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The use of composite materials has emerged as a critical alternative to traditional metallic
structures, particularly in aerospace engineering where high strength-to-weight ratio and
structural integrity are essential. This paper presents an analytical and experimental
investigation of delamination in T300-3000 epoxy carbon fiber composites subjected to
three-point bending tests. The main contribution lies in the development of a predictive
model integrating Classical Plate Theory (CPT) with the Tsai-Hill failure criterion to
assess delamination initiation and propagation. A specially designed multilayered
laminate was tested under standardized conditions, and a strong correlation was observed
between experimental results and model predictions, with a deviation of less than 8% in
peak load estimations. The mechanical properties of the epoxy interface, along with Fiber
Volume Fraction (FVF), were also taken into account for a more accurate representation
of interlaminar stress distribution. The study highlights the limitations of the Tsai-Hill
criterion, particularly in differentiating tensile and compressive transverse failures, and
recommends the inclusion of higher-order shear deformation theories in future work. The
proposed approach offers valuable insights into the structural behavior of composites
under flexural loading and can guide the design of more damage-tolerant aerospace
components through better laminate configuration and non-destructive evaluation

strategies.

1. INTRODUCTION

A composite material is formed by mixing two or more
separate components to gain improved qualities. It is often
made up of a matrix (polymer, metal, or ceramic) and
reinforcements (carbon, glass, or aramid fibers, or ceramic
particles). The matrix serves as a continuous phase that
surrounds and binds the reinforcements together, whilst the
reinforcements give the material unique qualities like
mechanical strength and lightness. Composite materials are
widely employed in a range of industries due to their
exceptional mechanical qualities, including aerospace,
automotive, civil engineering, and sports [1].

Among these sectors, one of the most important uses of
composite materials is in aerospace. Composites have
supplanted conventional metallic structures in aircraft
fuselages, wings, tail sections, and engine components
because of their excellent strength-to-weight ratio, fatigue
resistance, and corrosion resistance. Carbon fiber-reinforced
polymer (CFRP) composites are frequently utilized in
contemporary aircraft to lower weight, increase fuel economy,
and increase flight range. Composites are also used in satellite
and spacecraft structures because of their great mechanical
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strength and thermal stability, which provide dependability in
harsh conditions. Composite materials are widely used in
aerospace, which greatly improves overall operational
efficiency, performance, and durability. Their vulnerability to
failure modes like delamination, however, continues to be a
serious worry.

The defects in composite materials can be differentiated into
intra-laminar and inter-laminar damage that occur respectively
by fiber and matrix damage and primarily by delamination. On
microscopic scales, they manifest themselves as micro-
cracking and micro-voids, whereas on macroscopic scales
such damage appears in the form of delamination, macro-
matrix cracking, fiber-matrix decohesion, or fiber failure.
These defects involve air bubbles, voids, foreign inclusions,
cracks, fiber defects (breakage or delamination), matrix
defects (porosity or insufficient polymerization), variations in
thickness and density, as well as manufacturing faults, any of
which can alter the mechanical properties and durability of
composites. This brings to light the emergence of non-
destructive testing (NDT) methods that can be used to identify
and evaluate structural integrity [2, 3]. These typical defects
are illustrated in Figure 1, which summarizes the most
common internal flaws observed in composite materials.
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Delamination, a common defect in composite materials,
includes the discontinuous carbon-epoxy composites in its
ranks. This occurs due to the presence of forces that separate
the layers of composite material and form a zone of weakness,
which can significantly reduce load-bearing capacity and
mechanical performance. This becomes extremely crucial in
aerospace applications as delamination can threaten the
integrity of primary structures, such as aircraft wings,
fuselages, and engine nacelles, where safety and durability are
of utmost importance.

Delamination may arise due to multiple factors, such as too
much mechanical stress, impact damage, poor adhesion
between layers, external environmental conditions, or
manufacturing defects. Because of the demanding safety and
operational requirements in the aerospace industry, it is
imperative to detect and mitigate delamination. As they allow
for the early detection of delamination and the mitigation of
possible structural failures, advanced non-destructive testing
methods like ultrasonic C-scan, thermography, and digital
image correlation are widely practiced [4, 5].

Fracture criteria for composite materials provides useful
input for the assessment of strength and prediction of
composite failure. The Tsai-Hill criterion estimates strength as
a function of principal stresses to derive ultimate stress at
failure in an off-axis stress state [6-9]. Similarly, Tsai-Wu
criteria serve to evaluate the strength of CFRP composites
subjected to different stress conditions [6, 8-14]. In broad
terms, interaction in stress components exploits the different
material orientations under the respective loading conditions.
Composite material failure is then predicted using these
criteria.

