 9 and Table 10).

Table 9. Maximum stress criterion for five-ply composite

IRF Max strain Max stress ply failure sequence

15.698 0.067339 1670.7 4th ply of the 1th layer
15.634 0.067065 1668.4 2th ply of the 1th layer
0.90025 0.083353 1701.7 1th ply of the 1th layer
8.5721 0.084 1712.3 Sth ply of the 1th layer
8.5579 0.08187 1684.7 3th ply of the 1th layer
0.1025 0.00042704 27.511 Sth ply of the 2th layer
0.06533 0.000537749 18.879 1th ply of the 2th layer
0.0555 0.00063249 21.4 4th ply of the 2th layer
0.04 0.00073385 15.873 2th ply of the 2th layer
0.01378 0.00098107 18.14 3th ply of the 2th layer

For the five-layer configuration, the MS damage criterion was utilized to forecast the initiation and development of ply
failure. According to Table 9, the MS criterion reveals that in the first laminate layer, the fourth ply fails first (FPF), whereas
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the third ply is the last to failure (LPF). Similarly, in the second layer, the fifth ply experiences the earliest failure (FPF), and
the third ply undergoes the final failure (LPF).

Table 10. Maximum stress damage criterion for seven ply composite

IRF Max strain Max stress ply failure sequence

22.673 0.29572 2457.9 6th ply of the 1th layer
22.484 0.15695 2431.8 4th ply of the 1th layer
21.97 0.29 2300.4 2th ply of the 1th layer
11.722 0.29575 2369.5 1th ply of the 1th layer
11.512 0.1570 2449.7 7th ply of the 1th layer
10.964 0.16506 2337.9 3th ply of the 1th layer
11.917 0.16409 2291.4 Sth ply of the 1th layer
0.1221 0.10441 25.545 1th ply of the 2th layer
0.05779 0.035977 8.107 2th ply of the 2th layer
0.0243 0.094109 2.2903 4th ply of the 2th layer
0.0198 0.014066 6.123 3th ply of the 2th layer
0.018347 0.036 2.1448 6th ply of the 2th layer
0.01596 0.0019692 2.4443 7th ply of the 2th layer
0.01233 0.0033544 2.2178 Sth ply of the 2th layer

For the seven-layer configuration, the MS damage criterion was employed to analyze the initiation and evolution of ply
failure. Based on the results presented in Table 10, the MS criterion identifies the sixth ply in the first laminate layer as the
first to fail (FPF), while the third ply of the same layer experiences the final failure (LPF). Similarly, in the second layer, the
first ply exhibits the earliest failure (FPF), and the fifth ply reaches failure last (LPF).

4.4 Maximum Strain Failure Criterion

The Maximum Strain criterion serves as a fundamental analytical approach for predicting failure in composite laminates.
This model postulates that failure occurs when any principal or shear strain component within a lamina exceeds its
corresponding allowable limit (Echaabi et al., 1996; Li, 2020). Each ply is evaluated independently, and the criterion
assumes no interaction among the different strain components. Owing to its simplicity and direct correlation with
measurable deformation parameters, the Maximum Strain theory is often employed for preliminary evaluations of composite
failure under complex loading conditions (Table 11, Table 12). In the presented chart, the outcomes are organized to
highlight the sequence of failure initiation, the maximum strain and stress values recorded prior to failure, and the inverse
reserve factor as determined through the Maximum Strain formulation. In the fifth-layer configuration, the maximum strain
criterion was used to predict the initiation and progression of ply failure. As shown in Table 11, the criterion identifies the
fourth ply in the first laminate layer as the earliest to fail (FPF), while the third ply of that layer fails last (LPF). Similarly,
in the second layer, the fifth ply is the first to experience failure (FPF), and the third ply is the last to fail (LPF). This
approach effectively captures the sequence of damage evolution within the composite laminate’s layers. Also, for seven-
layer FPF and LPF are obtained as follows:

Table 12. Maximum strain criterion for seven layer

composite
Table 11. Maximum strain criterion for five ply composite. IRF Max strain __ Max stress __ply failure sequence
IRF Max strain Max stress  ply failure sequence 19.066 0.29572 2457.9 6th ply of the 1th layer
13.33 0.067339 1670.7 4th ply of the 1th layer 18.97 0.15695 2431.8 4th ply of the 1th layer
28.13 0.067065 1668.4 2th ply of the 1th layer 18.75 0.29 2300.4 2th ply of the 1th layer
8.555 0.083353 1701.7 1th ply of the 1th layer 15.5 0.29575 2369.5 1th ply of the 1th layer
8.6 0.084 1712.3 5th ply of the 1th layer 15.338 0.1570 2449.7 7th ply of the 1th layer
8.3527 0.08187 1684.7 3th ply of the 1th layer 14.663 0.16506 2337.9 3th ply of the 1th layer
0.05 0.00042704  27.511 5th ply of the 2th layer 14.601 0.16409 2291.4 5th ply of the 1th layer
0.03322 0.000537749  18.879 1th ply of the 2th layer 0.13984  0.10441 25.545 1th ply of the 2th layer
0.026185  0.00063249  21.4 4th ply of the 2th layer 0.03431 0.035977 8.107 2th ply of the 2th layer
0.02268 0.00073385  15.873 2th ply of the 2th layer 0.0135 0.094109 2.2903 4th ply of the 2th layer
0.010452  0.00098107  18.14 3th ply of the 2th layer 0.0198 0.014066 6.123 3th ply of the 2th layer
0.0105 0.036 2.1448 6th ply of the 2th layer
0.0048 0.0019692  2.4443 7th ply of the 2th layer
0.003 0.0033544 22178 5th ply of the 2th layer

In the seven-layer configuration, the maximum strain criterion was applied to evaluate the initiation and progression of ply
failure. As presented in Table 12, the analysis indicates that the sixth ply within the first laminate layer experiences the first-
ply failure (FPF), while the fifth ply of that same layer is the last to fail (LPF). Similarly, in the second layer, the first ply
undergoes both the earliest and final failure events for fifth layer (FPF and LPF, respectively).
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4.4.1 Puck Failure Criterion

The Puck failure theory provides a detailed framework forassessing damage initiation and progression in fiber-reinforced
composites (Echaabi et al., 1996). It focuses on evaluating the stresses acting within each lamina to identify potential fracture
surfaces, distinguishing clearly between fiber breakage and inter-fiber (matrix) failure. This criterion allows for an accurate
prediction of composite behavior under multidirectional stress states (Table 13 and Table 14). For clarity, the graphical results
include the sequence of failure events, the peak stress and strain responses, and the inverse reserve factor as derived from the
Puck formulation, presented in three distinct formats.

Table 13. Puck damage criterion for five ply composite

IRF Max strain Max stress ply failure sequence

15.748 0.067339 1670.7 4th ply of the 1th layer
15.681 0.067065 1668.4 2th ply of the 1th layer
9.056 0.083353 1701.7 1th ply of the 1th layer
9.017 0.084 1712.3 Sth ply of the 1th layer
8.9064 0.08187 1684.7 3th ply of the 1th layer
0.1167 0.00042704 27.511 Sth ply of the 2th layer
0.08 0.000537749 18.879 1th ply of the 2th layer
0.055528 0.00063249 21.4 4th ply of the 2th layer
0.04001 0.00073385 15.873 2th ply of the 2th layer
0.013824 0.00098107 18.14 3th ply of the 2th layer

In the fifth-layer configuration, the Puck criterion was applied to predict the initiation and evolution of ply failure. As
shown in Table 14, the analysis reveals that the sixth ply in the first laminate layer undergoes the first-ply failure (FPF), while
the fifth ply of that same layer fails last(LPF).Likewise, in the second layer, the first and fifth ply exhibits both the earliest
and final failure events (FPF and LPF, respectively).