Other criteria worthy of consideration for composite
material failure assessment are the Tsai-Hill failure criterion,
the Tsai-Wu failure criterion, the Barlat failure criterion,
maximum stress criterion, maximum strength criterion,
damage factor, Tsai-Hill-based failure criterion, and Hoffman
failure criterion [13-16]. Each criterion has specific conditions
and inequalities for the prediction of fiber-dominated, inter-
fiber, or other types of failure modes.

The Hashin criterion [14, 15, 17, 18], for instance,
distinguish between fiber-dominated and inter-fiber failure
modes by taking into consideration the interaction of the
different different type stresses in the particular material. In a
similar vein, the Puck criterion predicts failure due to the
interaction of stress components to allow a correct assessment
of composite strength. Other than that, the Schurmann
criterion uses phenomenological models to accurately predict
composite laminate failures accounting for different failure
modes and interaction between the stress components. These
criteria are to be used to evaluate composite failure
mechanisms under different loading conditions and are often
compared to assess their effectiveness at predicting
experimental results. Crucial to the design, manufacture, and
use of composite materials, they ensure their strength,
durability, and performance under various loadings.

Higher-order quasi-3D kinematic plate theory accounts for
shear deformation effects. The peridynamic model based on
conjugate bonds provides a fresh view for studying the
mechanical behavior of laminated composite materials. It
embodies the interactions between the constituent layers of the
laminate with anisotropic and heterogeneous properties,
confinement effects, delamination, and interfacial deformation
phenomena [19, 20]. Classical laminated plate theorem
constitutes a solid foundation in structural engineering for the
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assessment of mechanical behavior of laminated composites.
It is based on the thin plate model, Kirchhoff assumptions for
deformations, integration of mechanical properties of
constituent layers, and a description of interaction by boundary
conditions [21].

Similarly, any attempt to deal with shear showing typical
response could be related to first shear, quite often in material
engineering and solid mechanics. Obviously, it deals with that
first phase of shear deformation-that is, that caused by the
critical shear stress, whereby most of the deformation is,
however, of a shear-like nature. This theoretical phenomenon
is important in the prediction of mechanical behavior,
particularly ductile material subject to substantial loads, and is
a basis on which the design and study of several field problems
resolve shear issues thus enhancing materials and structural
engineering [21].

Higher-order shear deformation theories (HSDT) are
essential tools in materials engineering for improvement in the
accuracy of conventional models when studying the behavior
of composite structures. They represent the warping of normal
fibers during deformation, allowing for better representation
of the behavior of composite plates and shells, and better
predictions of the structural response. These theories also yield
a more realistic distribution of transverse shear stresses
throughout the plate thickness, eliminating the need for shear
correction. Various formulations of HSDT, such as Sine and
third-order theory, offer different approaches to transverse
shear deformation and add up to a more complete and accurate
modeling of composite structures [21].

Whether single theory or refined or advanced, Single Layer
Equivalence Theories represent new advancements in the
ability to model composite structures. By combined
consideration of transverse shear deformation and normal
stresses, the value of this theory lies in improving the model's
accuracy. COz continuity requirements for displacement and
stress fields are met by these models providing a more realistic
representation of the mechanical behavior of composite plates
and shells. This approach provides a better prediction for the
structural response of composite materials, thereby improving
their use in various engineering fields [21].

Longitudinal Matrix Transverse
Failure Matrix Failure
Decohesion Fiber Matrix Fiber Break

Delamination

Figure 1. Defects in composite materials

2. METHODOLOGY
2.1 Classical plate theory (CPT)
He application of classical plate theory is proving to be a

valid and effective approach for the analysis of specific
structures, primarily due to its simplicity and its rapidity in



yielding very good values for deformations and stresses, thus
catering to the preliminary studies or rapid simulations. This
theory, although a simplification of reality, still remains
relevant in many engineering practices, especially with thin
structures where out-of-plane effects are minimal. It can also
be extended to include more complex models, such as
transverse shear effects or non-linear behavior. Its wide use in
industry, particularly in the analysis of laminated shells and
panels, makes it a reasonable choice for many applications,
especially when integrated with other methods such as the
finite element method for further analysis. However, it should
be noted that classical laminate theory has significant
limitations, such as its sensitivity to boundary conditions and
its neglect of out-of-plane deformations, which may require
the use of more advanced models to ensure accurate results,
particularly for anisotropic composites and under out-of-plane
conditions.

For our experiment, we used a sample consisting of twelve
layers (Figure 2) of T300- 3000/Epoxy laminate. Each layer of
this laminate consists of 30% epoxy resin and 70% carbon
fiber, in line with the usual proportions for this composite
material. The fibers in all layers were precisely aligned at 0°
to the intended orientation, to ensure consistency in the
mechanical and structural properties of the sample. We
selected this particular configuration for in-depth analysis of
the laminate’s performance under real-world conditions,
simulating a loading environment where strength and
durability play a crucial role.

Figure 2. Constitution of the T300-3000/Epoxy material
sample

Figure 3. The new composite sample model

In order to gain a better understanding of the failure
mechanisms of composite materials, and to predict more
accurately where and when failure may occur, we decided to
take a more sophisticated approach to modeling our sample.
Initially composed of 12 layers of T300-3000/Epoxy laminate,
we chose to replicate it with 24 layers for a more detailed
representation (Figure 3).

This decision stems from our desire to make significant
improvements in our ability to anticipate failures and
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understand the complex interactions between the different
layers making up the laminate.

Although the total thickness of our sample is 2 mm, each
individual layer was reduced to a thickness of around 0.167
mm to enable finer resolution in our modeling. However, this
more detailed approach presented us with a major challenge:
how to accurately and realistically model the interactions
between these thin laminate layers. To overcome this
challenge, we developed a new modeling approach that
incorporates a 0.1 mm thick epoxy interlayer, in addition to the
traditional 0.0667 mm thick layer of T300-3000/Epoxy
material. This strategy was chosen to allow the epoxy layer to
act as a mediator between the actual layers of the laminate,
improving our ability to accurately predict fracture behavior
and better understand the complex interaction mechanisms
within this composite material.

2.2 Influence of advanced theories on delamination studies

Delamination phenomena in laminated composites
modeling is emphasized in a variety of mechanical theories. A
vital theory of the two is the classical plate theory (CPT) and
the higher-order shear deformation theory (HSDT).

The model used in this study is based mainly on classical
plate theory (CPT), which assumes that the cross-sections of a
plate remain flat and normal to the median surface after
deformation. Unfortunately, this assumption does not consider
the effect of transverse shear, which causes deviations from
predictions of delamination modes, especially for thick
laminates.

To understand better the propagation of delamination
through multilayer composites, the higher-order shear
deformation theory is an alternative that is comparatively more
precise. In comparison to classical plate theory, this approach
affords:

« Considering non-linear deformations,
transverse shear stresses.

* Better modeling interlanar stresses, which directly
influence delamination propagation.

* Greater accuracy in assessing critical failure zones,
especially in fiber-matrix interfaces.

This work is corroborated by the results, which yield a good
correlation between analytical predictions and experimental
measurements. However, some discrepancies can be explained
utilizig the limitations of the CPT-type model used.
Incorporating the HSDT-based approach further in future
work will help to make these predictions even better by
capturing interlaminar effects and crack propagation more
accurately.

Thus, the advanced shear models, together with finite
element analysis (FEA), could significantly improve the
understanding and modeling of delamination mechanisms in
laminated composites.

induced by

2.3 The law of behavior of a laminate

The constitutive relationship of laminated composite beams
can be formulated as follows [22]:

Nx [A1l Al2 A16 BI11 BI12 B16 0 01  ex
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{Mx >_ B11 B12 B16 D11 D12 D16 0 0 | { KX 1
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Since the literature mentions that:

Ay = Z(hk = hie-1) (Q'3 i 2
Bij = 1/2;: (hi = hi-)( Qi) A3)
Dy = Z(hi = hi-1) Q"1 “4)

Fyj = Z(hk = hie-1) (i )

A;(i,j=1,2, 6): The in plane stiffness matrix.

Dj;(i,;=1, 2, 6): The bending stiffness matrix.

Bii(i,j=1, 2, 6): The bending-extensional coupling stiffness.

Fii(i,j=4, 5): The transverse shear stiffness.

Mx, My & Mxy: The resulting bending moment.

Nx, Ny & Nxy: The resulting membrane force.

Qx & Qy: The resulting transverse shear force.

If the layers of a composite laminate are symmetrical with
respect to a median plane, this enables a significant
simplification of the coefficients (Bij) in the material behavior
law. This symmetry promotes regularity in the distribution of
mechanical properties, reducing the complexity of the
calculations and models required to describe the overall
behavior of the laminate. Indeed, when layers are symmetrical,
shear and bending effects are generally better balanced on
either side of the median plane, which simplifies interactions
between the different layers. This simplification also makes it
easier to interpret experimental results and predict the
material’s mechanical performance under a wvariety of
conditions. The symmetry of a composite laminate’s layers
thus plays a crucial role in the modeling and analysis of its
mechanical behavior.

For our analysis (Figure 4), it is unnecessary to calculate the
coefficients of matrix A, which are specific to tensile tests and
would be zero in bending tests. Similarly, the coefficients of
matrix B, related to shear stresses, are also zero due to the
symmetry of the laminate layers with respect to the median
plane. We therefore focus solely on the coefficients of matrix
D to describe the flexural stiffness properties of the composite
material, which is essential for our bending-oriented analysis.
This approach allows us to optimize our calculations, avoiding
redundancies and obtaining accurate results for our bending
study.