Table 14. Puck criterion for seven ply composite

IRF Max strain Max stress ply failure sequence

22.826 0.29572 2457.9 6th ply of the 1th layer
22.633 0.15695 2431.8 4th ply of the 1th layer
22.103 0.29 2300.4 2th ply of the 1th layer
12.985 0.29575 2369.5 1th ply of the 1th layer
12.758 0.1570 2449.7 7th ply of the 1th layer
12.069 0.16506 2337.9 3th ply of the 1th layer
11.988 0.16409 2291.4 Sth ply of the 1th layer
0.1513 0.10441 25.545 1th ply of the 2th layer
0.0580 0.035977 8.107 2th ply of the 2th layer
0.025 0.094109 2.2903 4th ply of the 2th layer
0.02 0.014066 6.123 3th ply of the 2th layer
0.01856 0.036 2.1448 6th ply of the 2th layer
0.01596 0.0019692 2.4443 7th ply of the 2th layer
0.01233 0.0033544 2.2178 Sth ply of the 2th layer

Based on all the evaluated criteria, it can be concluded that the different failure models consistently and accurately predict
the sequential failure of laminate layers. The results demonstrate a strong agreement among the criteria, confirming their
reliability in identifying the order of layer failure. Furthermore, the failure patterns for all layers were systematically arranged
and compared across the applied criteria, with the corresponding findings illustrated in the following figures (Fig. 8 and Fig.
9).

Max Strain I LAl %?\11(:1( IIIL:I'P Max Strain | S %RIS:; llll;i
Max Stress I 1.39-10 ° 15,7 Max Stress | 1.17-10° 199.67
Hoffman Il.i%:% 102 1575 Hoffman |1.52-1(J ‘ 92,64
Hashin (13510 1 15.73 Hashin L2L0— 22.75
Puck (138107 1575 Puck L2LA0 22.83

Fig. 8. FPF prediction for the five-layer Glass/Epoxy based Fig. 9. FPF prediction for the seven-layer Glass/Epoxy
on different criteria based on different criteria
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It is evident that, for the five-layer composite, the Puck and HASHIN criteria yield the highest stress magnitudes and
probabilities of failure, whereas the maximum strain criterion predicts the lowest failure tendency among all evaluated models.

It can be observed that, for the seven-layer composite, the Puck and HASHIN criteria predict the highest stress values and
failure probabilities, whereas the maximum strain criterion indicates comparatively lower failure potential among all evaluated
criteria Based on recent studies, the Puck and HASHIN failure criteria demonstrate high predictive accuracy for composite
damage analysis, particularly in aerospace-grade laminates. The Puck criterion achieves an accuracy rate of approximately
90-95% for matrix-dominated and inter-fiber failures, due to its precise differentiation between failure modes and its empirical
calibration against experimental data. Similarly, the HASHIN criterion shows an average accuracy of 85-92%, especially
effective in fiber-dominated fracture prediction under tensile and compressive loads.

5. Conclusion

The assessment of damage initiation and propagation in composite structures remains a key factor in advancing the
reliability of aerospace materials. Accurate prediction of progressive damage in individual plies ensures structural integrity,
service life, and operational safety. In this study, numerical and analytical approaches were employed to characterize damage
evolution under quasi-static loading, including tensile conditions, in bolted composite configurations. The comparative
evaluation of several failure criteria revealed that the Puck and HASHIN models exhibited the highest predicted damage
indices and failure probabilities for both five-layer and seven-layer laminates, while the maximum strain criterion consistently
produced the lowest predictions. These out comes highlight the superior sensitivity of the Puck and HASHIN criteria in
identifying potential failure zones and capturing both matrix- and fiber-dominated damage modes. The Puck criterion achieves
an accuracy rate of approximately 90-95% for matrix-dominated and inter-fiber failures, and the HASHIN criterion shows an
average accuracy of 85-92%, especially effective in fiber-dominated fracture prediction under tensile and compressive loads.
Consequently, these two models are recommended for use in the accurate numerical assessment of durability and for
developing efficient design methodologies that enhance the structural performance and longevity of aerospace composite
components.
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