N
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Figure 4. A schematic representation of the new model
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2.4 Tsai-Hill criterion

The Tsai-Hill criterion, well-supported by scientific
research, is valuable for evaluating composite materials due to
its consideration of anisotropy, unlike other criteria like Von
Mises or Tsai-Wu. It allows assessing of the stress distribution
concerning maximum stress in each direction; this is very
important for the composite laminated surface with varying
fiber orientations. From deformation and damage phenomena
associated with composite materials, a proper assessment can
be made via this criterion that can take into consideration
interaction coefficients and the material's sensitivity towards
tension and compression. It is much validated by experiments,
bringing extra credibility in predicting the behaviors of
composites, help identify zones of stress concentration, and
failure, factors regularly in the process of designing safe
structures in industries like aerospace. The Tsai-Hill criterion
is admired for these highlights: the holistic approach to the
anisotropic materials, proper modeling of deformation and
fracture behaviors, and predictions backed by wverified
experimental data.

210
t,,=0 i
LaRCO3 a—0 Max Strain
.
110° LaRCO3 a=53 ~
0 4
M Tsai-Wu
2] 108 i
&t -1-10
2.10° {
...... H
:
.
3-10° Max Stress = Hashin
-2-10% -1.5-10% -1-10°* -5-10° 0 510* 110 1.5-10°
a,, [Pa]

Figure 5. Envelopes of the various shear-free failure criteria
in the plane

The graphs in Figure 5 depict the advantages of the different
criteria of fracture for composite materials. The Tsai-Hill
criterion is exceptional in providing a greater performance
compared to the Tsai-Wu criterion, with better prediction and
experimental observation agreement. The Tsai-Hill criterion is,
however, more serious in compression, which can become
problematic for certain applications in engineering.
Nevertheless, it remains an important application for the
analysis and design of composite materials, chiefly where
tensile strength is the focus. Its judicious application has
already begun enhancing the performance and safety of
composite structures in varying fields. The Tsai-Hill criterion
can be used to predict outcomes for unidirectional composite
materials using the following Eq. (6) [23].

@+ -G+ (@) -
X Y X2 Sir

or: is the applied longitudinal stress.

or: is the applied transverse stress.

X & Y: are the maximum tensile stresses in the longitudinal
and transverse directions, respectively.

Sir: 1s the maximum shear stress.

orr: represents the maximum shear stress in the material.

In order to apply the Tsai-Hill criterion, it is necessary to
compute the response associated with this criterion by every

single layer of the composite material. For a particular layer, a
below-1 value indicates that the layer can withstand the

(6)



applied stresses without failing. While a 1.0 value indicates
that the layer has reached the strength limit and is likely to
dysfunction rather well under the applied levels of load. The
analysis allows one to ascertain the overall performance of that
particular composite to withstand applied stresses without loss
of structural integrity.

The flowchart describes a method of using the Tsai-Hill
criterion to check for the failure of individual composite
material layers. This begins with defining the materials
properties, followed by initializing and loading the required
data to compute the bending moment, followed by finding the
D matrix and the inverse of this matrix. At this point,
coefficients K1, K2 and K3 are also determined. The Tsai-
Hill criterion is then calculated for each layer and the result is
compared with Tsai-Hill Criterion of 1. If the criterion goes
below 1, the process continues without change. If the criterion
is equal to or more than 1, that layer is eliminated. The
calculation is then repeated for other layers until the Tsai-Hill
criterion is satisfied for all layers. Finally, the value that will
cause failure for each layer is predicted, thus closing the
process.

2.5 Limitations of the Tsai-Hill criterion

Tsai-Hill failure criterion is a model extensively relied upon
for measuring the strength of composite materials. Here it has
been used to find the beginning of delamination in the laminate
layers. It provided good agreement when compared to the
experiments, but Tsai-Hill criterion has various limitations,
notably in the case of multilayered composites subjected to
bending loads.

A major constraint is that the Tsai-Hill criterion is built
mainly on an energy approach adapted from isotropic
materials which fails to fully capture the anisotropic nature of
fiber-reinforced composites. More specifically, normal and
shear stress interactions are presumed to follow a quadratic
relationship which, in various instances, does not rightly
portray real failure mechanisms in laminates subjected to
flexural loads.

In addition, due to the fact that the criterion makes no
distinction between tensile and compressive failures in the
transverse direction, it lacks accuracy for predicting matrix-
dominated delamination or interlaminar shear failure. In
bending scenarios, where the material experiences opposing
tensile and compressive stresses within the laminate thickness,
progressive damage models or advanced failure theories such
as Tsai-Wu or Hashin's criterion might provide better
incorporation of the actual damage evolution.

2.6 Epoxy interface properties

Within the fracture zone, the interface and interaction
between the different layers of the composite were represented
by a thin layer of epoxy resin, considered to be isotropic. In
order to capture the effects of interlaminar interaction, this
modeling embodies a simplification of the mechanical
behavior of the interface. With this layer, we integrate
interlaminar shear stresses and delamination mechanisms, a
phenomenon preponderant in the strength, durability and
behavior of composite structures. The mechanical properties
of this interface are detailed as follows:

Young’s modulus (E): 3.6 GPa

Allowable compressive strength (Xc): 109 MPa

Allowable tensile strength (Xt): 20 MPa
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Thickness: e=0.1mm

These attributes have direct impacts on the laminate's
response to loading. A stiffer interface enhances stress transfer,
while the risk of delamination increases owing to lower
elongation at break. An interface that is softer absorbs
mechanical loads readily in positively but otherwise may
reduce the overall stiffness of the laminate.

The thickness of epoxy interlayer is based on FVF

In this study, the choice of the epoxy interlayer thickness
was determined based on the Fiber Volume Fraction (FVF).
FVF, defined as the ratio of the fiber volume to the total
composite volume (fibers + resin), directly influences the resin
distribution between the laminate layers (Figure 6).

The manufacturing process used in this study is an
autoclave lay-up, with an assumed FVF of 60%, a typical
value found in high-performance composites. Applying the
volumetric relation:

vf

Vt

FVF @)

where,

* Vyis the volume occupied by the fibers.

* V1 is the total volume of the composite (fibers + resin).

By applying this ratio, the fiber thickness is calculated to be
approximately 0.1 mm, ensuring a realistic distribution within
the material. Consequently, the remaining portion of the layer
corresponds to the resin, whose thickness is derived by
subtracting the fiber thickness from the total layer thickness.
This results in a resin thickness of 0.064 mm, which accounts
for the interlaminar region essential for stress distribution and
delamination resistance.

Figure 6. Epoxy interlayer thickness determined by Fiber
Volume Fraction (FVF)

However, to better model interlaminar interactions and
ensure a more realistic prediction of delamination, a rounded
interlayer thickness of 0.1 mm was selected. This choice
ensures a proper balance between stress transfer and
delamination resistance, while remaining consistent with
experimental practices and literature data.

Similar studies, notably referenced in the study [24] confirm
that interlayer thickness values of this order are commonly
used to ensure an optimal distribution of interlaminar stresses
and to prevent adverse effects associated with excessively thin
or thick resin layers. A too-thin interlayer would underestimate
interlaminar damage phenomena, while an excessively thick
layer could promote the formation of weak resin-rich zones.

Thus, the 0.1 mm thickness selected in our model is justified
through a physical, experimental, and bibliographic approach,
ensuring a coherent and mechanically accurate representation



of laminated composites.

3. EXPERIMENTAL ANALYSIS OF THE BEHAVIOR
OF A UNIDIRECTIONAL LAMINATE

The material T300-3000/Epoxy prepreg is a composite of
T300 carbon fibers and type 3000 epoxy resin. T300 carbon
fibers are known for their high strength and light weight
(Tables 1 and 2), while 3000 epoxy resin offers excellent
mechanical properties and high thermal resistance.

Table 1. Mechanical property parameters of T300/epoxy
composite [25-28]

Property Value
Longitudinal modulus, E1 115 GPa
Transverse modulos, E2 = E3 6.2 Gpa
Shear modulus, Gi2 = G13 4.0 Gpa
Shear modulus, G23 3.0 Gpa
Poisson’s ratio, vi2 0.31
Longitudinal tensile strength, X 1800 Mpa
Longitudinal compressive strength, Xc 855 Mpa
Transverse tensile strength, Yt 20 Mpa
Transverse compressive strength, Ye 109 Mpa
Longitudinal shear strength, S; 60 Mpa
Transverse shear strength, St 40 Mpa
Density, p 1.55 g/em?
Thickness of layer, t 0.1 mm
Longitudinal tensile fracture energy, G n 50.5 N/mm
Longitudinal compressive fracture energy, G¢ 1 30.5 N/mm
Transverse tensile fracture energy, G fc 0.368 N/mm
Transverse compressive fracture energy, G fec 1.48 N/mm

Table 2. 3000 epoxy resin's mechanical property parameters

[25-28]
Property Value

Young’s modulus, E 3.6 GPa

Shear modulus 1.33 GPa

Poisson’s ratio, v 0.35 GPa
Density, p 1200 kg/m?

Longitudinal tensile strength, X 80 MPa

Transverse tensile strength, Yt 110 MPa

Longitudinal shear strength, S 20 MPa

3.1 Manufacture of T300-3K/Epoxy sample

The method of manufacture of the T300-3000/Epoxy
composite material in the autoclave usually comprises several
essential steps which should be done in order to obtain the
desired quality and properties of the composite material. The
first step is to prepare the base materials: T300 carbon fibres
and type 3000 epoxy resin are prepared according to the
required specifications for the composite. Traditionally, the
carbon fibres are pre-impregnated by the resin so as to
facilitate their handling and integration into the structure. Then,
the layers of carbon fibres and epoxy resin are assembled in
accordance with the order and orientation designated in the
composite fabrication plan. This process is extremely
important for achieving the required mechanical properties:
tensile strength and rigidity. Before being transferred to the
autoclave, the assembled laminates are frequently vacuum-
packed, to create better adhesion between the layers and
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reduce voids in the final composite. The prepared structure is
placed into the autoclave-pressurized chamber capable of
providing high temperatures and controlled pressures. The
autoclave is required for resin curing and fiber level
consolidation. The composite in the autoclave is cured using a
controlled curing cycle. Generally, such a cycle would
comprise a ramp-up phase for temperature to activate curing
the resin and constant temperature-hold phases in order to
enable complete polymerization. The cooling down of the
completed curing cycle is done in the autoclave without a
quick thermal shock that can damage the composite structure.
The composite is inspected for quality and performance right
after it is taken out of the autoclave after cooling. The recent
study reports various enhancements in the fabrication of fiber
and epoxy-resin-based composite materials. The use of type
T700 carbon fibers can enhance mechanical and thermal
properties, showing more suitability for high-performance
applications like aerospace and electronic housings. [29, 30].

The development of this graph, shown in Figure 6, is for the
cure cycle of composite material in an autoclave, with the
critical temperature and pressure stages highlighted through
six hours. The temperature initially rises at the rate of
1.6°C/min from 20 to 125°C for 3 hours to ensure complete
curing and proper finishing of the epoxy resin. Autoclave
pressure is raised to 7 bar, with vacuum bag pressure
maintained at -0.1 bar to ease off trapped air and consolidate
the lay-up. After the curing phase, the temperature decreases
at a rate of 5°C/min back to 20°C, and the pressure is reduced
to ambient levels. This curing cycle is intended to assure the
best mechanical characteristics for the composite, such that
with controlled heating and relatively high-pressure conditions,
a void-free, structurally sound material is ensured. This
thermal cycle is schematically presented in Figure 7.

Temperature in autoclave chamber
125 °G |21 s
"
— P
o S ¢ ®
= £ < 5
@ S e 2
= o = @
g Lo o
E
=2 Autoclave chamber pressure =17 Bar
20 M e e ————b 0
————— -0,1
Bag pressure Vacuum z

Curing time in hours
Figure 7. The curing cycle of composite materials
3.2 Preparation of the sample

In the course of preparing the samples, the first step was the
cutting of the specimens using CNC milling machines.
Precision machining assures that the samples comply with
good dimensions and specification tolerances. After cutting
was done, sample surfaces were polished. Polishing is crucial
because it smooths out any irregularities and imperfections of
the surface into a high-quality finish. This is of prime
importance for future flexural testing because a polished
surface allows for better visualization and more accurate
reconnaissance of material behavior under stress. Thus, a
combination of CNC milling and very fine polishing assured
that the test samples were well-prepared for conclusive and
sustained testing.



3.3 Point bending test

The three-point bending tests per ASTM D790 were
conducted to evaluate the structural properties of the
composite samples. Tests were conducted using a BED 100
universal testing machine, which was powered with a
precision load cell with an accuracy of +0.5%, thereby
ensuring the reliable determination of force [31, 32]. The setup
used to perform the test is illustrated in Figure 8. The
experimental setup parameters and environmental conditions
are as shown in Table 3 and Table 4, respectively.

Figure 8. The 3-point bending test

Table 3. Experimental setup parameters

Parameter Specification
Testing Machine BED 100 Universal Testing Machine
Load Qell 10 kN
Capacity
Span Length (L) 60 mm
Specimen 100 mm x 20 mm x 2 mm (length x width
Dimensions x thickness)
Suppprt Roller 5 mm
Diameter
Loading Roller
. 5 mm
Diameter
Crosshead Speed .
(Load Rate) I mm/min
Data Acquisition 50 Hz
Frequency

Table 4. Environmental conditions

Condition Value
Room 23°C +2°C
Temperature
Relative o
4+ 59
Humidity 30% £ 5%
Testing Controlled laboratory environment to avoid
Atmosphere moisture influence

The bending test is carried out to determine the mechanical
properties of composite materials, including flexural strength,
modulus, and strain at final failure. In the bending test, a
central load is applied on the support of a beam-shaped
specimen at the two points until rupture has occurred or a
certain strain is achieved.

Key contributing factors in this regard are sample
preparation, loading rate, specimen dimensions, and
environmental conditions. Proper sample preparation
produces reliable results, as the research [33] emphasized. The
loading rate affects flexural behavior, and increasing loading
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rates will produce an increased apparent strength for a given
specimen, as seen in the study [34]. Specimen dimensions,
particularly thickness and length, influence outcomes, with
thicker specimens exhibiting greater stiffness but complex
failure modes [35]. Environmental conditions, such as
humidity and temperature, also impact properties, with the
study [36] noting decreased flexural strength in humid
conditions.

The experimental setup features the BED 100 universal
testing machine and a laptop for data acquisition and
visualization. The BED 100 applies precise loads and
measures deformations with high accuracy. The laptop
programs the test conditions and records real-time data, which
is later used to plot load-displacement curves.

To verify repeatability and consistency, a minimum of 5
samples were tested for each configuration, and statistical
analysis (mean, standard deviation) was performed to assess
variability.

4. RESULTS AND DISCUSSION
4.1 Experimental results

The load-displacement curve showed in the Figure 9
represents the behavior of a composite material sample
subjected to a bending test. The key points (A, B, C, D, E, F)
marked on the curve correspond to significant events during
the test:

Point A (Peak Load): This point represents the maximum
load the specimen can withstand before initial failure. The
material exhibits its highest strength at this point, with a
corresponding maximum load of approximately 1.4 kN and a
deflection of around 0.7 mm.

Region B to C (Post-Peak Behavior): After reaching the
peak load, the curve shows a slight drop, indicating the
initiation of delamination formation within the material. The
material still carries a significant load, demonstrating some
degree of toughness and resistance to failure.

Point C (Sudden Load Drop): This point denotes a sudden
drop in the load, perhaps indicating major failure or crack
propagation within the specimen. This sudden drop also
indicates brittle failure mode where the material is unable to
withstand any load thereafter.

Region D to E (Residual Strength): Following the sharp
drop of load, this interval shows a gradual decrease in load-
bearing ability with increase in displacement. This reflects the
residual strength in materials ex-during deformation. The
material still possesses some capacity to sustain load despite
having sustained extensive damage.

Point F (Final Failure): The curve continues to decline
reflecting some continuous load failure, and finally reaches a
stage where it is no longer able to carry significant load. The
last point E is regarded as the end of the test where the material
has been completely broken down and the load almost reaches
a value near zero.

The overall shape of the load-displacement curve provides
good insight into the overall mechanical behavior of the
composite material under the bending load. The initial linear
section is composed of elastic deformation culminating in a
peak that indicates the maximum load supportable. The post-
peak section speaks about the toughness of the material as well
as the capability of sustaining the load despite getting damaged,
whereas the descending curve indicates a staged destruction



until nothing is left to carry-the load bearing capacity
disappears.

Deflection (mm)

Figure 9. The unidirectional sample's macroscopic curve
4.2 Analytical results

Eq. (7) provides the behavior law pertaining to the laminate
under study:
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The behavior law together with the Tsai-Hill criterion used
in successive approximations allowed us to predict the rupture
force value for the first layer of the laminate corresponding to
layer N°11: approximately 1383 N (Figure 10). The prediction
is made on a basis of a careful analysis of the stress distribution
and strength of the composite material. The stress distribution
allows modeling of the mechanical response of the laminate
under load, while the Tsai-Hill criterion assesses the failure
condition by considering all complex interactions between the
different layers of the laminate.

After the determination of layer failure occurred, the model
was adjusted, including the damages. The revised behavior
law of the laminate accounts for this degradation with the
reduction in the number of active layers. Hence, the original
model, with 24 layers, was modified into the one having only
22 layers, without the two ruptured layers. This change is
important in simulating the post-rupture response of the
laminate, whereby the general load-carrying capacity of the
material is lowered with the loss of stiffness in the damaged
layers.

Thus modified (via Eq. (8)), the model proffers a better
representation of the laminate's mechanical behavior under
increasing loads, which gives insight into the mechanisms of
rupture and delamination. This development also improves
prediction capability because these more realistic estimates are
able to capture the maximum load the laminate can withstand
prior to and after damage initiation. This information is very
important for the design and optimization of composite
materials within civil applications where either safety or
performance is paramount.
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Figure 11. Comparison between experimental (a) and
analytical (b) load-displacement curves

4.3 Correlation between experimental and analytical result

The strong correlation between the corresponding
experimental and analytical results affirms our predictive
model's effectiveness. It demonstrates less than an 8%
difference between either load-displacement curves,
emphasizing that the behavior law and Tsai-Hill criterion
correctly capture the mechanical responses of the composite
material as it was loaded offered by both versions of the
framework. The analytical model adequately predicts key
events, such as the peak load and the ensuing failure stages,
which indicates that its predictions are acceptable. Thus, this
close match demonstrates that the model is robust and can
surely serve as a valuable tool for predicting composite



performance in structural applications where understanding
mechanisms of rupture and delamination is critical. The
merging of experimental and analytical results provides global
confidence about the possible predictive capability of the
model in real life. A visual comparison between the
experimental and analytical curves is provided in Figure 11.

4.4 Comparison between experimental and analytical
curves

So that the analytical model can be measured against the
experimental one, it is compared within the range for which
the material exhibits linear-elastic behavior.

20001 ___Thepretical curve

— Experimental curve
@ Theoretical point (1300 N)

® Experimental point (1200 N)

1750
1500
12501

1000

Charge (N}

~
o
=]

500

250

I
0.8

I '
0.6 1.0

Deflection (mm)

s L '
0.0 0.2 0.4

Figure 12. Deviation between the experimental and
analytical curve

Figure 12 illustrates this comparison for a deflection of 0.8
mm, showing a maximum discrepancy of 8% between the
analytically predicted load (1300 N) and the experimentally
measured load (1200 N). This deviation might be attributed to
other reasons:

* The analytical model being very simplified and omitting
many nonlinear effects.

* Experimental uncertainties,
precision and material heterogeneity.

* Variations of mechanical properties that the model has not
handled.

In spite of this, the analytical model provides a reasonable
approximation of the mechanical response in the elastic
regime. However, it appears from Figure 12 that, in higher
load, the increasingly diverging response indicates the
possibility of obtaining further nonlinear corrections for better
accuracy of the model.

such as measurement

4.5 Validation of the analytical model

To validate the analytical model, the predicted values were
compared to the data from experimental force-displacement
relations obtained from three-point bending experiments. The
results indicated a very close agreement between the
theoretical model and experimental measurements, thus
implying the analytical approach as a reliable predictor for the
flexural responses of composite materials.

Nevertheless, after this first point of validation, further
concern arises in establishing the robustness of the model.
Involvement of cross-validation involving other experimental
configurations to assess the generality of the existing model
(laminate thickness, fiber orientations, and loading conditions)
should be used. Independent experimental datasets or
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numerical simulations (e.g., finite element analysis-FEA)
would also add to the confidence of the model through external
validation.

Future studies should focus on validating the analytical
model with datasets from different experimental sources like
industrial case studies. Also, an FEA simulation with detailed
material properties and failure mechanisms is an independent
way to cross-verify the predicted performance of the model.

4.6 Practical implications

It is pertinent that the knowledge gained from the study be
translated to the confines of the aerospace for performance and
durability enhancement of composite materials. T300-
3000/Epoxy composites are the most widely used material for
aircraft wing construction with some application in fuselage
and propulsion parts. The findings of this study enable
laminate design to be optimized by incorporating a better
understanding of flexural delamination mechanisms. These
results can be applied in the following areas:

» Optimization of aeronautical structures: Better choice of
lamination sequences to minimize the risk of delamination.

e Improved manufacturing methods: Adjustment of
manufacturing parameters and quality controls to limit the
occurrence of interlaminar defects.

 Reliability of prediction models: Validation of failure
criteria such as Tsai-Hill for the design of new, more resistant
composite structures.

» Maintenance and defect detection: Integration of results
into delamination detection strategies using ultrasound and
other non-destructive methods.

This study paves the way for a more rigorous approach to
the design and analysis of composites for aerospace
applications. Its integration into industrial processes will
significantly improve the reliability and safety of composite
structures.

5. CONCLUSION

This study investigated the initiation and progression of
delamination in carbon/epoxy composite laminates subjected
to three-point bending tests. The experimental and analytical
results demonstrated a strong correlation, with the analytical
model accurately predicting the onset of delamination with a
deviation of less than 8% from experimental values.

The analysis revealed that delamination initiation occurs
primarily at high interlaminar shear stress zones, particularly
near the loading point and the interface between adjacent plies.
The progression of delamination was influenced by fiber
orientation, epoxy layer thickness, and loading conditions,
with specimens exhibiting rapid crack propagation once a
critical stress threshold was exceeded.

The validation of the Tsai-Hill failure criterion has justified
its reliability in predicting delamination under bending loads
although some limitations, with emphasis on the inability to
differentiate tensile from compressive failures in the
transverse directions were observed. Future work should
account for HSDT and progressive damage models for higher-
delamination prediction accuracies.

The results of this investigation have direct implications for
the design and testing of acrospace composite structures. The
understanding of delamination mechanisms under flexure
loading can allow engineers to develop composite laminates



that are more damage tolerant, optimize fiber lay-up
configurations, and improve non-destructive techniques to
effectively identify structural defects. Further validation via
finite element analysis (FEA) and experimental tests on
aerospace-grade composite laminates is recommended to
increase the predictive capability of the analytical model.
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